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The Standard Model: taking stock

...[Yang, Mills " 54] [Mandelstam]...

\\A
massless vectors

chiral symmetry, = T~A
marginal Yukawas massive, light fermions

auge + Higgs systems .
gaug ggs sy massive vectors + scalars




Status of LHC measurements
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BRY/BRZZ 1 BRY/BRZZ 1

[Bechtle etal. “20 |

w cverything is consistent with the SM Higgs hypothesis (so far)
but what are the implications for new physics?
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Fingerprinting the lack of new physics

no evidence for
the SM is flawed :
exotics

coupling/scale
separated BSM physics

s . 4 \
: Effectwe Field Theory ; ¢+ concrete models *
i

0 0 d
: C; : 1 » extended SMEFT
: L::LSM-FE Foi_'_--- : : :

} .

= Buchrulle Woic: il : : (C) Higgs portals s
I [Hagiwara, Peccei, Zeppenfeld, Hikasa * 87] 0 - i
: [Giudice, Grojean, Pomarol, Rattazzi * 07] : : ’ ZHDMS il
s [Graadkowski, Iskrzynskl Misiak, Rosick * 10] ; : i :
\ [Brmo Jiang ‘Frof =17 £ : > Slmpllfled models
-------------------- [ I

: = I
59 B-conserving operators ® ﬂavc?r @lve d =6 ' » compositeness.... ’
2499 parameters (reduces to 76 with N¢=1) N e
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Are EtTs collider tools to improve on the expected and
perhaps even observe the unexpected?

» CPuiolating Higgs interactions ?
» improving our understanding Higgs propagation ?

» BSM interplay of top/Higgs sectors 7



» Higgs sector is a primary candidate for CP violation - how 1s this

captured in a dimension 6 approach? @
ME

perturbativity

do ~ [Mgm|? + 2Re{ MsuM s} + [Mas”

<>




» Higgs sector is a primary candidate for CP violation - how 1s this
captured in a dimension 6 approach?

ME

perturbativity

» in practice this is (often) not a huge problem for large data samples



Higgs sector i1s a primary candidate for CP violation - how is this
captured in a dimension 6 approach?

ME

perturbativity

in practice this is (often) not a huge problem for large data samples

but qualitatively different for CP-violation:

naive
s== . oo = =
| ,- . power counting . C,?
3 - - (A o
only genuinely CP-sensitive » every CP-even observable
observables carry information carries information
signed A ¢ 5 » ASymmetries, ... cross sections, widths, pr spectra...

...[Plehn etal. *O1]... [Figy etal. * 06]... 8



e i [Bernlochner, CE, Hays, Lohwasser, Mildner,
\J-nP ‘flglﬂf Qi Pilkington, Price, Spannowsky " 18]

» the linearised upshot top quark

Q = 2
2 /\ 7 S GZVGG, ,UJ/h £ OG
0 HTHGCLWGZV : STV

@ — ey

@ — HHB B

Opyirp = H' " HB,,, W ignore here: Can be tackled in GF
[CE, Galler, Pilkington, Spannowsky " 19]

: LLHC and HL-LHC
extrapolations

— WBF+GF production and optimised
_ selection, 41 final states

Coefficient
: 4 | [Tev?] | 36.1fb"" 300 fb™* 3000 fb~*
_02+ _ cya/N? |[—0.19,0.19]|[-0.067,0.067] | [—0.021,0.021]
’ | | | | | | ey /A | [—11,11] [—3.8,3.8] [—1.2,1.2]
_5 0 5 10 cya/N | [-5.9,5.9] [—2.1,2.1] [—0.65, 0.65]
] oo /A2 [—14,14 —4.9,4.9 —1.5,1.5
CHW/Az [TeV 2] CHWB/ [ ] [ ] [ ]



[ATLAS, 2006.15458]

Wilson  Includes 95% confidence interval [TeV™2] p-value (SM) ) ATI |A S SECE tensi()n
coefficient | Mge|? Expected Observed

cw A2 no [-0.30, 0.30] [=0.19, 0.41] 45.9% related to CP violation in
yes [-0.31, 0.29] ] 43.2% ;
| A2 e B0 017 ] 82.0% WBEF Z j_DI’OdUCUOIl
ves. o =012 012] 81.8% . . .
caws/AZ 1o [-2.45, 2.45] 290%  » sign for hierarchical new
e a2 0] 25.0% : 9
Eaws /A no [-1.06, 1.06]f [0.23, 2.34] 1.7% phySICS bGyOIld the SM {
yes [—1.06, 1.06] [0.23, 2.35] 1.6%

