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• Particle Physics at the end of the HL-LHC? The discovery of the 125 
GeV Higgs boson may be the “only” discovery of the LHC
✓ So we have all the ingredients required to confirm the validity of the SM at 

low energies…
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• Particle Physics at the end of the HL-LHC? The discovery of the 125 
GeV Higgs boson may be the “only” discovery of the LHC
✓ So we have all the ingredients required to confirm the validity of the SM at 

low energies…

• Is the SM enough?
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• Is the SM enough? At least it seems a very good description of phenomena 
at the EW scale…
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ADD GKK + g/q 0 e, µ, τ, γ 1 − 4 j Yes 139 n = 2 2102.1087411.2 TeVMD

ADD non-resonant γγ 2 γ − − 36.7 n = 3 HLZ NLO 1707.041478.6 TeVMS

ADD QBH − 2 j − 37.0 n = 6 1703.091278.9 TeVMth

ADD BH multijet − ≥3 j − 3.6 n = 6, MD = 3 TeV, rot BH 1512.025869.55 TeVMth

RS1 GKK → γγ 2 γ − − 139 k/MPl = 0.1 2102.134054.5 TeVGKK mass

Bulk RS GKK →WW /ZZ multi-channel 36.1 k/MPl = 1.0 1808.023802.3 TeVGKK mass

Bulk RS GKK →WV → #νqq 1 e, µ 2 j / 1 J Yes 139 k/MPl = 1.0 2004.146362.0 TeVGKK mass

Bulk RS gKK → tt 1 e, µ ≥1 b, ≥1J/2j Yes 36.1 Γ/m = 15% 1804.108233.8 TeVgKK mass

2UED / RPP 1 e, µ ≥2 b, ≥3 j Yes 36.1 Tier (1,1), B(A(1,1) → tt) = 1 1803.096781.8 TeVKK mass

SSM Z ′ → ## 2 e, µ − − 139 1903.062485.1 TeVZ′ mass

SSM Z ′ → ττ 2 τ − − 36.1 1709.072422.42 TeVZ′ mass
Leptophobic Z ′ → bb − 2 b − 36.1 1805.092992.1 TeVZ′ mass
Leptophobic Z ′ → tt 0 e, µ ≥1 b, ≥2 J Yes 139 Γ/m = 1.2% 2005.051384.1 TeVZ′ mass

SSM W ′ → #ν 1 e, µ − Yes 139 1906.056096.0 TeVW′ mass

SSM W ′ → τν 1 τ − Yes 139 ATLAS-CONF-2021-0255.0 TeVW′ mass

SSM W ′ → tb − ≥1 b, ≥1 J − 139 ATLAS-CONF-2021-0434.4 TeVW′ mass
HVT W ′ →WZ → #νqq model B 1 e, µ 2 j / 1 J Yes 139 gV = 3 2004.146364.3 TeVW′ mass

HVT Z ′ → ZH model B 0-2 e, µ 1-2 b Yes 139 gV = 3 ATLAS-CONF-2020-0433.2 TeVZ′ mass

HVT W ′ →WH model B 0 e, µ ≥1 b, ≥2 J 139 gV = 3 2007.052933.2 TeVW′ mass
LRSM WR → µNR 2 µ 1 J − 80 m(NR) = 0.5 TeV, gL = gR 1904.126795.0 TeVWR mass

CI qqqq − 2 j − 37.0 η−LL 1703.0912721.8 TeVΛ
CI ##qq 2 e, µ − − 139 η−LL 2006.1294635.8 TeVΛ
CI eebs 2 e 1 b − 139 g∗ = 1 2105.138471.8 TeVΛ
CI µµbs 2 µ 1 b − 139 g∗ = 1 2105.138472.0 TeVΛ
CI tttt ≥1 e,µ ≥1 b, ≥1 j Yes 36.1 |C4t | = 4π 1811.023052.57 TeVΛ

Axial-vector med. (Dirac DM) 0 e,µ, τ, γ 1 − 4 j Yes 139 gq=0.25, gχ=1, m(χ)=1 GeV 2102.108742.1 TeVmmed

Pseudo-scalar med. (Dirac DM) 0 e,µ, τ, γ 1 − 4 j Yes 139 gq=1, gχ=1, m(χ)=1 GeV 2102.10874376 GeVmmed

Vector med. Z ′-2HDM (Dirac DM) 0 e, µ 2 b Yes 139 tan β=1, gZ =0.8, m(χ)=100 GeV ATLAS-CONF-2021-0063.1 TeVmmed

Pseudo-scalar med. 2HDM+a multi-channel 139 tan β=1, gχ=1, m(χ)=10 GeV ATLAS-CONF-2021-036560 GeVmmed

Scalar reson. φ→ tχ (Dirac DM) 0-1 e, µ 1 b, 0-1 J Yes 36.1 y=0.4, λ=0.2, m(χ)=10 GeV 1812.097433.4 TeVmφ

Scalar LQ 1st gen 2 e ≥2 j Yes 139 β = 1 2006.058721.8 TeVLQ mass

Scalar LQ 2nd gen 2 µ ≥2 j Yes 139 β = 1 2006.058721.7 TeVLQ mass

Scalar LQ 3rd gen 1 τ 2 b Yes 139 B(LQu
3 → bτ) = 1 ATLAS-CONF-2021-0081.2 TeVLQu

3
mass

Scalar LQ 3rd gen 0 e, µ ≥2 j, ≥2 b Yes 139 B(LQu
3 → tν) = 1 2004.140601.24 TeVLQu

3
mass

Scalar LQ 3rd gen ≥2 e, µ, ≥1 τ ≥1 j, ≥1 b − 139 B(LQd
3 → tτ) = 1 2101.115821.43 TeVLQd

3
mass

Scalar LQ 3rd gen 0 e, µ, ≥1 τ 0 − 2 j, 2 b Yes 139 B(LQd
3 → bν) = 1 2101.125271.26 TeVLQd

3
mass

VLQ TT → Zt + X 2e/2µ/≥3e,µ ≥1 b, ≥1 j − 139 SU(2) doublet ATLAS-CONF-2021-0241.4 TeVT mass
VLQ BB →Wt/Zb + X multi-channel 36.1 SU(2) doublet 1808.023431.34 TeVB mass
VLQ T5/3T5/3 |T5/3 →Wt + X 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 36.1 B(T5/3 →Wt)= 1, c(T5/3Wt)= 1 1807.118831.64 TeVT5/3 mass

VLQ T → Ht/Zt 1 e, µ ≥1 b, ≥3 j Yes 139 SU(2) singlet, κT = 0.5 ATLAS-CONF-2021-0401.8 TeVT mass

VLQ Y →Wb 1 e, µ ≥1 b, ≥1 j Yes 36.1 B(Y →Wb)= 1, cR (Wb)= 1 1812.073431.85 TeVY mass

VLQ B → Hb 0 e,µ ≥2b, ≥1j, ≥1J − 139 SU(2) doublet, κB= 0.3 ATLAS-CONF-2021-0182.0 TeVB mass

Excited quark q∗ → qg − 2 j − 139 only u∗ and d∗, Λ = m(q∗) 1910.084476.7 TeVq∗ mass

Excited quark q∗ → qγ 1 γ 1 j − 36.7 only u∗ and d∗, Λ = m(q∗) 1709.104405.3 TeVq∗ mass

Excited quark b∗ → bg − 1 b, 1 j − 36.1 1805.092992.6 TeVb∗ mass
Excited lepton #∗ 3 e, µ − − 20.3 Λ = 3.0 TeV 1411.29213.0 TeV!∗ mass
Excited lepton ν∗ 3 e,µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

Type III Seesaw 2,3,4 e, µ ≥2 j Yes 139 ATLAS-CONF-2021-023910 GeVN0 mass
LRSM Majorana ν 2 µ 2 j − 36.1 m(WR ) = 4.1 TeV, gL = gR 1809.111053.2 TeVNR mass

Higgs triplet H±± →W ±W ± 2,3,4 e,µ (SS) various Yes 139 DY production 2101.11961350 GeVH±± mass
Higgs triplet H±± → ## 2,3,4 e,µ (SS) − − 36.1 DY production 1710.09748870 GeVH±± mass
Higgs triplet H±± → #τ 3 e,µ, τ − − 20.3 DY production, B(H±±

L
→ #τ) = 1 1411.2921400 GeVH±± mass

Multi-charged particles − − − 36.1 DY production, |q| = 5e 1812.036731.22 TeVmulti-charged particle mass

Magnetic monopoles − − − 34.4 DY production, |g | = 1gD , spin 1/2 1905.101302.37 TeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 8 TeV

√
s = 13 TeV

partial data

√
s = 13 TeV
full data

ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits
Status: July 2021

ATLAS Preliminary∫
L dt = (3.6 – 139) fb−1

√
s = 8, 13 TeV

*Only a selection of the available mass limits on new states or phenomena is shown.

†Small-radius (large-radius) jets are denoted by the letter j (J).

No direct sign of any kind of  
new particle we have thought of  

below the TeV scale…
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• Is the SM enough? Excellent agreement with measurements of “SM 
processes”…

R
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Z
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� = 24 ± 4 ± 5 fb (data)
NLO QCD + EW (theory) 139 arXiv:2106.11683

� = 0.55 ± 0.14 + 0.15 � 0.13 pb (data)
Sherpa 2.2.2 (theory) 79.8 PLB 798 (2019) 134913

� = 0.848 ± 0.098 ± 0.081 pb (data)
NLO QCD (theory) 139 ATLAS-CONF-2021-039

� = 176 + 52 � 48 ± 24 fb (data)
HELAC-NLO (theory) 20.3 JHEP 11, 172 (2015)

� = 990 ± 50 ± 80 fb (data)
Madgraph5 + aMCNLO (theory) 139 arXiv:2103.12603

� = 369 + 86 � 79 ± 44 fb (data)
MCFM (theory) 20.3 JHEP 11, 172 (2015)

� = 870 ± 130 ± 140 fb (data)
Madgraph5 + aMCNLO (theory) 36.1 PRD 99, 072009 (2019)

� = 4.8 ± 0.8 + 1.6 � 1.3 pb (data)
NLO+NNL (theory) 20.3 PLB 756, 228-246 (2016)

� = 6.7 ± 0.7 + 0.5 � 0.4 pb (data)
NNLO (theory) 4.6 JHEP 03, 128 (2013)

PLB 735 (2014) 311

� = 7.3 ± 0.4 + 0.4 � 0.3 pb (data)
NNLO (theory) 20.3 JHEP 01, 099 (2017)

� = 17.3 ± 0.6 ± 0.8 pb (data)
Matrix (NNLO) & Sherpa (NLO) (theory) 36.1 PRD 97 (2018) 032005

� = 19 + 1.4 � 1.3 ± 1 pb (data)
MATRIX (NNLO) (theory) 4.6 EPJC 72 (2012) 2173

� = 24.3 ± 0.6 ± 0.9 pb (data)
MATRIX (NNLO) (theory) 20.3 PRD 93, 092004 (2016)

� = 51 ± 0.8 ± 2.3 pb (data)
MATRIX (NNLO) (theory) 36.1 EPJC 79 (2019) 535

� = 51.9 ± 2 ± 4.4 pb (data)
NNLO (theory) 4.6 PRD 87, 112001 (2013)

PRL 113, 212001 (2014)

� = 68.2 ± 1.2 ± 4.6 pb (data)
NNLO (theory) 20.3 PLB 763, 114 (2016)

� = 130.04 ± 1.7 ± 10.6 pb (data)
NNLO (theory) 36.1 EPJC 79 (2019) 884

� = 22.1 + 6.7 � 5.3 + 3.3 � 2.7 pb (data)
LHC-HXSWG YR4 (theory) 4.5 EPJC 76 (2016) 6

� = 27.7 ± 3 + 2.3 � 1.9 pb (data)
LHC-HXSWG YR4 (theory) 20.3 EPJC 76 (2016) 6

� = 55.4 ± 3.1 ± 3 pb (data)
LHC-HXSWG YR4 (theory) 139 ATLAS-CONF-2019-032

� = 16.8 ± 2.9 ± 3.9 pb (data)
NLO+NLL (theory) 2.0 PLB 716, 142-159 (2012)

� = 23 ± 1.3 + 3.4 � 3.7 pb (data)
NLO+NLL (theory) 20.3 JHEP 01, 064 (2016)

� = 94 ± 10 + 28 � 23 pb (data)
NLO+NNLL (theory) 3.2 JHEP 01 (2018) 63

� = 68 ± 2 ± 8 pb (data)
NLO+NLL (theory) 4.6 PRD 90, 112006 (2014)

� = 89.6 ± 1.7 + 7.2 � 6.4 pb (data)
NLO+NLL (theory) 20.3 EPJC 77 (2017) 531

� = 247 ± 6 ± 46 pb (data)
NLO+NLL (theory) 3.2 JHEP 04 (2017) 086

� = 182.9 ± 3.1 ± 6.4 pb (data)
top++ NNLO+NNLL (theory) 4.6 EPJC 74 (2014) 3109

� = 242.9 ± 1.7 ± 8.6 pb (data)
top++ NNLO+NNLL (theory) 20.2 EPJC 74 (2014) 3109

� = 826.4 ± 3.6 ± 19.6 pb (data)
top++ NNLO+NNLL (theory) 36.1 EPJC 80 (2020) 528

� = 29.53 ± 0.03 ± 0.77 nb (data)
DYNNLO+CT14 NNLO (theory) 4.6 JHEP 02 (2017) 117

� = 34.24 ± 0.03 ± 0.92 nb (data)
DYNNLO+CT14 NNLO (theory) 20.2 JHEP 02 (2017) 117

� = 58.43 ± 0.03 ± 1.66 nb (data)
DYNNLO+CT14 NNLO (theory) 3.2 JHEP 02 (2017) 117

� = 98.71 ± 0.028 ± 2.191 nb (data)
DYNNLO + CT14NNLO (theory) 4.6 EPJC 77 (2017) 367

� = 112.69 ± 3.1 nb (data)
DYNNLO + CT14NNLO (theory) 20.2 EPJC 79 (2019) 760

� = 190.1 ± 0.2 ± 6.4 nb (data)
DYNNLO + CT14NNLO (theory) 0.081 PLB 759 (2016) 601

� = 95.35 ± 0.38 ± 1.3 mb (data)
COMPETE HPR1R2 (theory) 8⇥10�8 Nucl. Phys. B, 486-548 (2014)

� = 96.07 ± 0.18 ± 0.91 mb (data)
COMPETE HPR1R2 (theory) 50⇥10�8 PLB 761 (2016) 158

10�5 10�4 10�3 10�2 10�1 1 101 102 103 104 105 106 1011

� [pb]
0.5 1.0 1.5 2.0 2.5

data/theory Status: July 2021
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FIG. 2. Impact of various constraints in the mt vs. MW (left) and sin2
✓eff vs. MW planes. Dark (light) regions correspond

to 68% (95%) probability ranges.

[28] M. Awramik, M. Czakon, A. Freitas, and G. Weiglein, Precise prediction for the W boson mass in the standard model,
Phys.Rev. D69, 053006 (2004), arXiv:hep-ph/0311148 [hep-ph].

[29] M. Faisst, J. H. Kuhn, T. Seidensticker, and O. Veretin, Three loop top quark contributions to the rho parameter, Nucl.
Phys. B665, 649 (2003), arXiv:hep-ph/0302275 [hep-ph].

[30] I. Dubovyk, A. Freitas, J. Gluza, T. Riemann, and J. Usovitsch, The two-loop electroweak bosonic corrections to sin2
✓
b
e↵,

Phys. Lett. B 762, 184 (2016), arXiv:1607.08375 [hep-ph].
[31] I. Dubovyk, A. Freitas, J. Gluza, T. Riemann, and J. Usovitsch, Complete electroweak two-loop corrections to Z boson

production and decay, Phys. Lett. B 783, 86 (2018), arXiv:1804.10236 [hep-ph].
[32] S. Schael et al. (ALEPH, DELPHI, L3, OPAL, SLD, LEP Electroweak Working Group, SLD Electroweak Group, SLD

Heavy Flavour Group), Precision electroweak measurements on the Z resonance, Phys. Rept. 427, 257 (2006), arXiv:hep-
ex/0509008.

[33] The ALEPH, DELPHI, L3, OPAL Collaborations, the LEP Electroweak Working Group, Electroweak Measurements in
Electron-Positron Collisions at W-Boson-Pair Energies at LEP, Phys. Rept. 532, 119 (2013), arXiv:1302.3415 [hep-ex].

[34] ALEPH, CDF, D0, DELPHI, L3, OPAL, SLD Collaborations, LEP Electroweak Working Group, Tevatron Electroweak
Working Group, and SLD Electroweak and Heavy Flavour Groups, Precision electroweak measurements and constraints
on the standard model, arXiv:1012.2367 [hep-ex] (2010).

[35] Combination of the CDF and D0 E↵ective Leptonic Electroweak Mixing Angles (2016).
[36] Combination of CDF and D0 results on the mass of the top quark using up 9.7 fb�1 at the Tevatron, arXiv:1608.01881

[hep-ex] (2016).

[37] V. Khachatryan et al. (CMS), Measurement of the top quark mass using proton-proton data at
p

(s) = 7 and 8 TeV,
Phys. Rev. D 93, 072004 (2016), arXiv:1509.04044 [hep-ex].

[38] M. Aaboud et al. (ATLAS), Measurement of the top quark mass in the tt̄ ! lepton+jets channel from
p
s = 8 TeV ATLAS

data and combination with previous results, Eur. Phys. J. C 79, 290 (2019), arXiv:1810.01772 [hep-ex].
[39] A. M. Sirunyan et al. (CMS), Measurement of the top quark mass with lepton+jets final states using p p collisions at

p
s = 13TeV, Eur. Phys. J. C 78, 891 (2018), arXiv:1805.01428 [hep-ex].

[40] A. M. Sirunyan et al. (CMS), Measurement of the tt production cross section, the top quark mass, and the strong coupling
constant using dilepton events in pp collisions at

p
s = 13 TeV, Eur. Phys. J. C 79, 368 (2019), arXiv:1812.10505 [hep-ex].

[41] A. M. Sirunyan et al. (CMS), Measurement of the top quark mass in the all-jets final state at
p
s = 13 TeV and combination

with the lepton+jets channel, Eur. Phys. J. C 79, 313 (2019), arXiv:1812.10534 [hep-ex].
[42] Measurement of the top quark mass using a leptonic invariant mass in pp collisions at sqrts = 13 TeV with the ATLAS

detector (2019).
[43] M. Aaboud et al. (ATLAS), Measurement of the W -boson mass in pp collisions at

p
s = 7 TeV with the ATLAS detector,

Eur. Phys. J. C 78, 110 (2018), [Erratum: Eur.Phys.J.C 78, 898 (2018)], arXiv:1701.07240 [hep-ex].
[44] G. Aad et al. (ATLAS), Measurement of the forward-backward asymmetry of electron and muon pair-production in pp

collisions at
p
s = 7 TeV with the ATLAS detector, JHEP 09, 049, arXiv:1503.03709 [hep-ex].

[45] Measurement of the e↵ective leptonic weak mixing angle using electron and muon pairs from Z-boson decay in the ATLAS
experiment at

p
s = 8 TeV (2018).

9

-3 -2 -1 0 1 2 3

-3 -2 -1 0 1 2 3

Pull= Oexp�Oth

�exp

�S
�
M2

Z

�

��
(5)
had

�
M2

Z

�

mt [GeV]

mH [GeV]

MW [GeV]

�W [GeV]

BRW ����

MZ [GeV]

�Z [GeV]

�0
had [nb]

R�

A0,�
F B

P pol
�

A� (SLD)

Ac

Ab

A0,c
F B

A0,b
F B

R0
c

R0
b

sin2 ��
e�(Qhad

F B )

sin2 �lept
e� (HC)

As

Ruc

2

FIG. 3. 1D pulls between the observed experimental values and the SM predictions for the di↵erent EWPO included in the fit.
Each prediction is obtained removing the corresponding observable from the fit. Changes in style? To be updated with

the actual values from the fit.

[46] A. M. Sirunyan et al. (CMS), Measurement of the weak mixing angle using the forward-backward asymmetry of Drell-Yan
events in pp collisions at 8 TeV, Eur. Phys. J. C 78, 701 (2018), arXiv:1806.00863 [hep-ex].

[47] R. Aaij et al. (LHCb), Measurement of the forward-backward asymmetry in Z/�
⇤
! µ

+
µ
� decays and determination of

the e↵ective weak mixing angle, JHEP 11, 190, arXiv:1509.07645 [hep-ex].
[48] G. Aad et al. (ATLAS, CMS), Combined Measurement of the Higgs Boson Mass in pp Collisions at

p
s = 7 and 8 TeV

with the ATLAS and CMS Experiments, Phys. Rev. Lett. 114, 191803 (2015), arXiv:1503.07589 [hep-ex].
[49] J. de Blas et al., HEPfit: a code for the combination of indirect and direct constraints on high energy physics models, Eur.

Phys. J. C 80, 456 (2020), arXiv:1910.14012 [hep-ph].
[50] HEPfit: a tool to combine indirect and direct constraints on High Energy Physics, http://hepfit.roma1.infn.it/.
[51] A. Caldwell, D. Kollar, and K. Kroninger, BAT: The Bayesian Analysis Toolkit, Comput.Phys.Commun. 180, 2197 (2009),

arXiv:0808.2552 [physics.data-an].
[52] M. Ciuchini, E. Franco, S. Mishima, and L. Silvestrini, Electroweak Precision Observables, New Physics and the Nature

of a 126 GeV Higgs Boson, JHEP 08, 106, arXiv:1306.4644 [hep-ph].
[53] J. de Blas, M. Ciuchini, E. Franco, S. Mishima, M. Pierini, L. Reina, and L. Silvestrini, Electroweak precision observables

and Higgs-boson signal strengths in the Standard Model and beyond: present and future, JHEP 12, 135, arXiv:1608.01509
[hep-ph].

[54] M. Tanabashi et al. (Particle Data Group), Review of Particle Physics, Phys. Rev. D98, 030001 (2018).
[55] J. Erler and M. Schott, Electroweak Precision Tests of the Standard Model after the Discovery of the Higgs Boson, Prog.

Part. Nucl. Phys. 106, 68 (2019), arXiv:1902.05142 [hep-ph].
[56] P. A. Zyla et al. (Particle Data Group), Review of Particle Physics, PTEP 2020, 083C01 (2020).
[57] S. Borsanyi et al. (Budapest-Marseille-Wuppertal), Hadronic vacuum polarization contribution to the anomalous magnetic

moments of leptons from first principles, Phys. Rev. Lett. 121, 022002 (2018), arXiv:1711.04980 [hep-lat].

7

0.1 0.11 0.12 0.13 0.14
)

Z
(Msα

0

100

200

300

400

Pr
ob

ab
ilit

y 
de

ns
ity Measurement

Posterior
Full Indirect
Prediction

HEP fit

0.025 0.026 0.027 0.028 0.029 0.03
)

Z
(M(5)

hadαΔ

0

1000

2000

3000

4000

Pr
ob

ab
ilit

y 
de

ns
ity Measurement
Posterior
Full Indirect
Prediction

HEP fit

91 91.1 91.2 91.3 91.4
 [GeV]ZM

0

50

100

150

200
Pr

ob
ab

ilit
y 

de
ns

ity Measurement
Posterior
Full Indirect [x5]
Prediction [x2]

HEP fit

140 160 180 200 220
 [GeV]tm

0

0.5

1

Pr
ob

ab
ilit

y 
de

ns
ity Measurement

Posterior
Full Indirect [x5]
Prediction [x2]

HEP fit

100 150 200
 [GeV]Hm

0

1

2

3

Pr
ob

ab
ilit

y 
de

ns
ity Measurement

Posterior
Full Indirect [x400]
Prediction [x100]

HEP fit

FIG. 1. Comparison among the direct measurement, the posterior, the posterior predictive (or indirect) probability distribution
(denoted by ”Prediction”) and the full indirect determination for the input parameters in the SM fit. The posterior predictive
and the full indirect determination distributions are obtained from the fit by assuming a flat prior for the parameter under
consideration or for all SM parameters respectively. To allow for a comparison with the posterior predictive distribution, the
full indirect p.d.f for the Higgs mass is truncated in the figure. Dark (light) regions correspond to 68% (95%) probability ranges.
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• Is the SM enough? Excellent agreement with EWPO (test up to 2-loops!)

Update of the SM EW fit:  
J. de Blas et a., arXiv: 2111.xxxxx hep-ph]
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 ⇒ Precision measurements is a key tool to learn from BSM indirectly
 ⇒ Indirect tests of New Physics

W, Z  
bosons

Top quark… Higgs boson

The Top Mass in the EW fit

As for the Higgs, before the Top quark was discovered indirect 
information about its mass was provided by the EW fit

Jorge de Blas 
INFN -University of Padova 

Workshop on Top Physics at the LC 2017 
CERN, June 8, 2017  

PDG 1994 1995: Top quark observation

CDF: 176 ±8±10 GeV

D0: 199        ±22 GeV+19
-21

F. Abe et al. (CDF coll.), Phys. Rev. Lett. 74, 2626 (1995)

S. Abachi et al. (D0 coll.), Phys. Rev. Lett. 74, 2632 (1995)
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• Direct reach is not going to improve significantly…

• …but more data (especially with the HL-LHC and future colliders) will enable 
the possibility of precision measurements

• Finally, the data does not seem to hint towards any type of BSM model we have 
proposed…  

HEP Seminar, Oklahoma State University 
November 4, 2021

If there is new physics not far from the TeV scale we may be  
sensitive first to its indirect effects via precision measurements

Theoretically robust framework to systematically study  
in a model-independent way  

indirect effects of new physics 
 and  

combine  
all the information that will be accessible at the LHC  

(with previous and future experiments)

Effective Field Theories

Why am I going to talk about EFT at LHC and Future Colliders?
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• Introduction      Done   

• The dimension-6 SMEFT

• The SMEFT at the LHC

• The SMEFT at Future EW/Higgs factories

• Conclusions
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• The philosophy of Effective Field Theories:
✓ Think, e.g. of the Z’ effects in di-lepton spectrum


• In general, the whole set of such possible deformations can be studied with 
minimal reference to the nature of the UV theory

HEP Seminar, Oklahoma State University 
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If Ecoll < MZ’ test virtual effects of NP looking for 
“deformations” in SM measurements

Ecoll << MZ’ : effects well described  
by effective interactions

3.2 Effective description of new vector bosons 71
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Figure 3.1: Feynman diagrams relevant for the dimension-six effective Lagrangian.

The terms of order 1/M4
V contribute to operators of dimension eight and higher, and will be

neglected in the following. In particular, we see that, as promised, the “nonlinear” terms in LV−SM

do not contribute to the effective Lagrangian up to dimension six, and can be ignored. The result
Eq. (3.2) includes a few operators that are not in the basis introduced in Table 1.8. In order to
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where Oi are the operators collected in Table 1.8, and αi their dimensionless numerical coeffi-
cients. It is clear from the general expression Eq. (3.2), and also from the Feynman diagrams in
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95 % C.L. limits on (some) dimension-six interactions
F. del Águila, J.B., Fortsch. Phys. 59 (2011) 1036-1040 (arXiv:1105.6103 [hep-ph])
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1.5 The Discovery at a Future
p
s = 33 TeV Experiment 13

Figure 1-32. Dilepton backgrounds and the

clear signal for a LR Z0
at 3 TeV for e+e� pairs

after 3000 fb
�1

.

Figure 1-33. Fully emerged signal for a LR Z0

at 3 TeV, background subtracted for e+e� pairs

after 3000 fb
�1

.

1.5.2 Run 2 of the Future Collider

The beginning of Run 2 started in January of 2030 as expected without any delays. Again, the data
taking went smoothly, and other parallel stories of new physics continued to unfold as theorists struggled to
simultaneously weave the numerous discoveries together into a new and over-arching tapestry explaining the
fundamental laws of the Universe. For the Z 0 story, tertiary measurements of SM couplings in specific decay
channels and even the possible observation of exotic decays, were helping other stories understand their
signal better as data was being recorded. As run two ended in 2034, pile-up had continued to be a battle,
but continually worked on and understood to bring an impressive dataset of 3000 fb�1 at

p
s = 33 TeV to

the physics groups for analysis. With this dataset the Z
0 analysis had been able to increase the number of

recorded Z
0 events by an order of magnitude, bringing unprecendented levels of precision to measurements

of width, mass, couplings, and even AFB (see complimentary white paper for in depth analysis [11]). The
physicists remembered how far they had come from the first days of the LHC at

p
s = 14 TeV, seeing a

few events out at high-mass (Figure 1-1) and wondering if it would just turn out to be a fluctuation of the
Standard Model. Now the picture was very di↵erent, physicist’s and indeed the World’s understanding of
the fundamental properties of the Universe had leaped almost unimaginably, and in the Z

0 analysis they
were now presented with a magnificent and clear signal shape (Figures 1-32 to 1-35), and AFB measurement
that put the discovery of a LRM model Z 0 beyond all doubt (Figure 1-36). This new particle was one that
they were almost getting used to, but which still excited even the newest Graduate students because of its
implications and the theory paradigm shifts that had occurred over the last 15 years because of it.

1.5.3 The
p
s = 33 TeV Experiment Aftermath

The achievement of Engineers and Physicists alike was astounding, a new machine had been built to go
up to energies of

p
s = 33 TeV, and over 3000 fb�1 of data had been collected from pp collisions over the

years. The journey was hard at times, and required continual maintenance and understanding of both the
accelerator and the Snowmass detector, due to the incredibly harsh environment both were being subjected
to, and the level of precision required for the physics analyses to thrive. Again we break the fourth wall and

Community Planning Study: Snowmass 2013

Ecol
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• The philosophy of Effective Field Theories:

• We are interested in exploring BSM deformations without being “attached” to 
any particular model (no reason to do so)… What is reasonable to assume? 

✓ QFT

✓ At low-energies the particle content seem to match the SM one
‣ No new particles with masses ~ vEW showing up in direct searches

(Though this possibility cannot be completely excluded and much       
lighter particles also possible)

✓ Similarly, SM gauge invariance seems to work well…  
(With respect to current precision… )

• This is actually enough to build an Effective Field Theory, which provides a robust 
theory framework to interpret experimental indirect tests of new physics

UV IR

Λ vEWE≪Λ

We don’t need to know this to describe the physics here

HEP Seminar, Oklahoma State University 
November 4, 2021
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• EFT provide a phenomenological tool to parameterise BSM deformations in a 
model-independent way (consistent with some general assumptions)

• Two EFTs consistent with the SM particles and symmetries at low energies, 
differing in the treatment of the scalar sector:

✓ The non-linear/Higgs EFT (HEFT): EW symmetry non-linearly realised

✓ The (dimension-6) SMEFT: EW symmetry linearly realised

• In short:

✓ HEFT: when there are light BSM states (compared to EW scale) or BSM 
sources of symmetry breaking

✓ SMEFT: when heavy new states (compared to EW scale)

SM ⊂ SMEFT ⊂ HEFT

HEP Seminar, Oklahoma State University 
November 4, 2021

See:  R. Alonso, E. E. Jenkins, A. Manohar, JHEP 08 (2016) 10, arXiv: 1605.03602 [hep-ph] 
  T. Cohen, N. Craig, X. Lu, D. Sutherland, JHEP 03 (2021) 237, arXiv: 2008.08597 [hep-ph] 

for a geometrical interpretation of the differences between HEFT and SMEFT

https://arxiv.org/abs/1605.03602
https://arxiv.org/abs/2008.08597
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• EFT provide a phenomenological tool to parameterise BSM deformations in a 
model-independent way (consistent with some general assumptions)

• Two EFTs consistent with the SM particles and symmetries at low energies, 
differing in the treatment of the scalar sector:

✓ The non-linear/Higgs EFT (HEFT): EW symmetry non-linearly realised

✓ The (dimension-6) SMEFT: EW symmetry linearly realised

• In short:

✓ HEFT: when there are light BSM states (compared to EW scale) or BSM 
sources of symmetry breaking

✓ SMEFT: when heavy new states (compared to EW scale)

See:  R. Alonso, E. E. Jenkins, A. Manohar, JHEP 08 (2016) 10, arXiv: 1605.03602 [hep-ph] 
  T. Cohen, N. Craig, X. Lu, D. Sutherland, JHEP 03 (2021) 237, arXiv: 2008.08597 [hep-ph] 

for a geometrical interpretation of the differences between HEFT and SMEFT

SM ⊂ SMEFT ⊂ HEFT

HEP Seminar, Oklahoma State University 
November 4, 2021

I will focus on this for this talk

https://arxiv.org/abs/1605.03602
https://arxiv.org/abs/2008.08597
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Top-Down
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Constraints on  
Model parameters

You only need to compute the EFT predictions once! 
⇒ Match to model 
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• SMEFT: SM particles and symmetries at low energies, with the Higgs scalar in an 
SU(2)L doublet  + mass gap with new physics (entering at scale Λ)

• LO SMEFT Lagrangian (assuming B & L) ⇒ Dim-6 SMEFT: 2499 operators

Low Energy observables:

Parity Violation: QW (
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81 Tl), QW (e)(Møller)
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EFT: E↵ects suppressed by �
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1 Expected precision for EWPO at FCC-ee

Observable Expected uncertainty (Relative uncertainty)

MZ [GeV] 10
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(10
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)

�Z [GeV] 10
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�
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R⌧ 0.002 (10
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)

Rb 0.00006 (3 ⇥ 10
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Rc 0.00026 (15 ⇥ 10
�4

)

Table 1: Expected sensitivities to Z-lineshape parameters and normalized partial decay widths.
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four-fermion interactions (see Table 1. used by NPhytter . Flavour indices are om-
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3 The global fit to new physics at dimension six

3.1 Assumptions about the flavour structure

A large group of the interactions that appear at dimension six allow for the possibility of
flavour-changing neutral currents. Flavour data is not included in this work. Therefore,
in order to provide meaningful results (in the sense of constraints that survive flavour
constraints in physically possible scenarios) we must make some physically reasonably
assumptions regarding the flavour structure of the new interactions. We will assume

4

Operator Notation Operator Notation

L
L
L
L

�
lL�µlL

� �
lL�

µ
lL

�
O

(1)
ll

(qL�µqL) (qL�µ
qL) O

(1)
qq (qL�µTAqL) (qL�µ

TAqL) O
(8)
qq�

lL�µlL

�
(qL�µ

qL) O
(1)
lq

�
lL�µ�alL

�
(qL�µ

�aqL) O
(3)
lq

R
R
R
R

(eR�µeR) (eR�µ
eR) Oee

(uR�µuR) (uR�
µ
uR) O

(1)
uu

�
dR�µdR

� �
dR�

µ
dR

�
O

(1)
dd

(uR�µuR)
�
dR�

µ
dR

�
O

(1)
ud

(uR�µTAuR)
�
dR�

µ
TAdR

�
O

(8)
ud

(eR�µeR) (uR�
µ
uR) Oeu (eR�µeR)

�
dR�

µ
dR

�
Oed

L
L
R
R

&
L
R
R
L

�
lL�µlL

�
(eR�µ

eR) Ole (qL�µqL) (eR�µ
eR) Oqe�

lL�µlL

�
(uR�

µ
uR) Olu

�
lL�µlL

� �
dR�

µ
dR

�
Old

(qL�µqL) (uR�
µ
uR) O

(1)
qu (qL�µTAqL) (uR�

µ
TAuR) O

(8)
qu

(qL�µqL)
�
dR�

µ
dR

�
O

(1)
qd

(qL�µTAqL)
�
dR�

µ
TAdR

�
O

(8)
qd�

lLeR

� �
dRqL

�
Oledq

L
R
L
R (qLuR) i�2 (qLdR)

T
O

(1)
qud

(qLTAuR) i�2 (qLTAdR)
T

O
(8)
qud�

lLeR

�
i�2 (qLuR)

T
Olequ

�
lLuR

�
i�2 (qLeR)

T
Oqelu

Table 1: Four-fermion interactions in the (CP , B and L preserving) dimension-six
basis. All these interactions are constrained in the current analysis. Flavour indices
are ommited. [Removed 1/2 from 4F operators to match Warsaw basis]

operators contribute to several di↵erent observables, the resulting constraints may be
dominated by a certain subset of observables. This allows to classify the observables
that better constrain a given set of interactions. This is turn helps to define more
precise classes of operators, as follows:

• Z-pole operators. Being measured with a precision at the per mile level, Z-pole
measurements are one of the more precise test of the validity of the SM descrip-
tion of neutral currents. The limits on any interactions contributing, directly
or indirectly, to the neutral current are usually dominated by this data set, and
we will refer to them as Z-pole operators. This includes ... (Note that the best

constraint on O
(3)
�q

comes from the unitarity relation of the CKM matrix, though.)

• O

• Colored interactions. Colored interactions are refered to those that only involve
colored particles. This includes all the four-quark operators as well as the gluon
operator OG.[Can this last operator contribute to anything else?] Within
the current analysis these contribute exclusively to pp ! jj observables.
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Effective Field Theories: SMEFT
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• SMEFT: SM particles and symmetries at low energies, with the Higgs scalar in an 
SU(2)L doublet  + mass gap with new physics (entering at scale Λ)

• LO SMEFT Lagrangian (assuming B & L) ⇒ Dim-6 SMEFT: 2499 operators

Low Energy observables:

Parity Violation: QW (
133
55 Cs, 205

81 Tl), QW (e)(Møller)

⌫ scatt. : gV,A(⌫µe), g2
L,R

(⌫µN)

CKM unitarity :
P

i
|Vui|2

LEP 2 data:

�(e+e� ! `+`�, had), A`
+
`
�

FB
, d�

e+e�!e+e�

d cos ✓

Higgs signal strengths:

H ! ��, ZZ, W+W�, bb̄, ⌧+⌧�

LHC Drell-Yan
�(pp ! `+`�)

3 E↵ective Lagrangian description of New Physics:
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EFT analyses with FCC precision

J. de Blasa†

aINFN, Sezione di Roma, Piazzale A. Moro 2, I-00185 Rome, Italy

Abstract

Materials for the talk presented at the FCC physics meeting on Feb. 19 2018.
EFT: E↵ects suppressed by �

q

⇤

�d�4

q = v, E < ⇤

1 Expected precision for EWPO at FCC-ee

Observable Expected uncertainty (Relative uncertainty)

MZ [GeV] 10
�4

(10
�6

)

�Z [GeV] 10
�4

(4 ⇥ 10
�5

)

�
0
had [nb] 5⇥10

�3
(10

�4
)

Re 0.006 (3 ⇥ 10
�4

)

Rµ 0.001 (5 ⇥ 10
�4

)

R⌧ 0.002 (10
�4

)

Rb 0.00006 (3 ⇥ 10
�4

)

Rc 0.00026 (15 ⇥ 10
�4

)

Table 1: Expected sensitivities to Z-lineshape parameters and normalized partial decay widths.

†E-mail: Jorge.DeBlasMateo@roma1.infn.it

1

April 16, 2020

LaTeX materials for the talks at the HEFT 2020
workshop. April 2020.

J. de Blas
a†

a
Institute for Particle Physics Phenomenology, Department of Physics, Durham University,

Durham DH1 3LE, United Kingdom

Abstract

LaTeX materials for the talks at the HEFT 2020 workshop. April 2020

1 Latex Stu↵

Ci

⇤2 �! g
e↵
x

⌘ g
e↵
x

�
Ci

⇤2

�
= g

e↵
x

��
SM

+
P

↵
x

i

Ci

⇤2 + O(
C

2

⇤4 ) (1)

g
e↵ 2
HX

⌘ �H!X

�SM
H!X

(2)

O = OSM +
P

i
ai

Ci

⇤2 +
P

i,j
bij

CiC
⇤
j

⇤4 (3)

LUV(?) �!
E ⌧ ⇤

(4)

†
E-mail: jorge.de-blas-mateo@durham.ac.uk

1

Operator Notation Operator Notation

S

�
�
†
�
�
2
�
�
†
�
�

O�2 1
3

�
�
†
�
�3

O�

S
V
F

⇣
�
†
i

$
Dµ�

⌘ �
lL�

µ
lL

�
O

(1)
�l

⇣
�
†
i

$
D

a

µ
�

⌘ �
lL�

µ
�alL

�
O

(3)
�l⇣

�
†
i

$
Dµ�

⌘
(eR�µ

eR) O
(1)
�e⇣

�
†
i

$
Dµ�

⌘
(qL�µ

qL) O
(1)
�q

⇣
�
†
i

$
D

a

µ
�

⌘
(qL�µ

�aqL) O
(3)
�q⇣

�
†
i

$
Dµ�

⌘
(uR�

µ
uR) O

(1)
�u

⇣
�
†
i

$
Dµ�

⌘ �
dR�

µ
dR

�
O

(1)
�d�

�
T
i�2iDµ�

�
(uR�

µ
dR) O�ud

S
T
F

�
lL�

µ⌫
eR

�
�Bµ⌫ OeB

�
lL�

µ⌫
eR

�
�
a
�W

a

µ⌫
OeW

(qL�µ⌫
uR) �̃Bµ⌫ OuB (qL�µ⌫

uR) �a
�̃W

a

µ⌫
OuW

(qL�µ⌫
dR)�Bµ⌫ OdB (qL�µ⌫

dR) �a
�W

a

µ⌫
OdW�

qL�
µ⌫
�
A
uR

�
�̃G

A

µ⌫
OuG

�
qL�

µ⌫
�
A
dR

�
�G

A

µ⌫
OdG

S
F

�
�
†
�
� �

lL � eR

�
Oe��

�
†
�
� ⇣

qL �̃uR

⌘
Ou�

�
�
†
�
�
(qL � dR) Od�

O
b
li
qu

e

�
�
†
Dµ�

�
((Dµ

�)† �) O�D

�
†
� Bµ⌫B

µ⌫
O�B �

†
� eBµ⌫B

µ⌫
O

� eB
�
†
� W

a

µ⌫
W

a µ⌫
O�W �

†
� fW a

µ⌫
W

a µ⌫
O

�fW
�
†
�a� W

a

µ⌫
B

µ⌫
OWB �

†
�a�

fW a

µ⌫
B

µ⌫
OfWB

�
†
� G

A

µ⌫
G

A µ⌫
O�G �

†
� eGA

µ⌫
G

A µ⌫
O

� eG

G
au

ge "abcW
a ⌫

µ
W

b ⇢

⌫
W

c µ

⇢
OW "abc

fW a ⌫

µ
W

b ⇢

⌫
W

c µ

⇢
OfW

fABC G
A ⌫

µ
G

B ⇢

⌫
G

C µ

⇢
OG fABC

eGA ⌫

µ
G

B ⇢

⌫
G

C µ

⇢
O eG

Table 2: Operators in the (CP , B and L preserving) dimension-six basis, excluding
four-fermion interactions (see Table 1. used by NPhytter . Flavour indices are om-
mited.

3 The global fit to new physics at dimension six

3.1 Assumptions about the flavour structure

A large group of the interactions that appear at dimension six allow for the possibility of
flavour-changing neutral currents. Flavour data is not included in this work. Therefore,
in order to provide meaningful results (in the sense of constraints that survive flavour
constraints in physically possible scenarios) we must make some physically reasonably
assumptions regarding the flavour structure of the new interactions. We will assume
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Table 1: Four-fermion interactions in the (CP , B and L preserving) dimension-six
basis. All these interactions are constrained in the current analysis. Flavour indices
are ommited. [Removed 1/2 from 4F operators to match Warsaw basis]

operators contribute to several di↵erent observables, the resulting constraints may be
dominated by a certain subset of observables. This allows to classify the observables
that better constrain a given set of interactions. This is turn helps to define more
precise classes of operators, as follows:

• Z-pole operators. Being measured with a precision at the per mile level, Z-pole
measurements are one of the more precise test of the validity of the SM descrip-
tion of neutral currents. The limits on any interactions contributing, directly
or indirectly, to the neutral current are usually dominated by this data set, and
we will refer to them as Z-pole operators. This includes ... (Note that the best

constraint on O
(3)
�q

comes from the unitarity relation of the CKM matrix, though.)

• O

• Colored interactions. Colored interactions are refered to those that only involve
colored particles. This includes all the four-quark operators as well as the gluon
operator OG.[Can this last operator contribute to anything else?] Within
the current analysis these contribute exclusively to pp ! jj observables.
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• SMEFT in the mass eigenstate basis (unitary gauge). LO EW/Higgs interactions:
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Effective Field Theories: SMEFT
– Trilinear Gauge Couplings:

DL
aTGC = iedkg AµnW+

µ W�
n + igcosqw


dg1Z (W+

µnW�µ �W�
µnW+µ)Zn +(dg1Z �

g0 2
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+
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m2
W
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sinqwW+n

µ W�r
n Aµ

r + cosqwW+n
µ W�r

n Zµ
r

⌘
, (6)

where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:

dg1,z =
1
2
(g2 �g0 2)

⇥
cgg e2g0 2 + czg(g2 �g0 2)g0 2 � czz(g2 +g0 2)g0 2 � cz⇤(g2 +g0 2)g2⇤ ,

dkg = �g2

2

✓
cgg

e2

g2 +g0 2 + czg
g2 �g0 2

g2 +g0 2 � czz

◆
, (7)

while lz, is an independent parameter.

– Yukawa couplings:

DL
hff

6 = �h
v Â

f2u,d,e
d̂y f m f f̄ f +h.c., (8)

where d̂y f m f should be thought as 3⇥ 3 matrices in flavour space. FCNC are avoided when d̂y f is diagonal in the same
basis as m f . Under the assumption of Flavour Universality (d̂y f )i j ⌘ dy f ⇥di j, corresponding to a total of three parameters
dyu, dyd , dye. The assumption of Neutral Diagonality corresponds instead to (d̂y f )i j ⌘ d (y f )i ⇥di j (no summation) corre-
sponding to 9 parameters du, dc, dt for the ups and similarly for downs and charged leptons. In practice only dt,c, db and dt,µ
are expected to matter in plausible models and in the experimental situations presented by all future colliders. This adds two
parameters with respect to Flavour Universality.

– Vector couplings to fermions:

DL
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#
, (9)

where, again, not all terms are independent3:

d̂gW`
L = d̂gZn

L � d̂gZe
L , d̂gWq

L = d̂gZu
L VCKM �VCKM d̂gZd

L . (10)

In the case of Flavour Universality, all the d̂g are proportional to the identity corresponding to a total of 8 parameters:
(d̂gZu

L )i j ⌘ dgZu
L ⇥ di j, etc. However the right handed charged current, associated to d̂gWq

R does not interfere with the SM
amplitudes in the limit mq ! 0 and can be neglected, reducing the number of parameters to 7.

In the case of Neutral Diagonality, the assumption d̂gi j µ di j is relaxed, allowing for the four coefficients associated to
the third quark family (d̂gZu

L )33, (d̂gZd
L )33, (d̂gZu

R )33, (d̂gZd
R )33 as well as all diagonal coefficients associated to leptons to be

different. This adds 10 further parameters with respect to the flavour Universal case.
In conclusion considering single Higgs and EW processes (i.e. neglecting the Higgs trilinear) in the scenarios of Flavour

Universality and Neutral Diagonality we end up with respectively 18 and 30 independent parameters:

SMEFTFU ⌘
�

dm, cgg, dcz, cgg , czg , czz, cz⇤, dyu, dyd, dye, lz
 

+
�

dgZu
L ,dgZd

L ,dgZn
L ,dgZe

L ,dgZu
R ,dgZd

R ,dgZe
R
 

,

SMEFTND ⌘
�

dm, cgg, dcz, cgg , czg , czz, cz⇤, dyt, dyc, dyb, dyt , dyµ , lz
 

+
�
(dgZu

L )qi ,(dgZd
L )qi ,(dgZn

L )`,(dgZe
L )`,(dgZu

R )qi ,(dgZd
R )qi ,(dgZe

R )`
 

q1=q2 6=q3, `=e,µ,t .

While we have chosen to present the degrees of freedom used in the different fitting scenarios described above using the
parameterization of the Higgs basis, one can of course do the same in any other basis. In particular, the mapping between the

3Here we choose a slightly different convention for the dependent couplings with respect to [32,33], and we express everything in terms of the modifications
of the neutral currents.
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Table 2. Dimension six operators considered in the SMEFT analysis. The hermitian derivatives
$
D and

$
D a are defined as:

$
Dµ ⌘ Dµ �

 
Dµ and

$
D a

µ ⌘ saDµ �
 
Dµ sa, while Bµn , W a

µn and GA
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Rgµ dj

R)
�
Ofud

�
ij

G
F y4 �

l̄1gµ l2
��

l̄2gµ l1
�

(Oll)1221

where only cgg, dcz, cgg , czg , czz, cz⇤ are independent parameters:

dcw = dcz +4dm,

cww = czz +2sin2 qwczg + sin4 qwcgg ,

cw⇤ =
1

g2�g0 2
⇥
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⇤
,
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2g2cz⇤ +(g2 +g0 2)czz� e2cgg � (g2�g0 2)czg

⇤
, (4)

where qw denotes the weak mixing angle while dm is an independent parameter from L6 controlling the deviation of m2
W with

respect to its tree level SM value.

– Trilinear Gauge Couplings:
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where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:
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When considering Higgs data, one can reasonably focus on a relatively small subset of the 2499 operators in L6. In
particular the vast subset of 4-fermion operators, whether flavour and CP preserving or not, can be more strongly constrained by
other processes. Thus, it makes sense to neglect this whole class, with the exception of one particular four-fermion interaction
that contributes to the muon decay and thus directly affects the Fermi constant, see caption in Table 2. The dipole operators,
instead do directly affect Higgs production, however under very general and plausible assumptions on the flavour structure of
new physics, the coefficients of these operators display the same structure and the same chiral suppression of Yukawa couplings.
The consequence is that, with the possible exception of processes involving the top quark, their effect in Higgs production is
expected to be negligible given that the leading SM contribution (for instance in e+e� ! hZ) as well as the other new physics
effects are not chirally suppressed. Furthermore, as far as Higgs decays are concerned, the dipole operators only contribute to
three (or more)-body final states (for instance H ! b̄bg) and as such they are easily seen to be negligible. In what follows we
shall thus neglect this whole class, and leave the consideration of their effect in top sector to future studies. Eliminating these
two classes, there remain three other classes: 1) purely bosonic operators, 2) generalized Yukawas, 3) Higgs-fermion current
operators. Neglecting CP violating operators in class 1, the corresponding structures are shown in Table 2. Operators in class 2
and 3, per se, can still contain CP- or flavour-violating terms, on which experimental constraints are rather strong. In order to
proceed we shall consider two alternative scenarios to minimize the remaining flavour and/or CP violations:

1. Flavour Universality, corresponding to

Y (6)
u µ Yu, Y (6)

d µ Yd , Y (6)
e µ Ye, and Dq,u,d,l,e,ud

i j ,D0q,l
i j ,µ di j, (2)

where Y (6)
f are the coefficients of dimension-6 operators of class 2, which control the flavour structure of the modifications

to the SM Yukawa matrices Yf . Similarly, D f and D0 f represent the combinations of dimension-6 operators of class
3, which induce flavour-dependent modifications of the neutral and charged current couplings of the fermions to the
EW vector bosons. In terms of the Wilson coefficients of the operators in Table 2 one has Y (6)

f = c f f ( f = u,d,e);

D f = cf f for the operators involving the right-handed fermion multiplets ( f = u,d,e,ud); and D f = c(1)
f f , D0 f = c(3)

f f for
the left-handed ones ( f = q, l). The choice in (2) corresponds to Minimal Flavour Violation (MFV) [31] in the limit where
terms only up to linear in the Yukawa matrices are considered. Notice that Minimal Flavour Violation corresponds to the
assumption that the underlying dynamics respects the maximal flavour symmetry group SU(3)5. A more appropriate
name would then perhaps be Maximal Flavour Conservation.

2. Neutral Diagonality, corresponding to a scenario where Y (6)
u,d,e while not proportional to the corresponding Yukawa

matrices are nonetheless diagonal in the same basis. That eliminates all flavour-changing couplings to the Higgs boson.
Similarly the Dq,u,d,`,e,ud

i j ,D0q,`
i j , while not universal, are such that no flavour-changing couplings to the Z-boson are

generated. In fact we shall work under the specific assumption where flavour universality is respected by the first two
quark families, and violated by the third quark family and by leptons. This choice, per se, does not correspond to any
motivated or even plausible scenario (it is rather cumbersome to produce sizeable flavour non-universality without any
flavour violation). We consider it principally to test the essential constraining power of future machines and because it
is widely studied by the community. Moreover non-universality limited to the third quark family is an often recurring
feature of scenarios motivated by the hierarchy problem. That is simply because the large top Yukawa makes it intricately
involved in the EW symmetry breaking dynamics and calls for the existence of various top partners.

Working in the unitary gauge and performing suitable redefinition of fields and input parameters the effective Lagrangian
can be conveniently expressed in the parameterization of [32,33], the so-called Higgs basis. Considering only the terms that are
relevant for our analysis, we can identify five classes of terms

– Higgs trilinear:

DL
h,self

6 = �dl3 vh3. (3)

The impact of this coupling in single Higgs processes and its extraction from Higgs pair production will be discussed in
Section 2.

– Higgs couplings to vector bosons:
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#
,
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– Trilinear Gauge Couplings:
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, (6)

where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:
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1
2
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2
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g2 +g0 2 + czg
g2 �g0 2

g2 +g0 2 � czz

◆
, (7)

while lz, is an independent parameter.

– Yukawa couplings:

DL
hff

6 = �h
v Â

f2u,d,e
d̂y f m f f̄ f +h.c., (8)

where d̂y f m f should be thought as 3⇥ 3 matrices in flavour space. FCNC are avoided when d̂y f is diagonal in the same
basis as m f . Under the assumption of Flavour Universality (d̂y f )i j ⌘ dy f ⇥di j, corresponding to a total of three parameters
dyu, dyd , dye. The assumption of Neutral Diagonality corresponds instead to (d̂y f )i j ⌘ d (y f )i ⇥di j (no summation) corre-
sponding to 9 parameters du, dc, dt for the ups and similarly for downs and charged leptons. In practice only dt,c, db and dt,µ
are expected to matter in plausible models and in the experimental situations presented by all future colliders. This adds two
parameters with respect to Flavour Universality.

– Vector couplings to fermions:

DL
v f f ,hv f f

6 =
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2
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µ
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where, again, not all terms are independent3:

d̂gW`
L = d̂gZn

L � d̂gZe
L , d̂gWq

L = d̂gZu
L VCKM �VCKM d̂gZd

L . (10)

In the case of Flavour Universality, all the d̂g are proportional to the identity corresponding to a total of 8 parameters:
(d̂gZu

L )i j ⌘ dgZu
L ⇥ di j, etc. However the right handed charged current, associated to d̂gWq

R does not interfere with the SM
amplitudes in the limit mq ! 0 and can be neglected, reducing the number of parameters to 7.

In the case of Neutral Diagonality, the assumption d̂gi j µ di j is relaxed, allowing for the four coefficients associated to
the third quark family (d̂gZu

L )33, (d̂gZd
L )33, (d̂gZu

R )33, (d̂gZd
R )33 as well as all diagonal coefficients associated to leptons to be

different. This adds 10 further parameters with respect to the flavour Universal case.
In conclusion considering single Higgs and EW processes (i.e. neglecting the Higgs trilinear) in the scenarios of Flavour

Universality and Neutral Diagonality we end up with respectively 18 and 30 independent parameters:

SMEFTFU ⌘
�

dm, cgg, dcz, cgg , czg , czz, cz⇤, dyu, dyd, dye, lz
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�
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L )qi ,(dgZn

L )`,(dgZe
L )`,(dgZu

R )qi ,(dgZd
R )qi ,(dgZe

R )`
 

q1=q2 6=q3, `=e,µ,t .

While we have chosen to present the degrees of freedom used in the different fitting scenarios described above using the
parameterization of the Higgs basis, one can of course do the same in any other basis. In particular, the mapping between the

3Here we choose a slightly different convention for the dependent couplings with respect to [32,33], and we express everything in terms of the modifications
of the neutral currents.
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Table 2. Dimension six operators considered in the SMEFT analysis. The hermitian derivatives
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D and
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D a are defined as:
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µn denote the SM gauge boson field-strengths. See text for

details. Apart from these, the effects of the four-lepton operator (Oll)1221 =
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�
, which modifies the prediction for

the muon decay amplitude, must also be included in the fit since we use the Fermi constant as one of the SM input parameters.
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where only cgg, dcz, cgg , czg , czz, cz⇤ are independent parameters:

dcw = dcz +4dm,

cww = czz +2sin2 qwczg + sin4 qwcgg ,

cw⇤ =
1

g2�g0 2
⇥
g2cz⇤ +g0 2czz� e2 sin2 qwcgg � (g2�g0 2)sin2 qwczg

⇤
,

cg⇤ =
1

g2�g0 2
⇥
2g2cz⇤ +(g2 +g0 2)czz� e2cgg � (g2�g0 2)czg
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, (4)

where qw denotes the weak mixing angle while dm is an independent parameter from L6 controlling the deviation of m2
W with

respect to its tree level SM value.