[Das Bakshi, Chakrabortty, CE, Spannowsky, Stylianou ™ 20]
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I vielation

[ATLAS, 2006.15458]

Wilson  Includes 95% confidence interval [TeV™2] p-value (SM) » ATLAS SECE tensi()n
coefficient | Mgg|? Expected Observed : : :
cw A2 no —0.30, 0.30] [=0.19, 0.41] 45.9% related to CP violation in
yes 31, 0.29]  Lo=t9=0-41] 43.2% :
G N2 no SR ) A ] 82.0% WBEF Z PI'OdUCUOIl
yes ~0.12, 0.12] \ [-0.11, 0.14 81.8% : ; :
caws/AZ 1o 45,2.45] | 290%  » sign for hierarchical new
yes 11, 2.10] 25.0% :
Eaws /A no ~1.06, 1.06]ff [0.23, 2.34] 1.7% thSICS beyond the SM ’
yes ~1.06, 1.06]\ [0.23, 2.35] 1.6%

» what can be learned from this?

[Das Bakshi, Chakrabortty, CE, Spannowsky, Stylianou * 20]

»  Assumptions of two-parameter CP fits theoretically

consistent in a wide class of vector-li!

» Hierarchv|C,,=.|/A? > |C=|/A? pred
YiYmwn W P

e leptons

1cted 1n these scenarios

» broad UV assumptions reduce complexity of fit whilst
facilitating matching more straightforwardly
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Overview

Are EtTs collider tools to improve on the expected and
perhaps even observe the unexpected?

» CPuiolating Higgs interactions ?

» improving our understanding Higgs propagation ?

» BSM interplay of top/Higgs sectors 7
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HIo0S DIrODACALI0T |CE, Giudice, Greljo, McCullough " 19]
LITGPSIPIOPASAtION ] 8

F 0.5 :I | | | | | | | | | | | | | | | I 1T 1 I:
— B 68%, 95%, 99% CL fit contours, U=0 -
0.4 - (SM_: M,=126 GeV, m =173 GeV) =
0.3 —
= V V =
02E> :
0.1 =
0F =
— SM Prediction -
0.1 M, = 125.7 + 0.4 GeV =
T E m,=173.18 =+ 0.94 GeV =
= M, =
0.2 - ™ SM Prediction —
0.3 = [Peskin, Takeuchi 90, *92] with M, €1100,10001 GeV: —
- 9 -
04 = AS, AT ~ logmj, [Gfitter 12] =
_0.5 :I 1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | I I | | L1 1 1 | L1 1 1 | L1 1 1 | 1 1 1 I:
-05 -04 -03 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5
S

» specific dim 6 operators much better constrained than naively
expected! Can we use similar tricks for the Higgs?



LIS OSIHIOPASAtiON

[CE, Giudice, Greljo, McCullough " 19]

» access oblique Higgs propagator corrections

1 H
Ap(p?) = L
L =
similar to
1%
s DWC‘ e
W 4mW( ) 9 Y

[Barbieri et al. * 04]

» excellent prospects to surpass
LEP(2) sensitivity at high

energy colliders due to scaling

= Ol
g = Clur)
e — O

[Farinaetal. * 17]
[Franceschini etal. * 18]
[Banerjee, Gupta, CE, Spannowsky ™ 18]

6KV—§

9
my,

HE —72/1;(7”%)

0.05 -

0.00 |-

-0.05 -

-0.10 -
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Hioos Dronaoatior |CE, Giudice, Greljo, McCullough " 19]
LIIZOSIPIOPASAtIon! ] ;

> : : g t g t
» phenomenological details captured via j%t RN
¢ : t
_ . g t gwﬁ@
p p — tttt, future proj. (=2/)
1 g co=(4m)* — naive perturbativity : 1
:. co=4r — perturbative unitarity |
10.100
10.010
I Iy 100 TeV, 30 ab™! |
0.001} m4f< ewt o 40.001
1 2 34 5 67 of. [ATL-PHYS-PUB-2018-047]
Mcut [TGV] |[CMS-PAS-FTR-18-031]

» high energy fronter is an efficient probe at large cutoff
FCC-ce |H| S 0.5%

[FCC Collaboration " 19]
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HiP s propagation ...In loops...