– Trilinear Gauge Couplings:
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where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:

dg1,z =
1
2
(g2�g0 2)

⇥
cgg e2g0 2 + czg(g2�g0 2)g0 2� czz(g2 +g0 2)g0 2� cz⇤(g2 +g0 2)g2⇤ ,

dkg = �g2

2

✓
cgg

e2

g2 +g0 2
+ czg

g2�g0 2

g2 +g0 2
� czz

◆
, (6)

5/49

H
ig

gs
 p

ar
am

et
er

is
at

io
n:

 L
H

C
H

XS
W

G
-IN

T-
20

15
-0

01

HEP Seminar, Oklahoma State University 
November 4, 2021



H
ig

gs
 p

ar
am

et
er

is
at

io
n:

 L
H

C
H

XS
W

G
-IN

T-
20

15
-0

01

• SMEFT in the mass eigenstate basis (unitary gauge). LO EW/Higgs interactions:

24Jorge de Blas 
University of Granada

Effective Field Theories: SMEFT

HEP Seminar, Oklahoma State University 
November 4, 2021

– Trilinear Gauge Couplings:
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where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:
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while lz, is an independent parameter.

– Yukawa couplings:
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hff

6 = �h
v Â

f2u,d,e
d̂y f m f f̄ f +h.c., (8)

where d̂y f m f should be thought as 3⇥ 3 matrices in flavour space. FCNC are avoided when d̂y f is diagonal in the same
basis as m f . Under the assumption of Flavour Universality (d̂y f )i j ⌘ dy f ⇥di j, corresponding to a total of three parameters
dyu, dyd , dye. The assumption of Neutral Diagonality corresponds instead to (d̂y f )i j ⌘ d (y f )i ⇥di j (no summation) corre-
sponding to 9 parameters du, dc, dt for the ups and similarly for downs and charged leptons. In practice only dt,c, db and dt,µ
are expected to matter in plausible models and in the experimental situations presented by all future colliders. This adds two
parameters with respect to Flavour Universality.

– Vector couplings to fermions:
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where, again, not all terms are independent3:
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In the case of Flavour Universality, all the d̂g are proportional to the identity corresponding to a total of 8 parameters:
(d̂gZu

L )i j ⌘ dgZu
L ⇥ di j, etc. However the right handed charged current, associated to d̂gWq

R does not interfere with the SM
amplitudes in the limit mq ! 0 and can be neglected, reducing the number of parameters to 7.

In the case of Neutral Diagonality, the assumption d̂gi j µ di j is relaxed, allowing for the four coefficients associated to
the third quark family (d̂gZu

L )33, (d̂gZd
L )33, (d̂gZu

R )33, (d̂gZd
R )33 as well as all diagonal coefficients associated to leptons to be

different. This adds 10 further parameters with respect to the flavour Universal case.
In conclusion considering single Higgs and EW processes (i.e. neglecting the Higgs trilinear) in the scenarios of Flavour

Universality and Neutral Diagonality we end up with respectively 18 and 30 independent parameters:
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While we have chosen to present the degrees of freedom used in the different fitting scenarios described above using the
parameterization of the Higgs basis, one can of course do the same in any other basis. In particular, the mapping between the

3Here we choose a slightly different convention for the dependent couplings with respect to [32,33], and we express everything in terms of the modifications
of the neutral currents.
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where only cgg, dcz, cgg , czg , czz, cz⇤ are independent parameters:
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, (4)

where qw denotes the weak mixing angle while dm is an independent parameter from L6 controlling the deviation of m2
W with

respect to its tree level SM value.
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where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:
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while lz, is an independent parameter.

– Yukawa couplings:
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f2u,d,e
d̂y f m f f̄ f +h.c., (8)

where d̂y f m f should be thought as 3⇥ 3 matrices in flavour space. FCNC are avoided when d̂y f is diagonal in the same
basis as m f . Under the assumption of Flavour Universality (d̂y f )i j ⌘ dy f ⇥di j, corresponding to a total of three parameters
dyu, dyd , dye. The assumption of Neutral Diagonality corresponds instead to (d̂y f )i j ⌘ d (y f )i ⇥di j (no summation) corre-
sponding to 9 parameters du, dc, dt for the ups and similarly for downs and charged leptons. In practice only dt,c, db and dt,µ
are expected to matter in plausible models and in the experimental situations presented by all future colliders. This adds two
parameters with respect to Flavour Universality.

– Vector couplings to fermions:
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where, again, not all terms are independent3:

d̂gW`
L = d̂gZn

L � d̂gZe
L , d̂gWq

L = d̂gZu
L VCKM �VCKM d̂gZd

L . (10)

In the case of Flavour Universality, all the d̂g are proportional to the identity corresponding to a total of 8 parameters:
(d̂gZu

L )i j ⌘ dgZu
L ⇥ di j, etc. However the right handed charged current, associated to d̂gWq

R does not interfere with the SM
amplitudes in the limit mq ! 0 and can be neglected, reducing the number of parameters to 7.

In the case of Neutral Diagonality, the assumption d̂gi j µ di j is relaxed, allowing for the four coefficients associated to
the third quark family (d̂gZu

L )33, (d̂gZd
L )33, (d̂gZu

R )33, (d̂gZd
R )33 as well as all diagonal coefficients associated to leptons to be

different. This adds 10 further parameters with respect to the flavour Universal case.
In conclusion considering single Higgs and EW processes (i.e. neglecting the Higgs trilinear) in the scenarios of Flavour

Universality and Neutral Diagonality we end up with respectively 18 and 30 independent parameters:
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q1=q2 6=q3, `=e,µ,t .

While we have chosen to present the degrees of freedom used in the different fitting scenarios described above using the
parameterization of the Higgs basis, one can of course do the same in any other basis. In particular, the mapping between the

3Here we choose a slightly different convention for the dependent couplings with respect to [32,33], and we express everything in terms of the modifications
of the neutral currents.
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Table 2. Dimension six operators considered in the SMEFT analysis. The hermitian derivatives
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, which modifies the prediction for

the muon decay amplitude, must also be included in the fit since we use the Fermi constant as one of the SM input parameters.
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where qw denotes the weak mixing angle while dm is an independent parameter from L6 controlling the deviation of m2
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where d̂y f m f should be thought as 3⇥ 3 matrices in flavour space. FCNC are avoided when d̂y f is diagonal in the same
basis as m f . Under the assumption of Flavour Universality (d̂y f )i j ⌘ dy f ⇥di j, corresponding to a total of three parameters
dyu, dyd , dye. The assumption of Neutral Diagonality corresponds instead to (d̂y f )i j ⌘ d (y f )i ⇥di j (no summation) corre-
sponding to 9 parameters du, dc, dt for the ups and similarly for downs and charged leptons. In practice only dt,c, db and dt,µ
are expected to matter in plausible models and in the experimental situations presented by all future colliders. This adds two
parameters with respect to Flavour Universality.
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L n̄ ḡµ e+ d̂gWq
L ūgµ d + d̂gWq
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In the case of Flavour Universality, all the d̂g are proportional to the identity corresponding to a total of 8 parameters:
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L ⇥ di j, etc. However the right handed charged current, associated to d̂gWq

R does not interfere with the SM
amplitudes in the limit mq ! 0 and can be neglected, reducing the number of parameters to 7.

In the case of Neutral Diagonality, the assumption d̂gi j µ di j is relaxed, allowing for the four coefficients associated to
the third quark family (d̂gZu

L )33, (d̂gZd
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R )33 as well as all diagonal coefficients associated to leptons to be

different. This adds 10 further parameters with respect to the flavour Universal case.
In conclusion considering single Higgs and EW processes (i.e. neglecting the Higgs trilinear) in the scenarios of Flavour

Universality and Neutral Diagonality we end up with respectively 18 and 30 independent parameters:
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While we have chosen to present the degrees of freedom used in the different fitting scenarios described above using the
parameterization of the Higgs basis, one can of course do the same in any other basis. In particular, the mapping between the

3Here we choose a slightly different convention for the dependent couplings with respect to [32,33], and we express everything in terms of the modifications
of the neutral currents.
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When considering Higgs data, one can reasonably focus on a relatively small subset of the 2499 operators in L6. In
particular the vast subset of 4-fermion operators, whether flavour and CP preserving or not, can be more strongly constrained by
other processes. Thus, it makes sense to neglect this whole class, with the exception of one particular four-fermion interaction
that contributes to the muon decay and thus directly affects the Fermi constant, see caption in Table 2. The dipole operators,
instead do directly affect Higgs production, however under very general and plausible assumptions on the flavour structure of
new physics, the coefficients of these operators display the same structure and the same chiral suppression of Yukawa couplings.
The consequence is that, with the possible exception of processes involving the top quark, their effect in Higgs production is
expected to be negligible given that the leading SM contribution (for instance in e+e� ! hZ) as well as the other new physics
effects are not chirally suppressed. Furthermore, as far as Higgs decays are concerned, the dipole operators only contribute to
three (or more)-body final states (for instance H ! b̄bg) and as such they are easily seen to be negligible. In what follows we
shall thus neglect this whole class, and leave the consideration of their effect in top sector to future studies. Eliminating these
two classes, there remain three other classes: 1) purely bosonic operators, 2) generalized Yukawas, 3) Higgs-fermion current
operators. Neglecting CP violating operators in class 1, the corresponding structures are shown in Table 2. Operators in class 2
and 3, per se, can still contain CP- or flavour-violating terms, on which experimental constraints are rather strong. In order to
proceed we shall consider two alternative scenarios to minimize the remaining flavour and/or CP violations:

1. Flavour Universality, corresponding to

Y (6)
u µ Yu, Y (6)

d µ Yd , Y (6)
e µ Ye, and Dq,u,d,l,e,ud

i j ,D0q,l
i j ,µ di j, (2)

where Y (6)
f are the coefficients of dimension-6 operators of class 2, which control the flavour structure of the modifications

to the SM Yukawa matrices Yf . Similarly, D f and D0 f represent the combinations of dimension-6 operators of class
3, which induce flavour-dependent modifications of the neutral and charged current couplings of the fermions to the
EW vector bosons. In terms of the Wilson coefficients of the operators in Table 2 one has Y (6)

f = c f f ( f = u,d,e);

D f = cf f for the operators involving the right-handed fermion multiplets ( f = u,d,e,ud); and D f = c(1)
f f , D0 f = c(3)

f f for
the left-handed ones ( f = q, l). The choice in (2) corresponds to Minimal Flavour Violation (MFV) [31] in the limit where
terms only up to linear in the Yukawa matrices are considered. Notice that Minimal Flavour Violation corresponds to the
assumption that the underlying dynamics respects the maximal flavour symmetry group SU(3)5. A more appropriate
name would then perhaps be Maximal Flavour Conservation.

2. Neutral Diagonality, corresponding to a scenario where Y (6)
u,d,e while not proportional to the corresponding Yukawa

matrices are nonetheless diagonal in the same basis. That eliminates all flavour-changing couplings to the Higgs boson.
Similarly the Dq,u,d,`,e,ud

i j ,D0q,`
i j , while not universal, are such that no flavour-changing couplings to the Z-boson are

generated. In fact we shall work under the specific assumption where flavour universality is respected by the first two
quark families, and violated by the third quark family and by leptons. This choice, per se, does not correspond to any
motivated or even plausible scenario (it is rather cumbersome to produce sizeable flavour non-universality without any
flavour violation). We consider it principally to test the essential constraining power of future machines and because it
is widely studied by the community. Moreover non-universality limited to the third quark family is an often recurring
feature of scenarios motivated by the hierarchy problem. That is simply because the large top Yukawa makes it intricately
involved in the EW symmetry breaking dynamics and calls for the existence of various top partners.

Working in the unitary gauge and performing suitable redefinition of fields and input parameters the effective Lagrangian
can be conveniently expressed in the parameterization of [32,33], the so-called Higgs basis. Considering only the terms that are
relevant for our analysis, we can identify five classes of terms

– Higgs trilinear:

DL
h,self

6 = �dl3 vh3. (3)

The impact of this coupling in single Higgs processes and its extraction from Higgs pair production will be discussed in
Section 2.
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When considering Higgs data, one can reasonably focus on a relatively small subset of the 2499 operators in L6. In
particular the vast subset of 4-fermion operators, whether flavour and CP preserving or not, can be more strongly constrained by
other processes. Thus, it makes sense to neglect this whole class, with the exception of one particular four-fermion interaction
that contributes to the muon decay and thus directly affects the Fermi constant, see caption in Table 2. The dipole operators,
instead do directly affect Higgs production, however under very general and plausible assumptions on the flavour structure of
new physics, the coefficients of these operators display the same structure and the same chiral suppression of Yukawa couplings.
The consequence is that, with the possible exception of processes involving the top quark, their effect in Higgs production is
expected to be negligible given that the leading SM contribution (for instance in e+e� ! hZ) as well as the other new physics
effects are not chirally suppressed. Furthermore, as far as Higgs decays are concerned, the dipole operators only contribute to
three (or more)-body final states (for instance H ! b̄bg) and as such they are easily seen to be negligible. In what follows we
shall thus neglect this whole class, and leave the consideration of their effect in top sector to future studies. Eliminating these
two classes, there remain three other classes: 1) purely bosonic operators, 2) generalized Yukawas, 3) Higgs-fermion current
operators. Neglecting CP violating operators in class 1, the corresponding structures are shown in Table 2. Operators in class 2
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3, which induce flavour-dependent modifications of the neutral and charged current couplings of the fermions to the
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i j , while not universal, are such that no flavour-changing couplings to the Z-boson are

generated. In fact we shall work under the specific assumption where flavour universality is respected by the first two
quark families, and violated by the third quark family and by leptons. This choice, per se, does not correspond to any
motivated or even plausible scenario (it is rather cumbersome to produce sizeable flavour non-universality without any
flavour violation). We consider it principally to test the essential constraining power of future machines and because it
is widely studied by the community. Moreover non-universality limited to the third quark family is an often recurring
feature of scenarios motivated by the hierarchy problem. That is simply because the large top Yukawa makes it intricately
involved in the EW symmetry breaking dynamics and calls for the existence of various top partners.

Working in the unitary gauge and performing suitable redefinition of fields and input parameters the effective Lagrangian
can be conveniently expressed in the parameterization of [32,33], the so-called Higgs basis. Considering only the terms that are
relevant for our analysis, we can identify five classes of terms
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details. Apart from these, the effects of the four-lepton operator (Oll)1221 =
�
l̄1gµ l2

��
l̄2gµ l1

�
, which modifies the prediction for

the muon decay amplitude, must also be included in the fit since we use the Fermi constant as one of the SM input parameters.
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where only cgg, dcz, cgg , czg , czz, cz⇤ are independent parameters:

dcw = dcz +4dm,

cww = czz +2sin2 qwczg + sin4 qwcgg ,
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2g2cz⇤ +(g2 +g0 2)czz� e2cgg � (g2�g0 2)czg

⇤
, (4)

where qw denotes the weak mixing angle while dm is an independent parameter from L6 controlling the deviation of m2
W with

respect to its tree level SM value.

– Trilinear Gauge Couplings:
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where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:

dg1,z =
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2
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– Trilinear Gauge Couplings:
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µ W�
n + igcosqw
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µ W�r

n Zµ
r

⌘
, (6)

where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:

dg1,z =
1
2
(g2 �g0 2)

⇥
cgg e2g0 2 + czg(g2 �g0 2)g0 2 � czz(g2 +g0 2)g0 2 � cz⇤(g2 +g0 2)g2⇤ ,
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g2 +g0 2 � czz

◆
, (7)

while lz, is an independent parameter.

– Yukawa couplings:

DL
hff
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v Â

f2u,d,e
d̂y f m f f̄ f +h.c., (8)

where d̂y f m f should be thought as 3⇥ 3 matrices in flavour space. FCNC are avoided when d̂y f is diagonal in the same
basis as m f . Under the assumption of Flavour Universality (d̂y f )i j ⌘ dy f ⇥di j, corresponding to a total of three parameters
dyu, dyd , dye. The assumption of Neutral Diagonality corresponds instead to (d̂y f )i j ⌘ d (y f )i ⇥di j (no summation) corre-
sponding to 9 parameters du, dc, dt for the ups and similarly for downs and charged leptons. In practice only dt,c, db and dt,µ
are expected to matter in plausible models and in the experimental situations presented by all future colliders. This adds two
parameters with respect to Flavour Universality.

– Vector couplings to fermions:
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v f f ,hv f f
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gp
2

✓
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#
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where, again, not all terms are independent3:

d̂gW`
L = d̂gZn

L � d̂gZe
L , d̂gWq

L = d̂gZu
L VCKM �VCKM d̂gZd

L . (10)

In the case of Flavour Universality, all the d̂g are proportional to the identity corresponding to a total of 8 parameters:
(d̂gZu

L )i j ⌘ dgZu
L ⇥ di j, etc. However the right handed charged current, associated to d̂gWq

R does not interfere with the SM
amplitudes in the limit mq ! 0 and can be neglected, reducing the number of parameters to 7.

In the case of Neutral Diagonality, the assumption d̂gi j µ di j is relaxed, allowing for the four coefficients associated to
the third quark family (d̂gZu

L )33, (d̂gZd
L )33, (d̂gZu

R )33, (d̂gZd
R )33 as well as all diagonal coefficients associated to leptons to be

different. This adds 10 further parameters with respect to the flavour Universal case.
In conclusion considering single Higgs and EW processes (i.e. neglecting the Higgs trilinear) in the scenarios of Flavour

Universality and Neutral Diagonality we end up with respectively 18 and 30 independent parameters:

SMEFTFU ⌘
�

dm, cgg, dcz, cgg , czg , czz, cz⇤, dyu, dyd, dye, lz
 

+
�

dgZu
L ,dgZd

L ,dgZn
L ,dgZe

L ,dgZu
R ,dgZd

R ,dgZe
R
 

,

SMEFTND ⌘
�

dm, cgg, dcz, cgg , czg , czz, cz⇤, dyt, dyc, dyb, dyt , dyµ , lz
 

+
�
(dgZu

L )qi ,(dgZd
L )qi ,(dgZn

L )`,(dgZe
L )`,(dgZu

R )qi ,(dgZd
R )qi ,(dgZe

R )`
 

q1=q2 6=q3, `=e,µ,t .

While we have chosen to present the degrees of freedom used in the different fitting scenarios described above using the
parameterization of the Higgs basis, one can of course do the same in any other basis. In particular, the mapping between the

3Here we choose a slightly different convention for the dependent couplings with respect to [32,33], and we express everything in terms of the modifications
of the neutral currents.
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When considering Higgs data, one can reasonably focus on a relatively small subset of the 2499 operators in L6. In
particular the vast subset of 4-fermion operators, whether flavour and CP preserving or not, can be more strongly constrained by
other processes. Thus, it makes sense to neglect this whole class, with the exception of one particular four-fermion interaction
that contributes to the muon decay and thus directly affects the Fermi constant, see caption in Table 2. The dipole operators,
instead do directly affect Higgs production, however under very general and plausible assumptions on the flavour structure of
new physics, the coefficients of these operators display the same structure and the same chiral suppression of Yukawa couplings.
The consequence is that, with the possible exception of processes involving the top quark, their effect in Higgs production is
expected to be negligible given that the leading SM contribution (for instance in e+e� ! hZ) as well as the other new physics
effects are not chirally suppressed. Furthermore, as far as Higgs decays are concerned, the dipole operators only contribute to
three (or more)-body final states (for instance H ! b̄bg) and as such they are easily seen to be negligible. In what follows we
shall thus neglect this whole class, and leave the consideration of their effect in top sector to future studies. Eliminating these
two classes, there remain three other classes: 1) purely bosonic operators, 2) generalized Yukawas, 3) Higgs-fermion current
operators. Neglecting CP violating operators in class 1, the corresponding structures are shown in Table 2. Operators in class 2
and 3, per se, can still contain CP- or flavour-violating terms, on which experimental constraints are rather strong. In order to
proceed we shall consider two alternative scenarios to minimize the remaining flavour and/or CP violations:

1. Flavour Universality, corresponding to

Y (6)
u µ Yu, Y (6)

d µ Yd , Y (6)
e µ Ye, and Dq,u,d,l,e,ud

i j ,D0q,l
i j ,µ di j, (2)

where Y (6)
f are the coefficients of dimension-6 operators of class 2, which control the flavour structure of the modifications

to the SM Yukawa matrices Yf . Similarly, D f and D0 f represent the combinations of dimension-6 operators of class
3, which induce flavour-dependent modifications of the neutral and charged current couplings of the fermions to the
EW vector bosons. In terms of the Wilson coefficients of the operators in Table 2 one has Y (6)

f = c f f ( f = u,d,e);

D f = cf f for the operators involving the right-handed fermion multiplets ( f = u,d,e,ud); and D f = c(1)
f f , D0 f = c(3)

f f for
the left-handed ones ( f = q, l). The choice in (2) corresponds to Minimal Flavour Violation (MFV) [31] in the limit where
terms only up to linear in the Yukawa matrices are considered. Notice that Minimal Flavour Violation corresponds to the
assumption that the underlying dynamics respects the maximal flavour symmetry group SU(3)5. A more appropriate
name would then perhaps be Maximal Flavour Conservation.

2. Neutral Diagonality, corresponding to a scenario where Y (6)
u,d,e while not proportional to the corresponding Yukawa

matrices are nonetheless diagonal in the same basis. That eliminates all flavour-changing couplings to the Higgs boson.
Similarly the Dq,u,d,`,e,ud

i j ,D0q,`
i j , while not universal, are such that no flavour-changing couplings to the Z-boson are

generated. In fact we shall work under the specific assumption where flavour universality is respected by the first two
quark families, and violated by the third quark family and by leptons. This choice, per se, does not correspond to any
motivated or even plausible scenario (it is rather cumbersome to produce sizeable flavour non-universality without any
flavour violation). We consider it principally to test the essential constraining power of future machines and because it
is widely studied by the community. Moreover non-universality limited to the third quark family is an often recurring
feature of scenarios motivated by the hierarchy problem. That is simply because the large top Yukawa makes it intricately
involved in the EW symmetry breaking dynamics and calls for the existence of various top partners.

Working in the unitary gauge and performing suitable redefinition of fields and input parameters the effective Lagrangian
can be conveniently expressed in the parameterization of [32,33], the so-called Higgs basis. Considering only the terms that are
relevant for our analysis, we can identify five classes of terms

– Higgs trilinear:

DL
h,self

6 = �dl3 vh3. (3)

The impact of this coupling in single Higgs processes and its extraction from Higgs pair production will be discussed in
Section 2.

– Higgs couplings to vector bosons:
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– Trilinear Gauge Couplings:
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where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:
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while lz, is an independent parameter.

– Yukawa couplings:
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d̂y f m f f̄ f +h.c., (8)

where d̂y f m f should be thought as 3⇥ 3 matrices in flavour space. FCNC are avoided when d̂y f is diagonal in the same
basis as m f . Under the assumption of Flavour Universality (d̂y f )i j ⌘ dy f ⇥di j, corresponding to a total of three parameters
dyu, dyd , dye. The assumption of Neutral Diagonality corresponds instead to (d̂y f )i j ⌘ d (y f )i ⇥di j (no summation) corre-
sponding to 9 parameters du, dc, dt for the ups and similarly for downs and charged leptons. In practice only dt,c, db and dt,µ
are expected to matter in plausible models and in the experimental situations presented by all future colliders. This adds two
parameters with respect to Flavour Universality.

– Vector couplings to fermions:
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where, again, not all terms are independent3:
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L , d̂gWq
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In the case of Flavour Universality, all the d̂g are proportional to the identity corresponding to a total of 8 parameters:
(d̂gZu

L )i j ⌘ dgZu
L ⇥ di j, etc. However the right handed charged current, associated to d̂gWq

R does not interfere with the SM
amplitudes in the limit mq ! 0 and can be neglected, reducing the number of parameters to 7.

In the case of Neutral Diagonality, the assumption d̂gi j µ di j is relaxed, allowing for the four coefficients associated to
the third quark family (d̂gZu

L )33, (d̂gZd
L )33, (d̂gZu

R )33, (d̂gZd
R )33 as well as all diagonal coefficients associated to leptons to be

different. This adds 10 further parameters with respect to the flavour Universal case.
In conclusion considering single Higgs and EW processes (i.e. neglecting the Higgs trilinear) in the scenarios of Flavour

Universality and Neutral Diagonality we end up with respectively 18 and 30 independent parameters:
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q1=q2 6=q3, `=e,µ,t .

While we have chosen to present the degrees of freedom used in the different fitting scenarios described above using the
parameterization of the Higgs basis, one can of course do the same in any other basis. In particular, the mapping between the

3Here we choose a slightly different convention for the dependent couplings with respect to [32,33], and we express everything in terms of the modifications
of the neutral currents.
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Table 2. Dimension six operators considered in the SMEFT analysis. The hermitian derivatives
$
D and
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D a are defined as:
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Dµ and
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Dµ sa, while Bµn , W a

µn and GA
µn denote the SM gauge boson field-strengths. See text for

details. Apart from these, the effects of the four-lepton operator (Oll)1221 =
�
l̄1gµ l2
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l̄2gµ l1

�
, which modifies the prediction for

the muon decay amplitude, must also be included in the fit since we use the Fermi constant as one of the SM input parameters.
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where only cgg, dcz, cgg , czg , czz, cz⇤ are independent parameters:

dcw = dcz +4dm,

cww = czz +2sin2 qwczg + sin4 qwcgg ,

cw⇤ =
1

g2�g0 2
⇥
g2cz⇤ +g0 2czz� e2 sin2 qwcgg � (g2�g0 2)sin2 qwczg

⇤
,
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g2�g0 2
⇥
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⇤
, (4)

where qw denotes the weak mixing angle while dm is an independent parameter from L6 controlling the deviation of m2
W with

respect to its tree level SM value.

– Trilinear Gauge Couplings:
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⌘
, (5)

where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:

dg1,z =
1
2
(g2�g0 2)

⇥
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g2�g0 2
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◆
, (6)
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– Trilinear Gauge Couplings:
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⌘
, (6)

where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:

dg1,z =
1
2
(g2 �g0 2)

⇥
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◆
, (7)

while lz, is an independent parameter.

– Yukawa couplings:

DL
hff

6 = �h
v Â

f2u,d,e
d̂y f m f f̄ f +h.c., (8)

where d̂y f m f should be thought as 3⇥ 3 matrices in flavour space. FCNC are avoided when d̂y f is diagonal in the same
basis as m f . Under the assumption of Flavour Universality (d̂y f )i j ⌘ dy f ⇥di j, corresponding to a total of three parameters
dyu, dyd , dye. The assumption of Neutral Diagonality corresponds instead to (d̂y f )i j ⌘ d (y f )i ⇥di j (no summation) corre-
sponding to 9 parameters du, dc, dt for the ups and similarly for downs and charged leptons. In practice only dt,c, db and dt,µ
are expected to matter in plausible models and in the experimental situations presented by all future colliders. This adds two
parameters with respect to Flavour Universality.

– Vector couplings to fermions:
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v f f ,hv f f
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where, again, not all terms are independent3:

d̂gW`
L = d̂gZn

L � d̂gZe
L , d̂gWq

L = d̂gZu
L VCKM �VCKM d̂gZd

L . (10)

In the case of Flavour Universality, all the d̂g are proportional to the identity corresponding to a total of 8 parameters:
(d̂gZu

L )i j ⌘ dgZu
L ⇥ di j, etc. However the right handed charged current, associated to d̂gWq

R does not interfere with the SM
amplitudes in the limit mq ! 0 and can be neglected, reducing the number of parameters to 7.

In the case of Neutral Diagonality, the assumption d̂gi j µ di j is relaxed, allowing for the four coefficients associated to
the third quark family (d̂gZu

L )33, (d̂gZd
L )33, (d̂gZu

R )33, (d̂gZd
R )33 as well as all diagonal coefficients associated to leptons to be

different. This adds 10 further parameters with respect to the flavour Universal case.
In conclusion considering single Higgs and EW processes (i.e. neglecting the Higgs trilinear) in the scenarios of Flavour

Universality and Neutral Diagonality we end up with respectively 18 and 30 independent parameters:

SMEFTFU ⌘
�

dm, cgg, dcz, cgg , czg , czz, cz⇤, dyu, dyd, dye, lz
 

+
�

dgZu
L ,dgZd

L ,dgZn
L ,dgZe

L ,dgZu
R ,dgZd

R ,dgZe
R
 

,

SMEFTND ⌘
�

dm, cgg, dcz, cgg , czg , czz, cz⇤, dyt, dyc, dyb, dyt , dyµ , lz
 

+
�
(dgZu

L )qi ,(dgZd
L )qi ,(dgZn

L )`,(dgZe
L )`,(dgZu

R )qi ,(dgZd
R )qi ,(dgZe

R )`
 

q1=q2 6=q3, `=e,µ,t .

While we have chosen to present the degrees of freedom used in the different fitting scenarios described above using the
parameterization of the Higgs basis, one can of course do the same in any other basis. In particular, the mapping between the

3Here we choose a slightly different convention for the dependent couplings with respect to [32,33], and we express everything in terms of the modifications
of the neutral currents.
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When considering Higgs data, one can reasonably focus on a relatively small subset of the 2499 operators in L6. In
particular the vast subset of 4-fermion operators, whether flavour and CP preserving or not, can be more strongly constrained by
other processes. Thus, it makes sense to neglect this whole class, with the exception of one particular four-fermion interaction
that contributes to the muon decay and thus directly affects the Fermi constant, see caption in Table 2. The dipole operators,
instead do directly affect Higgs production, however under very general and plausible assumptions on the flavour structure of
new physics, the coefficients of these operators display the same structure and the same chiral suppression of Yukawa couplings.
The consequence is that, with the possible exception of processes involving the top quark, their effect in Higgs production is
expected to be negligible given that the leading SM contribution (for instance in e+e� ! hZ) as well as the other new physics
effects are not chirally suppressed. Furthermore, as far as Higgs decays are concerned, the dipole operators only contribute to
three (or more)-body final states (for instance H ! b̄bg) and as such they are easily seen to be negligible. In what follows we
shall thus neglect this whole class, and leave the consideration of their effect in top sector to future studies. Eliminating these
two classes, there remain three other classes: 1) purely bosonic operators, 2) generalized Yukawas, 3) Higgs-fermion current
operators. Neglecting CP violating operators in class 1, the corresponding structures are shown in Table 2. Operators in class 2
and 3, per se, can still contain CP- or flavour-violating terms, on which experimental constraints are rather strong. In order to
proceed we shall consider two alternative scenarios to minimize the remaining flavour and/or CP violations:

1. Flavour Universality, corresponding to

Y (6)
u µ Yu, Y (6)

d µ Yd , Y (6)
e µ Ye, and Dq,u,d,l,e,ud

i j ,D0q,l
i j ,µ di j, (2)

where Y (6)
f are the coefficients of dimension-6 operators of class 2, which control the flavour structure of the modifications

to the SM Yukawa matrices Yf . Similarly, D f and D0 f represent the combinations of dimension-6 operators of class
3, which induce flavour-dependent modifications of the neutral and charged current couplings of the fermions to the
EW vector bosons. In terms of the Wilson coefficients of the operators in Table 2 one has Y (6)

f = c f f ( f = u,d,e);

D f = cf f for the operators involving the right-handed fermion multiplets ( f = u,d,e,ud); and D f = c(1)
f f , D0 f = c(3)

f f for
the left-handed ones ( f = q, l). The choice in (2) corresponds to Minimal Flavour Violation (MFV) [31] in the limit where
terms only up to linear in the Yukawa matrices are considered. Notice that Minimal Flavour Violation corresponds to the
assumption that the underlying dynamics respects the maximal flavour symmetry group SU(3)5. A more appropriate
name would then perhaps be Maximal Flavour Conservation.

2. Neutral Diagonality, corresponding to a scenario where Y (6)
u,d,e while not proportional to the corresponding Yukawa

matrices are nonetheless diagonal in the same basis. That eliminates all flavour-changing couplings to the Higgs boson.
Similarly the Dq,u,d,`,e,ud

i j ,D0q,`
i j , while not universal, are such that no flavour-changing couplings to the Z-boson are

generated. In fact we shall work under the specific assumption where flavour universality is respected by the first two
quark families, and violated by the third quark family and by leptons. This choice, per se, does not correspond to any
motivated or even plausible scenario (it is rather cumbersome to produce sizeable flavour non-universality without any
flavour violation). We consider it principally to test the essential constraining power of future machines and because it
is widely studied by the community. Moreover non-universality limited to the third quark family is an often recurring
feature of scenarios motivated by the hierarchy problem. That is simply because the large top Yukawa makes it intricately
involved in the EW symmetry breaking dynamics and calls for the existence of various top partners.

Working in the unitary gauge and performing suitable redefinition of fields and input parameters the effective Lagrangian
can be conveniently expressed in the parameterization of [32,33], the so-called Higgs basis. Considering only the terms that are
relevant for our analysis, we can identify five classes of terms

– Higgs trilinear:

DL
h,self

6 = �dl3 vh3. (3)

The impact of this coupling in single Higgs processes and its extraction from Higgs pair production will be discussed in
Section 2.
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Table 2. Dimension six operators considered in the SMEFT analysis. The hermitian derivatives
$
D and

$
D a are defined as:

$
Dµ ⌘ Dµ �

 
Dµ and

$
D a

µ ⌘ saDµ �
 
Dµ sa, while Bµn , W a

µn and GA
µn denote the SM gauge boson field-strengths. See text for

details. Apart from these, the effects of the four-lepton operator (Oll)1221 =
�
l̄1gµ l2

��
l̄2gµ l1

�
, which modifies the prediction for

the muon decay amplitude, must also be included in the fit since we use the Fermi constant as one of the SM input parameters.

Operator Notation Operator Notation

C
la

ss
1

X3 eabcWan
µ Wbr

n Wc µ
r OW

f 6 �
f †f

�3
Of

f 4D2 �
f †f

�
⇤
�
f †f

�
Of⇤

�
f †Dµ f

�
((Dµ f)† f) OfD

X2f 2 f †fBµn Bµn
OfB f †fWa

µn Wa µn
OfW

f †safWa
µn Bµn

OfWB f †fGA
µn GA µn

OfG

C
la

ss
2

y2f 2
�
f †f

�
(l̄iLfej

R)
�
Oef

�
ij�

f †f
�
(q̄i

Lfdj
R)

�
Odf

�
ij

�
f †f

�
(q̄i

Lf̃uj
R)

�
Ouf

�
ij

C
la

ss
3

y2f 2D

(f †i
$
Dµ f)(l̄iLgµ ljL)

⇣
O

(1)
f l

⌘

ij
(f †i

$
D a

µ f)(l̄iLgµ saljL) (O(3)
f l )ij

(f †i
$
Dµ f)(ēi
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(Oll)1221

where only cgg, dcz, cgg , czg , czz, cz⇤ are independent parameters:

dcw = dcz +4dm,

cww = czz +2sin2 qwczg + sin4 qwcgg ,

cw⇤ =
1

g2�g0 2
⇥
g2cz⇤ +g0 2czz� e2 sin2 qwcgg � (g2�g0 2)sin2 qwczg

⇤
,

cg⇤ =
1

g2�g0 2
⇥
2g2cz⇤ +(g2 +g0 2)czz� e2cgg � (g2�g0 2)czg

⇤
, (4)

where qw denotes the weak mixing angle while dm is an independent parameter from L6 controlling the deviation of m2
W with

respect to its tree level SM value.

– Trilinear Gauge Couplings:

DL
aTGC = iedkg AµnW+

µ W�n + igcosqw


dg1Z (W+

µnW�µ �W�µnW+µ)Zn +(dg1Z�
g0 2

g2 dkg)ZµnW+
µ W�n

�

+
iglz
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sinqwW+n
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n Aµ

r + cosqwW+n
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n Zµ
r

⌘
, (5)

where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:

dg1,z =
1
2
(g2�g0 2)

⇥
cgg e2g0 2 + czg(g2�g0 2)g0 2� czz(g2 +g0 2)g0 2� cz⇤(g2 +g0 2)g2⇤ ,

dkg = �g2
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◆
, (6)
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Where to test these?
gg ! H (10)

e+e� ! Z ! ff̄ (11)

e+e� ! W+W� (12)

pp ! W+W�,WZ,W� (13)
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– Trilinear Gauge Couplings:
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aTGC = iedkg AµnW+
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n + igcosqw
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, (6)

where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:

dg1,z =
1
2
(g2 �g0 2)

⇥
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, (7)

while lz, is an independent parameter.

– Yukawa couplings:

DL
hff

6 = �h
v Â

f2u,d,e
d̂y f m f f̄ f +h.c., (8)

where d̂y f m f should be thought as 3⇥ 3 matrices in flavour space. FCNC are avoided when d̂y f is diagonal in the same
basis as m f . Under the assumption of Flavour Universality (d̂y f )i j ⌘ dy f ⇥di j, corresponding to a total of three parameters
dyu, dyd , dye. The assumption of Neutral Diagonality corresponds instead to (d̂y f )i j ⌘ d (y f )i ⇥di j (no summation) corre-
sponding to 9 parameters du, dc, dt for the ups and similarly for downs and charged leptons. In practice only dt,c, db and dt,µ
are expected to matter in plausible models and in the experimental situations presented by all future colliders. This adds two
parameters with respect to Flavour Universality.

– Vector couplings to fermions:
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where, again, not all terms are independent3:

d̂gW`
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L � d̂gZe
L , d̂gWq

L = d̂gZu
L VCKM �VCKM d̂gZd

L . (10)

In the case of Flavour Universality, all the d̂g are proportional to the identity corresponding to a total of 8 parameters:
(d̂gZu

L )i j ⌘ dgZu
L ⇥ di j, etc. However the right handed charged current, associated to d̂gWq

R does not interfere with the SM
amplitudes in the limit mq ! 0 and can be neglected, reducing the number of parameters to 7.

In the case of Neutral Diagonality, the assumption d̂gi j µ di j is relaxed, allowing for the four coefficients associated to
the third quark family (d̂gZu

L )33, (d̂gZd
L )33, (d̂gZu

R )33, (d̂gZd
R )33 as well as all diagonal coefficients associated to leptons to be

different. This adds 10 further parameters with respect to the flavour Universal case.
In conclusion considering single Higgs and EW processes (i.e. neglecting the Higgs trilinear) in the scenarios of Flavour

Universality and Neutral Diagonality we end up with respectively 18 and 30 independent parameters:
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While we have chosen to present the degrees of freedom used in the different fitting scenarios described above using the
parameterization of the Higgs basis, one can of course do the same in any other basis. In particular, the mapping between the

3Here we choose a slightly different convention for the dependent couplings with respect to [32,33], and we express everything in terms of the modifications
of the neutral currents.
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Table 2. Dimension six operators considered in the SMEFT analysis. The hermitian derivatives
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D and
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D a are defined as:
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Dµ and
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D a
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Dµ sa, while Bµn , W a

µn and GA
µn denote the SM gauge boson field-strengths. See text for

details. Apart from these, the effects of the four-lepton operator (Oll)1221 =
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, which modifies the prediction for

the muon decay amplitude, must also be included in the fit since we use the Fermi constant as one of the SM input parameters.
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where only cgg, dcz, cgg , czg , czz, cz⇤ are independent parameters:
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where qw denotes the weak mixing angle while dm is an independent parameter from L6 controlling the deviation of m2
W with

respect to its tree level SM value.

– Trilinear Gauge Couplings:
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where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:
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When considering Higgs data, one can reasonably focus on a relatively small subset of the 2499 operators in L6. In
particular the vast subset of 4-fermion operators, whether flavour and CP preserving or not, can be more strongly constrained by
other processes. Thus, it makes sense to neglect this whole class, with the exception of one particular four-fermion interaction
that contributes to the muon decay and thus directly affects the Fermi constant, see caption in Table 2. The dipole operators,
instead do directly affect Higgs production, however under very general and plausible assumptions on the flavour structure of
new physics, the coefficients of these operators display the same structure and the same chiral suppression of Yukawa couplings.
The consequence is that, with the possible exception of processes involving the top quark, their effect in Higgs production is
expected to be negligible given that the leading SM contribution (for instance in e+e� ! hZ) as well as the other new physics
effects are not chirally suppressed. Furthermore, as far as Higgs decays are concerned, the dipole operators only contribute to
three (or more)-body final states (for instance H ! b̄bg) and as such they are easily seen to be negligible. In what follows we
shall thus neglect this whole class, and leave the consideration of their effect in top sector to future studies. Eliminating these
two classes, there remain three other classes: 1) purely bosonic operators, 2) generalized Yukawas, 3) Higgs-fermion current
operators. Neglecting CP violating operators in class 1, the corresponding structures are shown in Table 2. Operators in class 2
and 3, per se, can still contain CP- or flavour-violating terms, on which experimental constraints are rather strong. In order to
proceed we shall consider two alternative scenarios to minimize the remaining flavour and/or CP violations:

1. Flavour Universality, corresponding to

Y (6)
u µ Yu, Y (6)

d µ Yd , Y (6)
e µ Ye, and Dq,u,d,l,e,ud

i j ,D0q,l
i j ,µ di j, (2)

where Y (6)
f are the coefficients of dimension-6 operators of class 2, which control the flavour structure of the modifications

to the SM Yukawa matrices Yf . Similarly, D f and D0 f represent the combinations of dimension-6 operators of class
3, which induce flavour-dependent modifications of the neutral and charged current couplings of the fermions to the
EW vector bosons. In terms of the Wilson coefficients of the operators in Table 2 one has Y (6)

f = c f f ( f = u,d,e);

D f = cf f for the operators involving the right-handed fermion multiplets ( f = u,d,e,ud); and D f = c(1)
f f , D0 f = c(3)

f f for
the left-handed ones ( f = q, l). The choice in (2) corresponds to Minimal Flavour Violation (MFV) [31] in the limit where
terms only up to linear in the Yukawa matrices are considered. Notice that Minimal Flavour Violation corresponds to the
assumption that the underlying dynamics respects the maximal flavour symmetry group SU(3)5. A more appropriate
name would then perhaps be Maximal Flavour Conservation.

2. Neutral Diagonality, corresponding to a scenario where Y (6)
u,d,e while not proportional to the corresponding Yukawa

matrices are nonetheless diagonal in the same basis. That eliminates all flavour-changing couplings to the Higgs boson.
Similarly the Dq,u,d,`,e,ud

i j ,D0q,`
i j , while not universal, are such that no flavour-changing couplings to the Z-boson are

generated. In fact we shall work under the specific assumption where flavour universality is respected by the first two
quark families, and violated by the third quark family and by leptons. This choice, per se, does not correspond to any
motivated or even plausible scenario (it is rather cumbersome to produce sizeable flavour non-universality without any
flavour violation). We consider it principally to test the essential constraining power of future machines and because it
is widely studied by the community. Moreover non-universality limited to the third quark family is an often recurring
feature of scenarios motivated by the hierarchy problem. That is simply because the large top Yukawa makes it intricately
involved in the EW symmetry breaking dynamics and calls for the existence of various top partners.

Working in the unitary gauge and performing suitable redefinition of fields and input parameters the effective Lagrangian
can be conveniently expressed in the parameterization of [32,33], the so-called Higgs basis. Considering only the terms that are
relevant for our analysis, we can identify five classes of terms

– Higgs trilinear:

DL
h,self

6 = �dl3 vh3. (3)

The impact of this coupling in single Higgs processes and its extraction from Higgs pair production will be discussed in
Section 2.

– Higgs couplings to vector bosons:

DL
hVV
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
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,
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Table 2. Dimension six operators considered in the SMEFT analysis. The hermitian derivatives
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D and
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D a are defined as:
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Dµ and

$
D a

µ ⌘ saDµ �
 
Dµ sa, while Bµn , W a
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µn denote the SM gauge boson field-strengths. See text for

details. Apart from these, the effects of the four-lepton operator (Oll)1221 =
�
l̄1gµ l2

��
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�
, which modifies the prediction for

the muon decay amplitude, must also be included in the fit since we use the Fermi constant as one of the SM input parameters.
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where only cgg, dcz, cgg , czg , czz, cz⇤ are independent parameters:

dcw = dcz +4dm,

cww = czz +2sin2 qwczg + sin4 qwcgg ,

cw⇤ =
1

g2�g0 2
⇥
g2cz⇤ +g0 2czz� e2 sin2 qwcgg � (g2�g0 2)sin2 qwczg

⇤
,

cg⇤ =
1

g2�g0 2
⇥
2g2cz⇤ +(g2 +g0 2)czz� e2cgg � (g2�g0 2)czg

⇤
, (4)

where qw denotes the weak mixing angle while dm is an independent parameter from L6 controlling the deviation of m2
W with

respect to its tree level SM value.

– Trilinear Gauge Couplings:

DL
aTGC = iedkg AµnW+

µ W�n + igcosqw


dg1Z (W+

µnW�µ �W�µnW+µ)Zn +(dg1Z�
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sinqwW+n
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r

⌘
, (5)

where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:

dg1,z =
1
2
(g2�g0 2)

⇥
cgg e2g0 2 + czg(g2�g0 2)g0 2� czz(g2 +g0 2)g0 2� cz⇤(g2 +g0 2)g2⇤ ,
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◆
, (6)
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When considering Higgs data, one can reasonably focus on a relatively small subset of the 2499 operators in L6. In
particular the vast subset of 4-fermion operators, whether flavour and CP preserving or not, can be more strongly constrained by
other processes. Thus, it makes sense to neglect this whole class, with the exception of one particular four-fermion interaction
that contributes to the muon decay and thus directly affects the Fermi constant, see caption in Table 2. The dipole operators,
instead do directly affect Higgs production, however under very general and plausible assumptions on the flavour structure of
new physics, the coefficients of these operators display the same structure and the same chiral suppression of Yukawa couplings.
The consequence is that, with the possible exception of processes involving the top quark, their effect in Higgs production is
expected to be negligible given that the leading SM contribution (for instance in e+e� ! hZ) as well as the other new physics
effects are not chirally suppressed. Furthermore, as far as Higgs decays are concerned, the dipole operators only contribute to
three (or more)-body final states (for instance H ! b̄bg) and as such they are easily seen to be negligible. In what follows we
shall thus neglect this whole class, and leave the consideration of their effect in top sector to future studies. Eliminating these
two classes, there remain three other classes: 1) purely bosonic operators, 2) generalized Yukawas, 3) Higgs-fermion current
operators. Neglecting CP violating operators in class 1, the corresponding structures are shown in Table 2. Operators in class 2
and 3, per se, can still contain CP- or flavour-violating terms, on which experimental constraints are rather strong. In order to
proceed we shall consider two alternative scenarios to minimize the remaining flavour and/or CP violations:

1. Flavour Universality, corresponding to

Y (6)
u µ Yu, Y (6)

d µ Yd , Y (6)
e µ Ye, and Dq,u,d,l,e,ud

i j ,D0q,l
i j ,µ di j, (2)

where Y (6)
f are the coefficients of dimension-6 operators of class 2, which control the flavour structure of the modifications

to the SM Yukawa matrices Yf . Similarly, D f and D0 f represent the combinations of dimension-6 operators of class
3, which induce flavour-dependent modifications of the neutral and charged current couplings of the fermions to the
EW vector bosons. In terms of the Wilson coefficients of the operators in Table 2 one has Y (6)

f = c f f ( f = u,d,e);

D f = cf f for the operators involving the right-handed fermion multiplets ( f = u,d,e,ud); and D f = c(1)
f f , D0 f = c(3)

f f for
the left-handed ones ( f = q, l). The choice in (2) corresponds to Minimal Flavour Violation (MFV) [31] in the limit where
terms only up to linear in the Yukawa matrices are considered. Notice that Minimal Flavour Violation corresponds to the
assumption that the underlying dynamics respects the maximal flavour symmetry group SU(3)5. A more appropriate
name would then perhaps be Maximal Flavour Conservation.

2. Neutral Diagonality, corresponding to a scenario where Y (6)
u,d,e while not proportional to the corresponding Yukawa

matrices are nonetheless diagonal in the same basis. That eliminates all flavour-changing couplings to the Higgs boson.
Similarly the Dq,u,d,`,e,ud

i j ,D0q,`
i j , while not universal, are such that no flavour-changing couplings to the Z-boson are

generated. In fact we shall work under the specific assumption where flavour universality is respected by the first two
quark families, and violated by the third quark family and by leptons. This choice, per se, does not correspond to any
motivated or even plausible scenario (it is rather cumbersome to produce sizeable flavour non-universality without any
flavour violation). We consider it principally to test the essential constraining power of future machines and because it
is widely studied by the community. Moreover non-universality limited to the third quark family is an often recurring
feature of scenarios motivated by the hierarchy problem. That is simply because the large top Yukawa makes it intricately
involved in the EW symmetry breaking dynamics and calls for the existence of various top partners.

Working in the unitary gauge and performing suitable redefinition of fields and input parameters the effective Lagrangian
can be conveniently expressed in the parameterization of [32,33], the so-called Higgs basis. Considering only the terms that are
relevant for our analysis, we can identify five classes of terms

– Higgs trilinear:

DL
h,self

6 = �dl3 vh3. (3)

The impact of this coupling in single Higgs processes and its extraction from Higgs pair production will be discussed in
Section 2.
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Where to test these?

gg ! H (10)

e+e� ! Z ! ff̄ (11)

e+e� ! W+W� (12)

pp ! W+W�,WZ,W� (13)

pp ! HH (14)

e+e� ! ZHH, ⌫⌫̄HH (15)

H ! ff 0 (16)

pp ! tt̄H (17)

e+e� ! tt̄H (18)

2

gg ! H (10)

e+e� ! Z ! ff̄ (11)

e+e� ! W+W� (12)

pp ! W+W�,WZ,W� (13)

pp ! HH (14)

e+e� ! ZHH, ⌫⌫̄HH (15)

H ! ff 0 (16)

pp ! tt̄H (17)

e+e� ! tt̄H (18)

2

(Tree level)

– Trilinear Gauge Couplings:

DL
aTGC = iedkg AµnW+

µ W�
n + igcosqw


dg1Z (W+

µnW�µ �W�
µnW+µ)Zn +(dg1Z �

g0 2

g2 dkg)ZµnW+
µ W�

n

�

+
iglz

m2
W

⇣
sinqwW+n

µ W�r
n Aµ

r + cosqwW+n
µ W�r

n Zµ
r

⌘
, (6)

where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:

dg1,z =
1
2
(g2 �g0 2)

⇥
cgg e2g0 2 + czg(g2 �g0 2)g0 2 � czz(g2 +g0 2)g0 2 � cz⇤(g2 +g0 2)g2⇤ ,

dkg = �g2

2

✓
cgg

e2

g2 +g0 2 + czg
g2 �g0 2

g2 +g0 2 � czz

◆
, (7)

while lz, is an independent parameter.

– Yukawa couplings:

DL
hff

6 = �h
v Â

f2u,d,e
d̂y f m f f̄ f +h.c., (8)

where d̂y f m f should be thought as 3⇥ 3 matrices in flavour space. FCNC are avoided when d̂y f is diagonal in the same
basis as m f . Under the assumption of Flavour Universality (d̂y f )i j ⌘ dy f ⇥di j, corresponding to a total of three parameters
dyu, dyd , dye. The assumption of Neutral Diagonality corresponds instead to (d̂y f )i j ⌘ d (y f )i ⇥di j (no summation) corre-
sponding to 9 parameters du, dc, dt for the ups and similarly for downs and charged leptons. In practice only dt,c, db and dt,µ
are expected to matter in plausible models and in the experimental situations presented by all future colliders. This adds two
parameters with respect to Flavour Universality.

– Vector couplings to fermions:

DL
v f f ,hv f f

6 =
gp
2

✓
1+2

h
v

◆
W+

µ

⇣
d̂gW`

L n̄ ḡµ e+ d̂gWq
L ūgµ d + d̂gWq

R ūgµ d +h.c.
⌘

+
p

g2 +g0 2
✓

1+2
h
v

◆
Zµ

"

Â
f =u,d,e,n

d̂gZ f
L f̄ gµ f + Â

f =u,d,e
d̂gZ f

R f̄ gµ f

#
, (9)

where, again, not all terms are independent3:

d̂gW`
L = d̂gZn

L � d̂gZe
L , d̂gWq

L = d̂gZu
L VCKM �VCKM d̂gZd

L . (10)

In the case of Flavour Universality, all the d̂g are proportional to the identity corresponding to a total of 8 parameters:
(d̂gZu

L )i j ⌘ dgZu
L ⇥ di j, etc. However the right handed charged current, associated to d̂gWq

R does not interfere with the SM
amplitudes in the limit mq ! 0 and can be neglected, reducing the number of parameters to 7.

In the case of Neutral Diagonality, the assumption d̂gi j µ di j is relaxed, allowing for the four coefficients associated to
the third quark family (d̂gZu

L )33, (d̂gZd
L )33, (d̂gZu

R )33, (d̂gZd
R )33 as well as all diagonal coefficients associated to leptons to be

different. This adds 10 further parameters with respect to the flavour Universal case.
In conclusion considering single Higgs and EW processes (i.e. neglecting the Higgs trilinear) in the scenarios of Flavour

Universality and Neutral Diagonality we end up with respectively 18 and 30 independent parameters:

SMEFTFU ⌘
�

dm, cgg, dcz, cgg , czg , czz, cz⇤, dyu, dyd, dye, lz
 

+
�

dgZu
L ,dgZd

L ,dgZn
L ,dgZe

L ,dgZu
R ,dgZd

R ,dgZe
R
 

,

SMEFTND ⌘
�

dm, cgg, dcz, cgg , czg , czz, cz⇤, dyt, dyc, dyb, dyt , dyµ , lz
 

+
�
(dgZu

L )qi ,(dgZd
L )qi ,(dgZn

L )`,(dgZe
L )`,(dgZu

R )qi ,(dgZd
R )qi ,(dgZe

R )`
 

q1=q2 6=q3, `=e,µ,t .

While we have chosen to present the degrees of freedom used in the different fitting scenarios described above using the
parameterization of the Higgs basis, one can of course do the same in any other basis. In particular, the mapping between the

3Here we choose a slightly different convention for the dependent couplings with respect to [32,33], and we express everything in terms of the modifications
of the neutral currents.
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Table 2. Dimension six operators considered in the SMEFT analysis. The hermitian derivatives
$
D and

$
D a are defined as:

$
Dµ ⌘ Dµ �

 
Dµ and

$
D a

µ ⌘ saDµ �
 
Dµ sa, while Bµn , W a

µn and GA
µn denote the SM gauge boson field-strengths. See text for

details. Apart from these, the effects of the four-lepton operator (Oll)1221 =
�
l̄1gµ l2

��
l̄2gµ l1

�
, which modifies the prediction for

the muon decay amplitude, must also be included in the fit since we use the Fermi constant as one of the SM input parameters.
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where only cgg, dcz, cgg , czg , czz, cz⇤ are independent parameters:

dcw = dcz +4dm,

cww = czz +2sin2 qwczg + sin4 qwcgg ,

cw⇤ =
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⇤
, (4)

where qw denotes the weak mixing angle while dm is an independent parameter from L6 controlling the deviation of m2
W with

respect to its tree level SM value.

– Trilinear Gauge Couplings:

DL
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where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:
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When considering Higgs data, one can reasonably focus on a relatively small subset of the 2499 operators in L6. In
particular the vast subset of 4-fermion operators, whether flavour and CP preserving or not, can be more strongly constrained by
other processes. Thus, it makes sense to neglect this whole class, with the exception of one particular four-fermion interaction
that contributes to the muon decay and thus directly affects the Fermi constant, see caption in Table 2. The dipole operators,
instead do directly affect Higgs production, however under very general and plausible assumptions on the flavour structure of
new physics, the coefficients of these operators display the same structure and the same chiral suppression of Yukawa couplings.
The consequence is that, with the possible exception of processes involving the top quark, their effect in Higgs production is
expected to be negligible given that the leading SM contribution (for instance in e+e� ! hZ) as well as the other new physics
effects are not chirally suppressed. Furthermore, as far as Higgs decays are concerned, the dipole operators only contribute to
three (or more)-body final states (for instance H ! b̄bg) and as such they are easily seen to be negligible. In what follows we
shall thus neglect this whole class, and leave the consideration of their effect in top sector to future studies. Eliminating these
two classes, there remain three other classes: 1) purely bosonic operators, 2) generalized Yukawas, 3) Higgs-fermion current
operators. Neglecting CP violating operators in class 1, the corresponding structures are shown in Table 2. Operators in class 2
and 3, per se, can still contain CP- or flavour-violating terms, on which experimental constraints are rather strong. In order to
proceed we shall consider two alternative scenarios to minimize the remaining flavour and/or CP violations:

1. Flavour Universality, corresponding to

Y (6)
u µ Yu, Y (6)

d µ Yd , Y (6)
e µ Ye, and Dq,u,d,l,e,ud

i j ,D0q,l
i j ,µ di j, (2)

where Y (6)
f are the coefficients of dimension-6 operators of class 2, which control the flavour structure of the modifications

to the SM Yukawa matrices Yf . Similarly, D f and D0 f represent the combinations of dimension-6 operators of class
3, which induce flavour-dependent modifications of the neutral and charged current couplings of the fermions to the
EW vector bosons. In terms of the Wilson coefficients of the operators in Table 2 one has Y (6)

f = c f f ( f = u,d,e);

D f = cf f for the operators involving the right-handed fermion multiplets ( f = u,d,e,ud); and D f = c(1)
f f , D0 f = c(3)

f f for
the left-handed ones ( f = q, l). The choice in (2) corresponds to Minimal Flavour Violation (MFV) [31] in the limit where
terms only up to linear in the Yukawa matrices are considered. Notice that Minimal Flavour Violation corresponds to the
assumption that the underlying dynamics respects the maximal flavour symmetry group SU(3)5. A more appropriate
name would then perhaps be Maximal Flavour Conservation.

2. Neutral Diagonality, corresponding to a scenario where Y (6)
u,d,e while not proportional to the corresponding Yukawa

matrices are nonetheless diagonal in the same basis. That eliminates all flavour-changing couplings to the Higgs boson.
Similarly the Dq,u,d,`,e,ud

i j ,D0q,`
i j , while not universal, are such that no flavour-changing couplings to the Z-boson are

generated. In fact we shall work under the specific assumption where flavour universality is respected by the first two
quark families, and violated by the third quark family and by leptons. This choice, per se, does not correspond to any
motivated or even plausible scenario (it is rather cumbersome to produce sizeable flavour non-universality without any
flavour violation). We consider it principally to test the essential constraining power of future machines and because it
is widely studied by the community. Moreover non-universality limited to the third quark family is an often recurring
feature of scenarios motivated by the hierarchy problem. That is simply because the large top Yukawa makes it intricately
involved in the EW symmetry breaking dynamics and calls for the existence of various top partners.

Working in the unitary gauge and performing suitable redefinition of fields and input parameters the effective Lagrangian
can be conveniently expressed in the parameterization of [32,33], the so-called Higgs basis. Considering only the terms that are
relevant for our analysis, we can identify five classes of terms

– Higgs trilinear:

DL
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6 = �dl3 vh3. (3)

The impact of this coupling in single Higgs processes and its extraction from Higgs pair production will be discussed in
Section 2.

– Higgs couplings to vector bosons:
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
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– Trilinear Gauge Couplings:

DL
aTGC = iedkg AµnW+

µ W�
n + igcosqw


dg1Z (W+

µnW�µ �W�
µnW+µ)Zn +(dg1Z �

g0 2

g2 dkg)ZµnW+
µ W�

n

�

+
iglz

m2
W

⇣
sinqwW+n

µ W�r
n Aµ

r + cosqwW+n
µ W�r

n Zµ
r

⌘
, (6)

where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:
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while lz, is an independent parameter.

– Yukawa couplings:
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d̂y f m f f̄ f +h.c., (8)

where d̂y f m f should be thought as 3⇥ 3 matrices in flavour space. FCNC are avoided when d̂y f is diagonal in the same
basis as m f . Under the assumption of Flavour Universality (d̂y f )i j ⌘ dy f ⇥di j, corresponding to a total of three parameters
dyu, dyd , dye. The assumption of Neutral Diagonality corresponds instead to (d̂y f )i j ⌘ d (y f )i ⇥di j (no summation) corre-
sponding to 9 parameters du, dc, dt for the ups and similarly for downs and charged leptons. In practice only dt,c, db and dt,µ
are expected to matter in plausible models and in the experimental situations presented by all future colliders. This adds two
parameters with respect to Flavour Universality.

– Vector couplings to fermions:
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where, again, not all terms are independent3:
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L , d̂gWq

L = d̂gZu
L VCKM �VCKM d̂gZd

L . (10)

In the case of Flavour Universality, all the d̂g are proportional to the identity corresponding to a total of 8 parameters:
(d̂gZu

L )i j ⌘ dgZu
L ⇥ di j, etc. However the right handed charged current, associated to d̂gWq

R does not interfere with the SM
amplitudes in the limit mq ! 0 and can be neglected, reducing the number of parameters to 7.

In the case of Neutral Diagonality, the assumption d̂gi j µ di j is relaxed, allowing for the four coefficients associated to
the third quark family (d̂gZu

L )33, (d̂gZd
L )33, (d̂gZu

R )33, (d̂gZd
R )33 as well as all diagonal coefficients associated to leptons to be

different. This adds 10 further parameters with respect to the flavour Universal case.
In conclusion considering single Higgs and EW processes (i.e. neglecting the Higgs trilinear) in the scenarios of Flavour

Universality and Neutral Diagonality we end up with respectively 18 and 30 independent parameters:
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While we have chosen to present the degrees of freedom used in the different fitting scenarios described above using the
parameterization of the Higgs basis, one can of course do the same in any other basis. In particular, the mapping between the

3Here we choose a slightly different convention for the dependent couplings with respect to [32,33], and we express everything in terms of the modifications
of the neutral currents.
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Table 2. Dimension six operators considered in the SMEFT analysis. The hermitian derivatives
$
D and

$
D a are defined as:

$
Dµ ⌘ Dµ �

 
Dµ and

$
D a

µ ⌘ saDµ �
 
Dµ sa, while Bµn , W a

µn and GA
µn denote the SM gauge boson field-strengths. See text for

details. Apart from these, the effects of the four-lepton operator (Oll)1221 =
�
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��
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�
, which modifies the prediction for

the muon decay amplitude, must also be included in the fit since we use the Fermi constant as one of the SM input parameters.
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Rgµ dj

R)
�
Ofud

�
ij

G
F y4 �

l̄1gµ l2
��

l̄2gµ l1
�

(Oll)1221

where only cgg, dcz, cgg , czg , czz, cz⇤ are independent parameters:
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where qw denotes the weak mixing angle while dm is an independent parameter from L6 controlling the deviation of m2
W with

respect to its tree level SM value.

– Trilinear Gauge Couplings:

DL
aTGC = iedkg AµnW+

µ W�n + igcosqw


dg1Z (W+

µnW�µ �W�µnW+µ)Zn +(dg1Z�
g0 2

g2 dkg)ZµnW+
µ W�n

�

+
iglz

m2
W

⇣
sinqwW+n

µ W�r
n Aµ

r + cosqwW+n
µ W�r

n Zµ
r

⌘
, (5)

where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:
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Table 2. Dimension six operators considered in the SMEFT analysis. The hermitian derivatives
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D a are defined as:
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, which modifies the prediction for
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Rgµ uj
R)

�
Ofu

�
ij (f †i

$
Dµ f)(d̄i

Rgµ dj
R)

�
Ofd

�
ij

(f̃ †iDµ f)(ūi
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where only cgg, dcz, cgg , czg , czz, cz⇤ are independent parameters:

dcw = dcz +4dm,

cww = czz +2sin2 qwczg + sin4 qwcgg ,
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where qw denotes the weak mixing angle while dm is an independent parameter from L6 controlling the deviation of m2
W with

respect to its tree level SM value.

– Trilinear Gauge Couplings:
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where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:
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where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:
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while lz, is an independent parameter.

– Yukawa couplings:

DL
hff

6 = �h
v Â

f2u,d,e
d̂y f m f f̄ f +h.c., (8)

where d̂y f m f should be thought as 3⇥ 3 matrices in flavour space. FCNC are avoided when d̂y f is diagonal in the same
basis as m f . Under the assumption of Flavour Universality (d̂y f )i j ⌘ dy f ⇥di j, corresponding to a total of three parameters
dyu, dyd , dye. The assumption of Neutral Diagonality corresponds instead to (d̂y f )i j ⌘ d (y f )i ⇥di j (no summation) corre-
sponding to 9 parameters du, dc, dt for the ups and similarly for downs and charged leptons. In practice only dt,c, db and dt,µ
are expected to matter in plausible models and in the experimental situations presented by all future colliders. This adds two
parameters with respect to Flavour Universality.

– Vector couplings to fermions:
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R ūgµ d +h.c.
⌘

+
p

g2 +g0 2
✓

1+2
h
v

◆
Zµ

"

Â
f =u,d,e,n

d̂gZ f
L f̄ gµ f + Â

f =u,d,e
d̂gZ f

R f̄ gµ f

#
, (9)

where, again, not all terms are independent3:
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L VCKM �VCKM d̂gZd
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In the case of Flavour Universality, all the d̂g are proportional to the identity corresponding to a total of 8 parameters:
(d̂gZu

L )i j ⌘ dgZu
L ⇥ di j, etc. However the right handed charged current, associated to d̂gWq

R does not interfere with the SM
amplitudes in the limit mq ! 0 and can be neglected, reducing the number of parameters to 7.

In the case of Neutral Diagonality, the assumption d̂gi j µ di j is relaxed, allowing for the four coefficients associated to
the third quark family (d̂gZu

L )33, (d̂gZd
L )33, (d̂gZu

R )33, (d̂gZd
R )33 as well as all diagonal coefficients associated to leptons to be

different. This adds 10 further parameters with respect to the flavour Universal case.
In conclusion considering single Higgs and EW processes (i.e. neglecting the Higgs trilinear) in the scenarios of Flavour

Universality and Neutral Diagonality we end up with respectively 18 and 30 independent parameters:
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q1=q2 6=q3, `=e,µ,t .

While we have chosen to present the degrees of freedom used in the different fitting scenarios described above using the
parameterization of the Higgs basis, one can of course do the same in any other basis. In particular, the mapping between the

3Here we choose a slightly different convention for the dependent couplings with respect to [32,33], and we express everything in terms of the modifications
of the neutral currents.
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When considering Higgs data, one can reasonably focus on a relatively small subset of the 2499 operators in L6. In
particular the vast subset of 4-fermion operators, whether flavour and CP preserving or not, can be more strongly constrained by
other processes. Thus, it makes sense to neglect this whole class, with the exception of one particular four-fermion interaction
that contributes to the muon decay and thus directly affects the Fermi constant, see caption in Table 2. The dipole operators,
instead do directly affect Higgs production, however under very general and plausible assumptions on the flavour structure of
new physics, the coefficients of these operators display the same structure and the same chiral suppression of Yukawa couplings.
The consequence is that, with the possible exception of processes involving the top quark, their effect in Higgs production is
expected to be negligible given that the leading SM contribution (for instance in e+e� ! hZ) as well as the other new physics
effects are not chirally suppressed. Furthermore, as far as Higgs decays are concerned, the dipole operators only contribute to
three (or more)-body final states (for instance H ! b̄bg) and as such they are easily seen to be negligible. In what follows we
shall thus neglect this whole class, and leave the consideration of their effect in top sector to future studies. Eliminating these
two classes, there remain three other classes: 1) purely bosonic operators, 2) generalized Yukawas, 3) Higgs-fermion current
operators. Neglecting CP violating operators in class 1, the corresponding structures are shown in Table 2. Operators in class 2
and 3, per se, can still contain CP- or flavour-violating terms, on which experimental constraints are rather strong. In order to
proceed we shall consider two alternative scenarios to minimize the remaining flavour and/or CP violations:

1. Flavour Universality, corresponding to

Y (6)
u µ Yu, Y (6)

d µ Yd , Y (6)
e µ Ye, and Dq,u,d,l,e,ud

i j ,D0q,l
i j ,µ di j, (2)

where Y (6)
f are the coefficients of dimension-6 operators of class 2, which control the flavour structure of the modifications

to the SM Yukawa matrices Yf . Similarly, D f and D0 f represent the combinations of dimension-6 operators of class
3, which induce flavour-dependent modifications of the neutral and charged current couplings of the fermions to the
EW vector bosons. In terms of the Wilson coefficients of the operators in Table 2 one has Y (6)

f = c f f ( f = u,d,e);

D f = cf f for the operators involving the right-handed fermion multiplets ( f = u,d,e,ud); and D f = c(1)
f f , D0 f = c(3)

f f for
the left-handed ones ( f = q, l). The choice in (2) corresponds to Minimal Flavour Violation (MFV) [31] in the limit where
terms only up to linear in the Yukawa matrices are considered. Notice that Minimal Flavour Violation corresponds to the
assumption that the underlying dynamics respects the maximal flavour symmetry group SU(3)5. A more appropriate
name would then perhaps be Maximal Flavour Conservation.

2. Neutral Diagonality, corresponding to a scenario where Y (6)
u,d,e while not proportional to the corresponding Yukawa

matrices are nonetheless diagonal in the same basis. That eliminates all flavour-changing couplings to the Higgs boson.
Similarly the Dq,u,d,`,e,ud

i j ,D0q,`
i j , while not universal, are such that no flavour-changing couplings to the Z-boson are

generated. In fact we shall work under the specific assumption where flavour universality is respected by the first two
quark families, and violated by the third quark family and by leptons. This choice, per se, does not correspond to any
motivated or even plausible scenario (it is rather cumbersome to produce sizeable flavour non-universality without any
flavour violation). We consider it principally to test the essential constraining power of future machines and because it
is widely studied by the community. Moreover non-universality limited to the third quark family is an often recurring
feature of scenarios motivated by the hierarchy problem. That is simply because the large top Yukawa makes it intricately
involved in the EW symmetry breaking dynamics and calls for the existence of various top partners.

Working in the unitary gauge and performing suitable redefinition of fields and input parameters the effective Lagrangian
can be conveniently expressed in the parameterization of [32,33], the so-called Higgs basis. Considering only the terms that are
relevant for our analysis, we can identify five classes of terms

– Higgs trilinear:

DL
h,self

6 = �dl3 vh3. (3)

The impact of this coupling in single Higgs processes and its extraction from Higgs pair production will be discussed in
Section 2.
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δg1Z and δκγ given by HVV couplings

– Trilinear Gauge Couplings:
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where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:
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while lz, is an independent parameter.

– Yukawa couplings:
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d̂y f m f f̄ f +h.c., (8)

where d̂y f m f should be thought as 3⇥ 3 matrices in flavour space. FCNC are avoided when d̂y f is diagonal in the same
basis as m f . Under the assumption of Flavour Universality (d̂y f )i j ⌘ dy f ⇥di j, corresponding to a total of three parameters
dyu, dyd , dye. The assumption of Neutral Diagonality corresponds instead to (d̂y f )i j ⌘ d (y f )i ⇥di j (no summation) corre-
sponding to 9 parameters du, dc, dt for the ups and similarly for downs and charged leptons. In practice only dt,c, db and dt,µ
are expected to matter in plausible models and in the experimental situations presented by all future colliders. This adds two
parameters with respect to Flavour Universality.

– Vector couplings to fermions:

DL
v f f ,hv f f

6 =
gp
2

✓
1+2

h
v

◆
W+

µ

⇣
d̂gW`

L n̄ ḡµ e+ d̂gWq
L ūgµ d + d̂gWq

R ūgµ d +h.c.
⌘

+
p

g2 +g0 2
✓

1+2
h
v

◆
Zµ

"

Â
f =u,d,e,n

d̂gZ f
L f̄ gµ f + Â

f =u,d,e
d̂gZ f

R f̄ gµ f

#
, (9)

where, again, not all terms are independent3:

d̂gW`
L = d̂gZn

L � d̂gZe
L , d̂gWq

L = d̂gZu
L VCKM �VCKM d̂gZd

L . (10)

In the case of Flavour Universality, all the d̂g are proportional to the identity corresponding to a total of 8 parameters:
(d̂gZu

L )i j ⌘ dgZu
L ⇥ di j, etc. However the right handed charged current, associated to d̂gWq

R does not interfere with the SM
amplitudes in the limit mq ! 0 and can be neglected, reducing the number of parameters to 7.

In the case of Neutral Diagonality, the assumption d̂gi j µ di j is relaxed, allowing for the four coefficients associated to
the third quark family (d̂gZu

L )33, (d̂gZd
L )33, (d̂gZu

R )33, (d̂gZd
R )33 as well as all diagonal coefficients associated to leptons to be

different. This adds 10 further parameters with respect to the flavour Universal case.
In conclusion considering single Higgs and EW processes (i.e. neglecting the Higgs trilinear) in the scenarios of Flavour

Universality and Neutral Diagonality we end up with respectively 18 and 30 independent parameters:

SMEFTFU ⌘
�

dm, cgg, dcz, cgg , czg , czz, cz⇤, dyu, dyd, dye, lz
 

+
�

dgZu
L ,dgZd

L ,dgZn
L ,dgZe

L ,dgZu
R ,dgZd

R ,dgZe
R
 

,

SMEFTND ⌘
�

dm, cgg, dcz, cgg , czg , czz, cz⇤, dyt, dyc, dyb, dyt , dyµ , lz
 

+
�
(dgZu

L )qi ,(dgZd
L )qi ,(dgZn

L )`,(dgZe
L )`,(dgZu

R )qi ,(dgZd
R )qi ,(dgZe

R )`
 

q1=q2 6=q3, `=e,µ,t .

While we have chosen to present the degrees of freedom used in the different fitting scenarios described above using the
parameterization of the Higgs basis, one can of course do the same in any other basis. In particular, the mapping between the

3Here we choose a slightly different convention for the dependent couplings with respect to [32,33], and we express everything in terms of the modifications
of the neutral currents.
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Where to test these?

(Tree level)

gg ! H (10)

e+e� ! Z ! ff̄ (11)

e+e� ! W+W� (12)

pp ! W+W�,WZ,W� (13)

pp ! HH (14)

e+e� ! ZHH, ⌫⌫̄HH (15)

H ! ff 0 (16)

pp ! tt̄H (17)

e+e� ! tt̄H (18)
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Table 2. Dimension six operators considered in the SMEFT analysis. The hermitian derivatives
$
D and

$
D a are defined as:

$
Dµ ⌘ Dµ �

 
Dµ and

$
D a

µ ⌘ saDµ �
 
Dµ sa, while Bµn , W a

µn and GA
µn denote the SM gauge boson field-strengths. See text for

details. Apart from these, the effects of the four-lepton operator (Oll)1221 =
�
l̄1gµ l2

��
l̄2gµ l1

�
, which modifies the prediction for

the muon decay amplitude, must also be included in the fit since we use the Fermi constant as one of the SM input parameters.

Operator Notation Operator Notation
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where only cgg, dcz, cgg , czg , czz, cz⇤ are independent parameters:

dcw = dcz +4dm,

cww = czz +2sin2 qwczg + sin4 qwcgg ,

cw⇤ =
1

g2�g0 2
⇥
g2cz⇤ +g0 2czz� e2 sin2 qwcgg � (g2�g0 2)sin2 qwczg

⇤
,

cg⇤ =
1

g2�g0 2
⇥
2g2cz⇤ +(g2 +g0 2)czz� e2cgg � (g2�g0 2)czg

⇤
, (4)

where qw denotes the weak mixing angle while dm is an independent parameter from L6 controlling the deviation of m2
W with

respect to its tree level SM value.

– Trilinear Gauge Couplings:

DL
aTGC = iedkg AµnW+

µ W�n + igcosqw


dg1Z (W+

µnW�µ �W�µnW+µ)Zn +(dg1Z�
g0 2

g2 dkg)ZµnW+
µ W�n

�

+
iglz

m2
W

⇣
sinqwW+n

µ W�r
n Aµ

r + cosqwW+n
µ W�r

n Zµ
r

⌘
, (5)

where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:

dg1,z =
1
2
(g2�g0 2)

⇥
cgg e2g0 2 + czg(g2�g0 2)g0 2� czz(g2 +g0 2)g0 2� cz⇤(g2 +g0 2)g2⇤ ,

dkg = �g2

2

✓
cgg

e2

g2 +g0 2
+ czg

g2�g0 2

g2 +g0 2
� czz

◆
, (6)
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When considering Higgs data, one can reasonably focus on a relatively small subset of the 2499 operators in L6. In
particular the vast subset of 4-fermion operators, whether flavour and CP preserving or not, can be more strongly constrained by
other processes. Thus, it makes sense to neglect this whole class, with the exception of one particular four-fermion interaction
that contributes to the muon decay and thus directly affects the Fermi constant, see caption in Table 2. The dipole operators,
instead do directly affect Higgs production, however under very general and plausible assumptions on the flavour structure of
new physics, the coefficients of these operators display the same structure and the same chiral suppression of Yukawa couplings.
The consequence is that, with the possible exception of processes involving the top quark, their effect in Higgs production is
expected to be negligible given that the leading SM contribution (for instance in e+e� ! hZ) as well as the other new physics
effects are not chirally suppressed. Furthermore, as far as Higgs decays are concerned, the dipole operators only contribute to
three (or more)-body final states (for instance H ! b̄bg) and as such they are easily seen to be negligible. In what follows we
shall thus neglect this whole class, and leave the consideration of their effect in top sector to future studies. Eliminating these
two classes, there remain three other classes: 1) purely bosonic operators, 2) generalized Yukawas, 3) Higgs-fermion current
operators. Neglecting CP violating operators in class 1, the corresponding structures are shown in Table 2. Operators in class 2
and 3, per se, can still contain CP- or flavour-violating terms, on which experimental constraints are rather strong. In order to
proceed we shall consider two alternative scenarios to minimize the remaining flavour and/or CP violations:

1. Flavour Universality, corresponding to

Y (6)
u µ Yu, Y (6)

d µ Yd , Y (6)
e µ Ye, and Dq,u,d,l,e,ud

i j ,D0q,l
i j ,µ di j, (2)

where Y (6)
f are the coefficients of dimension-6 operators of class 2, which control the flavour structure of the modifications

to the SM Yukawa matrices Yf . Similarly, D f and D0 f represent the combinations of dimension-6 operators of class
3, which induce flavour-dependent modifications of the neutral and charged current couplings of the fermions to the
EW vector bosons. In terms of the Wilson coefficients of the operators in Table 2 one has Y (6)

f = c f f ( f = u,d,e);

D f = cf f for the operators involving the right-handed fermion multiplets ( f = u,d,e,ud); and D f = c(1)
f f , D0 f = c(3)

f f for
the left-handed ones ( f = q, l). The choice in (2) corresponds to Minimal Flavour Violation (MFV) [31] in the limit where
terms only up to linear in the Yukawa matrices are considered. Notice that Minimal Flavour Violation corresponds to the
assumption that the underlying dynamics respects the maximal flavour symmetry group SU(3)5. A more appropriate
name would then perhaps be Maximal Flavour Conservation.

2. Neutral Diagonality, corresponding to a scenario where Y (6)
u,d,e while not proportional to the corresponding Yukawa

matrices are nonetheless diagonal in the same basis. That eliminates all flavour-changing couplings to the Higgs boson.
Similarly the Dq,u,d,`,e,ud

i j ,D0q,`
i j , while not universal, are such that no flavour-changing couplings to the Z-boson are

generated. In fact we shall work under the specific assumption where flavour universality is respected by the first two
quark families, and violated by the third quark family and by leptons. This choice, per se, does not correspond to any
motivated or even plausible scenario (it is rather cumbersome to produce sizeable flavour non-universality without any
flavour violation). We consider it principally to test the essential constraining power of future machines and because it
is widely studied by the community. Moreover non-universality limited to the third quark family is an often recurring
feature of scenarios motivated by the hierarchy problem. That is simply because the large top Yukawa makes it intricately
involved in the EW symmetry breaking dynamics and calls for the existence of various top partners.

Working in the unitary gauge and performing suitable redefinition of fields and input parameters the effective Lagrangian
can be conveniently expressed in the parameterization of [32,33], the so-called Higgs basis. Considering only the terms that are
relevant for our analysis, we can identify five classes of terms

– Higgs trilinear:

DL
h,self

6 = �dl3 vh3. (3)

The impact of this coupling in single Higgs processes and its extraction from Higgs pair production will be discussed in
Section 2.

– Higgs couplings to vector bosons:

DL
hVV

6 =
h
v


2dcw m2

WW+
µ W�

µ +dcz m2
ZZµ Zµ + cw⇤ g2 �W�

µ ∂nW+
µn +h.c.

�
+ cz⇤ g2Zµ ∂n Zµn + cg⇤ gg0Zµ ∂n Aµn

+cww
g2

2
W+

µnW�
µn + cgg

g2
s

4
Ga

µn Ga
µn + cgg

e2

4
Aµn Aµn + czg

e
p

g2 +g0 2

2
Zµn Aµn + czz

g2 +g0 2

4
Zµn Zµn

#
,
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– Trilinear Gauge Couplings:

DL
aTGC = iedkg AµnW+

µ W�
n + igcosqw


dg1Z (W+

µnW�µ �W�
µnW+µ)Zn +(dg1Z �

g0 2

g2 dkg)ZµnW+
µ W�
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+
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m2
W
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sinqwW+n

µ W�r
n Aµ

r + cosqwW+n
µ W�r

n Zµ
r

⌘
, (6)

where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:

dg1,z =
1
2
(g2 �g0 2)

⇥
cgg e2g0 2 + czg(g2 �g0 2)g0 2 � czz(g2 +g0 2)g0 2 � cz⇤(g2 +g0 2)g2⇤ ,

dkg = �g2

2

✓
cgg

e2

g2 +g0 2 + czg
g2 �g0 2

g2 +g0 2 � czz

◆
, (7)

while lz, is an independent parameter.

– Yukawa couplings:

DL
hff

6 = �h
v Â

f2u,d,e
d̂y f m f f̄ f +h.c., (8)

where d̂y f m f should be thought as 3⇥ 3 matrices in flavour space. FCNC are avoided when d̂y f is diagonal in the same
basis as m f . Under the assumption of Flavour Universality (d̂y f )i j ⌘ dy f ⇥di j, corresponding to a total of three parameters
dyu, dyd , dye. The assumption of Neutral Diagonality corresponds instead to (d̂y f )i j ⌘ d (y f )i ⇥di j (no summation) corre-
sponding to 9 parameters du, dc, dt for the ups and similarly for downs and charged leptons. In practice only dt,c, db and dt,µ
are expected to matter in plausible models and in the experimental situations presented by all future colliders. This adds two
parameters with respect to Flavour Universality.

– Vector couplings to fermions:

DL
v f f ,hv f f

6 =
gp
2

✓
1+2

h
v

◆
W+

µ
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d̂gW`

L n̄ ḡµ e+ d̂gWq
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R f̄ gµ f

#
, (9)

where, again, not all terms are independent3:

d̂gW`
L = d̂gZn

L � d̂gZe
L , d̂gWq

L = d̂gZu
L VCKM �VCKM d̂gZd

L . (10)

In the case of Flavour Universality, all the d̂g are proportional to the identity corresponding to a total of 8 parameters:
(d̂gZu

L )i j ⌘ dgZu
L ⇥ di j, etc. However the right handed charged current, associated to d̂gWq

R does not interfere with the SM
amplitudes in the limit mq ! 0 and can be neglected, reducing the number of parameters to 7.

In the case of Neutral Diagonality, the assumption d̂gi j µ di j is relaxed, allowing for the four coefficients associated to
the third quark family (d̂gZu

L )33, (d̂gZd
L )33, (d̂gZu

R )33, (d̂gZd
R )33 as well as all diagonal coefficients associated to leptons to be

different. This adds 10 further parameters with respect to the flavour Universal case.
In conclusion considering single Higgs and EW processes (i.e. neglecting the Higgs trilinear) in the scenarios of Flavour

Universality and Neutral Diagonality we end up with respectively 18 and 30 independent parameters:

SMEFTFU ⌘
�

dm, cgg, dcz, cgg , czg , czz, cz⇤, dyu, dyd, dye, lz
 

+
�

dgZu
L ,dgZd

L ,dgZn
L ,dgZe

L ,dgZu
R ,dgZd

R ,dgZe
R
 

,

SMEFTND ⌘
�

dm, cgg, dcz, cgg , czg , czz, cz⇤, dyt, dyc, dyb, dyt , dyµ , lz
 

+
�
(dgZu

L )qi ,(dgZd
L )qi ,(dgZn

L )`,(dgZe
L )`,(dgZu

R )qi ,(dgZd
R )qi ,(dgZe

R )`
 

q1=q2 6=q3, `=e,µ,t .

While we have chosen to present the degrees of freedom used in the different fitting scenarios described above using the
parameterization of the Higgs basis, one can of course do the same in any other basis. In particular, the mapping between the

3Here we choose a slightly different convention for the dependent couplings with respect to [32,33], and we express everything in terms of the modifications
of the neutral currents.
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Table 2. Dimension six operators considered in the SMEFT analysis. The hermitian derivatives
$
D and

$
D a are defined as:

$
Dµ ⌘ Dµ �

 
Dµ and

$
D a

µ ⌘ saDµ �
 
Dµ sa, while Bµn , W a

µn and GA
µn denote the SM gauge boson field-strengths. See text for

details. Apart from these, the effects of the four-lepton operator (Oll)1221 =
�
l̄1gµ l2

��
l̄2gµ l1

�
, which modifies the prediction for

the muon decay amplitude, must also be included in the fit since we use the Fermi constant as one of the SM input parameters.
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(Oll)1221

where only cgg, dcz, cgg , czg , czz, cz⇤ are independent parameters:

dcw = dcz +4dm,

cww = czz +2sin2 qwczg + sin4 qwcgg ,

cw⇤ =
1

g2�g0 2
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, (4)

where qw denotes the weak mixing angle while dm is an independent parameter from L6 controlling the deviation of m2
W with

respect to its tree level SM value.

– Trilinear Gauge Couplings:
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where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:

dg1,z =
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Table 2. Dimension six operators considered in the SMEFT analysis. The hermitian derivatives
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D and

$
D a are defined as:
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Dµ and
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D a
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Dµ sa, while Bµn , W a
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µn denote the SM gauge boson field-strengths. See text for

details. Apart from these, the effects of the four-lepton operator (Oll)1221 =
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, which modifies the prediction for

the muon decay amplitude, must also be included in the fit since we use the Fermi constant as one of the SM input parameters.
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where only cgg, dcz, cgg , czg , czz, cz⇤ are independent parameters:

dcw = dcz +4dm,

cww = czz +2sin2 qwczg + sin4 qwcgg ,

cw⇤ =
1

g2�g0 2
⇥
g2cz⇤ +g0 2czz� e2 sin2 qwcgg � (g2�g0 2)sin2 qwczg

⇤
,

cg⇤ =
1

g2�g0 2
⇥
2g2cz⇤ +(g2 +g0 2)czz� e2cgg � (g2�g0 2)czg

⇤
, (4)

where qw denotes the weak mixing angle while dm is an independent parameter from L6 controlling the deviation of m2
W with

respect to its tree level SM value.

– Trilinear Gauge Couplings:
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where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:

dg1,z =
1
2
(g2�g0 2)

⇥
cgg e2g0 2 + czg(g2�g0 2)g0 2� czz(g2 +g0 2)g0 2� cz⇤(g2 +g0 2)g2⇤ ,

dkg = �g2

2

✓
cgg

e2

g2 +g0 2
+ czg

g2�g0 2

g2 +g0 2
� czz

◆
, (6)

5/49

– Trilinear Gauge Couplings:

DL
aTGC = iedkg AµnW+

µ W�
n + igcosqw


dg1Z (W+

µnW�µ �W�
µnW+µ)Zn +(dg1Z �

g0 2

g2 dkg)ZµnW+
µ W�

n

�

+
iglz

m2
W

⇣
sinqwW+n

µ W�r
n Aµ

r + cosqwW+n
µ W�r

n Zµ
r

⌘
, (6)

where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:

dg1,z =
1
2
(g2 �g0 2)

⇥
cgg e2g0 2 + czg(g2 �g0 2)g0 2 � czz(g2 +g0 2)g0 2 � cz⇤(g2 +g0 2)g2⇤ ,

dkg = �g2

2

✓
cgg

e2

g2 +g0 2 + czg
g2 �g0 2

g2 +g0 2 � czz

◆
, (7)

while lz, is an independent parameter.

– Yukawa couplings:
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hff

6 = �h
v Â
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d̂y f m f f̄ f +h.c., (8)

where d̂y f m f should be thought as 3⇥ 3 matrices in flavour space. FCNC are avoided when d̂y f is diagonal in the same
basis as m f . Under the assumption of Flavour Universality (d̂y f )i j ⌘ dy f ⇥di j, corresponding to a total of three parameters
dyu, dyd , dye. The assumption of Neutral Diagonality corresponds instead to (d̂y f )i j ⌘ d (y f )i ⇥di j (no summation) corre-
sponding to 9 parameters du, dc, dt for the ups and similarly for downs and charged leptons. In practice only dt,c, db and dt,µ
are expected to matter in plausible models and in the experimental situations presented by all future colliders. This adds two
parameters with respect to Flavour Universality.

– Vector couplings to fermions:

DL
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where, again, not all terms are independent3:

d̂gW`
L = d̂gZn

L � d̂gZe
L , d̂gWq

L = d̂gZu
L VCKM �VCKM d̂gZd

L . (10)

In the case of Flavour Universality, all the d̂g are proportional to the identity corresponding to a total of 8 parameters:
(d̂gZu

L )i j ⌘ dgZu
L ⇥ di j, etc. However the right handed charged current, associated to d̂gWq

R does not interfere with the SM
amplitudes in the limit mq ! 0 and can be neglected, reducing the number of parameters to 7.

In the case of Neutral Diagonality, the assumption d̂gi j µ di j is relaxed, allowing for the four coefficients associated to
the third quark family (d̂gZu

L )33, (d̂gZd
L )33, (d̂gZu

R )33, (d̂gZd
R )33 as well as all diagonal coefficients associated to leptons to be

different. This adds 10 further parameters with respect to the flavour Universal case.
In conclusion considering single Higgs and EW processes (i.e. neglecting the Higgs trilinear) in the scenarios of Flavour

Universality and Neutral Diagonality we end up with respectively 18 and 30 independent parameters:

SMEFTFU ⌘
�
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R )qi ,(dgZe

R )`
 

q1=q2 6=q3, `=e,µ,t .

While we have chosen to present the degrees of freedom used in the different fitting scenarios described above using the
parameterization of the Higgs basis, one can of course do the same in any other basis. In particular, the mapping between the

3Here we choose a slightly different convention for the dependent couplings with respect to [32,33], and we express everything in terms of the modifications
of the neutral currents.
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When considering Higgs data, one can reasonably focus on a relatively small subset of the 2499 operators in L6. In
particular the vast subset of 4-fermion operators, whether flavour and CP preserving or not, can be more strongly constrained by
other processes. Thus, it makes sense to neglect this whole class, with the exception of one particular four-fermion interaction
that contributes to the muon decay and thus directly affects the Fermi constant, see caption in Table 2. The dipole operators,
instead do directly affect Higgs production, however under very general and plausible assumptions on the flavour structure of
new physics, the coefficients of these operators display the same structure and the same chiral suppression of Yukawa couplings.
The consequence is that, with the possible exception of processes involving the top quark, their effect in Higgs production is
expected to be negligible given that the leading SM contribution (for instance in e+e� ! hZ) as well as the other new physics
effects are not chirally suppressed. Furthermore, as far as Higgs decays are concerned, the dipole operators only contribute to
three (or more)-body final states (for instance H ! b̄bg) and as such they are easily seen to be negligible. In what follows we
shall thus neglect this whole class, and leave the consideration of their effect in top sector to future studies. Eliminating these
two classes, there remain three other classes: 1) purely bosonic operators, 2) generalized Yukawas, 3) Higgs-fermion current
operators. Neglecting CP violating operators in class 1, the corresponding structures are shown in Table 2. Operators in class 2
and 3, per se, can still contain CP- or flavour-violating terms, on which experimental constraints are rather strong. In order to
proceed we shall consider two alternative scenarios to minimize the remaining flavour and/or CP violations:

1. Flavour Universality, corresponding to

Y (6)
u µ Yu, Y (6)

d µ Yd , Y (6)
e µ Ye, and Dq,u,d,l,e,ud

i j ,D0q,l
i j ,µ di j, (2)

where Y (6)
f are the coefficients of dimension-6 operators of class 2, which control the flavour structure of the modifications

to the SM Yukawa matrices Yf . Similarly, D f and D0 f represent the combinations of dimension-6 operators of class
3, which induce flavour-dependent modifications of the neutral and charged current couplings of the fermions to the
EW vector bosons. In terms of the Wilson coefficients of the operators in Table 2 one has Y (6)

f = c f f ( f = u,d,e);

D f = cf f for the operators involving the right-handed fermion multiplets ( f = u,d,e,ud); and D f = c(1)
f f , D0 f = c(3)

f f for
the left-handed ones ( f = q, l). The choice in (2) corresponds to Minimal Flavour Violation (MFV) [31] in the limit where
terms only up to linear in the Yukawa matrices are considered. Notice that Minimal Flavour Violation corresponds to the
assumption that the underlying dynamics respects the maximal flavour symmetry group SU(3)5. A more appropriate
name would then perhaps be Maximal Flavour Conservation.

2. Neutral Diagonality, corresponding to a scenario where Y (6)
u,d,e while not proportional to the corresponding Yukawa

matrices are nonetheless diagonal in the same basis. That eliminates all flavour-changing couplings to the Higgs boson.
Similarly the Dq,u,d,`,e,ud

i j ,D0q,`
i j , while not universal, are such that no flavour-changing couplings to the Z-boson are

generated. In fact we shall work under the specific assumption where flavour universality is respected by the first two
quark families, and violated by the third quark family and by leptons. This choice, per se, does not correspond to any
motivated or even plausible scenario (it is rather cumbersome to produce sizeable flavour non-universality without any
flavour violation). We consider it principally to test the essential constraining power of future machines and because it
is widely studied by the community. Moreover non-universality limited to the third quark family is an often recurring
feature of scenarios motivated by the hierarchy problem. That is simply because the large top Yukawa makes it intricately
involved in the EW symmetry breaking dynamics and calls for the existence of various top partners.

Working in the unitary gauge and performing suitable redefinition of fields and input parameters the effective Lagrangian
can be conveniently expressed in the parameterization of [32,33], the so-called Higgs basis. Considering only the terms that are
relevant for our analysis, we can identify five classes of terms

– Higgs trilinear:

DL
h,self

6 = �dl3 vh3. (3)

The impact of this coupling in single Higgs processes and its extraction from Higgs pair production will be discussed in
Section 2.
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Operators tested outside Higgs physics

Potentially new BSM-effects in h physics 
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Effective Field Theories: SMEFT

• SMEFT: Keeps tracks of correlations imposed by gauge invariance and linearly 
realised EWSB

HEP Seminar, Oklahoma State University 
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Operators tested outside Higgs physics

Potentially new BSM-effects in h physics 
could have been already tested in the vacuum

SM Scalar is the excitation around the EWSB vacuum: 
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Use di-Boson (aTGC) to constrain 
 hVV interactions (Higgs) 
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We derive constraints on the aTGCs from the com-
bined LHC Higgs data and LEP-2 WW data sets. In
our analysis, all D=6 operators a↵ecting Higgs couplings
to matter and gauge boson self-couplings are allowed to
be simultaneously present with arbitrary coe�cients, as-
suming minimal flavor violation (MFV) [12]. In the Higgs
basis [13] these parameters are [14]:

�cz, czz, cz⇤, c�� , cz� , cgg, �yu, �yd, �ye, �z. (2)

Note that the dependence of the EFT cuto↵ ⇤ is in-
cluded in the operator coe�cients. The relation of these
parameters to the interaction terms in the e↵ective La-
grangian, as well as the relation to the aTGCs, can be
found in Ref. [13]. Furthermore, we only take into ac-
count linear corrections in the Wilson coe�cients, thus
working consistently at the O(⇤�2) in the EFT expan-
sion. Note that, since di↵erent bases of D = 6 operators
in the literature di↵er by O(⇤�4) terms corresponding
to D > 6 operators, only results obtained consistently at
O(⇤�2) are basis-independent [15]. For the WW data, we
use the measured total and di↵erential e+e� ! W

+
W

�

cross sections di↵erent center-of-mass energies listed in
Ref. [5]. These cross sections depend on a number of
EFT parameters in addition to the aTGCs, in particular
on the ones inducing corrections to Z and W propagators
and couplings to electrons. However, given the model-
independent electroweak precision constraints [16], these
measurements can e↵ectively constrain 3 linear combina-
tions of Wilson coe�cients of D=6 operators that corre-
spond to the aTGCs [7]. We use this dependence to con-
struct the 3D likelihood function �

2

WW
(�g1,z, �� , �z).

For the LHC Higgs data, we use the signal strength ob-
servables, that is, the ratio between the measured Higgs
yield and its SM prediction µ ⌘ (� ⇥ BR)/(� ⇥ BR)SM,
listed in Table I, separated according to the final state
and the production mode. The e↵ect of D=6 opera-
tors on µ was calculated for each channel and produc-
tion mode in Ref. [14] and independently cross-checked
here. After imposing electroweak precision constraints,
9 linear combinations of D=6 operators can a↵ect µ in
an observable way [3, 17]. The crucial point is that 2 of
these combinations correspond to the aTGCs �g1,z, �� .
Therefore, the likelihood function constructed from LHC
Higgs data, �

2

h
(�g1,z, �� , . . . ), may lead to additional

constraints on aTGCs. Indeed, combining the likelihoods
�
2

comb.
= �

2

h
+ �

2

WW
we obtain strong constraints on the

aTGCs at the level of O(0.1). Namely, we obtain the
likelihood for the three variables only: �g1,z, �� and �z,
after minimizing at each point the combined likelihood
with respect to the remaining seven Wilson coe�cients.
We find the following central values, 1 � errors, and the

LEP-2 (WW)
Higgs
LEP-2 + Higgs
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FIG. 1. Allowed 68% and 95% CL region in the �g1,z-��

plane after considering LEP-2 WW production data (TGC),
Higgs data, and the combination of both datasets.

correlation matrix for the aTGCs:
0

@
�g1,z

��

�z

1

A =

0

@
0.043± 0.031
0.142± 0.085
�0.162± 0.073

1

A ,

⇢ =

0

@
1 0.74 �0.85

0.74 1 �0.88
�0.85 �0.88 1

1

A .

(3)

These constraints hold in any new physics scenario pre-
dicting approximately flavor blind coe�cients of D=6
operators and in which D > 6 operators are sublead-
ing. Appendix A contains a technical description of our
fit and the constraints for all the 10 combinations of Wil-
son coe�cients entering the analysis. They are given in
di↵erent bases for reader’s convenience.
Let us discuss here qualitatively the most important

elements of our fit. Higgs data are sensitive to �g1,z and
�� primarily via their contribution to electroweak Higgs
production channels. However, only 1 combination of
these 2 aTGCs is strongly constrained, while the bound
on the direction �� ⇡ 3.8�g1,z is very weak. Analo-
gously, as already discussed, also LEP-2 bounds present
an approximate blind direction. This is illustrated in
Fig. 1, where the WW and Higgs constraints in the �g1,z–
�� plane are shown separately [18]. Since the flat direc-
tions are nearly orthogonal, combining LHC Higgs and
LEP-2 WW data leads to the non-trivial constraints on
aTGCs displayed in Eq. (3).

One could further strengthen the constraints on aT-
GCs by considering the process of single on-shell W bo-
son production in association with an electron and a neu-
trino (e+e� ! WW

⇤
! We⌫) [5], as in Ref. [7]. That

process probes mostly �� but it also a↵ects limits on

HEP Seminar, Oklahoma State University 
November 4, 2021

• SMEFT: Keeps tracks of correlations imposed by gauge invariance and linearly 
realised EWSB



31Jorge de Blas 
University of Granada

Effective Field Theories: SMEFT
H

ig
gs

 p
ar

am
et

er
is

at
io

n:
 L

H
C

H
XS

W
G

-IN
T-

20
15

-0
01

– Trilinear Gauge Couplings:

DL
aTGC = iedkg AµnW+

µ W�
n + igcosqw
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, (6)

where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:

dg1,z =
1
2
(g2 �g0 2)

⇥
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◆
, (7)

while lz, is an independent parameter.

– Yukawa couplings:

DL
hff

6 = �h
v Â

f2u,d,e
d̂y f m f f̄ f +h.c., (8)

where d̂y f m f should be thought as 3⇥ 3 matrices in flavour space. FCNC are avoided when d̂y f is diagonal in the same
basis as m f . Under the assumption of Flavour Universality (d̂y f )i j ⌘ dy f ⇥di j, corresponding to a total of three parameters
dyu, dyd , dye. The assumption of Neutral Diagonality corresponds instead to (d̂y f )i j ⌘ d (y f )i ⇥di j (no summation) corre-
sponding to 9 parameters du, dc, dt for the ups and similarly for downs and charged leptons. In practice only dt,c, db and dt,µ
are expected to matter in plausible models and in the experimental situations presented by all future colliders. This adds two
parameters with respect to Flavour Universality.

– Vector couplings to fermions:
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where, again, not all terms are independent3:

d̂gW`
L = d̂gZn

L � d̂gZe
L , d̂gWq

L = d̂gZu
L VCKM �VCKM d̂gZd

L . (10)

In the case of Flavour Universality, all the d̂g are proportional to the identity corresponding to a total of 8 parameters:
(d̂gZu

L )i j ⌘ dgZu
L ⇥ di j, etc. However the right handed charged current, associated to d̂gWq

R does not interfere with the SM
amplitudes in the limit mq ! 0 and can be neglected, reducing the number of parameters to 7.

In the case of Neutral Diagonality, the assumption d̂gi j µ di j is relaxed, allowing for the four coefficients associated to
the third quark family (d̂gZu

L )33, (d̂gZd
L )33, (d̂gZu

R )33, (d̂gZd
R )33 as well as all diagonal coefficients associated to leptons to be

different. This adds 10 further parameters with respect to the flavour Universal case.
In conclusion considering single Higgs and EW processes (i.e. neglecting the Higgs trilinear) in the scenarios of Flavour

Universality and Neutral Diagonality we end up with respectively 18 and 30 independent parameters:

SMEFTFU ⌘
�
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SMEFTND ⌘
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L )qi ,(dgZn

L )`,(dgZe
L )`,(dgZu

R )qi ,(dgZd
R )qi ,(dgZe

R )`
 

q1=q2 6=q3, `=e,µ,t .

While we have chosen to present the degrees of freedom used in the different fitting scenarios described above using the
parameterization of the Higgs basis, one can of course do the same in any other basis. In particular, the mapping between the

3Here we choose a slightly different convention for the dependent couplings with respect to [32,33], and we express everything in terms of the modifications
of the neutral currents.
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Table 2. Dimension six operators considered in the SMEFT analysis. The hermitian derivatives
$
D and

$
D a are defined as:

$
Dµ ⌘ Dµ �

 
Dµ and

$
D a

µ ⌘ saDµ �
 
Dµ sa, while Bµn , W a

µn and GA
µn denote the SM gauge boson field-strengths. See text for

details. Apart from these, the effects of the four-lepton operator (Oll)1221 =
�
l̄1gµ l2

��
l̄2gµ l1

�
, which modifies the prediction for

the muon decay amplitude, must also be included in the fit since we use the Fermi constant as one of the SM input parameters.
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where only cgg, dcz, cgg , czg , czz, cz⇤ are independent parameters:

dcw = dcz +4dm,

cww = czz +2sin2 qwczg + sin4 qwcgg ,

cw⇤ =
1

g2�g0 2
⇥
g2cz⇤ +g0 2czz� e2 sin2 qwcgg � (g2�g0 2)sin2 qwczg

⇤
,
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g2�g0 2
⇥
2g2cz⇤ +(g2 +g0 2)czz� e2cgg � (g2�g0 2)czg

⇤
, (4)

where qw denotes the weak mixing angle while dm is an independent parameter from L6 controlling the deviation of m2
W with

respect to its tree level SM value.

– Trilinear Gauge Couplings:
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where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:

dg1,z =
1
2
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When considering Higgs data, one can reasonably focus on a relatively small subset of the 2499 operators in L6. In
particular the vast subset of 4-fermion operators, whether flavour and CP preserving or not, can be more strongly constrained by
other processes. Thus, it makes sense to neglect this whole class, with the exception of one particular four-fermion interaction
that contributes to the muon decay and thus directly affects the Fermi constant, see caption in Table 2. The dipole operators,
instead do directly affect Higgs production, however under very general and plausible assumptions on the flavour structure of
new physics, the coefficients of these operators display the same structure and the same chiral suppression of Yukawa couplings.
The consequence is that, with the possible exception of processes involving the top quark, their effect in Higgs production is
expected to be negligible given that the leading SM contribution (for instance in e+e� ! hZ) as well as the other new physics
effects are not chirally suppressed. Furthermore, as far as Higgs decays are concerned, the dipole operators only contribute to
three (or more)-body final states (for instance H ! b̄bg) and as such they are easily seen to be negligible. In what follows we
shall thus neglect this whole class, and leave the consideration of their effect in top sector to future studies. Eliminating these
two classes, there remain three other classes: 1) purely bosonic operators, 2) generalized Yukawas, 3) Higgs-fermion current
operators. Neglecting CP violating operators in class 1, the corresponding structures are shown in Table 2. Operators in class 2
and 3, per se, can still contain CP- or flavour-violating terms, on which experimental constraints are rather strong. In order to
proceed we shall consider two alternative scenarios to minimize the remaining flavour and/or CP violations:

1. Flavour Universality, corresponding to

Y (6)
u µ Yu, Y (6)

d µ Yd , Y (6)
e µ Ye, and Dq,u,d,l,e,ud

i j ,D0q,l
i j ,µ di j, (2)

where Y (6)
f are the coefficients of dimension-6 operators of class 2, which control the flavour structure of the modifications

to the SM Yukawa matrices Yf . Similarly, D f and D0 f represent the combinations of dimension-6 operators of class
3, which induce flavour-dependent modifications of the neutral and charged current couplings of the fermions to the
EW vector bosons. In terms of the Wilson coefficients of the operators in Table 2 one has Y (6)

f = c f f ( f = u,d,e);

D f = cf f for the operators involving the right-handed fermion multiplets ( f = u,d,e,ud); and D f = c(1)
f f , D0 f = c(3)

f f for
the left-handed ones ( f = q, l). The choice in (2) corresponds to Minimal Flavour Violation (MFV) [31] in the limit where
terms only up to linear in the Yukawa matrices are considered. Notice that Minimal Flavour Violation corresponds to the
assumption that the underlying dynamics respects the maximal flavour symmetry group SU(3)5. A more appropriate
name would then perhaps be Maximal Flavour Conservation.

2. Neutral Diagonality, corresponding to a scenario where Y (6)
u,d,e while not proportional to the corresponding Yukawa

matrices are nonetheless diagonal in the same basis. That eliminates all flavour-changing couplings to the Higgs boson.
Similarly the Dq,u,d,`,e,ud

i j ,D0q,`
i j , while not universal, are such that no flavour-changing couplings to the Z-boson are

generated. In fact we shall work under the specific assumption where flavour universality is respected by the first two
quark families, and violated by the third quark family and by leptons. This choice, per se, does not correspond to any
motivated or even plausible scenario (it is rather cumbersome to produce sizeable flavour non-universality without any
flavour violation). We consider it principally to test the essential constraining power of future machines and because it
is widely studied by the community. Moreover non-universality limited to the third quark family is an often recurring
feature of scenarios motivated by the hierarchy problem. That is simply because the large top Yukawa makes it intricately
involved in the EW symmetry breaking dynamics and calls for the existence of various top partners.

Working in the unitary gauge and performing suitable redefinition of fields and input parameters the effective Lagrangian
can be conveniently expressed in the parameterization of [32,33], the so-called Higgs basis. Considering only the terms that are
relevant for our analysis, we can identify five classes of terms

– Higgs trilinear:

DL
h,self

6 = �dl3 vh3. (3)

The impact of this coupling in single Higgs processes and its extraction from Higgs pair production will be discussed in
Section 2.

– Higgs couplings to vector bosons:
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– Trilinear Gauge Couplings:

DL
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where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:
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while lz, is an independent parameter.

– Yukawa couplings:
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6 = �h
v Â

f2u,d,e
d̂y f m f f̄ f +h.c., (8)

where d̂y f m f should be thought as 3⇥ 3 matrices in flavour space. FCNC are avoided when d̂y f is diagonal in the same
basis as m f . Under the assumption of Flavour Universality (d̂y f )i j ⌘ dy f ⇥di j, corresponding to a total of three parameters
dyu, dyd , dye. The assumption of Neutral Diagonality corresponds instead to (d̂y f )i j ⌘ d (y f )i ⇥di j (no summation) corre-
sponding to 9 parameters du, dc, dt for the ups and similarly for downs and charged leptons. In practice only dt,c, db and dt,µ
are expected to matter in plausible models and in the experimental situations presented by all future colliders. This adds two
parameters with respect to Flavour Universality.

– Vector couplings to fermions:
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R ūgµ d +h.c.
⌘

+
p

g2 +g0 2
✓

1+2
h
v

◆
Zµ

"

Â
f =u,d,e,n

d̂gZ f
L f̄ gµ f + Â

f =u,d,e
d̂gZ f

R f̄ gµ f

#
, (9)

where, again, not all terms are independent3:
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L VCKM �VCKM d̂gZd
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In the case of Flavour Universality, all the d̂g are proportional to the identity corresponding to a total of 8 parameters:
(d̂gZu

L )i j ⌘ dgZu
L ⇥ di j, etc. However the right handed charged current, associated to d̂gWq

R does not interfere with the SM
amplitudes in the limit mq ! 0 and can be neglected, reducing the number of parameters to 7.

In the case of Neutral Diagonality, the assumption d̂gi j µ di j is relaxed, allowing for the four coefficients associated to
the third quark family (d̂gZu

L )33, (d̂gZd
L )33, (d̂gZu

R )33, (d̂gZd
R )33 as well as all diagonal coefficients associated to leptons to be

different. This adds 10 further parameters with respect to the flavour Universal case.
In conclusion considering single Higgs and EW processes (i.e. neglecting the Higgs trilinear) in the scenarios of Flavour

Universality and Neutral Diagonality we end up with respectively 18 and 30 independent parameters:
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While we have chosen to present the degrees of freedom used in the different fitting scenarios described above using the
parameterization of the Higgs basis, one can of course do the same in any other basis. In particular, the mapping between the

3Here we choose a slightly different convention for the dependent couplings with respect to [32,33], and we express everything in terms of the modifications
of the neutral currents.

6/49

H
V

V
aT

G
C

H
ff

V
ff 

&
 H

V
ff

Table 2. Dimension six operators considered in the SMEFT analysis. The hermitian derivatives
$
D and

$
D a are defined as:
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Dµ and
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D a
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Dµ sa, while Bµn , W a

µn and GA
µn denote the SM gauge boson field-strengths. See text for

details. Apart from these, the effects of the four-lepton operator (Oll)1221 =
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, which modifies the prediction for

the muon decay amplitude, must also be included in the fit since we use the Fermi constant as one of the SM input parameters.
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Rgµ dj

R)
�
Ofud

�
ij

G
F y4 �

l̄1gµ l2
��

l̄2gµ l1
�

(Oll)1221

where only cgg, dcz, cgg , czg , czz, cz⇤ are independent parameters:

dcw = dcz +4dm,

cww = czz +2sin2 qwczg + sin4 qwcgg ,

cw⇤ =
1

g2�g0 2
⇥
g2cz⇤ +g0 2czz� e2 sin2 qwcgg � (g2�g0 2)sin2 qwczg

⇤
,
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g2�g0 2
⇥
2g2cz⇤ +(g2 +g0 2)czz� e2cgg � (g2�g0 2)czg

⇤
, (4)

where qw denotes the weak mixing angle while dm is an independent parameter from L6 controlling the deviation of m2
W with

respect to its tree level SM value.

– Trilinear Gauge Couplings:
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where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:
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1
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δg1Z and δκγ related to HVV couplings
Only λz is independent

15 independent structures 
(not counting flavor)

Connected to other par via  
SMEFT corr.