» precision analysis of Z-pole measurements ( e* e-—11" ) sensitive (o
nggs corrections £ D — )\S2 ((I)T b — 1)2 /2) [CE, Jaeckel, Spannowsky, Stylianou " 20]

»  Oblique corrections suppressed,
but large statistics and clean
measurement at Higgs factories!

0.03F
0.02}

0.01}

T 0.00|
GigaZ. gives non-trivial o0t}

constraint -0.02 extrapolations from
' |GFitter * 14]

—0.03:-
massive improvement for -003 -002 -001 0.00 001

TeraZ (if attainable) )




singlets above threshold

> ZQ -symmetric nggs porta] [Craig. Lou. ctal.” 14]
[Curtin, Meade, Yu " 14]

2
£/l (a S)?2 ’”;S S2 _ AS2(®t® — v?/2)

» for mg > mpg/2 no direct SM Higgs decays

» BSM Higgs physics via momentum- or loop-suppressed eflects

otf-shell di-Higgs Higgs Electroweak
production physics couplings precision

S
n A
Eaid

o2

[Craig , Lou. etal.” 14]

[Ruhdorfer, Salvioni, Weiler * 19]  [Curtin, Meade, Yu *14]  [GE, McCullough " 13] [CE, Jaeckel, Spannowsky,
[He, Zhu ° 16] [Craig, CE, McCullough " 13] Stylianou " 20]
[Voigt, Westhoff " 17] [Goncalves, Han, Mukhopadhyay " 18]




[CE, Jaeckel, Spannowsky, Stylianou " 20]

6_|' T

-

)7 T
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singlets above threshold

Higos
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@Jejiteiie
corrections
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-
-
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perturbativity
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Are EF s collider tools to improve on the expected and
perhaps even observe the unexpected?

» CPviolating Higgs interactions ?

> zmpm vmg our un de/zf[a/z dmg [fzggJ propagation !

" BSM in lelplay of top/Higgs sectors 7

What do tops have
to say about the presence
of new scalar states?




INEWPIYSICSHNTTOPS

new top-philic states arise in many BSM theories: — (cstrtrS + h.c.)

top pair production with large cross section could fingerprint such
states

3 relevant operators

EFT is suitable tool to constrain such states model-independently,

however matching is crucial! [CE, Galler, White * 19
(Ouc), ren. (0,6)

b

Q’ +

0% =0



INEWDNYSTCSHNTTOPS

1071

1072 |

(do /dm(t8)| [fb/GeV]

1076 ¢
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10° ¢
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10! |

lratio wrst full

1072 L
1074 |

1077 ¢

10° ¢
107" |
1072 ¢

\ T 10_1 E
naive effective g
full - 102 i
effective %
@ 1073 |
= ,
< 0t
~ limit setting here S w0
E &)
— =2 TeV <
[’ITLS € j — 10—6 -
- p(g9)p(g) — tt, interference only
| | | | | | | 10—7
0.5 0.75 1.25 1.5 1.75 2 2.25 2.5
m(tt) [TeV]
T T T T T T 103 ;
E 0%}
———/:I—::|:|::_II z 101 7
= 0f
o . o 107 ¢
] = 107 [
— = :
! ! ! ! ! ! . — 10—2
0.5 0.75 1.25 1.5 1.75 2 2.25 2.9
m(tt) [TeV]

na‘mive efféctive
full
effective
[ms =2 Ter
- p(q)p(q) — tt, interference only
05 075 1 125 15 175 2 225 25
m(tt) [TeV]
0.5 0.75 1 1.25 1.5 1.75 2 2.25 2.5

m(tt) [TeV]

» EFT is suitable tool to constrain such states model-independently,
however matching is crucial!

Q2

b

t

; (Oyq), ren.

[CE, Galler, White * 19]
(Oc)

Cak— iy



INEWPHYSTCSHNTTOPS

» BEFT 1s suitable tool to constrain such states model-independently,
however matching is crucial and so are expected uncertainties

7 T T T e
o L unitarity 0000 | ____... ]
: top pair production ]

5 ‘
Cs 4_

St ppr

2 ' 'l' ” W

1F

ok . . . ]

1000 1500 2000 2500 3000 3500
ms [GeV] [CE, Galler, White " 19]



Strong interactions? Compositeness....

gauge boson masses through symmetry choices c.g. [Contino " 10}

fermion masses through mixing with baryonic matter (part. compositeness)
minimal pheno model SO(5)— SO(4) = SU(2)1. x SU(2)r

fermions (and hypercolour baryons) in a 5 of SO(5)

25



A concrete model of compositeness

gauge boson masses through symmetry choices c.g. [Contino " 10}

fermion masses through mixing with baryonic matter (part. compositeness)
minimal pheno model SO(5)— SO(4) = SU(2)1. x SU(2)r
fermions (and hypercolour baryons) in a 5 of SO(5)

so far no UV completion known for this!