Richer structure than SM 

• SMEFT in the mass eigenstate basis (unitary gauge). LO EW/Higgs interactions:
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• In the following slides, I will focus on the bottom-up approach, and obtain 
bounds on the dimension-6 SMEFT from a global fit to current EW and Higgs 
measurements at the LHC. Then we will have a look at what we expect such 
constraints to look like at future colliders
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The            codefit
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• General High Energy Physics fitting tool to combine indirect and 
direct searches of new physics (available under GPL on GitHub)

• Webpage:

https://github.com/silvest/HEPfit

http://hepfit.roma1.infn.it

J.B. et al., Eur. Phys. J. C (2020) 80:456, arXiv: 1910.14012 [hep-ph]

https://link.springer.com/article/10.1140/epjc/s10052-020-7904-z
https://arxiv.org/abs/1910.14012


35Jorge de Blas 
University of Granada

HEP Seminar, Oklahoma State University 
November 4, 2021

The            codefit
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HEP

• EWPO computed analytically from scratch

• LHC Higgs observables (signal strengths and STXS ) computed via in-house 
implementation of the dim-6 SMEFT in FeynRules:

✓ Implementation in the Warsaw basis

✓Used in combination with Madgraph5_aMC@NLO to fit predictions to 
semi-analytical expressions of the form

✓Cross-checks performed against the model set A of The SMEFTsim 
package from I. Brivio, Y. Jiang, M. Trott, JHEP 12 (2017) 070

• SMEFT parameterization of LEP2 e+e-⟶ W+W- from L. Berthier, M. Bjorn, 
M. Trott, JHEP 09 (2016) 157 currently available (testing our own 
implementation)


• SMEFT parameterisation of LHC diboson processes from J. Baglio et al., 
arXiv: 2003.07862 [hep-ph]


April 16, 2020

LaTeX materials for the talks at the HEFT 2020
workshop. April 2020.

J. de Blas
a†

a
Institute for Particle Physics Phenomenology, Department of Physics, Durham University,

Durham DH1 3LE, United Kingdom

Abstract

LaTeX materials for the talks at the HEFT 2020 workshop. April 2020

1 Latex Stu↵

Ci

⇤2 �! g
e↵
x

⌘ g
e↵
x

�
Ci

⇤2

�
= g

e↵
x

��
SM

+
P

↵
x

i

Ci

⇤2 + O(
C

2

⇤4 ) (1)

g
e↵ 2
HX

⌘ �H!X

�SM
H!X

(2)

O = OSM +
P

i
ai

Ci

⇤2 +
P

i,j
bij

CiC
⇤
j

⇤4 (3)

†
E-mail: jorge.de-blas-mateo@durham.ac.uk

1



• What goes into the LHC SMEFT EW/Higgs fit…
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EWPO (LEP/SLC+Tevatron+LHC) Higgs (Tevatron+ LHC Run 1+2)
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TABLE IV: Experimental data included in our study. The third column shows the number of

bins used in our analysis, always counting from the highest.

di↵erential cross section over our prediction for the di↵erential cross section with an SM

input ( ~C = 0) for the ith bin of dataset ↵.

The datasets that go into each process are detailed in Table IV. The uncertainties

are estimated by combining reported statistical and systemic uncertainties in quadrature,

assuming an overall 5% systematic uncertainty bin-by-bin, neglecting correlations.

We explore two methods for calculating confidence intervals of the Warsaw coe�cients:

projecting all but one coe�cient to zero and alternatively profiling over the remaining

coe�cients to minimize the �2 function at each point. The numerical results obtained by

fitting all3 processes using both profiling and projecting are given in Table V. They are

compared graphically in Figures 5 and 6. Overall we see that the projected limits are

significantly more stringent than the profiled. This is to be expected since the profiling

allows for more flexibility in the �2 function. The profiling method demonstrates the

multidimensional nature of the fit.

We also show several 2D confidence interval fits using the projection method in Fig-

ure 7. In principle one could make a 2D confidence interval for each combination of

Warsaw coe�cients. However, most of these plots end up with similar results, show-

ing order 20% NLO e↵ects and with many of the regions falling in the strongly-coupled

3 The fits to individual processes can by compared in Tables VI, VII, and VIII located in the Appendix.
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Figure 5: Cross sections times branching fraction for ggF, VBF, +� and CC� + C� production in each relevant decay
mode, normalized to their SM predictions. The values are obtained from a simultaneous fit to all channels. The
cross sections of the ggF, � ! 11̄, +�, � ! ,,

⇤ and +�, � ! gg processes are fixed to their SM predictions.
Combined results for each production mode are also shown, assuming SM values for the branching fractions into
each decay mode. The black error bars, blue boxes and yellow boxes show the total, systematic, and statistical
uncertainties in the measurements, respectively. The gray bands show the theory uncertainties in the predictions.
The level of compatibility between the measurement and the SM prediction corresponds to a ?-value of ?SM = 87%,
computed using the procedure outlined in the text with 16 degrees of freedom.
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• Bayesian SMEFT fit to EW/Higgs/diBoson:                                    

JB, M. Ciuchini, E. Franco, S. Mishima, M. Pierini, L. Reina, L. Silvestrini, In preparation

New Physics assumptions: CP-even, U(3)5
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Figure 6. Global fit to the EFT operators in the Lagrangian (19). We show the marginalized 68% probability reach for each
Wilson coefficient ci/L2 in Eq. (19) from the global fit (solid bars). The reach of the vertical lines indicate the results assuming
only the corresponding operator is generated by the new physics.

fully developed program including such contributions in the SMEFT framework, we restrict the discussion in this section to SM
uncertainties only.

In the previous sections the results for future colliders after the HL/HE-LHC era were presented taking into account
parametric uncertainties only. This was done to illustrate the final sensitivity to BSM deformations in Higgs couplings, as
given directly by the experimental measurements of the different inputs (i.e. Higgs rates, diBoson measurements, EWPO or the
processes used to determine the values of the SM input parameters). On the other hand, for this scenario to be meaningful, it
is crucial to also study the effect in such results of the projections for the future intrinsic errors. This is needed to be able to
quantify how far we will be from the assumption that such intrinsic errors become subdominant and, therefore, which aspects
of theory calculations should the theory community focus on to make sure we reach the maximum experimental sensitivity at
future colliders.

In this section we discuss more in detail the impact of the two types of SM theory errors described above, from the point
of view of the calculations of the predictions for Higgs observables. This will be done both within the k framework and also
in the context of the EFT results. For the results from the k-framework we will use the most general scenario considered in
Section 3.1, i.e. kappa-3, which allows non-SM decays. On the EFT side, we will use the scenario SMEFTPEW, where the
uncertainty associated to the precision of EWPO has already been “factorized”. In this scenario each fermion coupling is
also treated separately, thus being sensitive to the uncertainties in the different H ! f f̄ decay widths. Finally, we will also
restrict the study in this subsection to the case of future lepton colliders only (we always consider them in combination with the
HL-LHC projections. For the latter we keep the theory uncertainties as reported by the WG2 studies [10]).

In Table 9 we show the results of the k fit for the benchmark scenario kappa-3, indicating the results obtained includ-
ing/excluding the different sources of SM theory uncertainties. Similarly, Table 10 shows the results of the EFT fit for the
benchmark scenario SMEFTPEW. For the EFT results the impact of the different theory uncertainties is also illustrated in
Figure 8. As can be seen, if the SM errors were reduced to a level where they become sub-dominant, the experimental precision
would allow to test deviations in some of the couplings at the one per-mille level, e.g. the coupling to vector bosons at CLIC
in the SMEFT framework (the presence of extra decays would however reduce the precision to the 0.4% level, as shown in
the kappa-3 results). The assumed precision of the SM theory calculations and inputs, however, prevents reaching this level
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Figure 6. Global fit to the EFT operators in the Lagrangian (19). We show the marginalized 68% probability reach for each
Wilson coefficient ci/L2 in Eq. (19) from the global fit (solid bars). The reach of the vertical lines indicate the results assuming
only the corresponding operator is generated by the new physics.

fully developed program including such contributions in the SMEFT framework, we restrict the discussion in this section to SM
uncertainties only.

In the previous sections the results for future colliders after the HL/HE-LHC era were presented taking into account
parametric uncertainties only. This was done to illustrate the final sensitivity to BSM deformations in Higgs couplings, as
given directly by the experimental measurements of the different inputs (i.e. Higgs rates, diBoson measurements, EWPO or the
processes used to determine the values of the SM input parameters). On the other hand, for this scenario to be meaningful, it
is crucial to also study the effect in such results of the projections for the future intrinsic errors. This is needed to be able to
quantify how far we will be from the assumption that such intrinsic errors become subdominant and, therefore, which aspects
of theory calculations should the theory community focus on to make sure we reach the maximum experimental sensitivity at
future colliders.

In this section we discuss more in detail the impact of the two types of SM theory errors described above, from the point
of view of the calculations of the predictions for Higgs observables. This will be done both within the k framework and also
in the context of the EFT results. For the results from the k-framework we will use the most general scenario considered in
Section 3.1, i.e. kappa-3, which allows non-SM decays. On the EFT side, we will use the scenario SMEFTPEW, where the
uncertainty associated to the precision of EWPO has already been “factorized”. In this scenario each fermion coupling is
also treated separately, thus being sensitive to the uncertainties in the different H ! f f̄ decay widths. Finally, we will also
restrict the study in this subsection to the case of future lepton colliders only (we always consider them in combination with the
HL-LHC projections. For the latter we keep the theory uncertainties as reported by the WG2 studies [10]).

In Table 9 we show the results of the k fit for the benchmark scenario kappa-3, indicating the results obtained includ-
ing/excluding the different sources of SM theory uncertainties. Similarly, Table 10 shows the results of the EFT fit for the
benchmark scenario SMEFTPEW. For the EFT results the impact of the different theory uncertainties is also illustrated in
Figure 8. As can be seen, if the SM errors were reduced to a level where they become sub-dominant, the experimental precision
would allow to test deviations in some of the couplings at the one per-mille level, e.g. the coupling to vector bosons at CLIC
in the SMEFT framework (the presence of extra decays would however reduce the precision to the 0.4% level, as shown in
the kappa-3 results). The assumed precision of the SM theory calculations and inputs, however, prevents reaching this level
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3 The global fit to new physics at dimension six

3.1 Assumptions about the flavour structure

A large group of the interactions that appear at dimension six allow for the possibility of
flavour-changing neutral currents. Flavour data is not included in this work. Therefore,
in order to provide meaningful results (in the sense of constraints that survive flavour
constraints in physically possible scenarios) we must make some physically reasonably
assumptions regarding the flavour structure of the new interactions. We will assume
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Table 1: Four-fermion interactions in the (CP , B and L preserving) dimension-six
basis. All these interactions are constrained in the current analysis. Flavour indices
are ommited. [Removed 1/2 from 4F operators to match Warsaw basis]

operators contribute to several di↵erent observables, the resulting constraints may be
dominated by a certain subset of observables. This allows to classify the observables
that better constrain a given set of interactions. This is turn helps to define more
precise classes of operators, as follows:

• Z-pole operators. Being measured with a precision at the per mile level, Z-pole
measurements are one of the more precise test of the validity of the SM descrip-
tion of neutral currents. The limits on any interactions contributing, directly
or indirectly, to the neutral current are usually dominated by this data set, and
we will refer to them as Z-pole operators. This includes ... (Note that the best

constraint on O
(3)
�q

comes from the unitarity relation of the CKM matrix, though.)

• O

• Colored interactions. Colored interactions are refered to those that only involve
colored particles. This includes all the four-quark operators as well as the gluon
operator OG.[Can this last operator contribute to anything else?] Within
the current analysis these contribute exclusively to pp ! jj observables.
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Figure 6. Global fit to the EFT operators in the Lagrangian (19). We show the marginalized 68% probability reach for each
Wilson coefficient ci/L2 in Eq. (19) from the global fit (solid bars). The reach of the vertical lines indicate the results assuming
only the corresponding operator is generated by the new physics.

fully developed program including such contributions in the SMEFT framework, we restrict the discussion in this section to SM
uncertainties only.

In the previous sections the results for future colliders after the HL/HE-LHC era were presented taking into account
parametric uncertainties only. This was done to illustrate the final sensitivity to BSM deformations in Higgs couplings, as
given directly by the experimental measurements of the different inputs (i.e. Higgs rates, diBoson measurements, EWPO or the
processes used to determine the values of the SM input parameters). On the other hand, for this scenario to be meaningful, it
is crucial to also study the effect in such results of the projections for the future intrinsic errors. This is needed to be able to
quantify how far we will be from the assumption that such intrinsic errors become subdominant and, therefore, which aspects
of theory calculations should the theory community focus on to make sure we reach the maximum experimental sensitivity at
future colliders.

In this section we discuss more in detail the impact of the two types of SM theory errors described above, from the point
of view of the calculations of the predictions for Higgs observables. This will be done both within the k framework and also
in the context of the EFT results. For the results from the k-framework we will use the most general scenario considered in
Section 3.1, i.e. kappa-3, which allows non-SM decays. On the EFT side, we will use the scenario SMEFTPEW, where the
uncertainty associated to the precision of EWPO has already been “factorized”. In this scenario each fermion coupling is
also treated separately, thus being sensitive to the uncertainties in the different H ! f f̄ decay widths. Finally, we will also
restrict the study in this subsection to the case of future lepton colliders only (we always consider them in combination with the
HL-LHC projections. For the latter we keep the theory uncertainties as reported by the WG2 studies [10]).

In Table 9 we show the results of the k fit for the benchmark scenario kappa-3, indicating the results obtained includ-
ing/excluding the different sources of SM theory uncertainties. Similarly, Table 10 shows the results of the EFT fit for the
benchmark scenario SMEFTPEW. For the EFT results the impact of the different theory uncertainties is also illustrated in
Figure 8. As can be seen, if the SM errors were reduced to a level where they become sub-dominant, the experimental precision
would allow to test deviations in some of the couplings at the one per-mille level, e.g. the coupling to vector bosons at CLIC
in the SMEFT framework (the presence of extra decays would however reduce the precision to the 0.4% level, as shown in
the kappa-3 results). The assumed precision of the SM theory calculations and inputs, however, prevents reaching this level
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Table 2: Operators in the (CP , B and L preserving) dimension-six basis, excluding
four-fermion interactions (see Table 1. used by NPhytter . Flavour indices are om-
mited.

3 The global fit to new physics at dimension six

3.1 Assumptions about the flavour structure

A large group of the interactions that appear at dimension six allow for the possibility of
flavour-changing neutral currents. Flavour data is not included in this work. Therefore,
in order to provide meaningful results (in the sense of constraints that survive flavour
constraints in physically possible scenarios) we must make some physically reasonably
assumptions regarding the flavour structure of the new interactions. We will assume
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Table 1: Four-fermion interactions in the (CP , B and L preserving) dimension-six
basis. All these interactions are constrained in the current analysis. Flavour indices
are ommited. [Removed 1/2 from 4F operators to match Warsaw basis]

operators contribute to several di↵erent observables, the resulting constraints may be
dominated by a certain subset of observables. This allows to classify the observables
that better constrain a given set of interactions. This is turn helps to define more
precise classes of operators, as follows:

• Z-pole operators. Being measured with a precision at the per mile level, Z-pole
measurements are one of the more precise test of the validity of the SM descrip-
tion of neutral currents. The limits on any interactions contributing, directly
or indirectly, to the neutral current are usually dominated by this data set, and
we will refer to them as Z-pole operators. This includes ... (Note that the best

constraint on O
(3)
�q

comes from the unitarity relation of the CKM matrix, though.)

• O

• Colored interactions. Colored interactions are refered to those that only involve
colored particles. This includes all the four-quark operators as well as the gluon
operator OG.[Can this last operator contribute to anything else?] Within
the current analysis these contribute exclusively to pp ! jj observables.
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• Most of our SMEFT calculations performed in the Warsaw basis
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3 The global fit to new physics at dimension six

3.1 Assumptions about the flavour structure

A large group of the interactions that appear at dimension six allow for the possibility of
flavour-changing neutral currents. Flavour data is not included in this work. Therefore,
in order to provide meaningful results (in the sense of constraints that survive flavour
constraints in physically possible scenarios) we must make some physically reasonably
assumptions regarding the flavour structure of the new interactions. We will assume
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Table 1: Four-fermion interactions in the (CP , B and L preserving) dimension-six
basis. All these interactions are constrained in the current analysis. Flavour indices
are ommited. [Removed 1/2 from 4F operators to match Warsaw basis]

operators contribute to several di↵erent observables, the resulting constraints may be
dominated by a certain subset of observables. This allows to classify the observables
that better constrain a given set of interactions. This is turn helps to define more
precise classes of operators, as follows:

• Z-pole operators. Being measured with a precision at the per mile level, Z-pole
measurements are one of the more precise test of the validity of the SM descrip-
tion of neutral currents. The limits on any interactions contributing, directly
or indirectly, to the neutral current are usually dominated by this data set, and
we will refer to them as Z-pole operators. This includes ... (Note that the best

constraint on O
(3)
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comes from the unitarity relation of the CKM matrix, though.)

• O

• Colored interactions. Colored interactions are refered to those that only involve
colored particles. This includes all the four-quark operators as well as the gluon
operator OG.[Can this last operator contribute to anything else?] Within
the current analysis these contribute exclusively to pp ! jj observables.
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• Most of our SMEFT calculations performed in the Warsaw basis
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3 The global fit to new physics at dimension six

3.1 Assumptions about the flavour structure

A large group of the interactions that appear at dimension six allow for the possibility of
flavour-changing neutral currents. Flavour data is not included in this work. Therefore,
in order to provide meaningful results (in the sense of constraints that survive flavour
constraints in physically possible scenarios) we must make some physically reasonably
assumptions regarding the flavour structure of the new interactions. We will assume
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Table 1: Four-fermion interactions in the (CP , B and L preserving) dimension-six
basis. All these interactions are constrained in the current analysis. Flavour indices
are ommited. [Removed 1/2 from 4F operators to match Warsaw basis]

operators contribute to several di↵erent observables, the resulting constraints may be
dominated by a certain subset of observables. This allows to classify the observables
that better constrain a given set of interactions. This is turn helps to define more
precise classes of operators, as follows:

• Z-pole operators. Being measured with a precision at the per mile level, Z-pole
measurements are one of the more precise test of the validity of the SM descrip-
tion of neutral currents. The limits on any interactions contributing, directly
or indirectly, to the neutral current are usually dominated by this data set, and
we will refer to them as Z-pole operators. This includes ... (Note that the best

constraint on O
(3)
�q

comes from the unitarity relation of the CKM matrix, though.)

• O

• Colored interactions. Colored interactions are refered to those that only involve
colored particles. This includes all the four-quark operators as well as the gluon
operator OG.[Can this last operator contribute to anything else?] Within
the current analysis these contribute exclusively to pp ! jj observables.
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• Bayesian SMEFT fit to EW/Higgs/diBoson:                                    
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Figure 6. Global fit to the EFT operators in the Lagrangian (19). We show the marginalized 68% probability reach for each
Wilson coefficient ci/L2 in Eq. (19) from the global fit (solid bars). The reach of the vertical lines indicate the results assuming
only the corresponding operator is generated by the new physics.

fully developed program including such contributions in the SMEFT framework, we restrict the discussion in this section to SM
uncertainties only.

In the previous sections the results for future colliders after the HL/HE-LHC era were presented taking into account
parametric uncertainties only. This was done to illustrate the final sensitivity to BSM deformations in Higgs couplings, as
given directly by the experimental measurements of the different inputs (i.e. Higgs rates, diBoson measurements, EWPO or the
processes used to determine the values of the SM input parameters). On the other hand, for this scenario to be meaningful, it
is crucial to also study the effect in such results of the projections for the future intrinsic errors. This is needed to be able to
quantify how far we will be from the assumption that such intrinsic errors become subdominant and, therefore, which aspects
of theory calculations should the theory community focus on to make sure we reach the maximum experimental sensitivity at
future colliders.

In this section we discuss more in detail the impact of the two types of SM theory errors described above, from the point
of view of the calculations of the predictions for Higgs observables. This will be done both within the k framework and also
in the context of the EFT results. For the results from the k-framework we will use the most general scenario considered in
Section 3.1, i.e. kappa-3, which allows non-SM decays. On the EFT side, we will use the scenario SMEFTPEW, where the
uncertainty associated to the precision of EWPO has already been “factorized”. In this scenario each fermion coupling is
also treated separately, thus being sensitive to the uncertainties in the different H ! f f̄ decay widths. Finally, we will also
restrict the study in this subsection to the case of future lepton colliders only (we always consider them in combination with the
HL-LHC projections. For the latter we keep the theory uncertainties as reported by the WG2 studies [10]).

In Table 9 we show the results of the k fit for the benchmark scenario kappa-3, indicating the results obtained includ-
ing/excluding the different sources of SM theory uncertainties. Similarly, Table 10 shows the results of the EFT fit for the
benchmark scenario SMEFTPEW. For the EFT results the impact of the different theory uncertainties is also illustrated in
Figure 8. As can be seen, if the SM errors were reduced to a level where they become sub-dominant, the experimental precision
would allow to test deviations in some of the couplings at the one per-mille level, e.g. the coupling to vector bosons at CLIC
in the SMEFT framework (the presence of extra decays would however reduce the precision to the 0.4% level, as shown in
the kappa-3 results). The assumed precision of the SM theory calculations and inputs, however, prevents reaching this level
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Table 2: Operators in the (CP , B and L preserving) dimension-six basis, excluding
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3 The global fit to new physics at dimension six

3.1 Assumptions about the flavour structure

A large group of the interactions that appear at dimension six allow for the possibility of
flavour-changing neutral currents. Flavour data is not included in this work. Therefore,
in order to provide meaningful results (in the sense of constraints that survive flavour
constraints in physically possible scenarios) we must make some physically reasonably
assumptions regarding the flavour structure of the new interactions. We will assume
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Table 1: Four-fermion interactions in the (CP , B and L preserving) dimension-six
basis. All these interactions are constrained in the current analysis. Flavour indices
are ommited. [Removed 1/2 from 4F operators to match Warsaw basis]

operators contribute to several di↵erent observables, the resulting constraints may be
dominated by a certain subset of observables. This allows to classify the observables
that better constrain a given set of interactions. This is turn helps to define more
precise classes of operators, as follows:

• Z-pole operators. Being measured with a precision at the per mile level, Z-pole
measurements are one of the more precise test of the validity of the SM descrip-
tion of neutral currents. The limits on any interactions contributing, directly
or indirectly, to the neutral current are usually dominated by this data set, and
we will refer to them as Z-pole operators. This includes ... (Note that the best

constraint on O
(3)
�q

comes from the unitarity relation of the CKM matrix, though.)

• O

• Colored interactions. Colored interactions are refered to those that only involve
colored particles. This includes all the four-quark operators as well as the gluon
operator OG.[Can this last operator contribute to anything else?] Within
the current analysis these contribute exclusively to pp ! jj observables.
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Figure 6. Global fit to the EFT operators in the Lagrangian (19). We show the marginalized 68% probability reach for each
Wilson coefficient ci/L2 in Eq. (19) from the global fit (solid bars). The reach of the vertical lines indicate the results assuming
only the corresponding operator is generated by the new physics.

fully developed program including such contributions in the SMEFT framework, we restrict the discussion in this section to SM
uncertainties only.

In the previous sections the results for future colliders after the HL/HE-LHC era were presented taking into account
parametric uncertainties only. This was done to illustrate the final sensitivity to BSM deformations in Higgs couplings, as
given directly by the experimental measurements of the different inputs (i.e. Higgs rates, diBoson measurements, EWPO or the
processes used to determine the values of the SM input parameters). On the other hand, for this scenario to be meaningful, it
is crucial to also study the effect in such results of the projections for the future intrinsic errors. This is needed to be able to
quantify how far we will be from the assumption that such intrinsic errors become subdominant and, therefore, which aspects
of theory calculations should the theory community focus on to make sure we reach the maximum experimental sensitivity at
future colliders.

In this section we discuss more in detail the impact of the two types of SM theory errors described above, from the point
of view of the calculations of the predictions for Higgs observables. This will be done both within the k framework and also
in the context of the EFT results. For the results from the k-framework we will use the most general scenario considered in
Section 3.1, i.e. kappa-3, which allows non-SM decays. On the EFT side, we will use the scenario SMEFTPEW, where the
uncertainty associated to the precision of EWPO has already been “factorized”. In this scenario each fermion coupling is
also treated separately, thus being sensitive to the uncertainties in the different H ! f f̄ decay widths. Finally, we will also
restrict the study in this subsection to the case of future lepton colliders only (we always consider them in combination with the
HL-LHC projections. For the latter we keep the theory uncertainties as reported by the WG2 studies [10]).

In Table 9 we show the results of the k fit for the benchmark scenario kappa-3, indicating the results obtained includ-
ing/excluding the different sources of SM theory uncertainties. Similarly, Table 10 shows the results of the EFT fit for the
benchmark scenario SMEFTPEW. For the EFT results the impact of the different theory uncertainties is also illustrated in
Figure 8. As can be seen, if the SM errors were reduced to a level where they become sub-dominant, the experimental precision
would allow to test deviations in some of the couplings at the one per-mille level, e.g. the coupling to vector bosons at CLIC
in the SMEFT framework (the presence of extra decays would however reduce the precision to the 0.4% level, as shown in
the kappa-3 results). The assumed precision of the SM theory calculations and inputs, however, prevents reaching this level
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of EW/Higgs interactions

• SMEFT fit to EW/Higgs/diBoson: LHC Run 1 + Run 2 (~36-140 fb-1)

New Physics assumptions:  
CP-even, NO U(3)5 

 Fit in the Warsaw basis 
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of effective couplings  
(defined from pseudo-observables)

Theory framework
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• Compare Future Collider sensitivity to BSM EW/Higgs deformations in a 
basis-independent way


• Project EFT fit results from dim-6 Wilson coefficients into (pseudo) 
observable Higgs effective couplings, aTGC and effective Zff/Wff couplings 
defined from EWPO:
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FIG. 1: Cartoon of the region in the plane (g⇤,�/g⇤), defined by Eqs. (13),(14), that can be probed
by an analysis including only dimension-6 operators (in white). No sensible e↵ective field theory
description is possible in the gray area (� < gmin), while exploration of the light blue region
(gmin < � <

p
g⇤gmin) requires including the dimension-8 operators.
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FIG. 2: Feyman diagrams contributing to double Higgs production via gluon fusion (an additional
contribution comes from the crossing of the box diagram). The last diagram on the first line
contains the t̄thh coupling, while those in the second line involve contact interactions between the
Higgs and the gluons denoted with a cross.

C. Cross section of double Higgs production

We can now discuss our parametrization of the cross section of double Higgs production

via gluon fusion. We will use the non-linear Lagrangian (4) and start by neglecting higher-

derivative terms (which correspond to dimension-8 operators in the limit of linearly-realized

EW symmetry). The e↵ect of the neglected derivative operators will be then studied by

analyzing their impact on angular di↵erential distributions and shown to be small in our

case due to the limited sensitivity on the high mhh region.

The Feynman diagrams that contribute to the gg ! hh process are shown in Fig. 2. Each
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Figure 9. Representative Feynman diagrams for the leading contribution to double Higgs production at hadron (left) and
lepton (right) colliders. Extracting the value of the Higgs self-coupling, in red, requires a knowledge of the other Higgs
couplings that also contribute to the same process. See Table 17 for the SM rates. At lepton colliders, double Higgs production
can also occur via vector boson fusion with neutral currents but the rate is about ten times smaller. The contribution
proportional to the cubic Higgs self-coupling involves an extra Higgs propagator that dies off at high energy. Therefore, the
kinematic region close to threshold is more sensitive to the Higgs self-coupling.

hence into an increased precision. For instance at ILC500, the sensitivity around the SM value is 27% but it would reach 18%
around k3 = 1.5.

Modified Higgs self-interactions can also affect, at higher orders, the single Higgs processes [55–57] and even the
electroweak precision observables [58–60]. Since the experimental sensitivities for these observables are better than for double
Higgs production, one can devise alternative ways to assess the value of the Higgs self-interactions. To be viable, these
alternative methods need to be able to disentangle a variation due to a modified Higgs self-interaction from variations due to
another deformation of the SM. This is important in particular in a global analysis, when all EFT parameters are left free to float.
This cannot always be done relying only on inclusive measurements [61, 62] and it calls for detailed studies of kinematical
distributions with an accurate estimate of the relevant uncertainties [63]. For a 240 GeV lepton collider, the change of the ZH
production cross section at NLO induced by a deviation of the Higgs cubic coupling amounts to

sNLO
ZH ⇡ sNLO,SM

ZH (1+0.014dk3). (26)

Thus, to be competitive with the HL-LHC constraint, the ZH cross section needs to be measured with an accuracy below 1%,
but this is expected to be achieved by e+e� Higgs factories at 240/250 GeV. However, other single Higgs coupling modifications
also change the ZH cross section, and these different dependencies must be disentangled via a global fit of Higgs data. Not
surprisingly, such global fits to single Higgs data often suffer from some degeneracy among the different Higgs coupling
deviations which are significantly reduce with extra information from kinematical differential distributions or from inclusive
rate measurements performed at two different energies (see for instance the k3 sensitivities reported in Table 11 for FCC-ee240
vs FCC-ee365; note that it is the combination of the two runs at different energies that improve the global fit, a single run at
365 GeV alone would not do much better than the single run at 240 GeV).

Note that, in principle, large deformations of k3 could also alter the fit of single Higgs processes often performed at leading
order, i.e. neglecting the contribution of k3 at next-to-leading order. It was shown in [61] that a 200% uncertainty on k3 could
for instance increase the uncertainty in gHtt or geff

Hgg by around 30–40%.
In order to set quantitative goals in the determination of the Higgs self-interactions, it is useful to understand how large

the deviations from the SM could be while remaining compatible with the existing constraints on the different single Higgs
couplings. From an agnostic point of view, the Higgs cubic coupling can always be linked to the independent higher dimensional
operator |H|6 that does not alter any other Higgs couplings. Still, theoretical considerations set an upper bound on the deviation
of the trilinear Higgs couplings. Within the plausible linear EFT assumption discussed above, perturbativity imposes a maximum
deviation of the Higgs cubic self-interaction, relative to the SM value, of the order of [24, 61]

|k3|⇠< Min(600x ,4p) , (27)

where x is the typical size of the deviation of the single Higgs couplings to other SM particles [27]. However, the stability
condition of the EW vacuum, i.e. the requirement that no other deeper minimum results from the inclusion of higher dimensional
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Figure 10.2: From Ref. [275], sample Feynman diagrams illustrating the effects of the Higgs trilinear
self-coupling on single Higgs process at next-to-leading order.

Figure 10.3: Indirect measurements of the Higgs self-coupling at FCC-ee combining runs at different
energies.

are equally important to fix extra parameters that would otherwise enter the global Higgs fit and open flat
directions that cannot be resolved.

10.5 FCC-hh: Direct Probes
At FCC-hh, the Higgs self-coupling can be probed directly via Higgs-pair production. The cross sec-
tions for several production channels are given [276] in Table 10.1, where the quoted systematics reflect
today’s state of the art, and are therefore bound to be significantly improved by the time of FCC-hh
operations.

The most studied channel, in view of its large rate, is gluon fusion (see Fig. 10.1). In the SM
there is a large destructive interference between the diagram with the top-quark loop and that with the
self-coupling. While this interference suppresses the SM rate, it makes the rate more sensitive to possible
deviations from the SM couplings, the sensitivity being enhanced after NLO corrections are included, as
shown in the case of gg!HH in Ref. [277], where the first NLO calculation of �(gg!HH) inclusive of
top-mass effects was performed. For values of � close to 1, 1/�HHd�HH/d� ⇠ �1, and a measure-
ment of � at the few percent level requires therefore the measurement and theoretical interpretation of
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FIG. 2: Feyman diagrams contributing to double Higgs production via gluon fusion (an additional
contribution comes from the crossing of the box diagram). The last diagram on the first line
contains the t̄thh coupling, while those in the second line involve contact interactions between the
Higgs and the gluons denoted with a cross.

C. Cross section of double Higgs production

We can now discuss our parametrization of the cross section of double Higgs production

via gluon fusion. We will use the non-linear Lagrangian (4) and start by neglecting higher-

derivative terms (which correspond to dimension-8 operators in the limit of linearly-realized

EW symmetry). The e↵ect of the neglected derivative operators will be then studied by

analyzing their impact on angular di↵erential distributions and shown to be small in our

case due to the limited sensitivity on the high mhh region.
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Figure 9. Representative Feynman diagrams for the leading contribution to double Higgs production at hadron (left) and
lepton (right) colliders. Extracting the value of the Higgs self-coupling, in red, requires a knowledge of the other Higgs
couplings that also contribute to the same process. See Table 17 for the SM rates. At lepton colliders, double Higgs production
can also occur via vector boson fusion with neutral currents but the rate is about ten times smaller. The contribution
proportional to the cubic Higgs self-coupling involves an extra Higgs propagator that dies off at high energy. Therefore, the
kinematic region close to threshold is more sensitive to the Higgs self-coupling.

hence into an increased precision. For instance at ILC500, the sensitivity around the SM value is 27% but it would reach 18%
around k3 = 1.5.

Modified Higgs self-interactions can also affect, at higher orders, the single Higgs processes [55–57] and even the
electroweak precision observables [58–60]. Since the experimental sensitivities for these observables are better than for double
Higgs production, one can devise alternative ways to assess the value of the Higgs self-interactions. To be viable, these
alternative methods need to be able to disentangle a variation due to a modified Higgs self-interaction from variations due to
another deformation of the SM. This is important in particular in a global analysis, when all EFT parameters are left free to float.
This cannot always be done relying only on inclusive measurements [61, 62] and it calls for detailed studies of kinematical
distributions with an accurate estimate of the relevant uncertainties [63]. For a 240 GeV lepton collider, the change of the ZH
production cross section at NLO induced by a deviation of the Higgs cubic coupling amounts to

sNLO
ZH ⇡ sNLO,SM

ZH (1+0.014dk3). (26)

Thus, to be competitive with the HL-LHC constraint, the ZH cross section needs to be measured with an accuracy below 1%,
but this is expected to be achieved by e+e� Higgs factories at 240/250 GeV. However, other single Higgs coupling modifications
also change the ZH cross section, and these different dependencies must be disentangled via a global fit of Higgs data. Not
surprisingly, such global fits to single Higgs data often suffer from some degeneracy among the different Higgs coupling
deviations which are significantly reduce with extra information from kinematical differential distributions or from inclusive
rate measurements performed at two different energies (see for instance the k3 sensitivities reported in Table 11 for FCC-ee240
vs FCC-ee365; note that it is the combination of the two runs at different energies that improve the global fit, a single run at
365 GeV alone would not do much better than the single run at 240 GeV).

Note that, in principle, large deformations of k3 could also alter the fit of single Higgs processes often performed at leading
order, i.e. neglecting the contribution of k3 at next-to-leading order. It was shown in [61] that a 200% uncertainty on k3 could
for instance increase the uncertainty in gHtt or geff

Hgg by around 30–40%.
In order to set quantitative goals in the determination of the Higgs self-interactions, it is useful to understand how large

the deviations from the SM could be while remaining compatible with the existing constraints on the different single Higgs
couplings. From an agnostic point of view, the Higgs cubic coupling can always be linked to the independent higher dimensional
operator |H|6 that does not alter any other Higgs couplings. Still, theoretical considerations set an upper bound on the deviation
of the trilinear Higgs couplings. Within the plausible linear EFT assumption discussed above, perturbativity imposes a maximum
deviation of the Higgs cubic self-interaction, relative to the SM value, of the order of [24, 61]

|k3|⇠< Min(600x ,4p) , (27)

where x is the typical size of the deviation of the single Higgs couplings to other SM particles [27]. However, the stability
condition of the EW vacuum, i.e. the requirement that no other deeper minimum results from the inclusion of higher dimensional
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Figure 10.2: From Ref. [275], sample Feynman diagrams illustrating the effects of the Higgs trilinear
self-coupling on single Higgs process at next-to-leading order.

Figure 10.3: Indirect measurements of the Higgs self-coupling at FCC-ee combining runs at different
energies.

are equally important to fix extra parameters that would otherwise enter the global Higgs fit and open flat
directions that cannot be resolved.

10.5 FCC-hh: Direct Probes
At FCC-hh, the Higgs self-coupling can be probed directly via Higgs-pair production. The cross sec-
tions for several production channels are given [276] in Table 10.1, where the quoted systematics reflect
today’s state of the art, and are therefore bound to be significantly improved by the time of FCC-hh
operations.

The most studied channel, in view of its large rate, is gluon fusion (see Fig. 10.1). In the SM
there is a large destructive interference between the diagram with the top-quark loop and that with the
self-coupling. While this interference suppresses the SM rate, it makes the rate more sensitive to possible
deviations from the SM couplings, the sensitivity being enhanced after NLO corrections are included, as
shown in the case of gg!HH in Ref. [277], where the first NLO calculation of �(gg!HH) inclusive of
top-mass effects was performed. For values of � close to 1, 1/�HHd�HH/d� ⇠ �1, and a measure-
ment of � at the few percent level requires therefore the measurement and theoretical interpretation of
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How to measure deviations of λ
3

di-Higgs single-H

exclusive

global

1. di-H, excl.
• Use of σ+HH,             

 • only deformation of κλ

3. single-H, excl.
• single Higgs processes at higher order
• only deformation of κλ                          

2. di-H, glob.
• Use of σ+HH,                                                  
• deformation of κλ + of the single-H couplings
+a, do not consider the effects at higher order 

of κλ to single H production and decays
+b,  these higher order effects are included    

4. single-H, glob.
• single Higgs processes at higher order
• deformation of κλ + of the single Higgs 

couplings

 The Higgs self-coupling can be assessed using di-Higgs production and 
single-Higgs production

 The sensitivity of the various future colliders can be obtained using four 
different methods:

Jorge de Blas 
University of Granada

(In the dim-6 SMEFT,        controlled independently by the operator                      ) 
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(see e.g. ATLAS-CONF-2019-049) but…
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FIG. 1: Cartoon of the region in the plane (g⇤,�/g⇤), defined by Eqs. (13),(14), that can be probed
by an analysis including only dimension-6 operators (in white). No sensible e↵ective field theory
description is possible in the gray area (� < gmin), while exploration of the light blue region
(gmin < � <

p
g⇤gmin) requires including the dimension-8 operators.
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FIG. 2: Feyman diagrams contributing to double Higgs production via gluon fusion (an additional
contribution comes from the crossing of the box diagram). The last diagram on the first line
contains the t̄thh coupling, while those in the second line involve contact interactions between the
Higgs and the gluons denoted with a cross.

C. Cross section of double Higgs production

We can now discuss our parametrization of the cross section of double Higgs production

via gluon fusion. We will use the non-linear Lagrangian (4) and start by neglecting higher-

derivative terms (which correspond to dimension-8 operators in the limit of linearly-realized

EW symmetry). The e↵ect of the neglected derivative operators will be then studied by

analyzing their impact on angular di↵erential distributions and shown to be small in our

case due to the limited sensitivity on the high mhh region.

The Feynman diagrams that contribute to the gg ! hh process are shown in Fig. 2. Each
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Figure 9. Representative Feynman diagrams for the leading contribution to double Higgs production at hadron (left) and
lepton (right) colliders. Extracting the value of the Higgs self-coupling, in red, requires a knowledge of the other Higgs
couplings that also contribute to the same process. See Table 17 for the SM rates. At lepton colliders, double Higgs production
can also occur via vector boson fusion with neutral currents but the rate is about ten times smaller. The contribution
proportional to the cubic Higgs self-coupling involves an extra Higgs propagator that dies off at high energy. Therefore, the
kinematic region close to threshold is more sensitive to the Higgs self-coupling.

hence into an increased precision. For instance at ILC500, the sensitivity around the SM value is 27% but it would reach 18%
around k3 = 1.5.

Modified Higgs self-interactions can also affect, at higher orders, the single Higgs processes [55–57] and even the
electroweak precision observables [58–60]. Since the experimental sensitivities for these observables are better than for double
Higgs production, one can devise alternative ways to assess the value of the Higgs self-interactions. To be viable, these
alternative methods need to be able to disentangle a variation due to a modified Higgs self-interaction from variations due to
another deformation of the SM. This is important in particular in a global analysis, when all EFT parameters are left free to float.
This cannot always be done relying only on inclusive measurements [61, 62] and it calls for detailed studies of kinematical
distributions with an accurate estimate of the relevant uncertainties [63]. For a 240 GeV lepton collider, the change of the ZH
production cross section at NLO induced by a deviation of the Higgs cubic coupling amounts to

sNLO
ZH ⇡ sNLO,SM

ZH (1+0.014dk3). (26)

Thus, to be competitive with the HL-LHC constraint, the ZH cross section needs to be measured with an accuracy below 1%,
but this is expected to be achieved by e+e� Higgs factories at 240/250 GeV. However, other single Higgs coupling modifications
also change the ZH cross section, and these different dependencies must be disentangled via a global fit of Higgs data. Not
surprisingly, such global fits to single Higgs data often suffer from some degeneracy among the different Higgs coupling
deviations which are significantly reduce with extra information from kinematical differential distributions or from inclusive
rate measurements performed at two different energies (see for instance the k3 sensitivities reported in Table 11 for FCC-ee240
vs FCC-ee365; note that it is the combination of the two runs at different energies that improve the global fit, a single run at
365 GeV alone would not do much better than the single run at 240 GeV).

Note that, in principle, large deformations of k3 could also alter the fit of single Higgs processes often performed at leading
order, i.e. neglecting the contribution of k3 at next-to-leading order. It was shown in [61] that a 200% uncertainty on k3 could
for instance increase the uncertainty in gHtt or geff

Hgg by around 30–40%.
In order to set quantitative goals in the determination of the Higgs self-interactions, it is useful to understand how large

the deviations from the SM could be while remaining compatible with the existing constraints on the different single Higgs
couplings. From an agnostic point of view, the Higgs cubic coupling can always be linked to the independent higher dimensional
operator |H|6 that does not alter any other Higgs couplings. Still, theoretical considerations set an upper bound on the deviation
of the trilinear Higgs couplings. Within the plausible linear EFT assumption discussed above, perturbativity imposes a maximum
deviation of the Higgs cubic self-interaction, relative to the SM value, of the order of [24, 61]

|k3|⇠< Min(600x ,4p) , (27)

where x is the typical size of the deviation of the single Higgs couplings to other SM particles [27]. However, the stability
condition of the EW vacuum, i.e. the requirement that no other deeper minimum results from the inclusion of higher dimensional
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Figure 10.2: From Ref. [275], sample Feynman diagrams illustrating the effects of the Higgs trilinear
self-coupling on single Higgs process at next-to-leading order.

Figure 10.3: Indirect measurements of the Higgs self-coupling at FCC-ee combining runs at different
energies.

are equally important to fix extra parameters that would otherwise enter the global Higgs fit and open flat
directions that cannot be resolved.

10.5 FCC-hh: Direct Probes
At FCC-hh, the Higgs self-coupling can be probed directly via Higgs-pair production. The cross sec-
tions for several production channels are given [276] in Table 10.1, where the quoted systematics reflect
today’s state of the art, and are therefore bound to be significantly improved by the time of FCC-hh
operations.

The most studied channel, in view of its large rate, is gluon fusion (see Fig. 10.1). In the SM
there is a large destructive interference between the diagram with the top-quark loop and that with the
self-coupling. While this interference suppresses the SM rate, it makes the rate more sensitive to possible
deviations from the SM couplings, the sensitivity being enhanced after NLO corrections are included, as
shown in the case of gg!HH in Ref. [277], where the first NLO calculation of �(gg!HH) inclusive of
top-mass effects was performed. For values of � close to 1, 1/�HHd�HH/d� ⇠ �1, and a measure-
ment of � at the few percent level requires therefore the measurement and theoretical interpretation of
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di-Higgs single-H

exclusive

global

1. di-H, excl.
• Use of σ+HH,             

 • only deformation of κλ

3. single-H, excl.
• single Higgs processes at higher order
• only deformation of κλ                          

2. di-H, glob.
• Use of σ+HH,                                                  
• deformation of κλ + of the single-H couplings
+a, do not consider the effects at higher order 

of κλ to single H production and decays
+b,  these higher order effects are included    

4. single-H, glob.
• single Higgs processes at higher order
• deformation of κλ + of the single Higgs 

couplings

 The Higgs self-coupling can be assessed using di-Higgs production and 
single-Higgs production

 The sensitivity of the various future colliders can be obtained using four 
different methods:

Jorge de Blas 
University of Granada

(In the dim-6 SMEFT,        controlled independently by the operator                      ) 
<latexit sha1_base64="NxLrPNI82D2hBcuOCqi25E13fMw=">AAACDnicbVC7TsMwFHXKq5RXgJHFoqpUlioBBCxIFSxsFIk+pCaNHMdprToP2Q5SFeULWPgVFgYQYmVm429w2gzQciTLx+fcq+t73JhRIQ3jWystLa+srpXXKxubW9s7+u5eR0QJx6SNIxbxnosEYTQkbUklI72YExS4jHTd8XXudx8IFzQK7+UkJnaAhiH1KUZSSY5eSy2MGLzNnNSKRzS7rOfXwPLQcEg4zB9HgxNHrxoNYwq4SMyCVEGBlqN/WV6Ek4CEEjMkRN80YmmniEuKGckqViJIjPAYDUlf0RAFRNjpdJ0M1pTiQT/i6oQSTtXfHSkKhJgErqoMkByJeS8X//P6ifQv7JSGcSJJiGeD/IRBGcE8G+hRTrBkE0UQ5lT9FeIR4ghLlWBFhWDOr7xIOscN86xh3p1Wm1dFHGVwAA5BHZjgHDTBDWiBNsDgETyDV/CmPWkv2rv2MSstaUXPPvgD7fMHWf+bpw==</latexit>

O� = (�†�)3
<latexit sha1_base64="cbv+pW5jQq/tFP2pZ+BpPsIiHYw=">AAAB9XicbVDLSgMxFM3UV62vqks3wSK4KjMi6rLoxmUF+4DOWO5kMm1oJhOSjFKG/ocbF4q49V/c+Tem7Sy09UDgcM493JsTSs60cd1vp7Syura+Ud6sbG3v7O5V9w/aOs0UoS2S8lR1Q9CUM0FbhhlOu1JRSEJOO+HoZup3HqnSLBX3ZixpkMBAsJgRMFZ68EcgJfR9bhMR9Ks1t+7OgJeJV5AaKtDsV7/8KCVZQoUhHLTuea40QQ7KMMLppOJnmkogIxjQnqUCEqqDfHb1BJ9YJcJxquwTBs/U34kcEq3HSWgnEzBDvehNxf+8XmbiqyBnQmaGCjJfFGccmxRPK8ARU5QYPrYEiGL2VkyGoIAYW1TFluAtfnmZtM/q3kXduzuvNa6LOsroCB2jU+ShS9RAt6iJWogghZ7RK3pznpwX5935mI+WnCJziP7A+fwBlK6SkQ==</latexit>�

Already being implemented in EXP analyses  
(see e.g. ATLAS-CONF-2019-049) but…

…not enough for a model-independent determination
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FIG. 1: Cartoon of the region in the plane (g⇤,�/g⇤), defined by Eqs. (13),(14), that can be probed
by an analysis including only dimension-6 operators (in white). No sensible e↵ective field theory
description is possible in the gray area (� < gmin), while exploration of the light blue region
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g⇤gmin) requires including the dimension-8 operators.
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FIG. 2: Feyman diagrams contributing to double Higgs production via gluon fusion (an additional
contribution comes from the crossing of the box diagram). The last diagram on the first line
contains the t̄thh coupling, while those in the second line involve contact interactions between the
Higgs and the gluons denoted with a cross.

C. Cross section of double Higgs production

We can now discuss our parametrization of the cross section of double Higgs production

via gluon fusion. We will use the non-linear Lagrangian (4) and start by neglecting higher-

derivative terms (which correspond to dimension-8 operators in the limit of linearly-realized

EW symmetry). The e↵ect of the neglected derivative operators will be then studied by

analyzing their impact on angular di↵erential distributions and shown to be small in our

case due to the limited sensitivity on the high mhh region.

The Feynman diagrams that contribute to the gg ! hh process are shown in Fig. 2. Each
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Figure 9. Representative Feynman diagrams for the leading contribution to double Higgs production at hadron (left) and
lepton (right) colliders. Extracting the value of the Higgs self-coupling, in red, requires a knowledge of the other Higgs
couplings that also contribute to the same process. See Table 17 for the SM rates. At lepton colliders, double Higgs production
can also occur via vector boson fusion with neutral currents but the rate is about ten times smaller. The contribution
proportional to the cubic Higgs self-coupling involves an extra Higgs propagator that dies off at high energy. Therefore, the
kinematic region close to threshold is more sensitive to the Higgs self-coupling.

hence into an increased precision. For instance at ILC500, the sensitivity around the SM value is 27% but it would reach 18%
around k3 = 1.5.

Modified Higgs self-interactions can also affect, at higher orders, the single Higgs processes [55–57] and even the
electroweak precision observables [58–60]. Since the experimental sensitivities for these observables are better than for double
Higgs production, one can devise alternative ways to assess the value of the Higgs self-interactions. To be viable, these
alternative methods need to be able to disentangle a variation due to a modified Higgs self-interaction from variations due to
another deformation of the SM. This is important in particular in a global analysis, when all EFT parameters are left free to float.
This cannot always be done relying only on inclusive measurements [61, 62] and it calls for detailed studies of kinematical
distributions with an accurate estimate of the relevant uncertainties [63]. For a 240 GeV lepton collider, the change of the ZH
production cross section at NLO induced by a deviation of the Higgs cubic coupling amounts to

sNLO
ZH ⇡ sNLO,SM

ZH (1+0.014dk3). (26)

Thus, to be competitive with the HL-LHC constraint, the ZH cross section needs to be measured with an accuracy below 1%,
but this is expected to be achieved by e+e� Higgs factories at 240/250 GeV. However, other single Higgs coupling modifications
also change the ZH cross section, and these different dependencies must be disentangled via a global fit of Higgs data. Not
surprisingly, such global fits to single Higgs data often suffer from some degeneracy among the different Higgs coupling
deviations which are significantly reduce with extra information from kinematical differential distributions or from inclusive
rate measurements performed at two different energies (see for instance the k3 sensitivities reported in Table 11 for FCC-ee240
vs FCC-ee365; note that it is the combination of the two runs at different energies that improve the global fit, a single run at
365 GeV alone would not do much better than the single run at 240 GeV).

Note that, in principle, large deformations of k3 could also alter the fit of single Higgs processes often performed at leading
order, i.e. neglecting the contribution of k3 at next-to-leading order. It was shown in [61] that a 200% uncertainty on k3 could
for instance increase the uncertainty in gHtt or geff

Hgg by around 30–40%.
In order to set quantitative goals in the determination of the Higgs self-interactions, it is useful to understand how large

the deviations from the SM could be while remaining compatible with the existing constraints on the different single Higgs
couplings. From an agnostic point of view, the Higgs cubic coupling can always be linked to the independent higher dimensional
operator |H|6 that does not alter any other Higgs couplings. Still, theoretical considerations set an upper bound on the deviation
of the trilinear Higgs couplings. Within the plausible linear EFT assumption discussed above, perturbativity imposes a maximum
deviation of the Higgs cubic self-interaction, relative to the SM value, of the order of [24, 61]

|k3|⇠< Min(600x ,4p) , (27)

where x is the typical size of the deviation of the single Higgs couplings to other SM particles [27]. However, the stability
condition of the EW vacuum, i.e. the requirement that no other deeper minimum results from the inclusion of higher dimensional
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Figure 10.2: From Ref. [275], sample Feynman diagrams illustrating the effects of the Higgs trilinear
self-coupling on single Higgs process at next-to-leading order.

Figure 10.3: Indirect measurements of the Higgs self-coupling at FCC-ee combining runs at different
energies.

are equally important to fix extra parameters that would otherwise enter the global Higgs fit and open flat
directions that cannot be resolved.

10.5 FCC-hh: Direct Probes
At FCC-hh, the Higgs self-coupling can be probed directly via Higgs-pair production. The cross sec-
tions for several production channels are given [276] in Table 10.1, where the quoted systematics reflect
today’s state of the art, and are therefore bound to be significantly improved by the time of FCC-hh
operations.

The most studied channel, in view of its large rate, is gluon fusion (see Fig. 10.1). In the SM
there is a large destructive interference between the diagram with the top-quark loop and that with the
self-coupling. While this interference suppresses the SM rate, it makes the rate more sensitive to possible
deviations from the SM couplings, the sensitivity being enhanced after NLO corrections are included, as
shown in the case of gg!HH in Ref. [277], where the first NLO calculation of �(gg!HH) inclusive of
top-mass effects was performed. For values of � close to 1, 1/�HHd�HH/d� ⇠ �1, and a measure-
ment of � at the few percent level requires therefore the measurement and theoretical interpretation of
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di-Higgs single-H
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global

1. di-H, excl.
• Use of σ+HH,             

 • only deformation of κλ

3. single-H, excl.
• single Higgs processes at higher order
• only deformation of κλ                          

2. di-H, glob.
• Use of σ+HH,                                                  
• deformation of κλ + of the single-H couplings
+a, do not consider the effects at higher order 

of κλ to single H production and decays
+b,  these higher order effects are included    

4. single-H, glob.
• single Higgs processes at higher order
• deformation of κλ + of the single Higgs 

couplings

 The Higgs self-coupling can be assessed using di-Higgs production and 
single-Higgs production

 The sensitivity of the various future colliders can be obtained using four 
different methods:
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University of Granada

(In the dim-6 SMEFT,        controlled independently by the operator                      ) 
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Not enough to add LO couplings (for the LHC)!… Why?
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• The extraction of the Higgs Trilinear at the LHC can be “contaminated” 
by other poorly constrained SMEFT operators…

e.g. 4-Top operators enter in ggF, ttH, H→bb and H→γγ @ NLO 
(same order in perturbation theory as Higgs trilinear) 

and experimental bounds are weak

Four-heavy-quark 
operators in single 
Higgs rates.

Full NLO calculation with these 4-heavy 
quark operators was carried out 

The gluon fusion, and  @ 2 loop  and the 

decay  @ 1 loop were calculated manually. 

For  a modified SMEFT@NLO model was used 

to cross-check the manual calculation @ 1loop 
with MadGraph.

h → γγ
h → bb̄

tt̄h

8

(d)(c)

(b)(a)

(e)

/ (b)(a)

(c)

(a) (b)

(c) (d)

(e)
 Cross checked with R.Gauld, B. Pecjak, and D. Scott (2016)Cross-checked with Gauld, Becjak and Scott ‘16
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L. Alasfar, J.B., R. Gröber, In preparation

ttH: A simple estimation of the Leading Log 
contributions via the RGE shows the 

contribution of 4-heavy quark operators
can be significant 
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• The extraction of the Higgs Trilinear at the LHC can be “contaminated” 
by other poorly constrained SMEFT operators… e.g. 4-Top operators

We computed the full NLO effects to LHC Higgs processes 
coming from 4-heavy-quark operators

L. Alasfar, J.B., R. Gröber, In preparation

Operator Process µR �R(Ci)fin �R(Ci)log

O(1)

Qt

ggF/ h ! gg mh
2

9.91 · 10�3 2.76 · 10�3

h ! �� �2.15 · 10�3 �0.60 · 10�3

tth 13 TeV
mt + mh

2

�4.20 · 10�1 2.24 · 10�3

tth 14 TeV �4.29 · 10�1 2.24 · 10�3

O(8)

Qt

ggF/ h ! gg mh
2

1.32 · 10�2 3.68 · 10�3

h ! �� �2.87 · 10�3 �0.80 · 10�3

tth 13 TeV
mt + mh

2

6.53 · 10�2 4.41 · 10�3

tth 14 TeV 7.30 · 10�2 4.41 · 10�3

O(1)

QtQb

ggF/ h ! gg
mh
2

4.22 · 10�2 1.37 · 10�2

h ! �� �8.07 · 10�3 �2.62 · 10�3

h ! bb �7.58 · 10�1 �8.00 · 10�2

tth 13 TeV
mt + mh

2

�3.04 · 10�3 0.88 · 10�3

tth 14 TeV �2.2 · 10�3 0.88 · 10�3

O(8)

QtQb

ggF/ h ! gg
mh
2

8.03 · 10�3 2.60 · 10�3

h ! �� �1.53 · 10�3 �4.98 · 10�3

h ! bb �1.50 · 10�1 �1.59 · 10�2

tth 13 TeV
mt + mh

2

�1.61 · 10�3 0.67 · 10�3

tth 14 TeV �1.10 · 10�3 0.67 · 10�3

O(1)

QQ

tth 13 TeV
–

1.89 · 10�3 –
tth 14 TeV 2.31 · 10�3 –

O(3)

QQ

tth 13 TeV
–

0.64 · 10�3 –
tth 14 TeV 0.43 · 10�3 –

O(1)

tt

tth 13 TeV
–

7.50 · 10�3 –
tth 14 TeV 6.44 · 10�3 –

Table 1: The NLO corrections from the 4 heavy-quark SMEFT operators we have consid-
ered in this study to single Higgs rates ( production cross-section or decay partial width)
setting ⇤ = 1 TeV, with the renormalisation scale for each process. We have separated
the contributions into the finite piece �R(Ci)fin and the leading log running of the Wilson
coe�cients �R(Ci)log in accordance with Eq. (34). Note that for operators involving heavy
quarks all being of the same chirality, one only gets finite contributions.

14

C1 · 10�2
C� (⇤ = 1TeV)

ggF/ gg ! h -0.31
tth 13 TeV -1.64
tth 14 TeV -1.62
h ! �� -0.23
h ! bb 0.00
h ! W

+
W

� -0.34
h ! ZZ -0.39
pp ! Zh 13 TeV -0.56
pp ! Zh 14 TeV -0.55
pp ! W

±
h -0.48

VBF -0.30
h ! 4` -0.38

Table 3: The relative correction dependence on the CH for Higgs processes taken from [20].
If the

p
s is not indicated, the C! coe↵eient is the same for both 13 and 14 TeV.

bounds. To cross-check the MCMC Bayesian fit, a Frequentest Pearson’s chi-squared �
2 fit

was performed using iminuit [47, 48], where the �
2 was taken to be

�
2 = �2 log(L). (40)

Both fit results agreed on the 95% and 68% CI (or CL) bounds 6.
[Lina: The code for the fit, experimental input and the analysis can be found

on GitHub, to be determined later ]
Given that current bounds on the operators are rather weak, we also want to investigate

the uncertainty of our fit associated to the truncation of the EFT. In order to do so, we define
various schemes. First of all, we have adopted two di↵erent definitions of the theoretical
signal strengths, the first is fully linearised in 1/⇤2

µ
L(C�, Ci) := 1 + ��(C�, Ci) + ��(C�, Ci) � ��h(C�, Ci), (41)

with ��h being the NLO correction to the Higgs full width from the dimension 6 operators
with Wilson coe�cients C� and Ci, where Ci stands schematically for C

(1)

Qt , C
(8)

Qt , C
(1)

QtQb, C
(8)

Qt ,

C
(1)

QQ, C
(8)

QQ [JB: C
(8)

QQ or C
(3)

QQ?] and C
(1)

tt . Moreover, we have also used the “non-linear”
signal strength, were the NLO corrections to the BRs were not expanded in 1/⇤2

µ
NL(C�, Ci) := (1 + ��(C�, Ci))

✓
1 + ��(C�, Ci)

1 + ��h(C�, Ci)

◆
. (42)

This scheme is in alignment with what has been used in fits of the trilinear Higgs self-coupling
modification in single Higgs production [17]. Since the four-fermion operators enter into the
virtual corrections at NLO, Higgs production and decay contain only linear terms in 1/⇤2 in

6In order to plot the multidimensional posterior distributions and the forest plots we have used a code
based on corner.py [49], pygtc [50] and zEpid [51]

16

Relative contribution from operators  
modifying H trilinear 

Degrassi et al. ‘16
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• The extraction of the Higgs Trilinear at the LHC can be “contaminated” 
by other poorly constrained SMEFT operators… e.g. 4-Top operators

We computed the full NLO effects to LHC Higgs processes 
coming from 4-heavy-quark operators

L. Alasfar, J.B., R. Gröber, In preparation
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–

1.89 · 10�3 –
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O(3)
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–

0.64 · 10�3 –
tth 14 TeV 0.43 · 10�3 –

O(1)

tt

tth 13 TeV
–

7.50 · 10�3 –
tth 14 TeV 6.44 · 10�3 –

Table 1: The NLO corrections from the 4 heavy-quark SMEFT operators we have consid-
ered in this study to single Higgs rates ( production cross-section or decay partial width)
setting ⇤ = 1 TeV, with the renormalisation scale for each process. We have separated
the contributions into the finite piece �R(Ci)fin and the leading log running of the Wilson
coe�cients �R(Ci)log in accordance with Eq. (34). Note that for operators involving heavy
quarks all being of the same chirality, one only gets finite contributions.

14

C1 · 10�2
C� (⇤ = 1TeV)

ggF/ gg ! h -0.31
tth 13 TeV -1.64
tth 14 TeV -1.62
h ! �� -0.23
h ! bb 0.00
h ! W

+
W

� -0.34
h ! ZZ -0.39
pp ! Zh 13 TeV -0.56
pp ! Zh 14 TeV -0.55
pp ! W

±
h -0.48

VBF -0.30
h ! 4` -0.38

Table 3: The relative correction dependence on the CH for Higgs processes taken from [20].
If the

p
s is not indicated, the C! coe↵eient is the same for both 13 and 14 TeV.

bounds. To cross-check the MCMC Bayesian fit, a Frequentest Pearson’s chi-squared �
2 fit

was performed using iminuit [47, 48], where the �
2 was taken to be

�
2 = �2 log(L). (40)

Both fit results agreed on the 95% and 68% CI (or CL) bounds 6.
[Lina: The code for the fit, experimental input and the analysis can be found

on GitHub, to be determined later ]
Given that current bounds on the operators are rather weak, we also want to investigate

the uncertainty of our fit associated to the truncation of the EFT. In order to do so, we define
various schemes. First of all, we have adopted two di↵erent definitions of the theoretical
signal strengths, the first is fully linearised in 1/⇤2

µ
L(C�, Ci) := 1 + ��(C�, Ci) + ��(C�, Ci) � ��h(C�, Ci), (41)

with ��h being the NLO correction to the Higgs full width from the dimension 6 operators
with Wilson coe�cients C� and Ci, where Ci stands schematically for C

(1)

Qt , C
(8)

Qt , C
(1)

QtQb, C
(8)

Qt ,

C
(1)

QQ, C
(8)

QQ [JB: C
(8)

QQ or C
(3)

QQ?] and C
(1)

tt . Moreover, we have also used the “non-linear”
signal strength, were the NLO corrections to the BRs were not expanded in 1/⇤2

µ
NL(C�, Ci) := (1 + ��(C�, Ci))

✓
1 + ��(C�, Ci)

1 + ��h(C�, Ci)

◆
. (42)

This scheme is in alignment with what has been used in fits of the trilinear Higgs self-coupling
modification in single Higgs production [17]. Since the four-fermion operators enter into the
virtual corrections at NLO, Higgs production and decay contain only linear terms in 1/⇤2 in

6In order to plot the multidimensional posterior distributions and the forest plots we have used a code
based on corner.py [49], pygtc [50] and zEpid [51]

16

Relative contribution from operators  
modifying H trilinear 

Degrassi et al. ‘16

Sizable effects in ggF (dominant at LHC)…
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• The extraction of the Higgs Trilinear at the LHC can be “contaminated” 
by other poorly constrained SMEFT operators… e.g. 4-Top operators

We computed the full NLO effects to LHC Higgs processes 
coming from 4-heavy-quark operators

L. Alasfar, J.B., R. Gröber, In preparation
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tth 14 TeV �1.10 · 10�3 0.67 · 10�3

O(1)

QQ

tth 13 TeV
–

1.89 · 10�3 –
tth 14 TeV 2.31 · 10�3 –

O(3)

QQ

tth 13 TeV
–

0.64 · 10�3 –
tth 14 TeV 0.43 · 10�3 –

O(1)
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tth 13 TeV
–

7.50 · 10�3 –
tth 14 TeV 6.44 · 10�3 –

Table 1: The NLO corrections from the 4 heavy-quark SMEFT operators we have consid-
ered in this study to single Higgs rates ( production cross-section or decay partial width)
setting ⇤ = 1 TeV, with the renormalisation scale for each process. We have separated
the contributions into the finite piece �R(Ci)fin and the leading log running of the Wilson
coe�cients �R(Ci)log in accordance with Eq. (34). Note that for operators involving heavy
quarks all being of the same chirality, one only gets finite contributions.

14

C1 · 10�2
C� (⇤ = 1TeV)

ggF/ gg ! h -0.31
tth 13 TeV -1.64
tth 14 TeV -1.62
h ! �� -0.23
h ! bb 0.00
h ! W

+
W

� -0.34
h ! ZZ -0.39
pp ! Zh 13 TeV -0.56
pp ! Zh 14 TeV -0.55
pp ! W

±
h -0.48

VBF -0.30
h ! 4` -0.38

Table 3: The relative correction dependence on the CH for Higgs processes taken from [20].
If the

p
s is not indicated, the C! coe↵eient is the same for both 13 and 14 TeV.

bounds. To cross-check the MCMC Bayesian fit, a Frequentest Pearson’s chi-squared �
2 fit

was performed using iminuit [47, 48], where the �
2 was taken to be

�
2 = �2 log(L). (40)

Both fit results agreed on the 95% and 68% CI (or CL) bounds 6.
[Lina: The code for the fit, experimental input and the analysis can be found

on GitHub, to be determined later ]
Given that current bounds on the operators are rather weak, we also want to investigate

the uncertainty of our fit associated to the truncation of the EFT. In order to do so, we define
various schemes. First of all, we have adopted two di↵erent definitions of the theoretical
signal strengths, the first is fully linearised in 1/⇤2

µ
L(C�, Ci) := 1 + ��(C�, Ci) + ��(C�, Ci) � ��h(C�, Ci), (41)

with ��h being the NLO correction to the Higgs full width from the dimension 6 operators
with Wilson coe�cients C� and Ci, where Ci stands schematically for C

(1)

Qt , C
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(1)

QtQb, C
(8)

Qt ,

C
(1)

QQ, C
(8)

QQ [JB: C
(8)

QQ or C
(3)

QQ?] and C
(1)

tt . Moreover, we have also used the “non-linear”
signal strength, were the NLO corrections to the BRs were not expanded in 1/⇤2

µ
NL(C�, Ci) := (1 + ��(C�, Ci))

✓
1 + ��(C�, Ci)

1 + ��h(C�, Ci)

◆
. (42)

This scheme is in alignment with what has been used in fits of the trilinear Higgs self-coupling
modification in single Higgs production [17]. Since the four-fermion operators enter into the
virtual corrections at NLO, Higgs production and decay contain only linear terms in 1/⇤2 in

6In order to plot the multidimensional posterior distributions and the forest plots we have used a code
based on corner.py [49], pygtc [50] and zEpid [51]

16

Relative contribution from operators  
modifying H trilinear 

Degrassi et al. ‘16

Sizable effects in ggF (dominant at LHC)…
… and ttH (strongest dependence on C𝜙)…
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• The extraction of the Higgs Trilinear at the LHC can be “contaminated” 
by other poorly constrained SMEFT operators… e.g. 4-Top operators

Toy fit to LHC Higgs data: including modifications of Higgs trilinear (O𝜙) 
and 4-Heavy quark operators 

L. Alasfar, J.B., R. Gröber, In preparation

�20

0

20

40

C
(8

)
Q

t

�4

0

4

8

C
+ Q

t
Q

b

0 4 8

C
(1)
Qt

�60
�40
�20

0

C
�

�20 0 20 40

C
(8)
Qt

�4 0 4 8

C
+
QtQb

C
(1)
Qt

=[-1.25,8.67]

C
(8)
Qt

=[-8.03,37.34]

C
+
QtQb

=[-4.70,8.02]

�60 �40 �20 0

C�

C� = [�52.0, 8.8]

C
(1)
Qt

C
(8)
Qt

C
+
QtQb C�

C
(1)
Qt

C
(8)
Qt

C
+
QtQb

C�

1 0.97 0.45 -0.4

1 0.54 -0.23

1 0.46

1

��3 ⇠ O(��2)
� = 1 TeV
(LHC Run II)

Figure 7: The marginalised 4-dimensional 68% and 95% HDPI’s for the four-parameter
fits combining the independent four-fermion Wilson coe�cients with C� using the linear
definition of µ in addition to the 95% CI bounds and correlations on the top-right side. The
upper panel shows the fit with linear�3 scheme while the lower one shows the fit with the
quadratic �3 scheme.
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Figure 6: A forest plot illustrating the means and 95% CIs of the posteriors built from the
C� in a two-parameter fit with the four fermion operators marginalised. The fits for C� from
full run-II Higgs data was done with both schemes for �3 and linearised µ discussed above.
For comparison, also the 95% CI and means for the single parameter fit for C� with the
same single Higgs data is shown as well as the bounds on C� from the 139 fb�1 search for
Higgs pair production [56]. The horizontal blue band illustrates the perturbative unitarity
bound [57].
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• The extraction of the Higgs Trilinear at the LHC can be “contaminated” 
by other poorly constrained SMEFT operators… e.g. 4-Top operators
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upper panel shows the fit with linear�3 scheme while the lower one shows the fit with the
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Figure 6: A forest plot illustrating the means and 95% CIs of the posteriors built from the
C� in a two-parameter fit with the four fermion operators marginalised. The fits for C� from
full run-II Higgs data was done with both schemes for �3 and linearised µ discussed above.
For comparison, also the 95% CI and means for the single parameter fit for C� with the
same single Higgs data is shown as well as the bounds on C� from the 139 fb�1 search for
Higgs pair production [56]. The horizontal blue band illustrates the perturbative unitarity
bound [57].
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• Future e+e- Higgs factories:

• Different approaches for an EW/Higgs/Top factory, e.g.

✓ LC:  Polarization can help disentangling NP effects & control systematics
✓ CC: High luminosity (plus several IP). Z-pole run → Tera Z
✓ High-E runs → Access to tt (LC & CC), ttH and HH (LC) thresholds

• In this talk I will focus mostly on the EW/Higgs factory option

Future Colliders
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Linear e+e- Colliders

Circular e+e- Colliders

Lepton Colliders

LEP/SLC

250 (350/500/1000?) 380/1500/3000
±80%/∓30% ±80%/0%(Pe� , Pe+)
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32 CHAPTER 3. ELECTROWEAK PHYSICS

Fig. 3.6: Uncertainty on several observables related to the properties of the electroweak bosons:
the masses of the Z and W boson and the top quark, the Z boson width, and for fermion f the
polarisation asymmetries (A f ) and ratios of decay rates relative to the total hadronic decay rate
(R f ). For the asymmetries and decay rate ratios relative uncertainties are shown. The fermions
considered are leptons and b- and c-quarks. For Ab and Ac, FCC-ee considers uncertainties due
to modelling of heavy quarks not considered by the other colliders. If these are neglected the
uncertainty is similar to that on Ae (indicated by a vertical line). The uncertainty on mtop is only
the experimental uncertainty, currently there is also a theoretical uncertainty of 40 MeV which
is not shown.

QED is the world’s most precisely tested theory. The most impressive comparison be-
tween data and theory is the anomalous magnetic moment of the electron, (ge � 2) [44, 45],
which has been measured with a precision of one part in 1012 and is found to agree with theoret-
ical calculations performed up to order a5 ([46] and references therein). For the muon (gµ �2),
however, there is a 3�4s discrepancy [47,48] between theory and experiment which could hint
at new physics breaking lepton universality. A new experiment is now running at FNAL to clar-
ify the situation [49], aiming at a precision of 1.6⇥10�10 (4⇥ better than the current precision).
The uncertainty on the theoretical calculation is ⇠ 5⇥10�10 and the largest source comes from
hadronic contributions. The MUonE experiment [50] at CERN plans to make measurements of
high-energy muons (E = 150 GeV) scattering on atomic electrons (µe ! µe) to constrain the
hadronic contributions to the theoretical value for gµ .

The fine structure constant at MZ is currently determined as 1/a = 128.952 ± 0.014,
see Ref. [33]. Based on future measurements at BES III, Belle II and VHEP-2000, it should be
possible to reduce the uncertainty to ±0.006 [51]. It has been estimated that it can be reduced to
±0.004 by measuring the forward-backward asymmetries for e+e� ! µ+µ� production versusp

s near MZ using 40 ab�1of data [52] with FCC-ee. The current uncertainty on a = ±0.014

*Not in baseline

*

*
†

†

† Via rad. Return to the Z
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Fig. 30: (left) Summary plot showing the total expected ±1� uncertainties in S2 (with YR18 systematic
uncertainties) on the coupling modifier parameters for ATLAS (blue) and CMS (red). The filled coloured
box corresponds to the statistical and experimental systematic uncertainties, while the hatched grey area
represent the additional contribution to the total uncertainty due to theoretical systematic uncertainties.
(right) Summary plot showing the total expected ±1� uncertainties in S2 (with YR18 systematic uncer-
tainties) on the coupling modifier parameters for the combination of ATLAS and CMS extrapolations.
For each measurement, the total uncertainty is indicated by a grey box while the statistical, experimental
and theory uncertainties are indicated by a blue, green and red line respectively.

level of Lagrangians. Here we will discuss the interpretation of the  factors within the electroweak chiral
Lagrangian (EWChL or HEFT). Within this EFT, the contributions to processes with a single Higgs, in
the unitary gauge, are [184, 185, 183]

Lfit = 2cV

⇣
m2

W W+
µ W�µ

+
1
2m2

ZZµZµ
⌘ h

v
�

X

 

c m  ̄ 
h

v

+
e2

16⇡2 c�Fµ⌫F
µ⌫ h

v
+

e2

16⇡2 cZ�Zµ⌫F
µ⌫ h

v
+

g2
s

16⇡2 cgtr
⇥
Gµ⌫G

µ⌫⇤h
v
,

(8)

where mi is the mass of particle i,  2 {t, b, c, ⌧, µ}, and the ci describe the modifications of the Higgs
couplings. The previous Lagrangian differs from a naive rescaling of Higgs couplings, even though
superficially it might seem to be equivalent. In particular, the Standard Model is consistently recovered
in eq. (8) for

cSM
i =

(
1 for i = V, t, b, c, ⌧, µ

0 for i = g, �, Z�.
(9)

This Lagrangian, taken in isolation, leads to a theory with a parametrically low cutoff: it has therefore
to be thought as part of a bigger EFT: the EWChL [186, 187, 188, 189, 190, 191, 192, 193, 194, 195,
196, 197, 198, 199, 200, 201, 202, 203]. This is a bottom-up EFT, constructed with the particle content
and symmetries of the SM. These are the same requirements adopted in the construction of the SMEFT.
The main difference between both EFTs concerns the Higgs field. In the EWChL, the Higgs boson, h, is
included as a scalar singlet, with couplings unrelated to the ones of the Goldstone bosons of electroweak
symmetry breaking (EWSB). Therefore, h is not necessarily part of an SU(2) doublet and consequently
(contrary to the SMEFT) the leading-order Lagrangian is already an EFT, leading potentially to O(1)
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Figure 4.2: Left: A schematic view, transverse to the detector axis, of an e
+
e
� ! HZ event with

Z! µ+µ� and with the Higgs boson decaying hadronically. The two muons from the Z decay are
indicated. Right: Distribution of the mass recoiling against the muon pair, determined from the total
energy-momentum conservation, with an integrated luminosity of 5 ab

�1 and the CLD detector design.
The peak around 125 GeV (in red) consists of HZ events. The rest of the distribution (in blue and pink)
originate from ZZ and WW production.

the Higgs boson at the loop level. Under the assumption that the coupling structure is identical in form
to the SM, this cross section is proportional to the square of the Higgs boson coupling to the Z, gHZZ.

Building upon this powerful measurement, the Higgs boson width can then be inferred by counting
the number of HZ events in which the Higgs boson decays into a pair of Z bosons. Under the same
coupling assumption, this number is proportional to the ratio �HZ⇥�(H ! ZZ)/�H, hence to g4

HZZ/�H.
The measurement of gHZZ described above thus allows �H to be extracted. The numbers of events with
exclusive decays of the Higgs boson into bb̄, cc̄, gg, t+t�, µ+µ�, W

+
W

�, gg, Zg, and invisible Higgs
boson decays (tagged with the presence of just one Z boson and missing mass in the event) measure
�HZ ⇥ �(H ! XX)/�H with precisions indicated in Table 4.1.

With �HZ and �H known, the numbers of events are proportional to the square of the gHXX cou-
pling involved. In practice, the width and the couplings are determined with a global fit, which closely
follows the logic of Ref. [63]. The results of this fit are summarised in Table 4.2 and are compared to
the same fit applied to HL-LHC projections [60] and to those of other e

+
e
� colliders [64–66] exploring

the 240-to-380 GeV centre-of-mass energy range. Table 4.2 also shows that the extractions of �H and
of gHWW from the global fit are significantly improved by the addition of the WW-fusion process atp

s = 365 GeV, as a result of the correlation between the HZ and nn H processes.
In addition to the unique electroweak precision measurement programme presented earlier, the

FCC-ee, among the e
+
e
� collider projects at the EW scale, provides the best model-independent preci-

sions for all couplings accessible from Higgs boson decays. With larger luminosities delivered to several
detectors at several centre-of-mass energies (240, 350, and 365 GeV), the FCC-ee improves over the
model-dependent HL-LHC precisions by an order of magnitude for all non-rare decays, and is there-
fore able to test the Higgs boson at the one-loop level of the SM, without the need of a costly e

+
e
�

centre-of-mass energy upgrade. The FCC-ee also determines the Higgs boson width with a precision of
1.6%, which in turn allows the HL-LHC measurements to be interpreted in a model-independent way

DRAFT - NOT FOR DISTRIBUTION
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Analysis of ZH recoil mass

Kazutoshi Ito1

1- Department of Physics, Tohoku University
Research Center for Neutrino Science, Tohoku University, Sendai , Japan

The precise measurement of the Higgs mass is the most important program at Inter-
national Linear Collider (ILC). Using e

+
e
− → ZH process, the mass of Higgs boson

can be measured by two lepton tracks from decay of Z boson, even if the Higgs boson
decays into invisible particles. We report the measurement accuracy on the Higgs re-
coil mass and the cross sections for ZH → !

+
!
−

X at
√
s=250 GeV with the integrated

luminosity of 250 fb−1.

1 Introduction

The Higgs-strahlung e+e− → ZH , is the most important mode to study the Higgs mass,
branching ratio, etc. at the ILC. Especially, the leptonic decay mode of Z boson realizes the
precise measurement of the Higgs mass due to the finite center of mass energy at ILC, for
example, the Higgs mass can be measured as the recoil mass against the Z boson (mrecoil)
by using reconstructed mass and energy of a Z boson as followings;

m2
recoil = s+m2

Z − 2 ·EZ ·
√
s, (1)

where
√
s is the center of mass energy, and mZ and EZ are the mass and energy of a Z boson

reconstructed by the two lepton tracks. Since the decay products from Higgs bosons are
not used in this study, the Higgs mass can be measured even if the Higgs boson decays into
invisible particles. In this paper, we report our analysis status on measurement accuracy of
the Higgs recoil mass and the cross section of e+e− → ZH by using ZH → e+e−/µ+µ−X .

2 Simulation

In this study, we used the geometry of LDC′ detector model (LDCPrime_02Sc), which is
prepared for the detector optimization study for ILD. We assumed the mass of Higgs boson
as 120 GeV. The center of mass energy was set to 250 GeV, where the initial beam spread was
considered to be 0.28% for the electron beam and 0.18% for the positron beam. The beam
simulation was done by CAIN [2] with the initial and final state radiation (ISR and FSR)
and beamstrahlung. WHIZARD [3] was used as the event generator, and hadronization was
done by Pythia 6.409 [4]. The generated events were simulated by Mokka and reconstruction
was done by Marlin [5].

We considered only ZZ → e+e−X/µ+µ−X events as background. The cross section of
the signal events were 7.5 fb and these of ZZ events were 78.7 fb for ZZ → e+e−X and 79.0
fb for ZZ → µ+µ−X . In the analysis, the number of events was scaled to 250 fb−1.

3 Analysis

To identify electrons or muons coming from decay of Z bosons, we reconstructed the invariant
mass by using two charged tracks with track energy above 10 GeV. Then, a pair of the

LCWS/ILC2008

1) Normalizes all couplings (no ratios) 
2) Allows model-independent  
measurement of ΓΗ

   →inclusive measurement of σZH
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e.g. Circular Colliders (FCCee/CEPC)
Table 20. Inputs used for CEPC and FCC-ee projections. All uncertainties are given as fractional 68% CL intervals and are
taken to be symmetric. The upper limits are given at 68% CL. A dash indicates the absence of a projection for the
corresponding channel.

FCC-ee240 FCC-ee365 CEPC
dsZH 0.005 0.009 0.005
d µZH,bb 0.003 0.005 0.0031
d µZH,cc 0.022 0.065 0.033
d µZH,gg 0.019 0.035 0.013
d µZH,WW 0.012 0.026 0.0098
d µZH,ZZ 0.044 0.12 0.051
d µZH,tt 0.009 0.018 0.0082
d µZH,gg 0.09 0.18 0.068
d µZH,µµ 0.19 0.40 0.17
d µZH,Zg � � 0.16
d µnnH,bb 0.031 0.009 0.030
d µnnH,cc � 0.10 �
d µnnH,gg � 0.045 �
d µnnH,ZZ � 0.10 �
d µnnH,tt � 0.08 �
d µnnH,gg � 0.22 �
BRinv <0.0015 <0.003 <0.0015
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Figure 4.2: Left: A schematic view, transverse to the detector axis, of an e
+
e
� ! HZ event with

Z! µ+µ� and with the Higgs boson decaying hadronically. The two muons from the Z decay are
indicated. Right: Distribution of the mass recoiling against the muon pair, determined from the total
energy-momentum conservation, with an integrated luminosity of 5 ab

�1 and the CLD detector design.
The peak around 125 GeV (in red) consists of HZ events. The rest of the distribution (in blue and pink)
originate from ZZ and WW production.

the Higgs boson at the loop level. Under the assumption that the coupling structure is identical in form
to the SM, this cross section is proportional to the square of the Higgs boson coupling to the Z, gHZZ.

Building upon this powerful measurement, the Higgs boson width can then be inferred by counting
the number of HZ events in which the Higgs boson decays into a pair of Z bosons. Under the same
coupling assumption, this number is proportional to the ratio �HZ⇥�(H ! ZZ)/�H, hence to g4

HZZ/�H.
The measurement of gHZZ described above thus allows �H to be extracted. The numbers of events with
exclusive decays of the Higgs boson into bb̄, cc̄, gg, t+t�, µ+µ�, W

+
W

�, gg, Zg, and invisible Higgs
boson decays (tagged with the presence of just one Z boson and missing mass in the event) measure
�HZ ⇥ �(H ! XX)/�H with precisions indicated in Table 4.1.

With �HZ and �H known, the numbers of events are proportional to the square of the gHXX cou-
pling involved. In practice, the width and the couplings are determined with a global fit, which closely
follows the logic of Ref. [63]. The results of this fit are summarised in Table 4.2 and are compared to
the same fit applied to HL-LHC projections [60] and to those of other e

+
e
� colliders [64–66] exploring

the 240-to-380 GeV centre-of-mass energy range. Table 4.2 also shows that the extractions of �H and
of gHWW from the global fit are significantly improved by the addition of the WW-fusion process atp

s = 365 GeV, as a result of the correlation between the HZ and nn H processes.
In addition to the unique electroweak precision measurement programme presented earlier, the

FCC-ee, among the e
+
e
� collider projects at the EW scale, provides the best model-independent preci-

sions for all couplings accessible from Higgs boson decays. With larger luminosities delivered to several
detectors at several centre-of-mass energies (240, 350, and 365 GeV), the FCC-ee improves over the
model-dependent HL-LHC precisions by an order of magnitude for all non-rare decays, and is there-
fore able to test the Higgs boson at the one-loop level of the SM, without the need of a costly e

+
e
�

centre-of-mass energy upgrade. The FCC-ee also determines the Higgs boson width with a precision of
1.6%, which in turn allows the HL-LHC measurements to be interpreted in a model-independent way
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Analysis of ZH recoil mass

Kazutoshi Ito1

1- Department of Physics, Tohoku University
Research Center for Neutrino Science, Tohoku University, Sendai , Japan

The precise measurement of the Higgs mass is the most important program at Inter-
national Linear Collider (ILC). Using e

+
e
− → ZH process, the mass of Higgs boson

can be measured by two lepton tracks from decay of Z boson, even if the Higgs boson
decays into invisible particles. We report the measurement accuracy on the Higgs re-
coil mass and the cross sections for ZH → !

+
!
−

X at
√
s=250 GeV with the integrated

luminosity of 250 fb−1.

1 Introduction

The Higgs-strahlung e+e− → ZH , is the most important mode to study the Higgs mass,
branching ratio, etc. at the ILC. Especially, the leptonic decay mode of Z boson realizes the
precise measurement of the Higgs mass due to the finite center of mass energy at ILC, for
example, the Higgs mass can be measured as the recoil mass against the Z boson (mrecoil)
by using reconstructed mass and energy of a Z boson as followings;

m2
recoil = s+m2

Z − 2 ·EZ ·
√
s, (1)

where
√
s is the center of mass energy, and mZ and EZ are the mass and energy of a Z boson

reconstructed by the two lepton tracks. Since the decay products from Higgs bosons are
not used in this study, the Higgs mass can be measured even if the Higgs boson decays into
invisible particles. In this paper, we report our analysis status on measurement accuracy of
the Higgs recoil mass and the cross section of e+e− → ZH by using ZH → e+e−/µ+µ−X .

2 Simulation

In this study, we used the geometry of LDC′ detector model (LDCPrime_02Sc), which is
prepared for the detector optimization study for ILD. We assumed the mass of Higgs boson
as 120 GeV. The center of mass energy was set to 250 GeV, where the initial beam spread was
considered to be 0.28% for the electron beam and 0.18% for the positron beam. The beam
simulation was done by CAIN [2] with the initial and final state radiation (ISR and FSR)
and beamstrahlung. WHIZARD [3] was used as the event generator, and hadronization was
done by Pythia 6.409 [4]. The generated events were simulated by Mokka and reconstruction
was done by Marlin [5].

We considered only ZZ → e+e−X/µ+µ−X events as background. The cross section of
the signal events were 7.5 fb and these of ZZ events were 78.7 fb for ZZ → e+e−X and 79.0
fb for ZZ → µ+µ−X . In the analysis, the number of events was scaled to 250 fb−1.

3 Analysis

To identify electrons or muons coming from decay of Z bosons, we reconstructed the invariant
mass by using two charged tracks with track energy above 10 GeV. Then, a pair of the

LCWS/ILC2008

1) Normalizes all couplings (no ratios) 
2) Allows model-independent  
measurement of ΓΗ

   →inclusive measurement of σZH

Lepton Collider Higgs
Main production: ZH, ννΗ (WBF)

(Similar results for Linear Colliders)
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• A lot of work during the European Strategy Update for Particle 
Physics 2020 was dedicated to establish the physics potential of these 
machines and lead to the following conclusions:

19/06/2020 CERN Council Open Session 7

2020 Strategy Statements

Guide through the statements
2 statements on Major developments from the 2013 Strategy
a) Focus on successful completion of HL-LHC upgrade remains a 

priority
b) Continued support for long-baseline experiments in Japan and 

US and the Neutrino Platform

3 statements on General considerations for the 2020 update
a) Preserve the leading role of CERN for success of European PP 

community
b) Strengthen the European PP ecosystem of research centres
c) Acknowledge the global nature of PP research

2 statements on High-priority future initiatives
a) Higgs factory as the highest-priority next collider and 

investigation of the technical and financial feasibility of a 
future hadron collider at CERN

b) Vigorous R&D on innovative accelerator technologies

4 statements on Other essential scientific activities 
a) Support for high-impact, financially implementable, 

experimental initiatives world-wide
b) Acknowledge the essential role of theory
c) Support for instrumentation R&D
d) Support for computing and software infrastructure

2 statements on Synergies with neighbouring fields
a) Nuclear physics – cooperation with NuPECC
b) Astroparticle – cooperation with APPEC

3 statements on Organisational issues
a) Global collaboration on projects in and out of Europe
b) Relations with European Commission
c) Open science

4 statements on Environmental and societal impact
a) Mitigate environmental impact of particle physics 
b) Investment in next generation of researchers
c) Knowledge and technology transfer
d) Cultural heritage: public engagement, education and 

communication 
Letters for itemizing the statements are introduced 
for identification, do not imply prioritization 

H. Abramowicz’s talk at the CERN council meeting of June 19, 2020 
See also F. Giannotti’s talk on June 29, 2020 for further remarks

However, no consensus on the type of Higgs 
factory (Circular or Linear)
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• Decisions based on the results of the studies of the different Working Groups 
formed to assist the Physics Preparatory Group (PPG) in evaluating the physics 
potential of the different future experiments.

• The Higgs@Future Colliders WG was formed by RECFA for this purpose, to help in 
areas related to Higgs/EW physics. The main outcome of the WG studies is collected 
in the report in JHEP 01 (2020) 139 (1905.03764 [hep-ph]) and summarized in the 
Electroweak Physics chapter of the Physics Briefing Book

Higgs Boson studies at future particle colliders

J. de Blas1,2, M. Cepeda3, J. D’Hondt4, R. K. Ellis5, C. Grojean6,7, B. Heinemann6,8,
F. Maltoni9,10, A. Nisati11,*, E. Petit12, R. Rattazzi13, and W. Verkerke14

1Dipartimento di Fisica e Astronomia Galileo Galilei, Universita di Padova, Via Marzolo 8, I-35131 Padova, Italy
2Istituto Nazionale di Fisica Nucleare (INFN), Sezione di Padova,Via Marzolo 8, I-35131 Padova, Italy
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ABSTRACT

This document aims to provide an assessment of the potential of future colliding beam facilities to perform Higgs boson
studies. The analysis builds on the submissions made by the proponents of future colliders to the European Strategy Update
process, and takes as its point of departure the results expected at the completion of the HL-LHC program. This report
presents quantitative results on many aspects of Higgs physics for future collider projects of sufficient maturity using uniform
methodologies. A first version of this report was prepared for the purposes of discussion at the Open Symposium in Granada
(13-16/05/2019). Comments and feedback received led to the consideration of additional run scenarios as well as a refined
analysis of the impact of electroweak measurements on the Higgs coupling extraction.
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Fig. 3.9: 68% probability reach on Higgs couplings at the different future colliders from the
Global fit SMEFTND. For details, see Ref. [39].

The rate of rare Higgs boson decays such as H ! µ+µ� that allows the study of the
second generation lepton couplings, will be best measured by HL-LHC with an accuracy of
about 4%.

It is difficult to access the couplings for the first generation. The current limit ke < 611
[67] is based on the direct search for H ! e+e�. A study at FCC-ee [68] has assessed the
reach of a dedicated run at

p
s = mH . In one year, an upper limit of 2.5 times the SM value can

be reached, while the SM sensitivity would be reached in a five-year run. For the light quark
couplings, please see Ref. [39] for further discussion.

When FCC-ee is combined with FCC-eh and FCC-hh a further significant improvement is
seen, particularly for couplings to top quark, muons, photons and Zg where FCC-hh will benefit
from very large event samples. The improvement in kW comes primarily from FCC-eh. A study
of various other combination of aspects of the FCC programme is documented in Ref. [39].

The sensitivity of the Higgs branching ratio to BSM invisible final states is predicted to
be improved by a factor 3 (CLIC) to 10 (FCC-ee, ILC) with respect to HL-LHC. For FCC-hh a
sensitivity to branching ratios as small as 0.025% is expected to be achieved. Branching ratios
to untagged decays are typically probed with a precision of (1�2)%.

In Fig. 3.9, the results of the fit corresponding on the EFT benchmark, expressed in terms
of effective couplings, are shown. Again, it is seen that compared to the HL-LHC the e+e�

colliders improve most parameters by about factors of 5-10. The exceptions are the coupling
parameters related to top, Zg and µ couplings. The sensitivity of the different types of e+e�

colliders is similar in their first stages. The improvements seen for HE-LHC and LHeC are
more modest. For the Z and W a sensitivity below 0.3% can be achieved by ILC, CLIC and
FCC. At this precision, the uncertainty is potentially limited by the intrinsic theory uncertainties
which is not considered here (see discussion in Sect. 3.2.3). For fermions, the best sensitivity is
reached for b-quarks and t-leptons, and it is about 0.5%.
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Fig. 3.9: 68% probability reach on Higgs couplings at the different future colliders from the
Global fit SMEFTND. For details, see Ref. [39].

The rate of rare Higgs boson decays such as H ! µ+µ� that allows the study of the
second generation lepton couplings, will be best measured by HL-LHC with an accuracy of
about 4%.

It is difficult to access the couplings for the first generation. The current limit ke < 611
[67] is based on the direct search for H ! e+e�. A study at FCC-ee [68] has assessed the
reach of a dedicated run at

p
s = mH . In one year, an upper limit of 2.5 times the SM value can

be reached, while the SM sensitivity would be reached in a five-year run. For the light quark
couplings, please see Ref. [39] for further discussion.

When FCC-ee is combined with FCC-eh and FCC-hh a further significant improvement is
seen, particularly for couplings to top quark, muons, photons and Zg where FCC-hh will benefit
from very large event samples. The improvement in kW comes primarily from FCC-eh. A study
of various other combination of aspects of the FCC programme is documented in Ref. [39].

The sensitivity of the Higgs branching ratio to BSM invisible final states is predicted to
be improved by a factor 3 (CLIC) to 10 (FCC-ee, ILC) with respect to HL-LHC. For FCC-hh a
sensitivity to branching ratios as small as 0.025% is expected to be achieved. Branching ratios
to untagged decays are typically probed with a precision of (1�2)%.

In Fig. 3.9, the results of the fit corresponding on the EFT benchmark, expressed in terms
of effective couplings, are shown. Again, it is seen that compared to the HL-LHC the e+e�

colliders improve most parameters by about factors of 5-10. The exceptions are the coupling
parameters related to top, Zg and µ couplings. The sensitivity of the different types of e+e�

colliders is similar in their first stages. The improvements seen for HE-LHC and LHeC are
more modest. For the Z and W a sensitivity below 0.3% can be achieved by ILC, CLIC and
FCC. At this precision, the uncertainty is potentially limited by the intrinsic theory uncertainties
which is not considered here (see discussion in Sect. 3.2.3). For fermions, the best sensitivity is
reached for b-quarks and t-leptons, and it is about 0.5%.

Physics Briefing Book, arXiv: 1910.11775 [hep-ex]

Lots of work at the different Fut. Collider Projects: Condensed in ESU study

The general conclusion of the study is that all proposed future e+e- Higgs  
factories have similar experimental physics capabilities 

HEP Seminar, Oklahoma State University 
November 4, 2021

Reaching the full potential will require considerable theory effort in  
precision Higgs calculations, but doable (see backup slides) 

https://arxiv.org/abs/1910.11775
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Fig. 3.9: 68% probability reach on Higgs couplings at the different future colliders from the
Global fit SMEFTND. For details, see Ref. [39].

The rate of rare Higgs boson decays such as H ! µ+µ� that allows the study of the
second generation lepton couplings, will be best measured by HL-LHC with an accuracy of
about 4%.

It is difficult to access the couplings for the first generation. The current limit ke < 611
[67] is based on the direct search for H ! e+e�. A study at FCC-ee [68] has assessed the
reach of a dedicated run at

p
s = mH . In one year, an upper limit of 2.5 times the SM value can

be reached, while the SM sensitivity would be reached in a five-year run. For the light quark
couplings, please see Ref. [39] for further discussion.

When FCC-ee is combined with FCC-eh and FCC-hh a further significant improvement is
seen, particularly for couplings to top quark, muons, photons and Zg where FCC-hh will benefit
from very large event samples. The improvement in kW comes primarily from FCC-eh. A study
of various other combination of aspects of the FCC programme is documented in Ref. [39].

The sensitivity of the Higgs branching ratio to BSM invisible final states is predicted to
be improved by a factor 3 (CLIC) to 10 (FCC-ee, ILC) with respect to HL-LHC. For FCC-hh a
sensitivity to branching ratios as small as 0.025% is expected to be achieved. Branching ratios
to untagged decays are typically probed with a precision of (1�2)%.

In Fig. 3.9, the results of the fit corresponding on the EFT benchmark, expressed in terms
of effective couplings, are shown. Again, it is seen that compared to the HL-LHC the e+e�

colliders improve most parameters by about factors of 5-10. The exceptions are the coupling
parameters related to top, Zg and µ couplings. The sensitivity of the different types of e+e�

colliders is similar in their first stages. The improvements seen for HE-LHC and LHeC are
more modest. For the Z and W a sensitivity below 0.3% can be achieved by ILC, CLIC and
FCC. At this precision, the uncertainty is potentially limited by the intrinsic theory uncertainties
which is not considered here (see discussion in Sect. 3.2.3). For fermions, the best sensitivity is
reached for b-quarks and t-leptons, and it is about 0.5%.

Physics Briefing Book, arXiv: 1910.11775 [hep-ex]

1‰ 1‰

1‰

1‰Largest improvement wrt HL-LHC  
and most precise couplings

hVV: near per mile level precision
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Fig. 3.9: 68% probability reach on Higgs couplings at the different future colliders from the
Global fit SMEFTND. For details, see Ref. [39].

The rate of rare Higgs boson decays such as H ! µ+µ� that allows the study of the
second generation lepton couplings, will be best measured by HL-LHC with an accuracy of
about 4%.

It is difficult to access the couplings for the first generation. The current limit ke < 611
[67] is based on the direct search for H ! e+e�. A study at FCC-ee [68] has assessed the
reach of a dedicated run at

p
s = mH . In one year, an upper limit of 2.5 times the SM value can

be reached, while the SM sensitivity would be reached in a five-year run. For the light quark
couplings, please see Ref. [39] for further discussion.

When FCC-ee is combined with FCC-eh and FCC-hh a further significant improvement is
seen, particularly for couplings to top quark, muons, photons and Zg where FCC-hh will benefit
from very large event samples. The improvement in kW comes primarily from FCC-eh. A study
of various other combination of aspects of the FCC programme is documented in Ref. [39].

The sensitivity of the Higgs branching ratio to BSM invisible final states is predicted to
be improved by a factor 3 (CLIC) to 10 (FCC-ee, ILC) with respect to HL-LHC. For FCC-hh a
sensitivity to branching ratios as small as 0.025% is expected to be achieved. Branching ratios
to untagged decays are typically probed with a precision of (1�2)%.

In Fig. 3.9, the results of the fit corresponding on the EFT benchmark, expressed in terms
of effective couplings, are shown. Again, it is seen that compared to the HL-LHC the e+e�

colliders improve most parameters by about factors of 5-10. The exceptions are the coupling
parameters related to top, Zg and µ couplings. The sensitivity of the different types of e+e�

colliders is similar in their first stages. The improvements seen for HE-LHC and LHeC are
more modest. For the Z and W a sensitivity below 0.3% can be achieved by ILC, CLIC and
FCC. At this precision, the uncertainty is potentially limited by the intrinsic theory uncertainties
which is not considered here (see discussion in Sect. 3.2.3). For fermions, the best sensitivity is
reached for b-quarks and t-leptons, and it is about 0.5%.

Physics Briefing Book, arXiv: 1910.11775 [hep-ex]
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hcc: Only accesible with % precision at future colliders

https://arxiv.org/abs/1910.11775


• A lot of work during the European Strategy Update for Particle Physics 2020 
was dedicated to establish the physics potential of these machines for EW 
and, especially, Higgs physics…

• …but still many things to be done to have a full picture of the true physics 
potential of these future colliders
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⇒ The effort continues within the Snowmass 2021 (2022) process

Specifically, the SMEFT fits are to be performed within the activities of the 

Energy Frontier Topical Group  

EW Precision Physics and constraining new physics (EF 04)
Webpage: https://snowmass21.org/energy/ewk

https://snowmass21.org/energy/ewk
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✓ Understand the role and interplay of different measurements                
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Interplay Higgs/EW factories
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• Precision of Higgs measurements expected to be close to per mille level in 
several cases

• Is the knowledge of the EW interactions from LEP/SLD enough to neglect EW 
uncertainties in the extraction of Higgs properties?


JB, G. Durieux, C. Grojean, J. Gu, A. Paul, JHEP 12 (2019) 117, arXiv: 1907.04311 [hep-ph]
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Figure 2: Global one-sigma reach of future lepton colliders on Higgs and triple-gauge
couplings. The run scenarios and luminosities assumed are listed in figure 1. LEP and SLD
electroweak measurements as well as HL-LHC prospects on Higgs and diboson processes are
included in all projections. Modifications of electroweak parameters (shown in figure 4) are
marginalized over to obtain the prospects displayed as bars, and artificially set to zero to
obtain those shown with triangular marks. For the CEPC and FCC-ee, scenarios without
the future Z-pole (WW threshold) run are shown as light shaded bars (lower edges of the
green marks). For ILC, the results with the inclusion of the ALR measurement at 250 GeV
are shown with yellow marks. The bottom panel highlights the couplings that are a�ected
significantly EW uncertainties. Numerical results are also reported in table 1

We observe excellent agreement between the results of the two fit procedures, in par-
ticular at future lepton colliders where the leading order SMEFT expansion is well justified
by the high measurement precision.

3 Results

The global reach we obtain on the Higgs and triple-gauge couplings is highlighted in figure 2
for the four future lepton colliders considered: CEPC, FCC-ee, ILC and CLIC. Numerical
values are also provided in table 1. The LEP and SLD measurements as well as HL-LHC
prospects are included in all scenarios. They are also combined separately, providing a
reference to assess the improvement brought by future lepton collider measurements. We
also display separately the precision reached after each stage of the FCC-ee, ILC and CLIC
programs accessing increasing centre-of-mass energies. The precision reached for each Higgs
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Figure 2. Global one-sigma reach of future lepton colliders on Higgs and triple-gauge couplings.
The run scenarios and luminosities assumed are listed in table 1. LEP and SLD electroweak
measurements as well as HL-LHC prospects on Higgs and diboson processes are included in all
projections. Modifications of electroweak parameters (shown in figure 4) are marginalized over
to obtain the prospects displayed as bars, and artificially set to zero to obtain those shown with
triangular marks. For the CEPC and FCC-ee, scenarios without the future Z-pole (WW threshold)
run are shown as light shaded bars (lower edges of the green marks). For ILC, the results with the
inclusion of the ALR measurement at 250GeV are shown with yellow marks. The bottom panel
highlights the couplings that are affected significantly EW uncertainties. Numerical results are also
reported in table 1.

is δg/δg(EW→ 0) − 1 expressed in percent. The solid and dashed lines are respectively

obtained in the absence and presence of a new Z-pole runs.

At linear colliders, the lack of runs dedicated to electroweak coupling measurements

renders substantial the contaminations from their uncertainties in Higgs coupling deter-

minations. Beam polarization (further discussed in subsection 3.2) does not seem to be

entirely sufficient to mitigate these indirect uncertainties arising from marginalizing over

electroweak parameters. With one single energy run, the δgZZ
H , δgWW

H coupling reaches are

for instance worsened by a factor of about 1.2–1.3 at the ILC and CLIC. These degradations

are however reduced to factors of about 1.1 with the inclusion of higher-energy runs which

are sensitive to different combinations of parameters and can help resolving approximate

degeneracies. This is remarkable since improvements in the absolute strength of constraints

at high energies also tend to increase the relative impact of EW uncertainties. This effect

is observed for δgZγ
H as well as for δg1,Z and δκγ , indicating a striking breakdown of the

TGC dominance assumption. At the ILC, the measurement of Higgsstrahlung production
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Figure 2: Global one-sigma reach of future lepton colliders on Higgs and triple-gauge
couplings. The run scenarios and luminosities assumed are listed in figure 1. LEP and SLD
electroweak measurements as well as HL-LHC prospects on Higgs and diboson processes are
included in all projections. Modifications of electroweak parameters (shown in figure 4) are
marginalized over to obtain the prospects displayed as bars, and artificially set to zero to
obtain those shown with triangular marks. For the CEPC and FCC-ee, scenarios without
the future Z-pole (WW threshold) run are shown as light shaded bars (lower edges of the
green marks). For ILC, the results with the inclusion of the ALR measurement at 250 GeV
are shown with yellow marks. The bottom panel highlights the couplings that are a�ected
significantly EW uncertainties. Numerical results are also reported in table 1

We observe excellent agreement between the results of the two fit procedures, in par-
ticular at future lepton colliders where the leading order SMEFT expansion is well justified
by the high measurement precision.

3 Results

The global reach we obtain on the Higgs and triple-gauge couplings is highlighted in figure 2
for the four future lepton colliders considered: CEPC, FCC-ee, ILC and CLIC. Numerical
values are also provided in table 1. The LEP and SLD measurements as well as HL-LHC
prospects are included in all scenarios. They are also combined separately, providing a
reference to assess the improvement brought by future lepton collider measurements. We
also display separately the precision reached after each stage of the FCC-ee, ILC and CLIC
programs accessing increasing centre-of-mass energies. The precision reached for each Higgs
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Figure 2. Global one-sigma reach of future lepton colliders on Higgs and triple-gauge couplings.
The run scenarios and luminosities assumed are listed in table 1. LEP and SLD electroweak
measurements as well as HL-LHC prospects on Higgs and diboson processes are included in all
projections. Modifications of electroweak parameters (shown in figure 4) are marginalized over
to obtain the prospects displayed as bars, and artificially set to zero to obtain those shown with
triangular marks. For the CEPC and FCC-ee, scenarios without the future Z-pole (WW threshold)
run are shown as light shaded bars (lower edges of the green marks). For ILC, the results with the
inclusion of the ALR measurement at 250GeV are shown with yellow marks. The bottom panel
highlights the couplings that are affected significantly EW uncertainties. Numerical results are also
reported in table 1.

is δg/δg(EW→ 0) − 1 expressed in percent. The solid and dashed lines are respectively

obtained in the absence and presence of a new Z-pole runs.

At linear colliders, the lack of runs dedicated to electroweak coupling measurements

renders substantial the contaminations from their uncertainties in Higgs coupling deter-

minations. Beam polarization (further discussed in subsection 3.2) does not seem to be

entirely sufficient to mitigate these indirect uncertainties arising from marginalizing over

electroweak parameters. With one single energy run, the δgZZ
H , δgWW

H coupling reaches are

for instance worsened by a factor of about 1.2–1.3 at the ILC and CLIC. These degradations

are however reduced to factors of about 1.1 with the inclusion of higher-energy runs which

are sensitive to different combinations of parameters and can help resolving approximate

degeneracies. This is remarkable since improvements in the absolute strength of constraints

at high energies also tend to increase the relative impact of EW uncertainties. This effect

is observed for δgZγ
H as well as for δg1,Z and δκγ , indicating a striking breakdown of the

TGC dominance assumption. At the ILC, the measurement of Higgsstrahlung production
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Figure 2: Global one-sigma reach of future lepton colliders on Higgs and triple-gauge
couplings. The run scenarios and luminosities assumed are listed in figure 1. LEP and SLD
electroweak measurements as well as HL-LHC prospects on Higgs and diboson processes are
included in all projections. Modifications of electroweak parameters (shown in figure 4) are
marginalized over to obtain the prospects displayed as bars, and artificially set to zero to
obtain those shown with triangular marks. For the CEPC and FCC-ee, scenarios without
the future Z-pole (WW threshold) run are shown as light shaded bars (lower edges of the
green marks). For ILC, the results with the inclusion of the ALR measurement at 250 GeV
are shown with yellow marks. The bottom panel highlights the couplings that are a�ected
significantly EW uncertainties. Numerical results are also reported in table 1

We observe excellent agreement between the results of the two fit procedures, in par-
ticular at future lepton colliders where the leading order SMEFT expansion is well justified
by the high measurement precision.

3 Results

The global reach we obtain on the Higgs and triple-gauge couplings is highlighted in figure 2
for the four future lepton colliders considered: CEPC, FCC-ee, ILC and CLIC. Numerical
values are also provided in table 1. The LEP and SLD measurements as well as HL-LHC
prospects are included in all scenarios. They are also combined separately, providing a
reference to assess the improvement brought by future lepton collider measurements. We
also display separately the precision reached after each stage of the FCC-ee, ILC and CLIC
programs accessing increasing centre-of-mass energies. The precision reached for each Higgs
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Figure 2. Global one-sigma reach of future lepton colliders on Higgs and triple-gauge couplings.
The run scenarios and luminosities assumed are listed in table 1. LEP and SLD electroweak
measurements as well as HL-LHC prospects on Higgs and diboson processes are included in all
projections. Modifications of electroweak parameters (shown in figure 4) are marginalized over
to obtain the prospects displayed as bars, and artificially set to zero to obtain those shown with
triangular marks. For the CEPC and FCC-ee, scenarios without the future Z-pole (WW threshold)
run are shown as light shaded bars (lower edges of the green marks). For ILC, the results with the
inclusion of the ALR measurement at 250GeV are shown with yellow marks. The bottom panel
highlights the couplings that are affected significantly EW uncertainties. Numerical results are also
reported in table 1.

is δg/δg(EW→ 0) − 1 expressed in percent. The solid and dashed lines are respectively

obtained in the absence and presence of a new Z-pole runs.

At linear colliders, the lack of runs dedicated to electroweak coupling measurements

renders substantial the contaminations from their uncertainties in Higgs coupling deter-

minations. Beam polarization (further discussed in subsection 3.2) does not seem to be

entirely sufficient to mitigate these indirect uncertainties arising from marginalizing over

electroweak parameters. With one single energy run, the δgZZ
H , δgWW

H coupling reaches are

for instance worsened by a factor of about 1.2–1.3 at the ILC and CLIC. These degradations

are however reduced to factors of about 1.1 with the inclusion of higher-energy runs which

are sensitive to different combinations of parameters and can help resolving approximate

degeneracies. This is remarkable since improvements in the absolute strength of constraints

at high energies also tend to increase the relative impact of EW uncertainties. This effect

is observed for δgZγ
H as well as for δg1,Z and δκγ , indicating a striking breakdown of the

TGC dominance assumption. At the ILC, the measurement of Higgsstrahlung production
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Operators tested outside Higgs physics

Potentially new BSM-effects in h physics 
could have been already tested in the vacuum
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• What is the relevance of the EW factory for the Higgs runs:
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Figure 2: Global one-sigma reach of future lepton colliders on Higgs and triple-gauge
couplings. The run scenarios and luminosities assumed are listed in figure 1. LEP and SLD
electroweak measurements as well as HL-LHC prospects on Higgs and diboson processes are
included in all projections. Modifications of electroweak parameters (shown in figure 4) are
marginalized over to obtain the prospects displayed as bars, and artificially set to zero to
obtain those shown with triangular marks. For the CEPC and FCC-ee, scenarios without
the future Z-pole (WW threshold) run are shown as light shaded bars (lower edges of the
green marks). For ILC, the results with the inclusion of the ALR measurement at 250 GeV
are shown with yellow marks. The bottom panel highlights the couplings that are a�ected
significantly EW uncertainties. Numerical results are also reported in table 1

We observe excellent agreement between the results of the two fit procedures, in par-
ticular at future lepton colliders where the leading order SMEFT expansion is well justified
by the high measurement precision.

3 Results

The global reach we obtain on the Higgs and triple-gauge couplings is highlighted in figure 2
for the four future lepton colliders considered: CEPC, FCC-ee, ILC and CLIC. Numerical
values are also provided in table 1. The LEP and SLD measurements as well as HL-LHC
prospects are included in all scenarios. They are also combined separately, providing a
reference to assess the improvement brought by future lepton collider measurements. We
also display separately the precision reached after each stage of the FCC-ee, ILC and CLIC
programs accessing increasing centre-of-mass energies. The precision reached for each Higgs
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Figure 2. Global one-sigma reach of future lepton colliders on Higgs and triple-gauge couplings.
The run scenarios and luminosities assumed are listed in table 1. LEP and SLD electroweak
measurements as well as HL-LHC prospects on Higgs and diboson processes are included in all
projections. Modifications of electroweak parameters (shown in figure 4) are marginalized over
to obtain the prospects displayed as bars, and artificially set to zero to obtain those shown with
triangular marks. For the CEPC and FCC-ee, scenarios without the future Z-pole (WW threshold)
run are shown as light shaded bars (lower edges of the green marks). For ILC, the results with the
inclusion of the ALR measurement at 250GeV are shown with yellow marks. The bottom panel
highlights the couplings that are affected significantly EW uncertainties. Numerical results are also
reported in table 1.

is δg/δg(EW→ 0) − 1 expressed in percent. The solid and dashed lines are respectively

obtained in the absence and presence of a new Z-pole runs.

At linear colliders, the lack of runs dedicated to electroweak coupling measurements

renders substantial the contaminations from their uncertainties in Higgs coupling deter-

minations. Beam polarization (further discussed in subsection 3.2) does not seem to be

entirely sufficient to mitigate these indirect uncertainties arising from marginalizing over

electroweak parameters. With one single energy run, the δgZZ
H , δgWW

H coupling reaches are

for instance worsened by a factor of about 1.2–1.3 at the ILC and CLIC. These degradations

are however reduced to factors of about 1.1 with the inclusion of higher-energy runs which

are sensitive to different combinations of parameters and can help resolving approximate

degeneracies. This is remarkable since improvements in the absolute strength of constraints

at high energies also tend to increase the relative impact of EW uncertainties. This effect

is observed for δgZγ
H as well as for δg1,Z and δκγ , indicating a striking breakdown of the

TGC dominance assumption. At the ILC, the measurement of Higgsstrahlung production
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Figure 2: Global one-sigma reach of future lepton colliders on Higgs and triple-gauge
couplings. The run scenarios and luminosities assumed are listed in figure 1. LEP and SLD
electroweak measurements as well as HL-LHC prospects on Higgs and diboson processes are
included in all projections. Modifications of electroweak parameters (shown in figure 4) are
marginalized over to obtain the prospects displayed as bars, and artificially set to zero to
obtain those shown with triangular marks. For the CEPC and FCC-ee, scenarios without
the future Z-pole (WW threshold) run are shown as light shaded bars (lower edges of the
green marks). For ILC, the results with the inclusion of the ALR measurement at 250 GeV
are shown with yellow marks. The bottom panel highlights the couplings that are a�ected
significantly EW uncertainties. Numerical results are also reported in table 1

We observe excellent agreement between the results of the two fit procedures, in par-
ticular at future lepton colliders where the leading order SMEFT expansion is well justified
by the high measurement precision.

3 Results

The global reach we obtain on the Higgs and triple-gauge couplings is highlighted in figure 2
for the four future lepton colliders considered: CEPC, FCC-ee, ILC and CLIC. Numerical
values are also provided in table 1. The LEP and SLD measurements as well as HL-LHC
prospects are included in all scenarios. They are also combined separately, providing a
reference to assess the improvement brought by future lepton collider measurements. We
also display separately the precision reached after each stage of the FCC-ee, ILC and CLIC
programs accessing increasing centre-of-mass energies. The precision reached for each Higgs
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Figure 2: Global one-sigma reach of future lepton colliders on Higgs and triple-gauge
couplings. The run scenarios and luminosities assumed are listed in figure 1. LEP and SLD
electroweak measurements as well as HL-LHC prospects on Higgs and diboson processes are
included in all projections. Modifications of electroweak parameters (shown in figure 4) are
marginalized over to obtain the prospects displayed as bars, and artificially set to zero to
obtain those shown with triangular marks. For the CEPC and FCC-ee, scenarios without
the future Z-pole (WW threshold) run are shown as light shaded bars (lower edges of the
green marks). For ILC, the results with the inclusion of the ALR measurement at 250 GeV
are shown with yellow marks. The bottom panel highlights the couplings that are a�ected
significantly EW uncertainties. Numerical results are also reported in table 1

We observe excellent agreement between the results of the two fit procedures, in par-
ticular at future lepton colliders where the leading order SMEFT expansion is well justified
by the high measurement precision.

3 Results

The global reach we obtain on the Higgs and triple-gauge couplings is highlighted in figure 2
for the four future lepton colliders considered: CEPC, FCC-ee, ILC and CLIC. Numerical
values are also provided in table 1. The LEP and SLD measurements as well as HL-LHC
prospects are included in all scenarios. They are also combined separately, providing a
reference to assess the improvement brought by future lepton collider measurements. We
also display separately the precision reached after each stage of the FCC-ee, ILC and CLIC
programs accessing increasing centre-of-mass energies. The precision reached for each Higgs
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Figure 2. Global one-sigma reach of future lepton colliders on Higgs and triple-gauge couplings.
The run scenarios and luminosities assumed are listed in table 1. LEP and SLD electroweak
measurements as well as HL-LHC prospects on Higgs and diboson processes are included in all
projections. Modifications of electroweak parameters (shown in figure 4) are marginalized over
to obtain the prospects displayed as bars, and artificially set to zero to obtain those shown with
triangular marks. For the CEPC and FCC-ee, scenarios without the future Z-pole (WW threshold)
run are shown as light shaded bars (lower edges of the green marks). For ILC, the results with the
inclusion of the ALR measurement at 250GeV are shown with yellow marks. The bottom panel
highlights the couplings that are affected significantly EW uncertainties. Numerical results are also
reported in table 1.

is δg/δg(EW→ 0) − 1 expressed in percent. The solid and dashed lines are respectively

obtained in the absence and presence of a new Z-pole runs.

At linear colliders, the lack of runs dedicated to electroweak coupling measurements

renders substantial the contaminations from their uncertainties in Higgs coupling deter-

minations. Beam polarization (further discussed in subsection 3.2) does not seem to be

entirely sufficient to mitigate these indirect uncertainties arising from marginalizing over

electroweak parameters. With one single energy run, the δgZZ
H , δgWW

H coupling reaches are

for instance worsened by a factor of about 1.2–1.3 at the ILC and CLIC. These degradations

are however reduced to factors of about 1.1 with the inclusion of higher-energy runs which

are sensitive to different combinations of parameters and can help resolving approximate

degeneracies. This is remarkable since improvements in the absolute strength of constraints

at high energies also tend to increase the relative impact of EW uncertainties. This effect

is observed for δgZγ
H as well as for δg1,Z and δκγ , indicating a striking breakdown of the

TGC dominance assumption. At the ILC, the measurement of Higgsstrahlung production
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But why?… Higgs production in the SMEFT framework
• New type of contributions: apart from new HVV’ tensor structures, virtual 

exchange of BSM particles can generate contact interactions


• Remember, these HZff terms are connected to modifications of Zff 
couplings, e.g.


Interference grows like E2 wrt. SM

LO

of those onto a basis, using equation of motion, integration by part, Fierz identity, etc.
would have the same e�ect. Focusing on arbitrary subset of operators is also technically
inconsistent at the quantum level where counterterms from discarded operators may be
needed. This naturally leads to the necessity to consider global studies of indirect e�ects,
where one includes all possible types of physical observables to probe simultaneously all
SMEFT directions open at a given order. In this work, where we are mainly interested
in the study of possible deformations in Higgs processes. This will necessarily lead us to
include in the discussion the observables typically considered in electroweak precision tests
and diboson production. In what follows, we describe the di�erent operators that enter in
all these processes in the dimension-six SMEFT formalism. For that purpose, we will use
the convenient parametrization of ref. [10, 46], the so-called Higgs basis, where the leading
order e�ects of new physics are presented in the unitary gauge.

For simplicity, we will restrict our study to CP-conserving interactions. CP-violating
interactions can be constrained separately with specifically designed CP-odd observables
that are insensitive to CP-even e�ects. The two sector can thus be decoupled. The new
physics contributions to the couplings of the Higgs boson to vector bosons can then be
written in terms of the following interactions in the physical basis:

�L
hV V

6 = h

v

Ë
2”cwm2

W W +
µ W ≠

µ + ”czm2
ZZµZµ

+cww

g2

2 W +
µ‹W ≠

µ‹ + cw⇤g2
1
W ≠

µ ˆ‹W +
µ‹ + h.c.

2
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g2
s

4 Ga
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e
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4 Zµ‹Zµ‹

+cz⇤g2Zµˆ‹Zµ‹ + c“⇤ggÕZµˆ‹Aµ‹

È
.

(2.2)

In the previous Lagrangian only cgg, ”cz, c““ , cz“ , czz, cz⇤ are independent parameters,
with the others being related by gauge invariance:

”cw = ”cz + 4”m,

cww = czz + 2 sin2 ◊wcz“ + sin4 ◊wc““ ,

cw⇤ = 1
g2 ≠ gÕ 2

Ë
g2cz⇤ + gÕ 2czz ≠ e2 sin2 ◊wc““ ≠ (g2

≠ gÕ 2) sin2 ◊wcz“

È
,

c“⇤ = 1
g2 ≠ gÕ 2

Ë
2g2cz⇤ + (g2 + gÕ 2)czz ≠ e2c““ ≠ (g2

≠ gÕ 2)cz“

È
. (2.3)

In the previous equations gs, g and gÕ denote the SU(3)c ◊SU(2)L ◊U(1)Y gauge coupling
constants, e is the electric charge, ◊w denotes the weak mixing angle and mZ,W are the
electroweak vector boson masses. The parameter ”m describes new physics contributions
to the W mass, and it is the only source of custodial symmetry breaking in Higgs couplings
to dimension six. The same dynamics generating some of the couplings in equation (2.2)
also induces modifications in the so-called anomalous triple-gauge couplings (aTGC). These
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to dimension six. The same dynamics generating some of the couplings in equation (2.2)
also induces modifications in the so-called anomalous triple-gauge couplings (aTGC). These
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Uncertainty on (H)Zee introduces growing-with-E “contamination”  
in the extraction of HZZ interactions from ZH processes  

(0.1% in Zee →~1% in HZee at 250 GeV)
⇒ Need future EWPO (Z-pole data) to better constrain Zee → HZee 

https://arxiv.org/abs/1907.04311


• Impact in the determination of the Higgs trilinear at lepton colliders:

✓Note that the extraction of the Higgs self coupling at lepton colliders is 
not affected by the presence of 4-HQ operators to the same extent as 
at the LHC, thanks to the absolute determination of the ZH cross 
section (insensitive to these effects at NLO)

✓ In a global analysis, however, it relies on the precision of the HVV 
interactions, which modify the production at LO…
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S. Di Vita et al., JHEP 02 (2018) 178, arXiv: 1711.03978 [hep-ph]

Need running at, at least,  
2 different energies  

(240 GeV and 350/365 GeV) 
to get good constraints  

in a global fit!

https://arxiv.org/abs/1711.03978


• Snowmass updates on the triple Higgs determination at lepton colliders 
from global SMEFT fits (Work in progress): 

✓Studying impact of using different energy points: 240+365GeV seem 
optimal

✓Studying impact of Z-pole measurements found to be, again, non-
negligible (due to its impact on the determination of HVV couplings)
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electron beam and �W is the flight direction of the parent W -boson. The decay angles
can be classified corresponding to the decay type (hadronic or leptonic). The angles
describing the hadronic (leptonic) decay are called cos θ

∗
h

(cos θ
∗
l
) and φ

∗
h

(φ∗
l
).

The hadronic decay angles suffer from a two-fold ambiguity, due to the unknown charge
of the quarks. The two quarks are back-to-back in the rest frame of the W -boson and
the resulting ambiguity is:

(cos θ
∗
h
,φ

∗
h
)↔ (− cos θ

∗
h
,φ

∗
h

+ π), (5.16)

which is folded in the following way:

φ
∗
h

> 0→ (cos θ
∗
h
,φ

∗
h
)

φ
∗
h

< 0→ (− cos θ
∗
h
,φ

∗
h

+ π). (5.17)

However, for the present study only the angles describing the leptonic decay are used.
Their distributions are shown in Fig. 5.17, with the respective resolutions. Fig. 5.18
compares the cos θW distribution with no anomalous TGCs with a scenario in which
an anomalous value was assigned to the g

Z

1 coupling in order to exemplify the impact
of the TGCs on the angular observables.

5.4.4 Simultaneous Fit

The distributions used in the combined fit are multi-dimensional distributions of the
angular observables. With all four decay angles, in addition to the cos θW observable,
one would need five-dimensional distributions. Filling a five-dimensional distribution
leads to poor statistics for the single bins and does not appear to be a convenient
choice. It was therefore decided to move to three-dimensional distributions, using only
the angles which describe the leptonic decay cos θ

∗
l

and φ
∗
l
, together with cos θW . This
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We prepared a global SMEFT study of WW  
using also the all differential info  

and the formalism of  
“Optimal statistical observables”
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Figure 13: A comparison of the reach on aTGCs from the binned method used in ref. [67]
and the optimal observables for the diboson measurement at CEPC 240 GeV. To match
ref. [67], we use both the total rate and the normalized distributions of the semileptonic
channel, and impose the TGC dominance assumption. A 80% signal selection e�ciency is
assumed in ref. [67].

is achieved using optimal observables, which reduced the strong correlation between them
from ≠0.9 (of the binned distribution method) to ≠0.6. The improvement is still outstand-
ing even with the conservative 50% e�ciency used in our analysis. Note however that they
remain degeneracies between Higgs and EW parameters that cannot be resolved with WW

measurements alone, even with optimal use of the available di�erential information.

Treatment of Higgsstrahlung production The three relevant angles in the process
e+e≠

æ hZ, Z æ ¸+¸≠ are the production polar angle and the Z decay polar and azimuthal
angles. In refs. [80, 81], the information contained in angular distributions was extracted
using asymmetries. While this approach captures all the essential information, the corre-
lations among the asymmetry observables are omitted, which results in a reduction in the
sensitivity. We instead construct statistically optimal observables from these three angles
using equation (D.6) and (D.7), keeping only the linear CP-even EFT dependences. We
use only the h æ bb̄ and Z æ e+e≠/µ+µ≠ channel, which is almost background free after
the selection cuts. The ‰2 is computed analytically, including only statistical uncertainties
with a universal 40% signal e�ciency. Note that the bb̄ pair is only used for tagging the
Higgs and reducing backgrounds. The flat distribution of scalar decay product does not
contain useful information.

E Input for the global fits

In this section, we give a list of inputs that we used in the fits for the various colliders.
The same inputs can also be provided as configuration files for HEPfit on request which
can be used for reproducing our results. While we try to give a complete list of inputs in
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and the optimal observables for the diboson measurement at CEPC 240 GeV. To match
ref. [67], we use both the total rate and the normalized distributions of the semileptonic
channel, and impose the TGC dominance assumption. A 80% signal selection e�ciency is
assumed in ref. [67].

is achieved using optimal observables, which reduced the strong correlation between them
from ≠0.9 (of the binned distribution method) to ≠0.6. The improvement is still outstand-
ing even with the conservative 50% e�ciency used in our analysis. Note however that they
remain degeneracies between Higgs and EW parameters that cannot be resolved with WW

measurements alone, even with optimal use of the available di�erential information.
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sensitivity. We instead construct statistically optimal observables from these three angles
using equation (D.6) and (D.7), keeping only the linear CP-even EFT dependences. We
use only the h æ bb̄ and Z æ e+e≠/µ+µ≠ channel, which is almost background free after
the selection cuts. The ‰2 is computed analytically, including only statistical uncertainties
with a universal 40% signal e�ciency. Note that the bb̄ pair is only used for tagging the
Higgs and reducing backgrounds. The flat distribution of scalar decay product does not
contain useful information.
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• Impact of di-Boson measurements in Higgs couplings

• Following the LEP2 experience, future collider studies of sensitivity to aTGC 
also use ONLY binned cos θW differential distributions (ignoring correlations)

• This is, however, not optimal, in the sense that it does not uses all the differential 
information for the process:
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• Consider a Phase-space distribution linear in some coefficients ci:


• In the limit of large statistics, the observables


• provide the most precise statistical information about the coefficients ci 
around the point ci=0, ∀i 

• Idealized (no systematics) ⇒ We compensate omission of systematics via 
conservative selection efficiency ε
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• diBoson: We work with 


•
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Figure 5.16: Definition of the angles in an e
+
e
− → W

+
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− event.

electron beam and �W is the flight direction of the parent W -boson. The decay angles
can be classified corresponding to the decay type (hadronic or leptonic). The angles
describing the hadronic (leptonic) decay are called cos θ

∗
h

(cos θ
∗
l
) and φ

∗
h

(φ∗
l
).

The hadronic decay angles suffer from a two-fold ambiguity, due to the unknown charge
of the quarks. The two quarks are back-to-back in the rest frame of the W -boson and
the resulting ambiguity is:

(cos θ
∗
h
,φ

∗
h
)↔ (− cos θ

∗
h
,φ

∗
h

+ π), (5.16)

which is folded in the following way:

φ
∗
h

> 0→ (cos θ
∗
h
,φ

∗
h
)

φ
∗
h

< 0→ (− cos θ
∗
h
,φ

∗
h

+ π). (5.17)

However, for the present study only the angles describing the leptonic decay are used.
Their distributions are shown in Fig. 5.17, with the respective resolutions. Fig. 5.18
compares the cos θW distribution with no anomalous TGCs with a scenario in which
an anomalous value was assigned to the g

Z

1 coupling in order to exemplify the impact
of the TGCs on the angular observables.

5.4.4 Simultaneous Fit

The distributions used in the combined fit are multi-dimensional distributions of the
angular observables. With all four decay angles, in addition to the cos θW observable,
one would need five-dimensional distributions. Filling a five-dimensional distribution
leads to poor statistics for the single bins and does not appear to be a convenient
choice. It was therefore decided to move to three-dimensional distributions, using only
the angles which describe the leptonic decay cos θ

∗
l

and φ
∗
l
, together with cos θW . This

�g1,Z ��� �Z
0.0000

0.0005

0.0010

0.0015

pr
ec
is
io
n

precision reach of aTGCs at CEPC 240GeV
binned distributions, �=80%
optimal observables, �=80%
optimal observables, �=50%

5.6/ab, e+e-�WW semileptonic channel, statistics only

�: signal selection efficiency
: individual fit

-LD\LQ�*X -*8 0DLQ]

+LJJV�FRXSOLQJV�#�&/,& �DQG�RWKHU�IXWXUH�FROOLGHUV�

{�m, cgg, �cz, c��, cz�, czz, cz⇤, �yt, �yc, �yb, �y⌧ , �yµ, �z}+�
(�gZu

L
)qi, (�g

Zd

L
)qi, (�g

W `⌫

L
)`, (�gZe

L
)`, (�gZu

R
)qi, (�g

Zd

R
)qi, (�g

Ze

R
)`

 
q1=q2, `=e,µ,⌧

.

�
�m, (�gZu

L
)qi, (�g

Zd

L
)qi, (�g

W `⌫

L
)`, (�gZe

L
)`, (�gZu

R
)qi, (�g

Zd

R
)qi, (�g

Ze

R
)`

 
⌘ 0. (24)

SMEFTPEW ⌘ { cgg, �cz, c��, cz�, czz, cz⇤, �yt, �yc, �yb, �y⌧ , �yµ, �z} . (25)

{ cgg, �cz, c��, cz�, czz, cz⇤, �yt, �yc, �yb, �y⌧ , �yµ, �z} . (26)

e+e�
! W+W�

! jj`⌫, ` = e, µ (27)

S(�) =
d�

d cos ✓W d'1d cos✓1 d'2d cos✓2
(28)

S0(�) =
d�

d�

��
SM

(29)

ciSi(�) =
d�

d�

��
Interf . SM�NP

(30)

S(�) = S0(�) +
P

i
ciSi(�) (31)

S(�) =
d�

d�
(32)

S0(�) =
d�

d�

��
SM

(33)

ciSi(�) =
d�

d�

��
Interf . SM�NP

(34)

Oi =
P

k2events

Si(�k)
S0(�k)

(35)

cov(ci, cj) =

⇣
L
R
d�Si(�)Sj(�)

S0(�)

⌘�1

+ O(ck) (36)

3

{�m, cgg, �cz, c��, cz�, czz, cz⇤, �yt, �yc, �yb, �y⌧ , �yµ, �z}+�
(�gZu

L
)qi, (�g

Zd

L
)qi, (�g

W `⌫

L
)`, (�gZe

L
)`, (�gZu

R
)qi, (�g

Zd

R
)qi, (�g

Ze

R
)`

 
q1=q2, `=e,µ,⌧

.

�
�m, (�gZu

L
)qi, (�g

Zd

L
)qi, (�g

W `⌫

L
)`, (�gZe

L
)`, (�gZu

R
)qi, (�g

Zd

R
)qi, (�g

Ze

R
)`

 
⌘ 0. (24)

SMEFTPEW ⌘ { cgg, �cz, c��, cz�, czz, cz⇤, �yt, �yc, �yb, �y⌧ , �yµ, �z} . (25)

{ cgg, �cz, c��, cz�, czz, cz⇤, �yt, �yc, �yb, �y⌧ , �yµ, �z} . (26)

e+e�
! W+W�

! jj`⌫, ` = e, µ (27)

S(�) =
d�

d cos ✓W d'1d cos✓1 d'2d cos✓2
(28)

S0(�) =
d�

d�

��
SM

(29)

ciSi(�) =
d�

d�

��
Interf . SM�NP

(30)

S(�) = S0(�) +
P

i
ciSi(�) (31)

S(�) =
d�

d�
(32)

S0(�) =
d�

d�

��
SM

(33)

ciSi(�) =
d�

d�

��
Interf . SM�NP

(34)

Oi =
P

k2events

Si(�k)
S0(�k)

(35)

cov(ci, cj) =

⇣
L
R
d�Si(�)Sj(�)

S0(�)

⌘�1

+ O(ck) (36)

3

{�m, cgg, �cz, c��, cz�, czz, cz⇤, �yt, �yc, �yb, �y⌧ , �yµ, �z}+�
(�gZu

L
)qi, (�g

Zd

L
)qi, (�g

W `⌫

L
)`, (�gZe

L
)`, (�gZu

R
)qi, (�g

Zd

R
)qi, (�g

Ze

R
)`

 
q1=q2, `=e,µ,⌧

.

�
�m, (�gZu

L
)qi, (�g

Zd

L
)qi, (�g

W `⌫

L
)`, (�gZe

L
)`, (�gZu

R
)qi, (�g

Zd

R
)qi, (�g

Ze

R
)`

 
⌘ 0. (24)

SMEFTPEW ⌘ { cgg, �cz, c��, cz�, czz, cz⇤, �yt, �yc, �yb, �y⌧ , �yµ, �z} . (25)

{ cgg, �cz, c��, cz�, czz, cz⇤, �yt, �yc, �yb, �y⌧ , �yµ, �z} . (26)

e+e�
! W+W�

! jj`⌫, ` = e, µ (27)

S(�) =
d�

d cos ✓W d'1d cos✓1 d'2d cos✓2
(28)

S0(�) =
d�

d�

��
SM

(29)

ciSi(�) =
d�

d�

��
Interf . SM�NP

(30)

ci =
n
�g1Z, ��, �Z, (�gZe

L,R
)e, (�gW `⌫

L
)`, , (�gWud

L
)qi, �m

o
(31)

S(�) = S0(�) +
P

i
ciSi(�) (32)

S(�) =
d�

d�
(33)

S0(�) =
d�

d�

��
SM

(34)

ciSi(�) =
d�

d�

��
Interf . SM�NP

(35)

Oi =
P

k2events

Si(�k)
S0(�k)

(36)

3

Optimal Observables function of 5 angles

Full dim-6 SMEFT parameterization at LO:  
10 independent BSM deformations



• Impact of di-Boson measurements in Higgs couplings

• Optimal Observable Analysis of EFT effects in 

Interplay Higgs/EW factories

81Jorge de Blas 
University of Granada

JB, G. Durieux, C. Grojean, J. Gu, A. Paul, JHEP 12 (2019) 117, arXiv: 1907.04311 [hep-ph]

{�m, cgg, �cz, c��, cz�, czz, cz⇤, �yt, �yc, �yb, �y⌧ , �yµ, �z}+�
(�gZu

L
)qi, (�g

Zd

L
)qi, (�g

W `⌫

L
)`, (�gZe

L
)`, (�gZu

R
)qi, (�g

Zd

R
)qi, (�g

Ze

R
)`

 
q1=q2, `=e,µ,⌧

.

�
�m, (�gZu

L
)qi, (�g

Zd

L
)qi, (�g

W `⌫

L
)`, (�gZe

L
)`, (�gZu

R
)qi, (�g

Zd

R
)qi, (�g

Ze

R
)`

 
⌘ 0. (24)

SMEFTPEW ⌘ { cgg, �cz, c��, cz�, czz, cz⇤, �yt, �yc, �yb, �y⌧ , �yµ, �z} . (25)

{ cgg, �cz, c��, cz�, czz, cz⇤, �yt, �yc, �yb, �y⌧ , �yµ, �z} . (26)

e+e�
! W+W�

! jj`⌫, ` = e, µ (27)

S(�) =
d�

d cos ✓W d'1d cos✓1 d'2d cos✓2
(28)

S0(�) =
d�

d�

��
SM

(29)

ciSi(�) =
d�

d�

��
Interf . SM�NP

(30)

S(�) = S0(�) +
P

i
ciSi(�) (31)

S(�) =
d�

d�
(32)

S0(�) =
d�

d�

��
SM

(33)

ciSi(�) =
d�

d�

��
Interf . SM�NP

(34)

Oi =
P

k2events

Si(�k)
S0(�k)

(35)

cov(ci, cj) =

⇣
L
R
d�Si(�)Sj(�)

S0(�)

⌘�1

+ O(ck) (36)

3

�g1,Z ��� �Z
0.0000

0.0005

0.0010

0.0015

pr
ec
is
io
n

precision reach of aTGCs at CEPC 240GeV
binned distributions, �=80%
optimal observables, �=80%
optimal observables, �=50%

5.6/ab, e+e-�WW semileptonic channel, statistics only

�: signal selection efficiency
: individual fit

Figure 13: A comparison of the reach on aTGCs from the binned method used in ref. [67]
and the optimal observables for the diboson measurement at CEPC 240 GeV. To match
ref. [67], we use both the total rate and the normalized distributions of the semileptonic
channel, and impose the TGC dominance assumption. A 80% signal selection e�ciency is
assumed in ref. [67].

is achieved using optimal observables, which reduced the strong correlation between them
from ≠0.9 (of the binned distribution method) to ≠0.6. The improvement is still outstand-
ing even with the conservative 50% e�ciency used in our analysis. Note however that they
remain degeneracies between Higgs and EW parameters that cannot be resolved with WW

measurements alone, even with optimal use of the available di�erential information.

Treatment of Higgsstrahlung production The three relevant angles in the process
e+e≠

æ hZ, Z æ ¸+¸≠ are the production polar angle and the Z decay polar and azimuthal
angles. In refs. [80, 81], the information contained in angular distributions was extracted
using asymmetries. While this approach captures all the essential information, the corre-
lations among the asymmetry observables are omitted, which results in a reduction in the
sensitivity. We instead construct statistically optimal observables from these three angles
using equation (D.6) and (D.7), keeping only the linear CP-even EFT dependences. We
use only the h æ bb̄ and Z æ e+e≠/µ+µ≠ channel, which is almost background free after
the selection cuts. The ‰2 is computed analytically, including only statistical uncertainties
with a universal 40% signal e�ciency. Note that the bb̄ pair is only used for tagging the
Higgs and reducing backgrounds. The flat distribution of scalar decay product does not
contain useful information.

E Input for the global fits

In this section, we give a list of inputs that we used in the fits for the various colliders.
The same inputs can also be provided as configuration files for HEPfit on request which
can be used for reproducing our results. While we try to give a complete list of inputs in
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Figure 6: Impact of diboson measurement precision on Higgs and triple-gauge couplings.
Our default assumption, adopted in figure 2, is also shown here as dark-shaded bars. It
corresponds to an overall e�ciency ‘ of 50% (see section 2.3). The results obtained with
an ideal 100% and a lower 1% e�ciency are shown as vertical lines and light shaded bars
respectively. The run scenarios of the future lepton colliders are summarized in figure 1.

play of Higgs and EW measurements. To avoid showing a large set of 28 ◊ 28 matrices,
we present a scheme-ball illustration in figure 5, which highlights large correlations with
lines connecting pairs of couplings in its inner circle. The circular collider projections in-
clude both Z-pole and WW threshold measurements. At linear colliders, the EW and the
Higgs sector appear clearly connected due to the absence of new Z-pole measurements.
Strong correlations are present between aTGCs and other electroweak couplings. This
clearly shows again that the electroweak, triple-gauge, and Higgs sectors of the e�ective
field theory would become significantly entangled with the advent of future lepton colliders.

We further investigate the impacts of diboson measurements and beam polarizations
in the rest of this section.

3.1 Impact of W W measurements

As explained in section 2.3, our prospects for WW measurements neglect backgrounds,
detector e�ects and systematic uncertainties but assume a conservative overall e�ciency
‘ of 50%. We examine in figure 6 the impact of di�erent assumptions for ‘ on Higgs and
triple-gauge coupling prospects. This exercise also more generally allows us to visualize
the constraining power of diboson measurements. In comparison with the default ‘ =
50% prospects shown as dark-shaded bars, the ideal ‘ = 100% and pessimistic ‘ = 0.01
ones are respectively shown with vertical lines and light shaded columns. The results in
figure 6 clearly show that WW measurements dominate the reach on aTGCs. A sizeable
impact is also observed on the ”gZZ
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and ”gW W
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couplings constrained by measurements

in which aTGCs also enter. It is more severe at the CEPC and FCC-ee when only Higgs
measurements at 240 GeV are included. Reducing ‘ from 50% to 1% worsens diboson
measurement precision by a factor of
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and ”gW W

H
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corresponds to an overall e�ciency ‘ of 50% (see section 2.3). The results obtained with
an ideal 100% and a lower 1% e�ciency are shown as vertical lines and light shaded bars
respectively. The run scenarios of the future lepton colliders are summarized in figure 1.

play of Higgs and EW measurements. To avoid showing a large set of 28 ◊ 28 matrices,
we present a scheme-ball illustration in figure 5, which highlights large correlations with
lines connecting pairs of couplings in its inner circle. The circular collider projections in-
clude both Z-pole and WW threshold measurements. At linear colliders, the EW and the
Higgs sector appear clearly connected due to the absence of new Z-pole measurements.
Strong correlations are present between aTGCs and other electroweak couplings. This
clearly shows again that the electroweak, triple-gauge, and Higgs sectors of the e�ective
field theory would become significantly entangled with the advent of future lepton colliders.

We further investigate the impacts of diboson measurements and beam polarizations
in the rest of this section.

3.1 Impact of W W measurements

As explained in section 2.3, our prospects for WW measurements neglect backgrounds,
detector e�ects and systematic uncertainties but assume a conservative overall e�ciency
‘ of 50%. We examine in figure 6 the impact of di�erent assumptions for ‘ on Higgs and
triple-gauge coupling prospects. This exercise also more generally allows us to visualize
the constraining power of diboson measurements. In comparison with the default ‘ =
50% prospects shown as dark-shaded bars, the ideal ‘ = 100% and pessimistic ‘ = 0.01
ones are respectively shown with vertical lines and light shaded columns. The results in
figure 6 clearly show that WW measurements dominate the reach on aTGCs. A sizeable
impact is also observed on the ”gZZ
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and ”gW W

H
couplings constrained by measurements

in which aTGCs also enter. It is more severe at the CEPC and FCC-ee when only Higgs
measurements at 240 GeV are included. Reducing ‘ from 50% to 1% worsens diboson
measurement precision by a factor of
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corresponds to an overall e�ciency ‘ of 50% (see section 2.3). The results obtained with
an ideal 100% and a lower 1% e�ciency are shown as vertical lines and light shaded bars
respectively. The run scenarios of the future lepton colliders are summarized in figure 1.

play of Higgs and EW measurements. To avoid showing a large set of 28 ◊ 28 matrices,
we present a scheme-ball illustration in figure 5, which highlights large correlations with
lines connecting pairs of couplings in its inner circle. The circular collider projections in-
clude both Z-pole and WW threshold measurements. At linear colliders, the EW and the
Higgs sector appear clearly connected due to the absence of new Z-pole measurements.
Strong correlations are present between aTGCs and other electroweak couplings. This
clearly shows again that the electroweak, triple-gauge, and Higgs sectors of the e�ective
field theory would become significantly entangled with the advent of future lepton colliders.

We further investigate the impacts of diboson measurements and beam polarizations
in the rest of this section.

3.1 Impact of W W measurements

As explained in section 2.3, our prospects for WW measurements neglect backgrounds,
detector e�ects and systematic uncertainties but assume a conservative overall e�ciency
‘ of 50%. We examine in figure 6 the impact of di�erent assumptions for ‘ on Higgs and
triple-gauge coupling prospects. This exercise also more generally allows us to visualize
the constraining power of diboson measurements. In comparison with the default ‘ =
50% prospects shown as dark-shaded bars, the ideal ‘ = 100% and pessimistic ‘ = 0.01
ones are respectively shown with vertical lines and light shaded columns. The results in
figure 6 clearly show that WW measurements dominate the reach on aTGCs. A sizeable
impact is also observed on the ”gZZ
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in which aTGCs also enter. It is more severe at the CEPC and FCC-ee when only Higgs
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Our default assumption, adopted in figure 2, is also shown here as dark-shaded bars. It
corresponds to an overall e�ciency ‘ of 50% (see section 2.3). The results obtained with
an ideal 100% and a lower 1% e�ciency are shown as vertical lines and light shaded bars
respectively. The run scenarios of the future lepton colliders are summarized in figure 1.

play of Higgs and EW measurements. To avoid showing a large set of 28 ◊ 28 matrices,
we present a scheme-ball illustration in figure 5, which highlights large correlations with
lines connecting pairs of couplings in its inner circle. The circular collider projections in-
clude both Z-pole and WW threshold measurements. At linear colliders, the EW and the
Higgs sector appear clearly connected due to the absence of new Z-pole measurements.
Strong correlations are present between aTGCs and other electroweak couplings. This
clearly shows again that the electroweak, triple-gauge, and Higgs sectors of the e�ective
field theory would become significantly entangled with the advent of future lepton colliders.

We further investigate the impacts of diboson measurements and beam polarizations
in the rest of this section.

3.1 Impact of W W measurements

As explained in section 2.3, our prospects for WW measurements neglect backgrounds,
detector e�ects and systematic uncertainties but assume a conservative overall e�ciency
‘ of 50%. We examine in figure 6 the impact of di�erent assumptions for ‘ on Higgs and
triple-gauge coupling prospects. This exercise also more generally allows us to visualize
the constraining power of diboson measurements. In comparison with the default ‘ =
50% prospects shown as dark-shaded bars, the ideal ‘ = 100% and pessimistic ‘ = 0.01
ones are respectively shown with vertical lines and light shaded columns. The results in
figure 6 clearly show that WW measurements dominate the reach on aTGCs. A sizeable
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clearly shows again that the electroweak, triple-gauge, and Higgs sectors of the e�ective
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in the rest of this section.
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Figure 13: A comparison of the reach on aTGCs from the binned method used in ref. [67]
and the optimal observables for the diboson measurement at CEPC 240 GeV. To match
ref. [67], we use both the total rate and the normalized distributions of the semileptonic
channel, and impose the TGC dominance assumption. A 80% signal selection e�ciency is
assumed in ref. [67].

is achieved using optimal observables, which reduced the strong correlation between them
from ≠0.9 (of the binned distribution method) to ≠0.6. The improvement is still outstand-
ing even with the conservative 50% e�ciency used in our analysis. Note however that they
remain degeneracies between Higgs and EW parameters that cannot be resolved with WW

measurements alone, even with optimal use of the available di�erential information.

Treatment of Higgsstrahlung production The three relevant angles in the process
e+e≠

æ hZ, Z æ ¸+¸≠ are the production polar angle and the Z decay polar and azimuthal
angles. In refs. [80, 81], the information contained in angular distributions was extracted
using asymmetries. While this approach captures all the essential information, the corre-
lations among the asymmetry observables are omitted, which results in a reduction in the
sensitivity. We instead construct statistically optimal observables from these three angles
using equation (D.6) and (D.7), keeping only the linear CP-even EFT dependences. We
use only the h æ bb̄ and Z æ e+e≠/µ+µ≠ channel, which is almost background free after
the selection cuts. The ‰2 is computed analytically, including only statistical uncertainties
with a universal 40% signal e�ciency. Note that the bb̄ pair is only used for tagging the
Higgs and reducing backgrounds. The flat distribution of scalar decay product does not
contain useful information.

E Input for the global fits

In this section, we give a list of inputs that we used in the fits for the various colliders.
The same inputs can also be provided as configuration files for HEPfit on request which
can be used for reproducing our results. While we try to give a complete list of inputs in
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Our default assumption, adopted in figure 2, is also shown here as dark-shaded bars. It
corresponds to an overall e�ciency ‘ of 50% (see section 2.3). The results obtained with
an ideal 100% and a lower 1% e�ciency are shown as vertical lines and light shaded bars
respectively. The run scenarios of the future lepton colliders are summarized in figure 1.

play of Higgs and EW measurements. To avoid showing a large set of 28 ◊ 28 matrices,
we present a scheme-ball illustration in figure 5, which highlights large correlations with
lines connecting pairs of couplings in its inner circle. The circular collider projections in-
clude both Z-pole and WW threshold measurements. At linear colliders, the EW and the
Higgs sector appear clearly connected due to the absence of new Z-pole measurements.
Strong correlations are present between aTGCs and other electroweak couplings. This
clearly shows again that the electroweak, triple-gauge, and Higgs sectors of the e�ective
field theory would become significantly entangled with the advent of future lepton colliders.

We further investigate the impacts of diboson measurements and beam polarizations
in the rest of this section.

3.1 Impact of W W measurements

As explained in section 2.3, our prospects for WW measurements neglect backgrounds,
detector e�ects and systematic uncertainties but assume a conservative overall e�ciency
‘ of 50%. We examine in figure 6 the impact of di�erent assumptions for ‘ on Higgs and
triple-gauge coupling prospects. This exercise also more generally allows us to visualize
the constraining power of diboson measurements. In comparison with the default ‘ =
50% prospects shown as dark-shaded bars, the ideal ‘ = 100% and pessimistic ‘ = 0.01
ones are respectively shown with vertical lines and light shaded columns. The results in
figure 6 clearly show that WW measurements dominate the reach on aTGCs. A sizeable
impact is also observed on the ”gZZ

H
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Full EFT parameterisation
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via efficiency 

Maximal differential information
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• Updates for Snowmass (Work in progress):  extended analysis with

✓ Detector acceptance effects (|cos 𝜃|< 0.9 (0.95) for jets (leptons) )

✓ Smearing on the polar angle
✓ Systematics in the determination of the total rate (δN) and effective 

beam polarisation (δPeff), e.g. for ILC

✓ Combination of all channels
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Thanks to J. Gu for preparing these figures

https://arxiv.org/abs/1907.04311
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• The future of BSM searches at the LHC and the next future collider will rely on 
precision measurements 
✓ They guided direct searches in the past and will be necessary before another 

high energy (100 TeV?) hadron collider is (hopefully) built

• A general model-independent interpretation of measurements can be done 
within the consistent theory framework of Effective Field Theories

• SMEFT interpretation benefits from the interplay of different types of 
measurements

✓ At the LHC: e.g. LEP/SLD EWPO constrains many interactions entering in 
LHC processes

✓ At future  e+e- Higgs/EW/Top factories: a combination of all possible info in a 
truly global EW/Higgs/diBoson/Top fit (not available yet) still needed to 
precisely establish the indirect physics potential of these machines

• (And, remember, the SMEFT is not ALL!… HEFT? EFTs with extra light 
particles?…)

Jorge de Blas 
University of Granada

⇒Work in Progress for the Snowmass 2021
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The SMEFT at the LHC

HEP Seminar, Oklahoma State University 
November 4, 2021

• For anything related to the applications of EFT studies at the LHC, check the 
recently formed LHC Effective Field Theory WG 

• Six activity Areas:
✓ EFT Formalism
✓ Predictions and Tools
✓ Experimental Measurements and Observables
✓ Fits and Related Systematics
✓ Benchmark Scenarios from UV Models
✓ Flavor

Webpage: https://lpcc.web.cern.ch/lhc-eft-wg
Twiki page: https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCEFT

Subscribe to the Mailing list:
https://simba3.web.cern.ch/simba3/SelfSubscription.aspx?groupName=lhc-eftwg

WG meetings: https://indico.cern.ch/category/12671/→3rd General Meeting on Nov. 22
Reach us the conveners at: lhc-eftwg-admin@cern.ch

https://lpcc.web.cern.ch/lhc-eft-wg
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCEFT
https://simba3.web.cern.ch/simba3/SelfSubscription.aspx?groupName=lhc-eftwg
https://indico.cern.ch/category/12671/
mailto:lhc-eftwg-admin@cern.ch
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• Fit to new physics effects parameterized by the dimension 6 SMEFT:

✓Bayesian fit using

✓Future sensitivity from posterior info (NP-parameters/Observables errors/
limits)

• Assumptions:

✓Likelihood: SM predictions as central values for future “experimental” 
measurements. Errors given by projected experimental uncertainties.

✓New physics effects: Working at the linear-level in the EFT effects 
(interference with SM amplitudes)

✓SM theory uncertainties: SM intrinsic and parametric uncertainties 
reduced according to future projections. Included in the analysis when available.

Future Colliders
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General strategy for calculation of future sensitivities to BSM effects

fit
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EFT analyses with FCC precision

J. de Blasa†

aINFN, Sezione di Roma, Piazzale A. Moro 2, I-00185 Rome, Italy

Abstract

Materials for the talk presented at the FCC physics meeting on Feb. 19 2018.
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Main results presented with SM parametric uncertainties
(Impact of different TH uncertainties discussed later)
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Fig. 3.9: 68% probability reach on Higgs couplings at the different future colliders from the
Global fit SMEFTND. For details, see Ref. [39].

The rate of rare Higgs boson decays such as H ! µ+µ� that allows the study of the
second generation lepton couplings, will be best measured by HL-LHC with an accuracy of
about 4%.

It is difficult to access the couplings for the first generation. The current limit ke < 611
[67] is based on the direct search for H ! e+e�. A study at FCC-ee [68] has assessed the
reach of a dedicated run at

p
s = mH . In one year, an upper limit of 2.5 times the SM value can

be reached, while the SM sensitivity would be reached in a five-year run. For the light quark
couplings, please see Ref. [39] for further discussion.

When FCC-ee is combined with FCC-eh and FCC-hh a further significant improvement is
seen, particularly for couplings to top quark, muons, photons and Zg where FCC-hh will benefit
from very large event samples. The improvement in kW comes primarily from FCC-eh. A study
of various other combination of aspects of the FCC programme is documented in Ref. [39].

The sensitivity of the Higgs branching ratio to BSM invisible final states is predicted to
be improved by a factor 3 (CLIC) to 10 (FCC-ee, ILC) with respect to HL-LHC. For FCC-hh a
sensitivity to branching ratios as small as 0.025% is expected to be achieved. Branching ratios
to untagged decays are typically probed with a precision of (1�2)%.

In Fig. 3.9, the results of the fit corresponding on the EFT benchmark, expressed in terms
of effective couplings, are shown. Again, it is seen that compared to the HL-LHC the e+e�

colliders improve most parameters by about factors of 5-10. The exceptions are the coupling
parameters related to top, Zg and µ couplings. The sensitivity of the different types of e+e�

colliders is similar in their first stages. The improvements seen for HE-LHC and LHeC are
more modest. For the Z and W a sensitivity below 0.3% can be achieved by ILC, CLIC and
FCC. At this precision, the uncertainty is potentially limited by the intrinsic theory uncertainties
which is not considered here (see discussion in Sect. 3.2.3). For fermions, the best sensitivity is
reached for b-quarks and t-leptons, and it is about 0.5%.

Physics Briefing Book, arXiv: 1910.11775 [hep-ex]
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operator D⇢�†D⇢�Gµ⌫Gµ⌫ which simply comes with coe�cient ⇠ g2
s
/m4

⇤. One can then easily see that when
the experimental accuracy in the measurement of gg ! HH is worse than O(y2

t
/16⇡2), the sensitivity on m⇤ is

dominated by the dim-8 operator.
Although the particular structure of the previous Lagrangian is not fully general, it provides a theoretically

sound benchmark to interpret the results of our studies from a more BSM-oriented perspective. The contribu-
tions from the di↵erent SILH Wilson coe�cients in the Lagrangian (13) to the parameters of the Higgs basis
can be found in [?].

1.2 Results from the EFT framework studies

In the previous section we have detailed the counting of the degrees of freedom that enter in the di↵erent
SMEFT fit scenarios using the so-called Higgs basis. While physical results do not depend on the choice of
basis, in some cases a particular basis may be convenient for computational, presentation or interpretational
purposes (note that the physical interpretation of each dimension-six operator does depend on the basis). From
the point of view of the results presented in this section, however, we are mostly interested in comparing the
sensitivity to deformations with respect to the SM in the Higgs couplings at the di↵erent future collider projects.
To assess these deformations with respect to the SM in a basis-independent way one can project the results of
the SMEFT fit onto a set of on-shell properties of the Higgs boson, via the following Higgs e↵ective couplings:

g
e↵ 2

HX
⌘

�H!X

�
SM
H!X

. (14)

By definition, these quantities, constructed from physical observables, are basis independent. These definitions
are also convenient to compare in a straightforward manner the SMEFT results with those of the  framework
for the single Higgs couplings. Such definition is, however, not phenomenologically possible for the top-Higgs
coupling and the Higgs self-interaction. For the present report we will sidestep these issues by: (1) defining the
e↵ective top coupling in a similar way to all other fermions; (2) to connect and compare with all current studies
of the Higgs self-interaction, we will define ghhh ⌘ �3/�SM

3
.

Note that, at the dimension-six level and truncating the physical e↵ects at order 1/⇤2 one can always express
the previous e↵ective couplings in terms of the dimension-six operators via a linear transformation. Provided
one has a large enough set of such e↵ective couplings, one can then map the e↵ective coupling result into Wilson
coe�cients, and viceversa (of course, the former are not a basis per se and the connection is only well-defined
at a fixed order in perturbation theory and in the EFT expansion). The single Higgs couplings plus ghhh are
however not enough to match the number of free parameters in the SMEFT fits, even in the simplified scenario
SMEFTPEW in eq. (11). In particular, the on-shell couplings ge↵

HZZ,HWW
in eq. (14) do not capture all possible

linear combinations of the di↵erent types of EFT interactions contributing to the HZZ and HWW vertices.4

For that reason we will also present our results by adding the predictions for the (pseudo) observable aTGC
obtained from the di-boson analysis. These extra parameters o↵er a measure of the Higgs couplings to gauge
boson with a non-SM Lorentz structure. As long as we restrict the analysis to observables around the Higgs
mass scale, this approach with on-shell e↵ective couplings and aTGC is perfectly appropriate. When high-energy
observables are considered, like in Section 1.2.2, it would have to be revisited. (In that section, however, we
will present the results directly in terms of the Wilson coe�cients, for easier interpretation in terms of BSM
scenarios.) Even after adding the aTGC, in the SMEFTPEW scenario where �m ⌘ 0 the ge↵

HZZ,HWW
couplings

are not independent, and therefore we will present the results reporting only the coupling to Z bosons.
In the global fit scenarios SMEFTFU and SMEFTND, where we also add those combinations of operators

that can contribute to EWPO, extra information needs to be added to illustrate the constraints on the di↵erent
degrees of freedom included in the fit. Since �m is now a free parameter, we report separately the ge↵

HZZ,HWW

couplings. Following a similar approach as for the Higgs couplings, one can report the sensitivity to modifications
in the e↵ective couplings of the Z to fermions, which can be defined from the Z-pole measurements of the Z
decays and asymmetries, e.g.

�Z!e+e� = ↵ MZ

6 sin2 ✓w cos2 ✓w

(|ge

L
|
2 + |g

e

R
|
2), Ae = |ge

L
|2�|ge

R
|2

|ge

L
|2+|ge

R
|2 . (15)

In what follows, we discuss the results of the SMEFT fit from the point of view of the expected sensitivity
to modifications of the Higgs couplings in the scenarios SMEFTFU and SMEFTND. As it was done in the fits in

4We note, however, that, from the point of view of the interpretation in terms of motivated scenarios like those described below
Eq. (13), the contributions to such interactions are dominated only by c�, unless g? ⇠ 4⇡.

10

K
v

K
l

K
u

K
d

Kv Kl Ku Kd

…

- CP-even. Hff and Vff (HVff) 
diagonal in the physical basis

- No 4-fermion, dipole ops.
- Vff (HVff) flavour universality 

respected by first 2 quark families

- Dim-6 + truncation at linear level. 
TH unc.: SM only.

Assumptions/Simplifications

What goes into this figure?

June 17, 2021

LaTeX materials for the talks at the ECFA kicko↵
meeting, June 18 2021

J. de Blasa†
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Fig. 3.9: 68% probability reach on Higgs couplings at the different future colliders from the
Global fit SMEFTND. For details, see Ref. [39].

The rate of rare Higgs boson decays such as H ! µ+µ� that allows the study of the
second generation lepton couplings, will be best measured by HL-LHC with an accuracy of
about 4%.

It is difficult to access the couplings for the first generation. The current limit ke < 611
[67] is based on the direct search for H ! e+e�. A study at FCC-ee [68] has assessed the
reach of a dedicated run at

p
s = mH . In one year, an upper limit of 2.5 times the SM value can

be reached, while the SM sensitivity would be reached in a five-year run. For the light quark
couplings, please see Ref. [39] for further discussion.

When FCC-ee is combined with FCC-eh and FCC-hh a further significant improvement is
seen, particularly for couplings to top quark, muons, photons and Zg where FCC-hh will benefit
from very large event samples. The improvement in kW comes primarily from FCC-eh. A study
of various other combination of aspects of the FCC programme is documented in Ref. [39].

The sensitivity of the Higgs branching ratio to BSM invisible final states is predicted to
be improved by a factor 3 (CLIC) to 10 (FCC-ee, ILC) with respect to HL-LHC. For FCC-hh a
sensitivity to branching ratios as small as 0.025% is expected to be achieved. Branching ratios
to untagged decays are typically probed with a precision of (1�2)%.

In Fig. 3.9, the results of the fit corresponding on the EFT benchmark, expressed in terms
of effective couplings, are shown. Again, it is seen that compared to the HL-LHC the e+e�

colliders improve most parameters by about factors of 5-10. The exceptions are the coupling
parameters related to top, Zg and µ couplings. The sensitivity of the different types of e+e�

colliders is similar in their first stages. The improvements seen for HE-LHC and LHeC are
more modest. For the Z and W a sensitivity below 0.3% can be achieved by ILC, CLIC and
FCC. At this precision, the uncertainty is potentially limited by the intrinsic theory uncertainties
which is not considered here (see discussion in Sect. 3.2.3). For fermions, the best sensitivity is
reached for b-quarks and t-leptons, and it is about 0.5%.

Lots of work at the different Fut. Collider Projects: Condensed in ESU study
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A. Freitas et al., arXiv: 1906.05379 [hep-ph]

Table 10: Partial decay widths for the Higgs boson to specific final states and the uncertainties in their cal-
culation [?]. The uncertainties arise either from intrinsic limitations in the theoretical calculation (ThIntr)
and parametric uncertainties (ThPar). The parametric uncertainties are due to the finite precision on the quark
masses, ThPar(mq), on the strong coupling constant, ThPar(↵s), and on the Higgs boson mass, ThPar(MH). The
columns labelled ”partial width” and ”current uncertainty” and refer to the current precision [?], while the pre-
dictions for the future are taken from ref. [?]. For the future uncertainties, the parametric uncertainties assume
a precision of �mb = 13 MeV, �mc = 7 MeV, �mt = 50 MeV, �↵s = 0.0002 and �MH = 10 MeV.

Decay Partial width Projected future unc. ��/� [%]

[keV] ThIntr ThPar(mq) ThPar(↵s) ThPar(mH )

H ! bb̄ 2379 0.2 0.6[ < 0.1] �

H ! ⌧
+
⌧
� 256 < 0.1 � � �

H ! cc̄ 118 0.2 1.0[ < 0.1] �

H ! µ
+
µ

� 0.89 < 0.1 � � �

H ! WW
⇤ 883 . 0.4 � � 0.1‡

H ! gg 335 1.0 � 0.5] �

H ! ZZ
⇤ 108 . 0.3† � � 0.1‡

H ! �� � < 1.0 � � �

H ! Z� 2.1 1.0 � � 0.1‡

†From e
+
e
�

! ZH.
‡For �MH = 10 MeV. Adjusted for Higgs mass precision at CLIC.

[For �mb = 13 MeV, �mc = 7 MeV. (Lattice projection).
]For �↵s = 0.0002. (Lattice projection).

27

Intrinsic TH unc in production
e.g. e+ e-→Z H 

LO to NLO: 5-10%

Missing 2-loop: O(1%)
 Full 2-loop should  

reduce uncertainty to O(0.1%)

Z width effects relevant  
at this level of precision?

Assessment of TH uncertainty  
may require full 2->3 NNLO

In any case, reducible with  
necessary effort from theory side

• Impact of SM precision calculations and uncertainties
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• Impact of SM precision calculations and uncertainties
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Impact of SM theory uncertainties

Figure 8. Impact of the different sources of SM theory uncertainties in the coupling reach at the different lepton-collider
projects based on the SMEFTPEW fit. Using dark to light shades we show the results without SM theory uncertainties (darkest
shade), only with the intrinsic uncertainty (medium), and the full SM error (lightest shade). The solid line indicates the result
with SM parametric uncertainties only. The most significant differences are found for the effective coupling to vector bosons
(dominated by intrinsic uncertainties) and to bottom quarks (controlled by the parametric error associated with mb). See
Table 11 and text for details.

HZZ and HWW couplings, and the information on H !WW ⇤ becomes relevant to determine geff
HZZ . The measurement of MH

at the HL-LHC at the 10-20 MeV level prevents this from becoming an issue at the lower energy stages at CLIC. But there is
still a factor ⇠ 2 deterioration in the precision of the geff

HZZ coupling in the final CLIC results, emphasising again the necessity
of a precise determination of MH .

27/75

Largest effect on HVV couplings 
Differences in other couplings 

mainly due to unc. in production
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Need dedicated theory effort to reduce SM TH errors to O(0.1%)
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Electroweak precision observables in the SM

• Impact of SM theory uncertainties of SM calculations of EWPO:Central EW precision (pseudo-)observables at the Z pole
FCC-ee: update of Blondel et al., 1901.02648 (in prep.); ILC: Moortgat-Pick et al., 1504.01726

experimental accuracy intrinsic theory uncertainty

current ILC FCC-ee current current source prospect

∆MZ[MeV] 2.1 − 0.1

∆ΓZ[MeV] 2.3 1 0.1 0.4 α3,α2αs,αα
2
s 0.15

∆ sin2 θ!eff [10
−5] 23 1.3 0.6 4.5 α3,α2αs 1.5

∆Rb[10
−5] 66 14 6 11 α3,α2αs 5

∆R![10
−3] 25 3 1 6 α3,α2αs 1.5

Theory requirements for Z-pole pseudo-observables:

• needed: " EW and QCD–EW 3-loop calculations

" 1 → 2 decays, fully inclusive

• problems: " technical: massive multi-loop integrals, γ5

" conceptual: pseudo-obs. on the complex Z-pole

↪→ Enormous challenge, but feasible (anticipating progress + support!)

Stefan Dittmaier, Precision Electroweak Calculations Symposium on the European Strategy, Granada, May 2019 – 7

Prospects: Extrapolation assuming 
EW & QCD 3-loop corrections 

are known

Current: Full 2-loop corrections 
(Not enough for future Exp. precision)

Technically challenging but feasible

⇩

A. Freitas et al., arXiv: 1906.05379 [hep-ph]
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H Consistency of electroweak precision data

Before the discovery of a Higgs boson, the consistency of the SM has often been illustrated

by comparing the direct measurement of mW andmtop with the indirect constraints derived

from precision measurement at the Z-pole and at low-energy experiments. Figure 18 for

the future e+e− colliders.

68% and 95% prob. regions
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HL+FCC­ee (no ThIntr)
Exp. projections
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Figure 18. Constraints on mW and mtop from direct measurements (horizontal and vertical lines)
and indirect constraints (ellipses). In all cases the constraints from current data plus HL-LHC are
compared to the ones expected for the e+e− collider. For ILC and CLIC the result is shown without
(top row) and with a Giga-Z (bottom row) run.
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compared to the ones expected for the e+e− collider. For ILC and CLIC the result is shown without
(top row) and with a Giga-Z (bottom row) run.
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Strongly coupled models come with a parametric enhancement of Ŝ, T̂ over W,Y , such that in the class of models, one can
simplify further the analysis of EW data and perform a two-dimensional fit.

The results of this fit setup are presented in Table 37 and Figure 17, for the different future lepton-collider options, where
the largest improvement in terms of measurements of the EW precision observables (EWPO) is expected. In the table and
figures we also show the impact of the SM theory uncertainties in the results. The results are presented assuming the projected
future improvements in SM theory calculations (Full ThIntr Unc.), neglecting the intrinsic theory uncertainties associated to
such calculations (No ThIntr Unc.) and, finally, also assuming that parametric uncertainties become subdominant (No ThPar+Intr
Unc.). Since several of the SM EW inputs are to be measured at the future collider under consideration, the latter scenario
goes beyond the physics potential of these machines. This scenario is presented only to illustrate whether the precision of the
measurements of such inputs can become a limiting factor in terms of the reach of Ŝ and T̂ . This seems to be the case for the
circular colliders and, to a less extent, the linear collider Giga-Z options.

Table 37. Comparison of the sensitivity at 68% probability to new physics contributions to EWPO in the form of the oblique
S and T parameters, under different assumptions for the SM theory uncertainties. We express the results in terms of the usually
normalised parameters: S = 4sin2 qwŜ/a and T = T̂/a .

HL-LHC HL+CLIC380 HL+CLIC380 (GigaZ) HL+ILC250 HL+ILC250 (GigaZ) HL+CEPC HL+FCC-ee

S Full ThIntr Unc. 0.053 0.032 0.013 0.015 0.012 0.01 0.0079
No ThIntr Unc. 0.053 0.032 0.011 0.012 0.009 0.0068 0.0038

No ThPar+Intr Unc. 0.052 0.031 0.0091 0.011 0.0067 0.0031 0.0013
T Full ThIntr Unc. 0.041 0.023 0.013 0.015 0.014 0.0094 0.0058

No ThIntr Unc. 0.041 0.023 0.012 0.014 0.013 0.0072 0.0022
No ThPar+Intr Unc. 0.039 0.022 0.01 0.011 0.0091 0.0041 0.0019

2-� region (no ThIntr)
HL+CLIC380,Giga Z
HL+ILC250,Giga Z
HL+CEPC
HL+FCCee
Including ThIntr
HL+CLIC380,Giga Z
HL+ILC250,Giga Z
HL+CEPC
HL+FCCee

-0.04 -0.02 0.00 0.02 0.04
-0.04

-0.02

0.00

0.02

0.04

T

S

Figure 17. (Left) 2-s regions in the S�T plane at the different future colliders, combined with the HL-LHC (including also
the LEP/SLD EWPO programme). We express the results in terms of the usually normalised parameters: S = 4sin2 qwŜ/a and
T = T̂/a . The results include the future projected parametric uncertainties in the SM predictions of the different EWPO, but
not the intrinsic ones. (Right) The same illustrating the impact of neglecting such intrinsic theory errors. For each project
(including the Giga-Z option for linear colliders) the solid regions show the results in the left panel, to be compared with the
regions bounded by the dashed lines, which include the full projected theory uncertainty.

72/75

Only briefly explored in ESU studies: Future projections still a limiting factor 
SM: MW vs. mt BSM: Oblique parameters

Need to study the impact on all directions 
in the SMEFT fits
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• Impact of SM theory uncertainties of SM calculations of EWPO:Central EW precision (pseudo-)observables at the Z pole
FCC-ee: update of Blondel et al., 1901.02648 (in prep.); ILC: Moortgat-Pick et al., 1504.01726
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Theory requirements for Z-pole pseudo-observables:

• needed: " EW and QCD–EW 3-loop calculations

" 1 → 2 decays, fully inclusive

• problems: " technical: massive multi-loop integrals, γ5

" conceptual: pseudo-obs. on the complex Z-pole

↪→ Enormous challenge, but feasible (anticipating progress + support!)

Stefan Dittmaier, Precision Electroweak Calculations Symposium on the European Strategy, Granada, May 2019 – 7

Prospects: Extrapolation assuming 
EW & QCD 3-loop corrections 

are known

Current: Full 2-loop corrections 
(Not enough for future Exp. precision)

Technically challenging but feasible

⇩

A. Freitas et al., arXiv: 1906.05379 [hep-ph]
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H Consistency of electroweak precision data

Before the discovery of a Higgs boson, the consistency of the SM has often been illustrated

by comparing the direct measurement of mW andmtop with the indirect constraints derived

from precision measurement at the Z-pole and at low-energy experiments. Figure 18 for

the future e+e− colliders.
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Figure 18. Constraints on mW and mtop from direct measurements (horizontal and vertical lines)
and indirect constraints (ellipses). In all cases the constraints from current data plus HL-LHC are
compared to the ones expected for the e+e− collider. For ILC and CLIC the result is shown without
(top row) and with a Giga-Z (bottom row) run.
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Figure 18. Constraints on mW and mtop from direct measurements (horizontal and vertical lines)
and indirect constraints (ellipses). In all cases the constraints from current data plus HL-LHC are
compared to the ones expected for the e+e− collider. For ILC and CLIC the result is shown without
(top row) and with a Giga-Z (bottom row) run.
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Strongly coupled models come with a parametric enhancement of Ŝ, T̂ over W,Y , such that in the class of models, one can
simplify further the analysis of EW data and perform a two-dimensional fit.

The results of this fit setup are presented in Table 37 and Figure 17, for the different future lepton-collider options, where
the largest improvement in terms of measurements of the EW precision observables (EWPO) is expected. In the table and
figures we also show the impact of the SM theory uncertainties in the results. The results are presented assuming the projected
future improvements in SM theory calculations (Full ThIntr Unc.), neglecting the intrinsic theory uncertainties associated to
such calculations (No ThIntr Unc.) and, finally, also assuming that parametric uncertainties become subdominant (No ThPar+Intr
Unc.). Since several of the SM EW inputs are to be measured at the future collider under consideration, the latter scenario
goes beyond the physics potential of these machines. This scenario is presented only to illustrate whether the precision of the
measurements of such inputs can become a limiting factor in terms of the reach of Ŝ and T̂ . This seems to be the case for the
circular colliders and, to a less extent, the linear collider Giga-Z options.

Table 37. Comparison of the sensitivity at 68% probability to new physics contributions to EWPO in the form of the oblique
S and T parameters, under different assumptions for the SM theory uncertainties. We express the results in terms of the usually
normalised parameters: S = 4sin2 qwŜ/a and T = T̂/a .

HL-LHC HL+CLIC380 HL+CLIC380 (GigaZ) HL+ILC250 HL+ILC250 (GigaZ) HL+CEPC HL+FCC-ee

S Full ThIntr Unc. 0.053 0.032 0.013 0.015 0.012 0.01 0.0079
No ThIntr Unc. 0.053 0.032 0.011 0.012 0.009 0.0068 0.0038

No ThPar+Intr Unc. 0.052 0.031 0.0091 0.011 0.0067 0.0031 0.0013
T Full ThIntr Unc. 0.041 0.023 0.013 0.015 0.014 0.0094 0.0058

No ThIntr Unc. 0.041 0.023 0.012 0.014 0.013 0.0072 0.0022
No ThPar+Intr Unc. 0.039 0.022 0.01 0.011 0.0091 0.0041 0.0019

2-� region (no ThIntr)
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Figure 17. (Left) 2-s regions in the S�T plane at the different future colliders, combined with the HL-LHC (including also
the LEP/SLD EWPO programme). We express the results in terms of the usually normalised parameters: S = 4sin2 qwŜ/a and
T = T̂/a . The results include the future projected parametric uncertainties in the SM predictions of the different EWPO, but
not the intrinsic ones. (Right) The same illustrating the impact of neglecting such intrinsic theory errors. For each project
(including the Giga-Z option for linear colliders) the solid regions show the results in the left panel, to be compared with the
regions bounded by the dashed lines, which include the full projected theory uncertainty.

72/75

Only briefly explored in ESU studies: Future projections still a limiting factor 
SM: MW vs. mt BSM: Oblique parameters

Need to study the impact on all directions 
in the SMEFT fits

SM uncertainties on WW production? 

• Studied at threshold (relevant for W mass measurement):

• Effect of SM uncertainty in e+e- →4f above WW threshold? Relevant for 
extraction of, e.g.,  aTGC 

C. Schwinn

7.2.4 Non-resonant and kinematic O(–2) corrections
Kinematic O(–2v) corrections and O(–2) corrections to the non-resonant cross-section in Eq. (7.21)
would be included in a full NNLOee4f calculation, which is far beyond current calculational
methods. The comparison of the NLOEFT and NLOee4f results in Section 7.1.3 indicate a well-
behaved perturbative expansion of the non-resonant corrections (Eq. (7.7)), with coe�cients
K(i) of order one. This suggests that the non-resonant and kinematic NNLO corrections are
reasonably estimated by scaling the corresponding NLO corrections,

�‡(2)
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NNLO(s) ≠ ‡(2)
EFT(s) ¥ –

s2
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EFT(s)
2

= ‡ee4f
Born(s) ◊ 0.02% (7.32)

for
Ô

s = 161–170 GeV. Therefore, these e�ects must be under control to reach the desired
accuracy for the FCC-ee. A calculation of the O(–2) non-resonant correction in the EFT involves
a combination of O(–2) corrections to the processes e≠e+ æ W±ff with O(–) corrections for
e≠e+ æ 4f. Such a computation is beyond current capabilities, but may be possible before a
full NNLOee4f calculation is available. A comparison of future NNLO calculations in the EFT
and the conventional DPA may also enable these corrections to be constrained.

7.3 Summary and outlook
The prospects of reducing the theoretical uncertainty of the total W pair production cross-
section near the threshold to the level of ≥0.01% required to fully exploit the high statistics
at a future circular e≠e+ collider have been investigated within the EFT approach, building on
results for the NLO and dominant NNLO corrections. The estimates in Section 7.2.1 suggest
that O(–2) corrections beyond the leading Coulomb e�ects [15] are of the order

�‡NNLO ¥ 0.1% ◊ ‡Born (7.33)

at the threshold and are therefore mandatory to reach FCC-ee precision. In Sections 7.2.2
and 7.2.3, the dominant, Coulomb-enhanced three-loop e�ects have been estimated to be of the
order

�‡N3LO ¥ few ◊ 0.01% ◊ ‡Born , (7.34)
based on computations or estimates of representative examples of O(–3/v2, –3/v) e�ects. These
corrections are either part of the NNLOEFT result or can be computed once this result is avail-
able. The e�ect of the remaining O(–3) corrections without Coulomb enhancement is expected
to be below the FCC-ee target accuracy. However, the accuracy of the NNLOEFT calculation
is limited by non-resonant and kinematic corrections. An extrapolation of the di�erence of the
NLOEFT and NLOee4f calculations suggests the magnitude

�‡(2)
4f ¥ 0.02% ◊ ‡Born. (7.35)

Related estimates, �‡N3LO ¥ 0.02% and �‡(non-res)
NNLO ¥ 0.016%, have been obtained using scaling

arguments and an extrapolation of the accuracy of the DPA [41]. Our results suggest that a
theory-induced systematic error of the mass measurement from a threshold scan of

�MW = (0.15 ≠ 0.45) MeV (7.36)

should be achievable, where the lower value results from assuming that the non-resonant cor-
rections are under control. In addition to the corrections considered here, it is also essential to
reduce the uncertainty from ISR corrections and QCD corrections for hadronic final states to the
required accuracy. It would also be desirable to bring the precision for di�erential cross-sections
to a similar level to that of the total cross-section.
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• With its limitations, the ESU study was enough to constraint a reasonably large 
set of EFT interactions relevant for “Higgs” BSM scenarios 
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Figure 6. Global fit to the EFT operators in the Lagrangian (3.19). We show the marginalized
68% probability reach for each Wilson coefficient ci/Λ2 in eq. (3.19) from the global fit (solid bars).
The reach of the vertical “T” lines indicate the results assuming only the corresponding operator
is generated by the new physics. The HE-LHC results correspond to the S′2 assumptions for the
theory systematic uncertainties in Higgs processes [13].

We focus the comparison, again, on the full physics program at each future collider project

(solid regions), but also show the region delimited by the low energy runs, or the FCC-ee for

the case of the FCC project (the boundaries are indicated by the dashed lines). In the right

panel of that figure we also show, for illustration purposes, the individual constraints set by

several of the operators in (3.19) for the FCC fit. The modifications of the on-shell Higgs

properties discussed in this report are mainly controlled, within the SILH assumptions,

by the contributions to the operators Oφ and Oyf , both of which set similar constraints

in the global fit for this collider. These give the leading constraints in strongly coupled

scenarios. Electroweak precision measurements, on the other hand, are more affected by a

combination of OW,B and set bounds independently of the new physics coupling. Finally,

some of the high-energy probes included in the analysis provide the most efficient way of

testing weakly coupled scenarios.

3.5 Impact of Standard Model theory uncertainties in Higgs calculations

As important as it is to have very precise experimental measurements of the different Higgs

processes, it is also fundamental from the point of view of their physical interpretation to
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Figure 7. (Left) 2-σ exclusion regions in the (g!,m!) plane from the fit presented in figure 6, using
the SILH power-counting described in eq. (3.20) and below (solid regions). Dashed lines indicate
the regions constrained by the corresponding low-energy runs (or FCC-ee only for the case of the
FCC project). (Right) The same comparing the results from the global fit with the constraints set
by some of the operators individually, for the illustrative case of the HL-LHC+FCC-ee/eh/hh. In
this case, the constraints from the on-shell Higgs measurements mainly affect Oφ and Oyf .

have theoretical calculations for the predictions of such processes with comparable or better

precision. In this sense, to quantify to what extent an experimental measurement with

uncertainty δexp can be translated into a constraint on new physics,17 one needs to know

the corresponding uncertainty δSM for the SM prediction. In order to extract the maximum

experimental information, ideally, δSM ! δexp. The sources of the SM uncertainty are

typically separated in two types of contributions:

• Parametric theory uncertainties (ThPar). For a given observable O, this is the error

associated to the propagation of the experimental error of the SM input parameters

to the SM prediction OSM.

• The second source of uncertainty is due to the fact that, in practice, OSM is only

known to a finite order in perturbation theory. The estimate of the net size associated

with the contribution to OSM from missing higher-order corrections is usually referred

to as intrinsic theory uncertainty (ThIntr).

Of course, in the interpretation of any measurement in a particular extension of the SM,

there are also errors associated with the missing corrections in the expansion(s) including

the new physics parameters. In the particular case of the EFT framework, these would come

from NLO corrections in the perturbative expansion including dimension-6 interactions

or, from the point of view of the EFT expansion, from q4/Λ4 effects coming from either

the square of the dimension-6 contributions to the amplitudes, or the SM interference

with amplitudes involving dimension-8 operators or double insertions of the dimension-6

ones. Note that all these corrections affect the interpretation of a measurement in terms

of pinpointing what is the source of the deformation from the SM, i.e. which particular

operator and how large its coefficient can be, but not on the size of the overall deformation

17Or, equivalently, to what extent a measurement agrees with the SM.
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SMEFT fit results: Non-Flavor Universal
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Figure 3. Sensitivity at 68% probability to deviations in the different effective Higgs couplings and aTGC from a global fit to
the projections available at each future collider project. Results obtained within the SMEFT framework in the benchmark
SMEFTND. The HE-LHC results correspond to the S02 assumptions for the theory systematic uncertainties in Higgs
processes [13].

3.4.2 Results for BSM-motivated effective Lagrangians

In this subsection, we adopt a more BSM-oriented perspective and present the global fit results in a way that can be easily
matched to theory-motivated scenarios, such as composite Higgs models. For that purpose, we will restrict the results to the set
of dimension-6 interactions in the effective Lagrangian in eq. (19) and adopt the usual presentation of results in terms of the
bounds on the dimension-6 operator coefficients. We will also extend the global fits presented in previous sections, adding
further studies available in the literature about high-energy probes of the EFT. These are designed to benefit from the growth
with energy of the contributions of certain dimension-6 operators in physical processes, leading to competitive constraints
on new physics, without necessarily relying on extreme experimental precision. In this regard, we note that these studies are
usually not performed in a fully global way within the EFT framework, but rather focus on the most important effects at high
energies. Therefore, the results when such processes dominate in the bounds on new physics should be considered with a
certain amount of caution, although they should offer a reasonable approximation under the assumptions in (19) and (20). In
particular, we will add the following high-energy probes using di-boson and di-fermion processes:

• The constraints on the W and Y oblique parameters [48] (which can be mapped into c2W,2B) from fermion pair production
at the HL-LHC, HE-LHC [13], FCC-hh [49], ILC at 250, 500 and 1000 GeV [4] and CLIC [46]15.

It must be noted that, for the HE-LHC, only the sensitivity to W and Y from pp ! `+`� is available in [13]. There is no
sensitivity reported from charged-current process, which can constrain W independently. No studies on the reach for the
W and Y parameters were available for CEPC or the FCC-ee. For this section for these two lepton colliders it has been

15 The studies in [46] and [4] make use of significantly different assumptions for the systematic uncertainties and efficiencies for each e+e� ! f f̄ channel.
The apparent small difference in terms of reach at the highest energy stages for CLIC/ILC is, however, due to the high luminosity assumed at ILC, as well as
the use of positron polarization, which allow to partially compensate the lower energy achievable compared to CLIC.
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Figure 4. Sensitivity at 68% probability to deviations in the different EW couplings from a global fit to the projections
available at each future collider project. Results obtained within the SMEFT framework in the benchmark SMEFTND. Note
that Z-radiative return measurements at ILC and CLIC are included in the fit. Two different assumptions are considered for the
systematic errors. The HE-LHC results correspond to the S02 assumptions for the theory systematic uncertainties in Higgs
processes [13]. See text for details.

estimated following the studies in Ref. [4, 46] 16.

• The study in Ref. [50] of the MZH distribution in pp ! ZH,H ! bb̄ in the boosted regime for the HL-LHC [13] and
FCC-hh [1]. (This was not available for the HE-LHC.) Note that both CLIC (and to a lesser extent ILC) have access to
similar physics in the leptonic case, from the ZH measurements at 1.5/3 TeV (500/1000 GeV). Current ILC projections
for Higgs production at 1 TeV [4] are only available for the W boson fusion channel. For the fits presented in this section,
for sZH ⇥BR(H ! bb) at ILC at 1 TeV an uncertainty of 1.3% is assumed for each polarization [51].

• The pTV distribution in pp !WZ from Ref. [52] for the HL-LHC, HE-LHC and FCC-hh.

These are of course only a sample of the high-energy precision probes that could be tested at future colliders (and at HL-LHC)
so the results presented are not an exhaustive study of the potential of the different machines in this regard. (See, e.g., [53, 54].)

The results of this fit are shown in Figure 6 after the full run of each future collider project, and in Table 9. Apart from
the 68% probability bounds for each operator from the global fit, we also present the results assuming only one operator is
generated by the UV dynamics. The difference between both results is indicative of the correlations between the different
operators in the fit. These can, in some cases, be rather large. A full study of such correlations goes beyond the scope of this
report, but it is worth mentioning that some of the largest correlations typically occur between Og , OfW , OfB, OW , OB where
all contribute to the Higgs interactions with neutral vector bosons. Large correlations also connect Og and Oyu . These are

16We obtain alues of dWCEPC ⇠ 5.3⇥ 10�5, dYCEPC ⇠ 4.7⇥ 10�5, with a correlation of -0.5; dWFCC�ee(240) ⇠ 5.4⇥ 10�5, dYFCC�ee(240) ⇠ 4.9⇥ 10�5,
with the same -0.5 correlation; and dWFCC�ee ⇠ 3.2⇥10�5, dYFCC�ee ⇠ 2.9⇥10�5, with a correlation of -0.53.

22/75

SMEFT fit results: Non-Flavor Universal
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FCCee ILC

Z-pole EWPO largely improves precision on Vff couplings  
+ removes correlations not only with the H sector, but also with the aTGC

Polarization partially compensates the impact on H measurements of no Z-
pole run but cannot replace the net value of EWPO:

HXX

aTGCVff 

HXX

aTGCVff 
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be obtained by eliminating di�erent operators via the relations from integration by parts,

OB = OHB + 1
4OBB + 1

4OW B ,

OW = OHW + 1
4OW W + 1

4OW B , (B.1)

and from the SM equations of motion of the gauge fields,
1

gÕ2 OB = ≠
1
2OT + 1

2
ÿ

f

(YfLOHfL + YfROHfR) ,

1
g2 OW = ≠

3
2OH + 2O6 + 1

2
ÿ

f

Oyf + 1
4

ÿ

f

O
Õ
HfL

, (B.2)

where fL = ¸, q are the left-handed fermion doublets, fR = e, u, d are the right-handed
fermion singlets, and Y is the hyperchange (Y¸ = ≠

1
2 , etc.). Note that only the entries of

OHfL,R and O
Õ
HfL

proportional to the SM fermionic currents enter in the previous equation.
In the SILH’ basis, OW W , OW B and the above-mentioned flavour universal entries of OH¸

and O
Õ
H¸

are eliminated. The modified-SILH’ basis is obtained from the SILH’ basis trading
OW and OB by OW W and OW B. In the Warsaw basis, OW , OB, OHW and OHB are
eliminated from table 3. It should also be noted that our definition of OW B di�ers from
the one in ref. [16] by a factor of two.

Our results for the three bases are presented in figure 10 in terms of the 95% confidence
level (CL) (�‰2 = 4) reach for �/


|ci|, with ci and � defined in equation (2.1). This is

particularly convenient for comparing � with the bounds on new particle masses from
direct searches (which are usually in terms of 95% CL). However, it should be emphasized

OH = 1
2(ˆµ|H2

|)2
OGG = g2

s |H|
2GA

µ‹GA,µ‹

OW W = g2
|H|

2W a
µ‹W a,µ‹

Oyu = yu|H|
2q̄LH̃uR + h.c. (u æ t, c)

OBB = gÕ2
|H|

2Bµ‹Bµ‹
Oyd = yd|H|

2q̄LHdR + h.c. (d æ b)

OHW = ig(DµH)†‡a(D‹H)W a
µ‹ Oye = ye|H|

2 l̄LHeR + h.c. (e æ ·, µ)

OHB = igÕ(DµH)†(D‹H)Bµ‹ O3W = 1
3!g‘abcW a ‹

µ W b
‹flW c flµ

OW = ig

2 (H†‡a
Ωæ
DµH)D‹W a

µ‹ OB = ig
Õ

2 (H†ΩæDµH)ˆ‹Bµ‹

OW B = ggÕH†‡aHW a
µ‹Bµ‹

OH¸ = iH†ΩæDµH ¯̧
L“µ¸L

OT = 1
2(H†ΩæDµH)2

O
Õ
H¸

= iH†‡a
Ωæ
DµH ¯̧

L‡a“µ¸L

O¸¸ = (¯̧
L“µ¸L)(¯̧

L“µ¸L) OHe = iH†ΩæDµHēR“µeR

OHq = iH†ΩæDµHq̄L“µqL OHu = iH†ΩæDµHūR“µuR

O
Õ
Hq

= iH†‡a
Ωæ
DµHq̄L‡a“µqL OHd = iH†ΩæDµHd̄R“µdR

Table 3: A redundant set of dimension-six operators that contributes to the Higgs and
EW processes in our analysis. Flavour indices are omitted. The operators OW W , OW B,
and the flavour universal components of OH¸ and O

Õ
H¸

are eliminated in the SILH’ basis;
OW , OB, OH¸ and O

Õ
H¸

are eliminated in the modified-SILH’ basis; OW , OB, OHW and
OHB are eliminated in the Warsaw basis.
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Figure 10: The 95% CL reaches for for �/


|ci| for HL-LHC and the future lepton colliders
in the SILH’ (top), modified-SILH’ (middle) and Warsaw (bottom) bases. The correspond-
ing values for ci/�2 are shown on the right-hand side in units of [TeV≠2]. The columns
with solid shades shows the results from a global fit, and the ones with light shades are
obtained by switching on one operator at a time.

that in an EFT analysis one always constrain the combination �/
Ô

ci (or ci/�2) rather
than � itself [65], and such comparisons are only valid if the sizes of ci are known, for
instance, from assumptions of the UV theory. Unlike in the rest of the paper, in the
results presented here we will impose, for simplicity, the flavour universality condition in
the operators modifying the gauge-fermion couplings. This reduces the total number of
new physics fit parameters to twenty. For each operator, we show both the reach from a
global fit (solid shade) and the individual one with all other operator coe�cients set to
zero (light shade). The corresponding values for ci/�2 are also shown on the right-hand
side of the plots.
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• EW precision observables:
✓ Detailed assessment of impact of SM uncertainties for EWPO in SMEFT fits.
✓ Clarify systematics for heavy flavor observables (Aq, Rq).
✓ Exploit EW obs. outside the Z-pole (low and high energy) ⇒ add 4-fermion ops.

✓ Flavor (and CP violation): not explored in the ESU SMEFT fits.

• Higgs and Multi-boson processes:
✓ Boosted Higgs, Higgs off-shell measurements, …
✓ Full EFT studies of e+e- →W+W-. Use of “optimal” observables.
✓ High-E probes of EFT effects that grow with the energy.
✓ Vector boson scattering: not included in ESU studies.

• Interplay EW/Higgs/Top: Top sector only explored superficially:
✓ Consider effects from 4-fermion operators or top dipole operators.
✓ Exploit NLO effects of Top couplings in H/EW.

• SMEFT assumptions:
✓ Impact of SMEFT uncertainties: NLO, (dim-6)2 vs. dim 8, …
✓ Non-universality: combine with flavor data to explore more flavor BSM scenarios
✓ HEFT? 

Summary and Conclusions
Several issues not covered in the ESU studies

HEP Seminar, Oklahoma State University 
November 4, 2021
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The Higgs self-coupling

di-Higgs ~27% (10%)

di-Higgs ~10%

Assuming upgrade to 500 GeV (1000 GeV)

hh: di-Higgs ~5-10%

Little sensitivity via  
single-Higgs w/o 

365 GeV run
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Higgs@FC WG September 2019
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Figure 11. Sensitivity at 68% probability on the Higgs cubic self-coupling at the various FCs. All values reported correspond
to a simplified combination of the considered collider with HL-LHC. Only numbers for Method (1), i.e. "di-H excl.",
corresponding to the results given by the future collider collaborations, and for Method (4), i.e. "single-H glob." are shown (the
results for Method (3) are reported in parenthesis). For Method (4) we report the results computed by the Higgs@FC working
group. For the leptonic colliders, the runs are considered in sequence. For the colliders with

p
s . 400 GeV, Method (1) cannot

be used, hence the dash signs. Due to the lack of results available for the ep cross section in SMEFT, we do not present any
result for LHeC nor HE-LHeC, and only results with Method (1) for FCC-eh.

improve the precision by about two orders of magnitude, to a 1-2%. For the strange quarks the constraints are about 5-10⇥
the SM value while for the first generation it ranges between 100-600⇥ the SM value. For the latter, future colliders could
improve the limits obtained at the HL-LHC by about a factor of two. For HL-LHC, HE-LHC and LHeC, the determination of
BRunt relies on assuming kV  1. For kg , kZg and kµ the lepton colliders do not significantly improve the precision compared
to HL-LHC but the higher energy hadron colliders, HE-LHC and FCChh, achieve improvements of factor of 2-3 and 5-10,
respectively, in these couplings.

For the electron Yukawa coupling, the current limit ke < 611 [78] is based on the direct search for H ! e+e�. A preliminary
study at the FCC-ee [79] has assessed the reach of a dedicated run at

p
s = mH . At this energy the cross section for e+e� ! H

is 1.64 fb, which reduces to 0.3 with an energy spread equal to the SM Higgs width. According to the study, with 2 ab�1 per
year achievable with an energy spread of 6 MeV, a significance of 0.4 standard deviations could be achieved, equivalent to an
upper limit of 2.5 times the SM value, while the SM sensitivity would be reached in a five year run.

While the limits quoted on kc from hadron colliders (see Table 13) have been obtained indirectly, we mention that progress
in inclusive direct searches for H ! cc̄ at the LHC has been reported from ATLAS together with a projection for the HL-LHC.

Table 13. Upper bounds on the ki for u, d, s and c (at hadron colliders) at 95% CL, obtained from the upper bounds on BRunt
in the kappa-3 scenario.

HL-LHC +LHeC +HE-LHC +ILC500 +CLIC3000 +CEPC +FCC-ee240 +FCC-ee/eh/hh
ku 560. 320. 430. 330. 430. 290. 310. 280.
kd 260. 150. 200. 160. 200. 140. 140. 130.
ks 13. 7.3 9.9 7.5 9.9 6.7 7. 6.4
kc 1.2 0.87 measured directly

36/75

ee: single-Higgs ~34%

di-Higgs ~15%HE-LHC

di-Higgs ~50%HL-LHC

• Comparison of capabilities to measure the h3 coupling

JB, M. Cepeda, J.D’Hondt, R.K. Ellis, C. Grojean, B. Heinemann, F. Maltoni,  
A. Nisati, E. Petit, R. Rattazzi, W. Verkerke, 

JHEP 01 (2020) 139, arXiv: 1905.03764 [hep-ph]

HEP Seminar, Oklahoma State University 
November 4, 2021

https://arxiv.org/abs/1905.03764
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The Higgs width

M. Cepeda (CIEMAT)  Open Symposium on the Update of European Strategy for Particle Physics  

Higgs Width
•Three avenues explored for HL:


• Diphoton interference studies can only provide constraints ~ 8-22xSM. 

• Fits in the kappa framework: subjected to theoretical constraints (eg: |KV|<1 and Bunt=0). 

• HZZ on-shell and off-shell: 20% precision, but very model dependent


•Measurements in Lepton colliders:  


• mass recoil: measure the inclusive cross-section of the ZH without assumption on the 
Higgs BR’s 


• mild model dependence

�23

From recoil mass method
From H rates

• Hadron colliders:

✓ Diphoton interference studies ~8-22 x SM
✓ κ-fit requires extra constraints (e.g. |κV|<1)
✓ HZZ on-shell vs off-shell: ~20% precision but model-dependent

• Lepton colliders: absolute measurement of σZH (→couplings) increases model 
independence Example: κ-framework

where the last approximate equality assumes a cancellation of new physics effects, which holds, for instance, in the k-framework.
This method is limited by the relatively poor statistical precision of the H ! ZZ BR measurement. More in general, even in
scenarios where such a cancellation does not hold, e.g. in an EFT, a global fit can be performed to extract information on the
width, using other decays (particularly the bb and WW decays) and channels (e+e� ! Hnn̄). This method is used for CEPC.
For FCC-ee and CLIC the k-formalism is used to extract the width, similar to what is done in this report for Table 5. For ILC,
the width reported here was extracted using an EFT formalism that does not assume that there is only one operator that governs
the interactions between the Higgs boson and the Z boson (as is done implicitly in the k-framework). In this determination of
GH , angular distributions and polarisation asymmetries are used to constrain the free parameters that result from relaxing this
assumption [18], in addition to the parameters used by the k-formalism for the other lepton colliders. This fit is different from
the EFT fits performed in Section 3.4.

Table 17 summarizes the expected relative precision that can be reached on the Higgs width at future lepton colliders,
comparing the estimates of the standalone estimates of the future lepton colliders to the results of the kappa-3 scenario fits
performed in this article (with HL-LHC data included). It is seen that the result obtained in the kappa-3 fit is generally more
constraining than the results quoted in the references, primarily as this result also includes the constraint from the HL-LHC
data, and, in some cases, uses a different approach to modelling changes to the total width. In both cases, the best precision is
obtained for the ILC500 and FCC-ee365 scenarios.

Table 17. Overview of expected precision of Higgs boson width measurements for future accelerator scenarios. The result
given in the second column refers to the width extraction as performed by the future lepton colliders using the stated technique,
and as provided in the references given. The last column of the table lists the width extracted from the kappa-3 scenario fit. It
also includes the HL-LHC measurements (but excludes the constraint kV < 1 that is used in HL-LHC-only fits).

Collider dGH [%] Extraction technique standalone result dGH [%]
from Ref. kappa-3 fit

ILC250 2.3 EFT fit [3, 4] 2.2
ILC500 1.6 EFT fit [3, 4, 14] 1.1
ILC1000 1.4 EFT fit [4] 1.0
CLIC380 4.7 k-framework [98] 2.5
CLIC1500 2.6 k-framework [98] 1.7
CLIC3000 2.5 k-framework [98] 1.6

CEPC 2.8 k-framework [103, 104] 1.7
FCC-ee240 2.7 k-framework [1] 1.8
FCC-ee365 1.3 k-framework [1] 1.1

8 Future studies of the Higgs sector, post-European Strategy
8.1 Higgs prospects at the muon collider
Electron-positron colliders offer a well-defined value of the collision energy of the hard-scattering process and a relatively clean
event, as opposed to hadron collisions where the underlying event and the high-level of event pileup challenge the reconstruction
of the hard scattering event and its measurement.

The main limitation to the collision energy of circular electron-positron colliders is due to the low mass of the elec-
trons/positrons which leads to large fraction of their energy emitted as synchrotron radiation. The solutions pursued so far to
reach high lepton collision energies are based on limiting the energy loss by synchrotron radiation by reducing the curvature
either by increasing the radius of the circular colliders or by employing linear colliders. However, the beam acceleration does
require a number of RF cavities imposing a machine of large dimensions.

With a mass of about two hundred times that of electrons, muons do not suffer significant energy losses due to synchrotron
radiation (the loss goes as the inverse of the fourth power of the mass) and therefore could be accelerated up to multi-TeV
collision energies. For example, if the LHC ring were used, with the proposed HE-LHC dipoles (Nb3Sn, 16 T), muons would
collide at an energy close to

p
s= 14 TeV, compared to the 0.2 to 0.4 TeV of an electron-positron collider.

Alternatively, a collider with
p

s = 125 GeV could be a very compact (diameter ⇠ 60 m) Higgs factory using s-channel
production of Higgs bosons [105]. However, it should be noted that the expected rate of produced Higgs bosons by s-channel is
small, given the instantaneous luminosity possible at this machine [106], and the limited production cross section (taking into

41/75

Indirect determination 
of H width with O(1-2%) 

precision

Enough data to extract Higgs width in EFT formalism too (see, e.g. ILC studies)

HEP Seminar, Oklahoma State University 
November 4, 2021
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EW/Higgs physics in High-E tails
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• Electroweak interactions beyond the Z-pole: precision via high E
1.5 The Discovery at a Future
p
s = 33 TeV Experiment 13

Figure 1-32. Dilepton backgrounds and the

clear signal for a LR Z0
at 3 TeV for e+e� pairs

after 3000 fb
�1

.

Figure 1-33. Fully emerged signal for a LR Z0

at 3 TeV, background subtracted for e+e� pairs

after 3000 fb
�1

.

1.5.2 Run 2 of the Future Collider

The beginning of Run 2 started in January of 2030 as expected without any delays. Again, the data
taking went smoothly, and other parallel stories of new physics continued to unfold as theorists struggled to
simultaneously weave the numerous discoveries together into a new and over-arching tapestry explaining the
fundamental laws of the Universe. For the Z 0 story, tertiary measurements of SM couplings in specific decay
channels and even the possible observation of exotic decays, were helping other stories understand their
signal better as data was being recorded. As run two ended in 2034, pile-up had continued to be a battle,
but continually worked on and understood to bring an impressive dataset of 3000 fb�1 at

p
s = 33 TeV to

the physics groups for analysis. With this dataset the Z
0 analysis had been able to increase the number of

recorded Z
0 events by an order of magnitude, bringing unprecendented levels of precision to measurements

of width, mass, couplings, and even AFB (see complimentary white paper for in depth analysis [11]). The
physicists remembered how far they had come from the first days of the LHC at

p
s = 14 TeV, seeing a

few events out at high-mass (Figure 1-1) and wondering if it would just turn out to be a fluctuation of the
Standard Model. Now the picture was very di↵erent, physicist’s and indeed the World’s understanding of
the fundamental properties of the Universe had leaped almost unimaginably, and in the Z

0 analysis they
were now presented with a magnificent and clear signal shape (Figures 1-32 to 1-35), and AFB measurement
that put the discovery of a LRM model Z 0 beyond all doubt (Figure 1-36). This new particle was one that
they were almost getting used to, but which still excited even the newest Graduate students because of its
implications and the theory paradigm shifts that had occurred over the last 15 years because of it.

1.5.3 The
p
s = 33 TeV Experiment Aftermath

The achievement of Engineers and Physicists alike was astounding, a new machine had been built to go
up to energies of

p
s = 33 TeV, and over 3000 fb�1 of data had been collected from pp collisions over the

years. The journey was hard at times, and required continual maintenance and understanding of both the
accelerator and the Snowmass detector, due to the incredibly harsh environment both were being subjected
to, and the level of precision required for the physics analyses to thrive. Again we break the fourth wall and

Community Planning Study: Snowmass 2013

Ecoll

3.2 Effective description of new vector bosons 71
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Figure 3.1: Feynman diagrams relevant for the dimension-six effective Lagrangian.

The terms of order 1/M4
V contribute to operators of dimension eight and higher, and will be

neglected in the following. In particular, we see that, as promised, the “nonlinear” terms in LV−SM

do not contribute to the effective Lagrangian up to dimension six, and can be ignored. The result
Eq. (3.2) includes a few operators that are not in the basis introduced in Table 1.8. In order to
compare with previous work, it is convenient to express the result in our basis, performing some
Fierz reorderings and field redefinitions (equivalent to the use of the SM EOM on the dimension-six
operators). The final result can then be written as

LV
6 = −

ηV

2M2
V

(JV
µ )†JV µ =

∑∑∑

i

αi

M2
V

Oi

gψ1ψ2

V gψ3ψ4

V

M2
V

[ψ1 ⊗ γµψ2]RV [ψ3 ⊗ γµψ4]RV

gφ
V gφ

V

M2
V

[Φ† ⊗Dµφ]RV [Dµφ† ⊗Φ]RV

gφ
V gψ1ψ2

V

M2
V

[Φ† ⊗Dµφ]RV [ψ1 ⊗ γµψ2]RV

where Oi are the operators collected in Table 1.8, and αi their dimensionless numerical coeffi-
cients. It is clear from the general expression Eq. (3.2), and also from the Feynman diagrams in
Fig. 3.1, that the terms in the effective Lagrangian can be of three basic forms:

1. Four fermions :
g
ψ1ψ2
V g

ψ3ψ4
V

M2
V

[ψ1 ⊗ γµψ2]RV [ψ3 ⊗ γµψ4]RV .
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95 % C.L. limits on (some) dimension-six interactions
F. del Águila, J.B., Fortsch. Phys. 59 (2011) 1036-1040 (arXiv:1105.6103 [hep-ph])

Four-fermion interactions
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Operator 95% C.L. EW limits
(

lLγµlL
)

(qLγµqL) [−0.011, 0.057]
(

lLγµσI lL
)

(qLγµσIqL) [−0.006, 0.013]
(eRγµeR) (uRγµuR) [−0.113, 0.007]
(eRγµeR)

(

dRγµdR
)

[−0.074, 0.048]
(

lLuR

)

(uRlL) [−0.185, 0.092]
(

lLdR
) (

dRlL
)

[−0.222, 0.035]
(qLeR) (eRqL) [−0.018, 0.115]

Operator 95% C.L. EW limit
Global Fit Excl. MH meas.

(

φ†Dµφ
)

((Dµφ)† φ) (∼ T ) [−0.023, 0.006] [−0.105, 0.027]
φ†σaφ W a

µνB
µν (∼ S) [−0.007, 0.003] [−0.012, 0.020]

T = −
α(3)
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Λ2
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4scαWB
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Model-independent bounds
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]

(
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)

(qLγµqL) [−0.011, 0.057]
(

lLγµσI lL
)

(qLγµσIqL) [−0.006, 0.013]
(eRγµeR) (uRγµuR) [−0.113, 0.007]
(eRγµeR)

(

dRγµdR
)

[−0.074, 0.047]
(

lLuR

)

(uRlL) [−0.185, 0.092]
(

lLdR
) (

dRlL
)

[−0.222, 0.035]
(qLeR) (eRqL) [−0.018, 0.115]
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The effects of polarization are only sizable along the direction W ⇡ �Y . The impact of polariz-
ation is however much more pronounced in the constraints set by each individual difermion channel, as
shown in Figure 25, and it is only washed out in the global fit due to the complementarity between the
different channels. From the figure it is also apparent that the constraints from the top quark channel,
which is subject to larger systematics and whose statistics is more affected by the different selection
efficiencies, are fairly irrelevant in the global fit. Finally, as shown in the left panel of Figure 26, and it
is expected from the energy dependence of the new physics contributions, the bounds on W and Y are
dominated by the 3 TeV run.

Figure 25: (Left) 95% C.R. in the W -Y plane, profiling over S and T , for the different final fermion
states, assuming the CLIC Baseline scenario. (Right). The same in the scenario assuming CLIC operation
with unpolarized beams.
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Figure 26: (Left) 95% C.R. in the W -Y plane, profiling over S and T , including data only from
p

s =
380, 1500 and 3000 GeV, respectively, and assuming the CLIC Baseline scenario. (Right). 95% C.L.
limit in the g⇤-m⇤ plane assuming CLIC operation with polarized beams and 0.3% systematics.

The results presented above can be interpreted within more definite scenarios, either via match-
ing of the SMEFT with specific UV completions [72–86] or using power-counting rules for classes of
models [17, 51]. For instance, assuming the Higgs originates from a strongly coupled strongly sector
characterized by only one coupling g⇤ and one scale m⇤,

W = 2
g2

g2
⇤

M2
W

m2
⇤

, Y = 2
g0 2

g2
⇤

M2
W

m2
⇤

. (50)

One can therefore translate the bounds on W and/or Y into exclusion regions in the g⇤-m⇤ plane. These
are shown in Figure 26 for �sys = 0.3%, for the cases where the new physics only generates contributions
to one of the 2 parameters, W or Y .
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Universal NP
W & Y parameters

 CLIC~25x better than HL-LHC
Similar to 100 TeV FCC-hh

High Energy probes of new physics:  
e.g. growing with energy-effects in 2 → 2 fermion processes 
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• High-E processes included in the study (when available in the literature)


• Studied using a SILH-like effective Lagrangian (applied to CH models):


While we have chosen to present the degrees of freedom used in the different fitting scenarios described above using the
parameterization of the Higgs basis, one can of course do the same in any other basis. In particular, the mapping between the
Higgs basis parameters in the previous Lagrangians and the Wilson coefficients in other popular dimension-6 bases in the
literature can be found in Section 3 and appendices A and B in [35].

The previous two scenarios will be used to study the sensitivity at future colliders to general departures from the SM in the
global fit to EW precision observabkles (EWPO), Higgs boson rates and diboson production. We will, however, also consider
another more simplified scenario, designed exclusively to study (1) the interplay between the EW and Higgs constraints, and (2)
the impact of the SM theory uncertainties in Higgs boson processes. The impact of the EW precision constraints on Higgs
boson measurements will be illustrated comparing the results of the fit in the SMEFTND scenario, with the analogous ones
assuming the electroweak precision observables are known with infinite accuracy, both from experiment and theory. We will
refer to this idealized case as a scenario with perfect EW constraints. In practice, this means that any new physics contributions
to the EWPO are bounded to be exactly zero. This includes all possible corrections to the V f f vertices as well as any possible
modification to the W mass, i.e.

n
dm,(dgZu

L )qi ,(dgZd
L )qi ,(dgZn

L )`,(dgZe
L )`,(dgZu

R )qi ,(dgZd
R )qi ,(dgZe

R )`
o
⌘ 0. (17)

As also mentioned above, in this scenario it is also implicit that the SM theory uncertainties on EWPO are negligible, which
makes it suitable to isolate the effect of the SM theory uncertainties in Higgs processes in the fit. Imposing the previous
constraints in Eq. (16) we are thus left with a total of 12 parameters for this scenario assuming perfect EW constraints:

SMEFTPEW ⌘
�

cgg, dcz, cgg , czg , czz, cz⇤, dyt , dyc, dyb, dyt , dyµ , lz
 

. (18)

Finally, while the setup described above aims at some generality, it makes sense to add some perspective on the nature of the
UV theory and to frame the EFT results in terms of particularly well-motivated scenarios. Understandably, heavy new physics
is more visible in low energy observables the more strongly it is coupled. In this respect models with a Composite Higgs (CH)
are the natural arena in which to perform indirect studies of new physics. The basic idea of CH models is that all the degrees of
freedom of the SM apart from the Higgs are elementary. The Higgs instead arises as a bound state from a strong dynamics. In
the simplest possible situation such dynamics is roughly described by two parameters, the overall mass scale and its overall
coupling strength, respectively m⇤ and g⇤. The prototypical template for such a two-parameter description is offered by large N
gauge theories, which are characterized by the overall mass of their resonances (m⇤) and by their mutual coupling g⇤ ⇠ 4p/

p
N.

Concrete and largely calculable realizations of the scenario have been constructed in the context of warped compactifications
and of their holographic interpretation, for reviews see e.g. [37, 38] (there are also attempts to build explicit composite models
in 4D, see e.g. [39, 40]). Of course, as in all matters, it is easy to imagine more elaborate situations, but at the very least the
minimal case can provide a first perspective on future machines. Indeed a more interesting variation concerns the top quark,
which in motivated scenarios can become partially and even fully composite. Under the assumptions described in [30, 31], the
low energy signatures of these kind of models can be parameterized in terms of the following effective Lagrangian:

LSILH =
cf
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(19)

where the different Wilson coefficients can be written in terms of the couplings and masses of the resonances, denoted in short
by g? . 4p and m?, as

cf ,6,y f

L2 ⇠ g2
?

m2
?
⌘ 1

f 2 ,
cT

L2 ⇠ y4
t

16p2
1

m2
?

cW,B,fW,fB,g,g

L2 ⇠ 1
m2

?
,

c2W,2B,2G,3W,3G

L2 ⇠ 1
g2

?

1
m2

?
,

(20)
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ria, we require exactly two subjets after the former step
and at least two subjets after filtering. We proceed with
b-tagging the two hardest subjets. We choose a b-tagging
e�ciency of 70% and a misidentification rate for light jets
of 2%. After the filtering and b-tagging steps, we require
events with exactly two b-tagged subjets, which are well-
separated from the isolated leptons: �R(bi, `j) > 0.4
for both leptons `1,2 and b-tagged subjets bi. We recon-
struct the Higgs by requiring its invariant mass to lie in
the range [115 GeV, 135 GeV].

In order to further reduce the backgrounds, we demand
both the reconstructed Z and the Higgs bosons to have
pT > 200 GeV. The tt̄ background can be removed al-
most entirely by requiring /ET < 30 GeV. The cut-flow
a↵ecting the most dominant background Zbb̄ and the SM
Zh channel, is summarized in Table III.

Before focussing on the very high-energy e↵ects by
imposing cuts on MZh, we find that the ratio of cross-
section between SM Zh and Zbb̄ is⇠ 0.26. A multivariate
implementation at this level strengthens this ratio fur-
ther. In order to be quantitative, we impose looser cuts
on the aforementioned variables 70 GeV < m`` < 110
GeV, pT,`` > 160 GeV, �R`` > 0.2, pT,fatjet > 60 GeV,
95 GeV < mh < 155 GeV, �Rbi,`j > 0.4 and /ET < 30
GeV. Because Z+jets and tt̄ are much less significant
than Zbb̄, we train the boosted decision trees only with
the SM qq̄-initiated Zh and Zbb̄ samples using the follow-
ing variables: pT of the two isolated leptons, �R between
pairs of b-subjets and isolated leptons, between the two
isolated leptons and between the hardest two b-subjets
in the Higgs fatjet, the reconstructed Z-boson mass and
its pT , �� separation between the fatjet and the recon-
structed Z-boson, /ET , mass of the reconstructed Higgs
jet and its pT , pT of the two b-tagged filtered subjets, the
ratio of their pT and the rapidity of the Higgs jet. We
ensure that we do not have variables which are ⇠ 100%
correlated but we retain all other variables. Because our
final distribution of interest is the invariant mass of the
Zh-system, we do not consider it as an input variable.
We use the TMVA [56] framework to train our samples and
always ensure that the Kolmogorov-Smirnov statistic is
at least of the order ⇠ 0.1 in order to avoid overtrain-
ing of the samples [57]. We find that the aforementioned
ratio increases to ⇠ 0.50 upon using the boosted deci-
sion tree algorithm showing that a further optimisation
of the cut-based analysis was necessary. Finally, we test
all our samples with the training obtained from the SM
qq̄ initiated Zh and the Zbb̄ samples.

To distinguish between the EFT signal and the irre-
ducible SM Zh(bb̄) background we utilise the growth of
the EFT cross-section at high energies. The e↵ects are
readily seen in the MZh distribution, our observable of
interest. In Fig. 1 we show the di↵erential distribution
with respect to this variable for the EFT signal as well
as the di↵erent backgrounds for an integrated luminosity
of 300 fb�1. For the EFT signal we take a point that can
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FIG. 1: The di↵erential distribution of events at an integrated
luminosity of 300 fb�1 with respect to MZh for the EFT
signal as well as the di↵erent backgrounds. For the EFT
signal we have taken the point {g

h

ZuL
, g

h

ZdL
, g

h

ZuR
, g

h

ZdR
} =

{�0.005, 0.0001,�0.010, 0.005} which is allowed by the LEP
bounds.

be excluded in our analysis but is well within the LEP
allowed region. We see that the EFT cross-section keeps
growing with energy, but much of this growth is unphysi-
cal at energies above the cut-o↵, i.e., MZh > ⇤, where ⇤
is the cut-o↵ evaluated as described below Eq. (10) and
shown by a vertical line in Fig. 1. For our analysis we
dropped all events above this cut-o↵. For MZh < ⇤, the
EFT deviations are never larger than an O(1) factor with
respect to the SM background as expected on general
grounds. Note, however, that even for MZh < ⇤, even
though the underlying anomalous couplings, gh

Zf
, are per-

mille to percent level, the fractional deviations are much
larger because of the energy growth of the BSM rate. To
make full use of the shape deviation of the EFT signal
with respect to the background, we perform a binned log
likelihood analysis assuming a 5% systematic error. The
likelihood function is taken to be the product of Poisson
distribution functions for each bin with the mean given
by the number of events expected for a given BSM point.
To account for the 5% systematic error we smear the
mean with a Gaussian distribution. To obtain the pro-
jection for the 95% CL exclusion curve we assume that
the observed number of events agrees with the SM.

Discussion

Considering only the SM-BSM interference term, we
find the per-mille level bounds,

g
h

Zp 2 [�0.004, 0.004] (300 fb�1)

g
h

Zp 2 [�0.001, 0.001] (3000 fb�1). (11)

Using Eq. (10) the above bounds can be translated to
a lower bound on the scale of new physics given by 2.4
TeV (4.4 TeV) at 300 fb�1 (3000 fb�1). One can now
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Figure 1: Bounds from LEP [15], run-1 LHC (which includes 20 fb�1 at 8TeV and 3 fb�1 at

13TeV) [16], and the expected 95% CL reach from fully leptonic WZ, on the high-energy

primary parameter a(3)q as a function of the new physics scale M . See section 3.2.4 for a

detailed description of the figure.

amplitude growth can be smoothly saturated at that scale, or display a resonant peak that

one could more e↵ectively see by dedicated resonance searches. In no case it will display the

growing with energy behavior predicted by the EFT, making our search strategy ine↵ective.

Accurate experimental measurements that are sensitive to relatively small BSM e↵ects, still

performed at high energy such as to exploit the enhancement as much as possible, are needed

in order to overcome this potential limitation.

We can quantitatively illustrate this point by anticipating some of our results, reported in

figure 1. The figure shows the 95% CL reach, in the WZ production process, on one of our

“high-energy primary” parameters (a(3)q , introduced in section 2) that describe growing-with-

energy e↵ects in the amplitude for diboson production. In particular, in the WZ channel

�A(q̄q0 ! WZ) ⇠ a(3)q E2 . (1)

The reach on a(3)q is displayed as a function of the cuto↵ scaleM , and it is obtained by including

in the analysis only events that occur at a center of mass energymwz belowM , i.e., events that

originate in an energy regime where the EFT prediction is trustable and the energy growth

is physical. The di↵erent lines correspond to di↵erent assumptions about the systematic

relative uncertainty in the experimental measurement of the di↵erential cross-section and in

the theoretical prediction of the SM contribution. The “�syst = 100%” curve corresponds to an

inaccurate determination of the cross-section, which is only sensitive to order one departures

from the SM. In the figure, the reach on a(3)q is compared with theoretical expectations on the

relation between a(3)q and M . The line “Fully Strong” corresponds to the rather implausible

(although, strictly speaking, allowed) physical situation where all the particles involved in
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colliders can hardly compete with lepton colliders for pole observable. However, due to the enhancement
of the kinematic distributions with respect to the corresponding SM ones at high energy, hadron colliders
are particularly suited to study off-pole observables like W and Y . Deviations from the SM proportional
to W and Y can be parametrised through the two operators from table 1,
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Studying the tails of the invariant mass distribution of two leptons and of the transverse mass of lepton-
neutrino, one can set constraints on these observables. For details on the procedure see ref. [438], also
extended to di-jet and multi-jet analyses in ref.s [439, 440]. The prospect results for the HL-LHC and
HE-LHC are shown in fig. 96

Fig. 96: Left: LHC and HL-LHC. Right: HE-LHC

4.5 Testing the universal Higgs non-linearity65

In this section we motivate precision measurements on the tensor structures of one Higgs couplings with
two electroweak gauge bosons (HVV) and two Higgses couplings with two electroweak gauge bosons
(HHVV) in HE/HL LHC. There exist special relations between HVV and HHVV couplings in composite
Higgs models that are universal, independent of the symmetry breaking pattern invoked in a particular
model. These "universal relations" are controlled by a single input parameter, the decay constant f
of the pseudo-Nambu-Goldstone Higgs boson. Testing the universal relations requires measuring the
tensor structures of HVV and HHVV couplings to high precision. In particular, HHVV interactions
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• High-E processes included in the study (when available in the literature)


• Studied using a SILH-like effective Lagrangian (applied to CH models):


While we have chosen to present the degrees of freedom used in the different fitting scenarios described above using the
parameterization of the Higgs basis, one can of course do the same in any other basis. In particular, the mapping between the
Higgs basis parameters in the previous Lagrangians and the Wilson coefficients in other popular dimension-6 bases in the
literature can be found in Section 3 and appendices A and B in [35].

The previous two scenarios will be used to study the sensitivity at future colliders to general departures from the SM in the
global fit to EW precision observabkles (EWPO), Higgs boson rates and diboson production. We will, however, also consider
another more simplified scenario, designed exclusively to study (1) the interplay between the EW and Higgs constraints, and (2)
the impact of the SM theory uncertainties in Higgs boson processes. The impact of the EW precision constraints on Higgs
boson measurements will be illustrated comparing the results of the fit in the SMEFTND scenario, with the analogous ones
assuming the electroweak precision observables are known with infinite accuracy, both from experiment and theory. We will
refer to this idealized case as a scenario with perfect EW constraints. In practice, this means that any new physics contributions
to the EWPO are bounded to be exactly zero. This includes all possible corrections to the V f f vertices as well as any possible
modification to the W mass, i.e.

n
dm,(dgZu

L )qi ,(dgZd
L )qi ,(dgZn

L )`,(dgZe
L )`,(dgZu

R )qi ,(dgZd
R )qi ,(dgZe

R )`
o
⌘ 0. (17)

As also mentioned above, in this scenario it is also implicit that the SM theory uncertainties on EWPO are negligible, which
makes it suitable to isolate the effect of the SM theory uncertainties in Higgs processes in the fit. Imposing the previous
constraints in Eq. (16) we are thus left with a total of 12 parameters for this scenario assuming perfect EW constraints:

SMEFTPEW ⌘
�

cgg, dcz, cgg , czg , czz, cz⇤, dyt , dyc, dyb, dyt , dyµ , lz
 

. (18)

Finally, while the setup described above aims at some generality, it makes sense to add some perspective on the nature of the
UV theory and to frame the EFT results in terms of particularly well-motivated scenarios. Understandably, heavy new physics
is more visible in low energy observables the more strongly it is coupled. In this respect models with a Composite Higgs (CH)
are the natural arena in which to perform indirect studies of new physics. The basic idea of CH models is that all the degrees of
freedom of the SM apart from the Higgs are elementary. The Higgs instead arises as a bound state from a strong dynamics. In
the simplest possible situation such dynamics is roughly described by two parameters, the overall mass scale and its overall
coupling strength, respectively m⇤ and g⇤. The prototypical template for such a two-parameter description is offered by large N
gauge theories, which are characterized by the overall mass of their resonances (m⇤) and by their mutual coupling g⇤ ⇠ 4p/

p
N.

Concrete and largely calculable realizations of the scenario have been constructed in the context of warped compactifications
and of their holographic interpretation, for reviews see e.g. [37, 38] (there are also attempts to build explicit composite models
in 4D, see e.g. [39, 40]). Of course, as in all matters, it is easy to imagine more elaborate situations, but at the very least the
minimal case can provide a first perspective on future machines. Indeed a more interesting variation concerns the top quark,
which in motivated scenarios can become partially and even fully composite. Under the assumptions described in [30, 31], the
low energy signatures of these kind of models can be parameterized in terms of the following effective Lagrangian:
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(19)

where the different Wilson coefficients can be written in terms of the couplings and masses of the resonances, denoted in short
by g? . 4p and m?, as
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(20)
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ria, we require exactly two subjets after the former step
and at least two subjets after filtering. We proceed with
b-tagging the two hardest subjets. We choose a b-tagging
e�ciency of 70% and a misidentification rate for light jets
of 2%. After the filtering and b-tagging steps, we require
events with exactly two b-tagged subjets, which are well-
separated from the isolated leptons: �R(bi, `j) > 0.4
for both leptons `1,2 and b-tagged subjets bi. We recon-
struct the Higgs by requiring its invariant mass to lie in
the range [115 GeV, 135 GeV].

In order to further reduce the backgrounds, we demand
both the reconstructed Z and the Higgs bosons to have
pT > 200 GeV. The tt̄ background can be removed al-
most entirely by requiring /ET < 30 GeV. The cut-flow
a↵ecting the most dominant background Zbb̄ and the SM
Zh channel, is summarized in Table III.

Before focussing on the very high-energy e↵ects by
imposing cuts on MZh, we find that the ratio of cross-
section between SM Zh and Zbb̄ is⇠ 0.26. A multivariate
implementation at this level strengthens this ratio fur-
ther. In order to be quantitative, we impose looser cuts
on the aforementioned variables 70 GeV < m`` < 110
GeV, pT,`` > 160 GeV, �R`` > 0.2, pT,fatjet > 60 GeV,
95 GeV < mh < 155 GeV, �Rbi,`j > 0.4 and /ET < 30
GeV. Because Z+jets and tt̄ are much less significant
than Zbb̄, we train the boosted decision trees only with
the SM qq̄-initiated Zh and Zbb̄ samples using the follow-
ing variables: pT of the two isolated leptons, �R between
pairs of b-subjets and isolated leptons, between the two
isolated leptons and between the hardest two b-subjets
in the Higgs fatjet, the reconstructed Z-boson mass and
its pT , �� separation between the fatjet and the recon-
structed Z-boson, /ET , mass of the reconstructed Higgs
jet and its pT , pT of the two b-tagged filtered subjets, the
ratio of their pT and the rapidity of the Higgs jet. We
ensure that we do not have variables which are ⇠ 100%
correlated but we retain all other variables. Because our
final distribution of interest is the invariant mass of the
Zh-system, we do not consider it as an input variable.
We use the TMVA [56] framework to train our samples and
always ensure that the Kolmogorov-Smirnov statistic is
at least of the order ⇠ 0.1 in order to avoid overtrain-
ing of the samples [57]. We find that the aforementioned
ratio increases to ⇠ 0.50 upon using the boosted deci-
sion tree algorithm showing that a further optimisation
of the cut-based analysis was necessary. Finally, we test
all our samples with the training obtained from the SM
qq̄ initiated Zh and the Zbb̄ samples.

To distinguish between the EFT signal and the irre-
ducible SM Zh(bb̄) background we utilise the growth of
the EFT cross-section at high energies. The e↵ects are
readily seen in the MZh distribution, our observable of
interest. In Fig. 1 we show the di↵erential distribution
with respect to this variable for the EFT signal as well
as the di↵erent backgrounds for an integrated luminosity
of 300 fb�1. For the EFT signal we take a point that can
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FIG. 1: The di↵erential distribution of events at an integrated
luminosity of 300 fb�1 with respect to MZh for the EFT
signal as well as the di↵erent backgrounds. For the EFT
signal we have taken the point {g

h

ZuL
, g

h

ZdL
, g

h

ZuR
, g

h

ZdR
} =

{�0.005, 0.0001,�0.010, 0.005} which is allowed by the LEP
bounds.

be excluded in our analysis but is well within the LEP
allowed region. We see that the EFT cross-section keeps
growing with energy, but much of this growth is unphysi-
cal at energies above the cut-o↵, i.e., MZh > ⇤, where ⇤
is the cut-o↵ evaluated as described below Eq. (10) and
shown by a vertical line in Fig. 1. For our analysis we
dropped all events above this cut-o↵. For MZh < ⇤, the
EFT deviations are never larger than an O(1) factor with
respect to the SM background as expected on general
grounds. Note, however, that even for MZh < ⇤, even
though the underlying anomalous couplings, gh

Zf
, are per-

mille to percent level, the fractional deviations are much
larger because of the energy growth of the BSM rate. To
make full use of the shape deviation of the EFT signal
with respect to the background, we perform a binned log
likelihood analysis assuming a 5% systematic error. The
likelihood function is taken to be the product of Poisson
distribution functions for each bin with the mean given
by the number of events expected for a given BSM point.
To account for the 5% systematic error we smear the
mean with a Gaussian distribution. To obtain the pro-
jection for the 95% CL exclusion curve we assume that
the observed number of events agrees with the SM.

Discussion

Considering only the SM-BSM interference term, we
find the per-mille level bounds,

g
h

Zp 2 [�0.004, 0.004] (300 fb�1)

g
h

Zp 2 [�0.001, 0.001] (3000 fb�1). (11)

Using Eq. (10) the above bounds can be translated to
a lower bound on the scale of new physics given by 2.4
TeV (4.4 TeV) at 300 fb�1 (3000 fb�1). One can now
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Figure 1: Bounds from LEP [15], run-1 LHC (which includes 20 fb�1 at 8TeV and 3 fb�1 at

13TeV) [16], and the expected 95% CL reach from fully leptonic WZ, on the high-energy

primary parameter a(3)q as a function of the new physics scale M . See section 3.2.4 for a

detailed description of the figure.

amplitude growth can be smoothly saturated at that scale, or display a resonant peak that

one could more e↵ectively see by dedicated resonance searches. In no case it will display the

growing with energy behavior predicted by the EFT, making our search strategy ine↵ective.

Accurate experimental measurements that are sensitive to relatively small BSM e↵ects, still

performed at high energy such as to exploit the enhancement as much as possible, are needed

in order to overcome this potential limitation.

We can quantitatively illustrate this point by anticipating some of our results, reported in

figure 1. The figure shows the 95% CL reach, in the WZ production process, on one of our

“high-energy primary” parameters (a(3)q , introduced in section 2) that describe growing-with-

energy e↵ects in the amplitude for diboson production. In particular, in the WZ channel

�A(q̄q0 ! WZ) ⇠ a(3)q E2 . (1)

The reach on a(3)q is displayed as a function of the cuto↵ scaleM , and it is obtained by including

in the analysis only events that occur at a center of mass energymwz belowM , i.e., events that

originate in an energy regime where the EFT prediction is trustable and the energy growth

is physical. The di↵erent lines correspond to di↵erent assumptions about the systematic

relative uncertainty in the experimental measurement of the di↵erential cross-section and in

the theoretical prediction of the SM contribution. The “�syst = 100%” curve corresponds to an

inaccurate determination of the cross-section, which is only sensitive to order one departures

from the SM. In the figure, the reach on a(3)q is compared with theoretical expectations on the

relation between a(3)q and M . The line “Fully Strong” corresponds to the rather implausible

(although, strictly speaking, allowed) physical situation where all the particles involved in
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colliders can hardly compete with lepton colliders for pole observable. However, due to the enhancement
of the kinematic distributions with respect to the corresponding SM ones at high energy, hadron colliders
are particularly suited to study off-pole observables like W and Y . Deviations from the SM proportional
to W and Y can be parametrised through the two operators from table 1,
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They modify the neutral and charged gauge boson propagators as
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Studying the tails of the invariant mass distribution of two leptons and of the transverse mass of lepton-
neutrino, one can set constraints on these observables. For details on the procedure see ref. [438], also
extended to di-jet and multi-jet analyses in ref.s [439, 440]. The prospect results for the HL-LHC and
HE-LHC are shown in fig. 96

Fig. 96: Left: LHC and HL-LHC. Right: HE-LHC

4.5 Testing the universal Higgs non-linearity65

In this section we motivate precision measurements on the tensor structures of one Higgs couplings with
two electroweak gauge bosons (HVV) and two Higgses couplings with two electroweak gauge bosons
(HHVV) in HE/HL LHC. There exist special relations between HVV and HHVV couplings in composite
Higgs models that are universal, independent of the symmetry breaking pattern invoked in a particular
model. These "universal relations" are controlled by a single input parameter, the decay constant f
of the pseudo-Nambu-Goldstone Higgs boson. Testing the universal relations requires measuring the
tensor structures of HVV and HHVV couplings to high precision. In particular, HHVV interactions
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95 % C.L. limits on (some) dimension-six interactions
F. del Águila, J.B., Fortsch. Phys. 59 (2011) 1036-1040 (arXiv:1105.6103 [hep-ph])
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• High-E processes included in the study (when available in the literature)


• Studied using a SILH-like effective Lagrangian (applied to CH models):


While we have chosen to present the degrees of freedom used in the different fitting scenarios described above using the
parameterization of the Higgs basis, one can of course do the same in any other basis. In particular, the mapping between the
Higgs basis parameters in the previous Lagrangians and the Wilson coefficients in other popular dimension-6 bases in the
literature can be found in Section 3 and appendices A and B in [35].

The previous two scenarios will be used to study the sensitivity at future colliders to general departures from the SM in the
global fit to EW precision observabkles (EWPO), Higgs boson rates and diboson production. We will, however, also consider
another more simplified scenario, designed exclusively to study (1) the interplay between the EW and Higgs constraints, and (2)
the impact of the SM theory uncertainties in Higgs boson processes. The impact of the EW precision constraints on Higgs
boson measurements will be illustrated comparing the results of the fit in the SMEFTND scenario, with the analogous ones
assuming the electroweak precision observables are known with infinite accuracy, both from experiment and theory. We will
refer to this idealized case as a scenario with perfect EW constraints. In practice, this means that any new physics contributions
to the EWPO are bounded to be exactly zero. This includes all possible corrections to the V f f vertices as well as any possible
modification to the W mass, i.e.
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As also mentioned above, in this scenario it is also implicit that the SM theory uncertainties on EWPO are negligible, which
makes it suitable to isolate the effect of the SM theory uncertainties in Higgs processes in the fit. Imposing the previous
constraints in Eq. (16) we are thus left with a total of 12 parameters for this scenario assuming perfect EW constraints:

SMEFTPEW ⌘
�

cgg, dcz, cgg , czg , czz, cz⇤, dyt , dyc, dyb, dyt , dyµ , lz
 

. (18)

Finally, while the setup described above aims at some generality, it makes sense to add some perspective on the nature of the
UV theory and to frame the EFT results in terms of particularly well-motivated scenarios. Understandably, heavy new physics
is more visible in low energy observables the more strongly it is coupled. In this respect models with a Composite Higgs (CH)
are the natural arena in which to perform indirect studies of new physics. The basic idea of CH models is that all the degrees of
freedom of the SM apart from the Higgs are elementary. The Higgs instead arises as a bound state from a strong dynamics. In
the simplest possible situation such dynamics is roughly described by two parameters, the overall mass scale and its overall
coupling strength, respectively m⇤ and g⇤. The prototypical template for such a two-parameter description is offered by large N
gauge theories, which are characterized by the overall mass of their resonances (m⇤) and by their mutual coupling g⇤ ⇠ 4p/

p
N.

Concrete and largely calculable realizations of the scenario have been constructed in the context of warped compactifications
and of their holographic interpretation, for reviews see e.g. [37, 38] (there are also attempts to build explicit composite models
in 4D, see e.g. [39, 40]). Of course, as in all matters, it is easy to imagine more elaborate situations, but at the very least the
minimal case can provide a first perspective on future machines. Indeed a more interesting variation concerns the top quark,
which in motivated scenarios can become partially and even fully composite. Under the assumptions described in [30, 31], the
low energy signatures of these kind of models can be parameterized in terms of the following effective Lagrangian:
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where the different Wilson coefficients can be written in terms of the couplings and masses of the resonances, denoted in short
by g? . 4p and m?, as
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ria, we require exactly two subjets after the former step
and at least two subjets after filtering. We proceed with
b-tagging the two hardest subjets. We choose a b-tagging
e�ciency of 70% and a misidentification rate for light jets
of 2%. After the filtering and b-tagging steps, we require
events with exactly two b-tagged subjets, which are well-
separated from the isolated leptons: �R(bi, `j) > 0.4
for both leptons `1,2 and b-tagged subjets bi. We recon-
struct the Higgs by requiring its invariant mass to lie in
the range [115 GeV, 135 GeV].

In order to further reduce the backgrounds, we demand
both the reconstructed Z and the Higgs bosons to have
pT > 200 GeV. The tt̄ background can be removed al-
most entirely by requiring /ET < 30 GeV. The cut-flow
a↵ecting the most dominant background Zbb̄ and the SM
Zh channel, is summarized in Table III.

Before focussing on the very high-energy e↵ects by
imposing cuts on MZh, we find that the ratio of cross-
section between SM Zh and Zbb̄ is⇠ 0.26. A multivariate
implementation at this level strengthens this ratio fur-
ther. In order to be quantitative, we impose looser cuts
on the aforementioned variables 70 GeV < m`` < 110
GeV, pT,`` > 160 GeV, �R`` > 0.2, pT,fatjet > 60 GeV,
95 GeV < mh < 155 GeV, �Rbi,`j > 0.4 and /ET < 30
GeV. Because Z+jets and tt̄ are much less significant
than Zbb̄, we train the boosted decision trees only with
the SM qq̄-initiated Zh and Zbb̄ samples using the follow-
ing variables: pT of the two isolated leptons, �R between
pairs of b-subjets and isolated leptons, between the two
isolated leptons and between the hardest two b-subjets
in the Higgs fatjet, the reconstructed Z-boson mass and
its pT , �� separation between the fatjet and the recon-
structed Z-boson, /ET , mass of the reconstructed Higgs
jet and its pT , pT of the two b-tagged filtered subjets, the
ratio of their pT and the rapidity of the Higgs jet. We
ensure that we do not have variables which are ⇠ 100%
correlated but we retain all other variables. Because our
final distribution of interest is the invariant mass of the
Zh-system, we do not consider it as an input variable.
We use the TMVA [56] framework to train our samples and
always ensure that the Kolmogorov-Smirnov statistic is
at least of the order ⇠ 0.1 in order to avoid overtrain-
ing of the samples [57]. We find that the aforementioned
ratio increases to ⇠ 0.50 upon using the boosted deci-
sion tree algorithm showing that a further optimisation
of the cut-based analysis was necessary. Finally, we test
all our samples with the training obtained from the SM
qq̄ initiated Zh and the Zbb̄ samples.

To distinguish between the EFT signal and the irre-
ducible SM Zh(bb̄) background we utilise the growth of
the EFT cross-section at high energies. The e↵ects are
readily seen in the MZh distribution, our observable of
interest. In Fig. 1 we show the di↵erential distribution
with respect to this variable for the EFT signal as well
as the di↵erent backgrounds for an integrated luminosity
of 300 fb�1. For the EFT signal we take a point that can
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FIG. 1: The di↵erential distribution of events at an integrated
luminosity of 300 fb�1 with respect to MZh for the EFT
signal as well as the di↵erent backgrounds. For the EFT
signal we have taken the point {g

h

ZuL
, g

h

ZdL
, g

h

ZuR
, g

h

ZdR
} =

{�0.005, 0.0001,�0.010, 0.005} which is allowed by the LEP
bounds.

be excluded in our analysis but is well within the LEP
allowed region. We see that the EFT cross-section keeps
growing with energy, but much of this growth is unphysi-
cal at energies above the cut-o↵, i.e., MZh > ⇤, where ⇤
is the cut-o↵ evaluated as described below Eq. (10) and
shown by a vertical line in Fig. 1. For our analysis we
dropped all events above this cut-o↵. For MZh < ⇤, the
EFT deviations are never larger than an O(1) factor with
respect to the SM background as expected on general
grounds. Note, however, that even for MZh < ⇤, even
though the underlying anomalous couplings, gh

Zf
, are per-

mille to percent level, the fractional deviations are much
larger because of the energy growth of the BSM rate. To
make full use of the shape deviation of the EFT signal
with respect to the background, we perform a binned log
likelihood analysis assuming a 5% systematic error. The
likelihood function is taken to be the product of Poisson
distribution functions for each bin with the mean given
by the number of events expected for a given BSM point.
To account for the 5% systematic error we smear the
mean with a Gaussian distribution. To obtain the pro-
jection for the 95% CL exclusion curve we assume that
the observed number of events agrees with the SM.

Discussion

Considering only the SM-BSM interference term, we
find the per-mille level bounds,

g
h

Zp 2 [�0.004, 0.004] (300 fb�1)

g
h

Zp 2 [�0.001, 0.001] (3000 fb�1). (11)

Using Eq. (10) the above bounds can be translated to
a lower bound on the scale of new physics given by 2.4
TeV (4.4 TeV) at 300 fb�1 (3000 fb�1). One can now
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Figure 1: Bounds from LEP [15], run-1 LHC (which includes 20 fb�1 at 8TeV and 3 fb�1 at

13TeV) [16], and the expected 95% CL reach from fully leptonic WZ, on the high-energy

primary parameter a(3)q as a function of the new physics scale M . See section 3.2.4 for a

detailed description of the figure.

amplitude growth can be smoothly saturated at that scale, or display a resonant peak that

one could more e↵ectively see by dedicated resonance searches. In no case it will display the

growing with energy behavior predicted by the EFT, making our search strategy ine↵ective.

Accurate experimental measurements that are sensitive to relatively small BSM e↵ects, still

performed at high energy such as to exploit the enhancement as much as possible, are needed

in order to overcome this potential limitation.

We can quantitatively illustrate this point by anticipating some of our results, reported in

figure 1. The figure shows the 95% CL reach, in the WZ production process, on one of our

“high-energy primary” parameters (a(3)q , introduced in section 2) that describe growing-with-

energy e↵ects in the amplitude for diboson production. In particular, in the WZ channel

�A(q̄q0 ! WZ) ⇠ a(3)q E2 . (1)

The reach on a(3)q is displayed as a function of the cuto↵ scaleM , and it is obtained by including

in the analysis only events that occur at a center of mass energymwz belowM , i.e., events that

originate in an energy regime where the EFT prediction is trustable and the energy growth

is physical. The di↵erent lines correspond to di↵erent assumptions about the systematic

relative uncertainty in the experimental measurement of the di↵erential cross-section and in

the theoretical prediction of the SM contribution. The “�syst = 100%” curve corresponds to an

inaccurate determination of the cross-section, which is only sensitive to order one departures

from the SM. In the figure, the reach on a(3)q is compared with theoretical expectations on the

relation between a(3)q and M . The line “Fully Strong” corresponds to the rather implausible

(although, strictly speaking, allowed) physical situation where all the particles involved in
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colliders can hardly compete with lepton colliders for pole observable. However, due to the enhancement
of the kinematic distributions with respect to the corresponding SM ones at high energy, hadron colliders
are particularly suited to study off-pole observables like W and Y . Deviations from the SM proportional
to W and Y can be parametrised through the two operators from table 1,

�
W

2m2
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Y

2m2
W

O2W (90)

They modify the neutral and charged gauge boson propagators as
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(91)

Studying the tails of the invariant mass distribution of two leptons and of the transverse mass of lepton-
neutrino, one can set constraints on these observables. For details on the procedure see ref. [438], also
extended to di-jet and multi-jet analyses in ref.s [439, 440]. The prospect results for the HL-LHC and
HE-LHC are shown in fig. 96

Fig. 96: Left: LHC and HL-LHC. Right: HE-LHC

4.5 Testing the universal Higgs non-linearity65

In this section we motivate precision measurements on the tensor structures of one Higgs couplings with
two electroweak gauge bosons (HVV) and two Higgses couplings with two electroweak gauge bosons
(HHVV) in HE/HL LHC. There exist special relations between HVV and HHVV couplings in composite
Higgs models that are universal, independent of the symmetry breaking pattern invoked in a particular
model. These "universal relations" are controlled by a single input parameter, the decay constant f
of the pseudo-Nambu-Goldstone Higgs boson. Testing the universal relations requires measuring the
tensor structures of HVV and HHVV couplings to high precision. In particular, HHVV interactions

65 Contacts: D. Liu, I. Low, Z. Yin
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• High-E processes included in the study (when available in the literature)


• Studied using a SILH-like effective Lagrangian (applied to CH models):


While we have chosen to present the degrees of freedom used in the different fitting scenarios described above using the
parameterization of the Higgs basis, one can of course do the same in any other basis. In particular, the mapping between the
Higgs basis parameters in the previous Lagrangians and the Wilson coefficients in other popular dimension-6 bases in the
literature can be found in Section 3 and appendices A and B in [35].

The previous two scenarios will be used to study the sensitivity at future colliders to general departures from the SM in the
global fit to EW precision observabkles (EWPO), Higgs boson rates and diboson production. We will, however, also consider
another more simplified scenario, designed exclusively to study (1) the interplay between the EW and Higgs constraints, and (2)
the impact of the SM theory uncertainties in Higgs boson processes. The impact of the EW precision constraints on Higgs
boson measurements will be illustrated comparing the results of the fit in the SMEFTND scenario, with the analogous ones
assuming the electroweak precision observables are known with infinite accuracy, both from experiment and theory. We will
refer to this idealized case as a scenario with perfect EW constraints. In practice, this means that any new physics contributions
to the EWPO are bounded to be exactly zero. This includes all possible corrections to the V f f vertices as well as any possible
modification to the W mass, i.e.
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As also mentioned above, in this scenario it is also implicit that the SM theory uncertainties on EWPO are negligible, which
makes it suitable to isolate the effect of the SM theory uncertainties in Higgs processes in the fit. Imposing the previous
constraints in Eq. (16) we are thus left with a total of 12 parameters for this scenario assuming perfect EW constraints:

SMEFTPEW ⌘
�

cgg, dcz, cgg , czg , czz, cz⇤, dyt , dyc, dyb, dyt , dyµ , lz
 

. (18)

Finally, while the setup described above aims at some generality, it makes sense to add some perspective on the nature of the
UV theory and to frame the EFT results in terms of particularly well-motivated scenarios. Understandably, heavy new physics
is more visible in low energy observables the more strongly it is coupled. In this respect models with a Composite Higgs (CH)
are the natural arena in which to perform indirect studies of new physics. The basic idea of CH models is that all the degrees of
freedom of the SM apart from the Higgs are elementary. The Higgs instead arises as a bound state from a strong dynamics. In
the simplest possible situation such dynamics is roughly described by two parameters, the overall mass scale and its overall
coupling strength, respectively m⇤ and g⇤. The prototypical template for such a two-parameter description is offered by large N
gauge theories, which are characterized by the overall mass of their resonances (m⇤) and by their mutual coupling g⇤ ⇠ 4p/

p
N.

Concrete and largely calculable realizations of the scenario have been constructed in the context of warped compactifications
and of their holographic interpretation, for reviews see e.g. [37, 38] (there are also attempts to build explicit composite models
in 4D, see e.g. [39, 40]). Of course, as in all matters, it is easy to imagine more elaborate situations, but at the very least the
minimal case can provide a first perspective on future machines. Indeed a more interesting variation concerns the top quark,
which in motivated scenarios can become partially and even fully composite. Under the assumptions described in [30, 31], the
low energy signatures of these kind of models can be parameterized in terms of the following effective Lagrangian:
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(19)

where the different Wilson coefficients can be written in terms of the couplings and masses of the resonances, denoted in short
by g? . 4p and m?, as

cf ,6,y f
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?

m2
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⌘ 1

f 2 ,
cT
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t
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1
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(20)
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ria, we require exactly two subjets after the former step
and at least two subjets after filtering. We proceed with
b-tagging the two hardest subjets. We choose a b-tagging
e�ciency of 70% and a misidentification rate for light jets
of 2%. After the filtering and b-tagging steps, we require
events with exactly two b-tagged subjets, which are well-
separated from the isolated leptons: �R(bi, `j) > 0.4
for both leptons `1,2 and b-tagged subjets bi. We recon-
struct the Higgs by requiring its invariant mass to lie in
the range [115 GeV, 135 GeV].

In order to further reduce the backgrounds, we demand
both the reconstructed Z and the Higgs bosons to have
pT > 200 GeV. The tt̄ background can be removed al-
most entirely by requiring /ET < 30 GeV. The cut-flow
a↵ecting the most dominant background Zbb̄ and the SM
Zh channel, is summarized in Table III.

Before focussing on the very high-energy e↵ects by
imposing cuts on MZh, we find that the ratio of cross-
section between SM Zh and Zbb̄ is⇠ 0.26. A multivariate
implementation at this level strengthens this ratio fur-
ther. In order to be quantitative, we impose looser cuts
on the aforementioned variables 70 GeV < m`` < 110
GeV, pT,`` > 160 GeV, �R`` > 0.2, pT,fatjet > 60 GeV,
95 GeV < mh < 155 GeV, �Rbi,`j > 0.4 and /ET < 30
GeV. Because Z+jets and tt̄ are much less significant
than Zbb̄, we train the boosted decision trees only with
the SM qq̄-initiated Zh and Zbb̄ samples using the follow-
ing variables: pT of the two isolated leptons, �R between
pairs of b-subjets and isolated leptons, between the two
isolated leptons and between the hardest two b-subjets
in the Higgs fatjet, the reconstructed Z-boson mass and
its pT , �� separation between the fatjet and the recon-
structed Z-boson, /ET , mass of the reconstructed Higgs
jet and its pT , pT of the two b-tagged filtered subjets, the
ratio of their pT and the rapidity of the Higgs jet. We
ensure that we do not have variables which are ⇠ 100%
correlated but we retain all other variables. Because our
final distribution of interest is the invariant mass of the
Zh-system, we do not consider it as an input variable.
We use the TMVA [56] framework to train our samples and
always ensure that the Kolmogorov-Smirnov statistic is
at least of the order ⇠ 0.1 in order to avoid overtrain-
ing of the samples [57]. We find that the aforementioned
ratio increases to ⇠ 0.50 upon using the boosted deci-
sion tree algorithm showing that a further optimisation
of the cut-based analysis was necessary. Finally, we test
all our samples with the training obtained from the SM
qq̄ initiated Zh and the Zbb̄ samples.

To distinguish between the EFT signal and the irre-
ducible SM Zh(bb̄) background we utilise the growth of
the EFT cross-section at high energies. The e↵ects are
readily seen in the MZh distribution, our observable of
interest. In Fig. 1 we show the di↵erential distribution
with respect to this variable for the EFT signal as well
as the di↵erent backgrounds for an integrated luminosity
of 300 fb�1. For the EFT signal we take a point that can
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FIG. 1: The di↵erential distribution of events at an integrated
luminosity of 300 fb�1 with respect to MZh for the EFT
signal as well as the di↵erent backgrounds. For the EFT
signal we have taken the point {g

h

ZuL
, g

h

ZdL
, g

h

ZuR
, g

h

ZdR
} =

{�0.005, 0.0001,�0.010, 0.005} which is allowed by the LEP
bounds.

be excluded in our analysis but is well within the LEP
allowed region. We see that the EFT cross-section keeps
growing with energy, but much of this growth is unphysi-
cal at energies above the cut-o↵, i.e., MZh > ⇤, where ⇤
is the cut-o↵ evaluated as described below Eq. (10) and
shown by a vertical line in Fig. 1. For our analysis we
dropped all events above this cut-o↵. For MZh < ⇤, the
EFT deviations are never larger than an O(1) factor with
respect to the SM background as expected on general
grounds. Note, however, that even for MZh < ⇤, even
though the underlying anomalous couplings, gh

Zf
, are per-

mille to percent level, the fractional deviations are much
larger because of the energy growth of the BSM rate. To
make full use of the shape deviation of the EFT signal
with respect to the background, we perform a binned log
likelihood analysis assuming a 5% systematic error. The
likelihood function is taken to be the product of Poisson
distribution functions for each bin with the mean given
by the number of events expected for a given BSM point.
To account for the 5% systematic error we smear the
mean with a Gaussian distribution. To obtain the pro-
jection for the 95% CL exclusion curve we assume that
the observed number of events agrees with the SM.

Discussion

Considering only the SM-BSM interference term, we
find the per-mille level bounds,

g
h

Zp 2 [�0.004, 0.004] (300 fb�1)

g
h

Zp 2 [�0.001, 0.001] (3000 fb�1). (11)

Using Eq. (10) the above bounds can be translated to
a lower bound on the scale of new physics given by 2.4
TeV (4.4 TeV) at 300 fb�1 (3000 fb�1). One can now
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Figure 1: Bounds from LEP [15], run-1 LHC (which includes 20 fb�1 at 8TeV and 3 fb�1 at

13TeV) [16], and the expected 95% CL reach from fully leptonic WZ, on the high-energy

primary parameter a(3)q as a function of the new physics scale M . See section 3.2.4 for a

detailed description of the figure.

amplitude growth can be smoothly saturated at that scale, or display a resonant peak that

one could more e↵ectively see by dedicated resonance searches. In no case it will display the

growing with energy behavior predicted by the EFT, making our search strategy ine↵ective.

Accurate experimental measurements that are sensitive to relatively small BSM e↵ects, still

performed at high energy such as to exploit the enhancement as much as possible, are needed

in order to overcome this potential limitation.

We can quantitatively illustrate this point by anticipating some of our results, reported in

figure 1. The figure shows the 95% CL reach, in the WZ production process, on one of our

“high-energy primary” parameters (a(3)q , introduced in section 2) that describe growing-with-

energy e↵ects in the amplitude for diboson production. In particular, in the WZ channel

�A(q̄q0 ! WZ) ⇠ a(3)q E2 . (1)

The reach on a(3)q is displayed as a function of the cuto↵ scaleM , and it is obtained by including

in the analysis only events that occur at a center of mass energymwz belowM , i.e., events that

originate in an energy regime where the EFT prediction is trustable and the energy growth

is physical. The di↵erent lines correspond to di↵erent assumptions about the systematic

relative uncertainty in the experimental measurement of the di↵erential cross-section and in

the theoretical prediction of the SM contribution. The “�syst = 100%” curve corresponds to an

inaccurate determination of the cross-section, which is only sensitive to order one departures

from the SM. In the figure, the reach on a(3)q is compared with theoretical expectations on the

relation between a(3)q and M . The line “Fully Strong” corresponds to the rather implausible

(although, strictly speaking, allowed) physical situation where all the particles involved in
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colliders can hardly compete with lepton colliders for pole observable. However, due to the enhancement
of the kinematic distributions with respect to the corresponding SM ones at high energy, hadron colliders
are particularly suited to study off-pole observables like W and Y . Deviations from the SM proportional
to W and Y can be parametrised through the two operators from table 1,

�
W

2m2
W

O2W , �
Y

2m2
W

O2W (90)

They modify the neutral and charged gauge boson propagators as
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(91)

Studying the tails of the invariant mass distribution of two leptons and of the transverse mass of lepton-
neutrino, one can set constraints on these observables. For details on the procedure see ref. [438], also
extended to di-jet and multi-jet analyses in ref.s [439, 440]. The prospect results for the HL-LHC and
HE-LHC are shown in fig. 96

Fig. 96: Left: LHC and HL-LHC. Right: HE-LHC

4.5 Testing the universal Higgs non-linearity65

In this section we motivate precision measurements on the tensor structures of one Higgs couplings with
two electroweak gauge bosons (HVV) and two Higgses couplings with two electroweak gauge bosons
(HHVV) in HE/HL LHC. There exist special relations between HVV and HHVV couplings in composite
Higgs models that are universal, independent of the symmetry breaking pattern invoked in a particular
model. These "universal relations" are controlled by a single input parameter, the decay constant f
of the pseudo-Nambu-Goldstone Higgs boson. Testing the universal relations requires measuring the
tensor structures of HVV and HHVV couplings to high precision. In particular, HHVV interactions

65 Contacts: D. Liu, I. Low, Z. Yin
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Figure 4. Sensitivity at 68% probability to deviations in the different EW couplings from a global fit to the projections
available at each future collider project. Results obtained within the SMEFT framework in the benchmark SMEFTND. See text
for details, in particular regarding the CEPC results.

sets some of the most important constraints in composite Higgs models), this is an issue that should be carefully studied at644

hadron colliders, as it will become (even more) relevant at the end of the HL-LHC era.645

A meaningful interpretation of these results in terms of a broad class of composite Higgs models can be obtained under the646

assumptions leading to the dependence of the Wilson coefficients on new physics coupling, g?, and mass, m?, described in647

Eq. (20) and below (i.e. we assume cg,g and cfV,3V are loop suppressed in yt and g?, respectively). In Figure 7 we translate648

the results of the fit in Figure 6 in terms of the 95% probability constraints in the (g?,m?) plane under such assumptions, and649

setting all O(1) coefficients exactly to 1, i.e.650
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We focus the comparison, again, on the full physics program at each future collider project (solid regions), but also show651

the region delimited by the low energy runs, or the FCC-ee for the case of the FCC project (the boundaries are indicated by652

the dashed lines). In the right panel of that figure we also show, for illustration purposes, the individual constraints set by653

several of the operators in (19) for the FCC fit. The modifications of the on-shell Higgs properties discussed in this report are654

mainly controlled, within the SILH assumptions, by the contributions to the operators Of and Oy f , both of which set similar655

constraints in the global fit for this collider. These give the leading constraints in strongly coupled scenarios. Electroweak656

precision measurements, on the other hand, are more affected by a combination of OW,B and set bounds independently of the657

new physics coupling. Finally, some of the high-energy probes included in the analysis provide the most efficient way of testing658
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Simplified CH benchmark: 1 coupling (g*) - 1 scale (m*)

2-� exclusion
HL+FCC
HL+CLIC
HL+ILC
HL+CLIC1500
HL+ILC500
HL-LHC

HL+CLIC380
HL+ILC250
HL+CEPC
HL+FCCee

0 10 20 30 40 50 60 70

2

4

6

8

10

12

m* [TeV]

g *

2-� exclusion HL+FCC
Global

O�

Oyf
O2W
OW+OB

0 10 20 30 40 50 60 70

2

4

6

8

10

12

m* [TeV]

g *
Figure 7. (Left) 2-s exclusion regions in the (g?,m?) plane from the fit presented in Figure 6, using the SILH
power-counting described in Eq. (20) and below (solid regions). Dashed lines indicate the regions constrained by the
corresponding low-energy runs (or FCC-ee only for the case of the FCC project). (Right) The same comparing the results from
the global fit with the constraints set by some of the operators individually, for the illustrative case of the
HL-LHC+FCC-ee/eh/hh. In this case, the constraints from the on-shell Higgs measurements mainly affect Of and Oy f .

In this section we discuss more in detail the impact of the two types of SM theory errors described above, from the point
of view of the calculations of the predictions for Higgs observables. This will be done both within the k framework and also
in the context of the EFT results. For the results from the k-framework we will use the most general scenario considered in
Section 3.1, i.e. kappa-3, which allows non-SM decays. On the EFT side, we will use the scenario SMEFTPEW, where the
uncertainty associated with the precision of EWPO has already been “factorized”. In this scenario each fermion coupling is
also treated separately, thus being sensitive to the uncertainties in the different H ! f f̄ decay widths. Finally, we will also
restrict the study in this subsection to the case of future lepton colliders only (we always consider them in combination with the
HL-LHC projections. For the latter we keep the theory uncertainties as reported by the WG2 studies [13]).

In Table 10 we show the results of the k fit for the benchmark scenario kappa-3, indicating the results obtained includ-
ing/excluding the different sources of SM theory uncertainties. Similarly, Table 11 shows the results of the EFT fit for the
benchmark scenario SMEFTPEW. For the EFT results the impact of the different theory uncertainties is also illustrated in
Figure 8. As can be seen, if the SM errors were reduced to a level where they become sub-dominant, the experimental precision
would allow to test deviations in some of the couplings at the one per-mille level, e.g. the coupling to vector bosons at CLIC
in the SMEFT framework (the presence of extra decays would however reduce the precision to the 0.4% level, as shown in
the kappa-3 results). The assumed precision of the SM theory calculations and inputs, however, prevents reaching this level
of sensitivity. The most notable obstacle to achieve this close to per-mille level of precision are the intrinsic uncertainties
for the e+e� ! ZH and, especially, in e+e� ! Hn̄n , estimated to be ⇠0.5%. In reaching this level of theoretical precision
it was assumed that predictions at NNLO in the EW coupling for both processes will be available. This is within reach for
ZH production, but it may be more challenging for e+e� ! Hn̄n (and H !VV ⇤ ! 4 f ). However, with enough effort on the
theory side [55–57], this type of uncertainties can be reduced. If the necessary resources are dedicated to develop these types of
calculations, it should be possible to achieve, or even surpass, the required level of precision. This is not the case for the SM
parametric errors, which depend on the experimental measurements of the corresponding input parameters. From the results of
the fits, the largest effect of this type of uncertainty on the determination of the fermion couplings affects the effective coupling
of the bottom to the Higgs. The corresponding SM error in H ! bb̄ depends on the precision of the bottom quark mass, whose
projected future determination was assumed to be ⇠ 13 MeV. Taking into account the projected improvements from Lattice
QCD calculations, this should be a conservative estimate [55]. Other parametric uncertainties, e.g. in H ! cc̄,gg and associated
with mc and aS, are larger than the one for H ! bb̄ but have a smaller effect in the results due to the also larger experimental
errors expected in the corresponding channels. From the point of view of the Higgs decays into vector bosons, the predictions
of H ! ZZ⇤,WW ⇤ have a strong dependence on the value of the Higgs mass. It it therefore important to accompany the precise
measurements of the Higgs couplings with equally precise measurements of the Higgs mass, to the level of 10 MeV. This would
be possible at 240/250 GeV lepton colliders but more challenging at CLIC, where the final precision on MH is expected at the
level of 20-30 MeV (see Section 7). In the kappa-framework, the fact that the dependence of the production e+e� Higgs cross
sections on MH is less severe helps to reduce the impact of the MH uncertainty in the CLIC results. This is no longer the case
once we move to the more general description of the SMEFT. In that case, non-SM like interactions contribute to the effective
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Figure 4. Sensitivity at 68% probability to deviations in the different EW couplings from a global fit to the projections
available at each future collider project. Results obtained within the SMEFT framework in the benchmark SMEFTND. See text
for details, in particular regarding the CEPC results.

sets some of the most important constraints in composite Higgs models), this is an issue that should be carefully studied at644

hadron colliders, as it will become (even more) relevant at the end of the HL-LHC era.645
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Eq. (20) and below (i.e. we assume cg,g and cfV,3V are loop suppressed in yt and g?, respectively). In Figure 7 we translate648
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We focus the comparison, again, on the full physics program at each future collider project (solid regions), but also show651

the region delimited by the low energy runs, or the FCC-ee for the case of the FCC project (the boundaries are indicated by652

the dashed lines). In the right panel of that figure we also show, for illustration purposes, the individual constraints set by653

several of the operators in (19) for the FCC fit. The modifications of the on-shell Higgs properties discussed in this report are654

mainly controlled, within the SILH assumptions, by the contributions to the operators Of and Oy f , both of which set similar655

constraints in the global fit for this collider. These give the leading constraints in strongly coupled scenarios. Electroweak656

precision measurements, on the other hand, are more affected by a combination of OW,B and set bounds independently of the657

new physics coupling. Finally, some of the high-energy probes included in the analysis provide the most efficient way of testing658
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Figure 7. (Left) 2-s exclusion regions in the (g?,m?) plane from the fit presented in Figure 6, using the SILH
power-counting described in Eq. (20) and below (solid regions). Dashed lines indicate the regions constrained by the
corresponding low-energy runs (or FCC-ee only for the case of the FCC project). (Right) The same comparing the results from
the global fit with the constraints set by some of the operators individually, for the illustrative case of the
HL-LHC+FCC-ee/eh/hh. In this case, the constraints from the on-shell Higgs measurements mainly affect Of and Oy f .

In this section we discuss more in detail the impact of the two types of SM theory errors described above, from the point
of view of the calculations of the predictions for Higgs observables. This will be done both within the k framework and also
in the context of the EFT results. For the results from the k-framework we will use the most general scenario considered in
Section 3.1, i.e. kappa-3, which allows non-SM decays. On the EFT side, we will use the scenario SMEFTPEW, where the
uncertainty associated with the precision of EWPO has already been “factorized”. In this scenario each fermion coupling is
also treated separately, thus being sensitive to the uncertainties in the different H ! f f̄ decay widths. Finally, we will also
restrict the study in this subsection to the case of future lepton colliders only (we always consider them in combination with the
HL-LHC projections. For the latter we keep the theory uncertainties as reported by the WG2 studies [13]).

In Table 10 we show the results of the k fit for the benchmark scenario kappa-3, indicating the results obtained includ-
ing/excluding the different sources of SM theory uncertainties. Similarly, Table 11 shows the results of the EFT fit for the
benchmark scenario SMEFTPEW. For the EFT results the impact of the different theory uncertainties is also illustrated in
Figure 8. As can be seen, if the SM errors were reduced to a level where they become sub-dominant, the experimental precision
would allow to test deviations in some of the couplings at the one per-mille level, e.g. the coupling to vector bosons at CLIC
in the SMEFT framework (the presence of extra decays would however reduce the precision to the 0.4% level, as shown in
the kappa-3 results). The assumed precision of the SM theory calculations and inputs, however, prevents reaching this level
of sensitivity. The most notable obstacle to achieve this close to per-mille level of precision are the intrinsic uncertainties
for the e+e� ! ZH and, especially, in e+e� ! Hn̄n , estimated to be ⇠0.5%. In reaching this level of theoretical precision
it was assumed that predictions at NNLO in the EW coupling for both processes will be available. This is within reach for
ZH production, but it may be more challenging for e+e� ! Hn̄n (and H !VV ⇤ ! 4 f ). However, with enough effort on the
theory side [55–57], this type of uncertainties can be reduced. If the necessary resources are dedicated to develop these types of
calculations, it should be possible to achieve, or even surpass, the required level of precision. This is not the case for the SM
parametric errors, which depend on the experimental measurements of the corresponding input parameters. From the results of
the fits, the largest effect of this type of uncertainty on the determination of the fermion couplings affects the effective coupling
of the bottom to the Higgs. The corresponding SM error in H ! bb̄ depends on the precision of the bottom quark mass, whose
projected future determination was assumed to be ⇠ 13 MeV. Taking into account the projected improvements from Lattice
QCD calculations, this should be a conservative estimate [55]. Other parametric uncertainties, e.g. in H ! cc̄,gg and associated
with mc and aS, are larger than the one for H ! bb̄ but have a smaller effect in the results due to the also larger experimental
errors expected in the corresponding channels. From the point of view of the Higgs decays into vector bosons, the predictions
of H ! ZZ⇤,WW ⇤ have a strong dependence on the value of the Higgs mass. It it therefore important to accompany the precise
measurements of the Higgs couplings with equally precise measurements of the Higgs mass, to the level of 10 MeV. This would
be possible at 240/250 GeV lepton colliders but more challenging at CLIC, where the final precision on MH is expected at the
level of 20-30 MeV (see Section 7). In the kappa-framework, the fact that the dependence of the production e+e� Higgs cross
sections on MH is less severe helps to reduce the impact of the MH uncertainty in the CLIC results. This is no longer the case
once we move to the more general description of the SMEFT. In that case, non-SM like interactions contribute to the effective
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Figure 4. Sensitivity at 68% probability to deviations in the different EW couplings from a global fit to the projections
available at each future collider project. Results obtained within the SMEFT framework in the benchmark SMEFTND. See text
for details, in particular regarding the CEPC results.

sets some of the most important constraints in composite Higgs models), this is an issue that should be carefully studied at644

hadron colliders, as it will become (even more) relevant at the end of the HL-LHC era.645

A meaningful interpretation of these results in terms of a broad class of composite Higgs models can be obtained under the646

assumptions leading to the dependence of the Wilson coefficients on new physics coupling, g?, and mass, m?, described in647

Eq. (20) and below (i.e. we assume cg,g and cfV,3V are loop suppressed in yt and g?, respectively). In Figure 7 we translate648

the results of the fit in Figure 6 in terms of the 95% probability constraints in the (g?,m?) plane under such assumptions, and649
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We focus the comparison, again, on the full physics program at each future collider project (solid regions), but also show651

the region delimited by the low energy runs, or the FCC-ee for the case of the FCC project (the boundaries are indicated by652

the dashed lines). In the right panel of that figure we also show, for illustration purposes, the individual constraints set by653

several of the operators in (19) for the FCC fit. The modifications of the on-shell Higgs properties discussed in this report are654

mainly controlled, within the SILH assumptions, by the contributions to the operators Of and Oy f , both of which set similar655

constraints in the global fit for this collider. These give the leading constraints in strongly coupled scenarios. Electroweak656

precision measurements, on the other hand, are more affected by a combination of OW,B and set bounds independently of the657

new physics coupling. Finally, some of the high-energy probes included in the analysis provide the most efficient way of testing658
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Figure 7. (Left) 2-s exclusion regions in the (g?,m?) plane from the fit presented in Figure 6, using the SILH
power-counting described in Eq. (20) and below (solid regions). Dashed lines indicate the regions constrained by the
corresponding low-energy runs (or FCC-ee only for the case of the FCC project). (Right) The same comparing the results from
the global fit with the constraints set by some of the operators individually, for the illustrative case of the
HL-LHC+FCC-ee/eh/hh. In this case, the constraints from the on-shell Higgs measurements mainly affect Of and Oy f .

In this section we discuss more in detail the impact of the two types of SM theory errors described above, from the point
of view of the calculations of the predictions for Higgs observables. This will be done both within the k framework and also
in the context of the EFT results. For the results from the k-framework we will use the most general scenario considered in
Section 3.1, i.e. kappa-3, which allows non-SM decays. On the EFT side, we will use the scenario SMEFTPEW, where the
uncertainty associated with the precision of EWPO has already been “factorized”. In this scenario each fermion coupling is
also treated separately, thus being sensitive to the uncertainties in the different H ! f f̄ decay widths. Finally, we will also
restrict the study in this subsection to the case of future lepton colliders only (we always consider them in combination with the
HL-LHC projections. For the latter we keep the theory uncertainties as reported by the WG2 studies [13]).

In Table 10 we show the results of the k fit for the benchmark scenario kappa-3, indicating the results obtained includ-
ing/excluding the different sources of SM theory uncertainties. Similarly, Table 11 shows the results of the EFT fit for the
benchmark scenario SMEFTPEW. For the EFT results the impact of the different theory uncertainties is also illustrated in
Figure 8. As can be seen, if the SM errors were reduced to a level where they become sub-dominant, the experimental precision
would allow to test deviations in some of the couplings at the one per-mille level, e.g. the coupling to vector bosons at CLIC
in the SMEFT framework (the presence of extra decays would however reduce the precision to the 0.4% level, as shown in
the kappa-3 results). The assumed precision of the SM theory calculations and inputs, however, prevents reaching this level
of sensitivity. The most notable obstacle to achieve this close to per-mille level of precision are the intrinsic uncertainties
for the e+e� ! ZH and, especially, in e+e� ! Hn̄n , estimated to be ⇠0.5%. In reaching this level of theoretical precision
it was assumed that predictions at NNLO in the EW coupling for both processes will be available. This is within reach for
ZH production, but it may be more challenging for e+e� ! Hn̄n (and H !VV ⇤ ! 4 f ). However, with enough effort on the
theory side [55–57], this type of uncertainties can be reduced. If the necessary resources are dedicated to develop these types of
calculations, it should be possible to achieve, or even surpass, the required level of precision. This is not the case for the SM
parametric errors, which depend on the experimental measurements of the corresponding input parameters. From the results of
the fits, the largest effect of this type of uncertainty on the determination of the fermion couplings affects the effective coupling
of the bottom to the Higgs. The corresponding SM error in H ! bb̄ depends on the precision of the bottom quark mass, whose
projected future determination was assumed to be ⇠ 13 MeV. Taking into account the projected improvements from Lattice
QCD calculations, this should be a conservative estimate [55]. Other parametric uncertainties, e.g. in H ! cc̄,gg and associated
with mc and aS, are larger than the one for H ! bb̄ but have a smaller effect in the results due to the also larger experimental
errors expected in the corresponding channels. From the point of view of the Higgs decays into vector bosons, the predictions
of H ! ZZ⇤,WW ⇤ have a strong dependence on the value of the Higgs mass. It it therefore important to accompany the precise
measurements of the Higgs couplings with equally precise measurements of the Higgs mass, to the level of 10 MeV. This would
be possible at 240/250 GeV lepton colliders but more challenging at CLIC, where the final precision on MH is expected at the
level of 20-30 MeV (see Section 7). In the kappa-framework, the fact that the dependence of the production e+e� Higgs cross
sections on MH is less severe helps to reduce the impact of the MH uncertainty in the CLIC results. This is no longer the case
once we move to the more general description of the SMEFT. In that case, non-SM like interactions contribute to the effective
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Figure 4. Sensitivity at 68% probability to deviations in the different EW couplings from a global fit to the projections
available at each future collider project. Results obtained within the SMEFT framework in the benchmark SMEFTND. See text
for details, in particular regarding the CEPC results.

sets some of the most important constraints in composite Higgs models), this is an issue that should be carefully studied at644

hadron colliders, as it will become (even more) relevant at the end of the HL-LHC era.645

A meaningful interpretation of these results in terms of a broad class of composite Higgs models can be obtained under the646

assumptions leading to the dependence of the Wilson coefficients on new physics coupling, g?, and mass, m?, described in647

Eq. (20) and below (i.e. we assume cg,g and cfV,3V are loop suppressed in yt and g?, respectively). In Figure 7 we translate648
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We focus the comparison, again, on the full physics program at each future collider project (solid regions), but also show651

the region delimited by the low energy runs, or the FCC-ee for the case of the FCC project (the boundaries are indicated by652

the dashed lines). In the right panel of that figure we also show, for illustration purposes, the individual constraints set by653

several of the operators in (19) for the FCC fit. The modifications of the on-shell Higgs properties discussed in this report are654

mainly controlled, within the SILH assumptions, by the contributions to the operators Of and Oy f , both of which set similar655

constraints in the global fit for this collider. These give the leading constraints in strongly coupled scenarios. Electroweak656

precision measurements, on the other hand, are more affected by a combination of OW,B and set bounds independently of the657

new physics coupling. Finally, some of the high-energy probes included in the analysis provide the most efficient way of testing658

22/58

Simplified CH benchmark: 1 coupling (g*) - 1 scale (m*)

2-� exclusion
HL+FCC
HL+CLIC
HL+ILC
HL+CLIC1500
HL+ILC500
HL-LHC

HL+CLIC380
HL+ILC250
HL+CEPC
HL+FCCee

0 10 20 30 40 50 60 70

2

4

6

8

10

12

m* [TeV]

g *

2-� exclusion HL+FCC
Global

O�

Oyf
O2W
OW+OB

0 10 20 30 40 50 60 70

2

4

6

8

10

12

m* [TeV]

g *
Figure 7. (Left) 2-s exclusion regions in the (g?,m?) plane from the fit presented in Figure 6, using the SILH
power-counting described in Eq. (20) and below (solid regions). Dashed lines indicate the regions constrained by the
corresponding low-energy runs (or FCC-ee only for the case of the FCC project). (Right) The same comparing the results from
the global fit with the constraints set by some of the operators individually, for the illustrative case of the
HL-LHC+FCC-ee/eh/hh. In this case, the constraints from the on-shell Higgs measurements mainly affect Of and Oy f .

In this section we discuss more in detail the impact of the two types of SM theory errors described above, from the point
of view of the calculations of the predictions for Higgs observables. This will be done both within the k framework and also
in the context of the EFT results. For the results from the k-framework we will use the most general scenario considered in
Section 3.1, i.e. kappa-3, which allows non-SM decays. On the EFT side, we will use the scenario SMEFTPEW, where the
uncertainty associated with the precision of EWPO has already been “factorized”. In this scenario each fermion coupling is
also treated separately, thus being sensitive to the uncertainties in the different H ! f f̄ decay widths. Finally, we will also
restrict the study in this subsection to the case of future lepton colliders only (we always consider them in combination with the
HL-LHC projections. For the latter we keep the theory uncertainties as reported by the WG2 studies [13]).

In Table 10 we show the results of the k fit for the benchmark scenario kappa-3, indicating the results obtained includ-
ing/excluding the different sources of SM theory uncertainties. Similarly, Table 11 shows the results of the EFT fit for the
benchmark scenario SMEFTPEW. For the EFT results the impact of the different theory uncertainties is also illustrated in
Figure 8. As can be seen, if the SM errors were reduced to a level where they become sub-dominant, the experimental precision
would allow to test deviations in some of the couplings at the one per-mille level, e.g. the coupling to vector bosons at CLIC
in the SMEFT framework (the presence of extra decays would however reduce the precision to the 0.4% level, as shown in
the kappa-3 results). The assumed precision of the SM theory calculations and inputs, however, prevents reaching this level
of sensitivity. The most notable obstacle to achieve this close to per-mille level of precision are the intrinsic uncertainties
for the e+e� ! ZH and, especially, in e+e� ! Hn̄n , estimated to be ⇠0.5%. In reaching this level of theoretical precision
it was assumed that predictions at NNLO in the EW coupling for both processes will be available. This is within reach for
ZH production, but it may be more challenging for e+e� ! Hn̄n (and H !VV ⇤ ! 4 f ). However, with enough effort on the
theory side [55–57], this type of uncertainties can be reduced. If the necessary resources are dedicated to develop these types of
calculations, it should be possible to achieve, or even surpass, the required level of precision. This is not the case for the SM
parametric errors, which depend on the experimental measurements of the corresponding input parameters. From the results of
the fits, the largest effect of this type of uncertainty on the determination of the fermion couplings affects the effective coupling
of the bottom to the Higgs. The corresponding SM error in H ! bb̄ depends on the precision of the bottom quark mass, whose
projected future determination was assumed to be ⇠ 13 MeV. Taking into account the projected improvements from Lattice
QCD calculations, this should be a conservative estimate [55]. Other parametric uncertainties, e.g. in H ! cc̄,gg and associated
with mc and aS, are larger than the one for H ! bb̄ but have a smaller effect in the results due to the also larger experimental
errors expected in the corresponding channels. From the point of view of the Higgs decays into vector bosons, the predictions
of H ! ZZ⇤,WW ⇤ have a strong dependence on the value of the Higgs mass. It it therefore important to accompany the precise
measurements of the Higgs couplings with equally precise measurements of the Higgs mass, to the level of 10 MeV. This would
be possible at 240/250 GeV lepton colliders but more challenging at CLIC, where the final precision on MH is expected at the
level of 20-30 MeV (see Section 7). In the kappa-framework, the fact that the dependence of the production e+e� Higgs cross
sections on MH is less severe helps to reduce the impact of the MH uncertainty in the CLIC results. This is no longer the case
once we move to the more general description of the SMEFT. In that case, non-SM like interactions contribute to the effective
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• Example:

Indirect constraints in Composite Higgs models: Precision vs Energy

Figure 4. Sensitivity at 68% probability to deviations in the different EW couplings from a global fit to the projections
available at each future collider project. Results obtained within the SMEFT framework in the benchmark SMEFTND. See text
for details, in particular regarding the CEPC results.

sets some of the most important constraints in composite Higgs models), this is an issue that should be carefully studied at644

hadron colliders, as it will become (even more) relevant at the end of the HL-LHC era.645

A meaningful interpretation of these results in terms of a broad class of composite Higgs models can be obtained under the646
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We focus the comparison, again, on the full physics program at each future collider project (solid regions), but also show651

the region delimited by the low energy runs, or the FCC-ee for the case of the FCC project (the boundaries are indicated by652

the dashed lines). In the right panel of that figure we also show, for illustration purposes, the individual constraints set by653

several of the operators in (19) for the FCC fit. The modifications of the on-shell Higgs properties discussed in this report are654

mainly controlled, within the SILH assumptions, by the contributions to the operators Of and Oy f , both of which set similar655

constraints in the global fit for this collider. These give the leading constraints in strongly coupled scenarios. Electroweak656

precision measurements, on the other hand, are more affected by a combination of OW,B and set bounds independently of the657

new physics coupling. Finally, some of the high-energy probes included in the analysis provide the most efficient way of testing658

22/58

Simplified CH benchmark: 1 coupling (g*) - 1 scale (m*)
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Low-Energy precision (FCCee) vs High-Energy (CLIC)
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