24



A concrete model of compositeness

» gauge boson masses through symmetry choices c.g. [Contino " 10]
» fermion masses through mixing with baryonic matter (part. compositeness)
» minimal pheno model SO(5)— SO(4) = SU(2). x SU(2)r

» fermions (and hypercolour baryons) ina 5 of SO(5)

so far no UV completion known for this!

»  but
SUHA ST <« ST <SR < Uil <Ul)
N e e e
GHc Gr [Ferrett * 14]
could work with

St ST S s /
Grp/Hp = SO(5) X ST(3) x U(1)

29




A concrete model of compositeness

* model predicts a number of exotics phenomenological implications

SUB)  SU(3) x SU(3)

Grp/Hp =

[CE, Schichtel, Spannowsky ™ 17]

el

RN e T

h .
Exotic FHiggs yperpions

bosons and 5M Figgs
coupling
moditications

[Belyaevetal. " 17]

St te W re el el oal el talted Wadoasoasalsele,

19l el 14911 55 gl

[Matsedonskyi, Panico, Wulzer ~ 15]
[Brown, CE, Galler, Stylianou * 20
lo+241/2+30+ 341

* Higgs coupling constraints

» compatibility with exotics searches Jw+ /e = exr XV'T + exy Xo*Y + exrX7"R
S Cppilia Bl GypYa Bk crpliy B,

* cosmology

* here: focus on elw top properties 2



A concrete model of compositeness

* model predicts a number of exotics phenomenological implications

SU(5)  SU(3) x SU(3)’

G F H = X x U(1 .
/ SO(5) SU(3) (1)
partial compoSIteness  (agshe. Contino. Pomarol 041 gAULE INtEractions
(MCHMS5 “lookalike™) [Contino, da Rold, Pomarol " 06]
e 7 = 2 = 9
s 2 T O )\tftRE vy L D WA+ (geAu — —g—tweZM Sl e Kpu) v
[Ferretti * 14] 4+ V2, Tr(QLUbR) + h.c.
LO;
B 1b 0 0 ; .
; e o & e PAHICIS AN
L @TTT}{ O — ZttL s 8 o br 8 (o) cogtigline
il 120 K¥
" 2h u ) G MOUIHCAHONS

(T7 B) = (372)1/67 e (371)2/37 (X7 Y) = (372)7/6'

27



[Brown, CE, Galler, Stylianou " 20]

indirect top sector constraints

* 1nclude range of data (for extrapolation)

Analysis Collaboration +/s [TeV] Observables dof  Analysis Collaboration +/s [TeV] Observables dof
single top t-channel ttZ
1503.05027 [45] CDF, DO 1.96 Ttot 1 1509.05276 [55] ATLAS 8 Ttot 1
1406.7844 [46]  ATLAS 7 %,d 1 1510.01131 [56] CMS 8 Ttot 1
?dg%_’ capt’ O 1901.03584 [57] ATLAS 13 Frot 1
o Ayl & dly;] O 1907.11270 [58] CMS 13 Ttot gd%,
1902.07158 [47] ATLAS,CMS 7,8 Ttot 2 1_do L
1609.03920 [48] - ATLAS 13 b1 of 2 W boson helicity fractions )
1812.10514 [49] CMS 13 oz Ot 2 12114523 [59] CDF 1.96 Fo, Fr 2
single top s-channel 1205.2484 [60] ATLAS 7 Fo, Fr, Fp 3
1402.5126 [50] CDF, DO 1.96 Ttot 1 1308.3879 [61]  CMS - Fo. Fy. Fr 3
1902.07158 [47] ATLAS, CMS 7,8 Ttot 2 1612.02577 [62] ATLAS 3 Fo. Fy 5
tw top quark decay width
1902.07158 [47] ATLAS, CMS 7,8 Ttot 2 1201.4156 [63] DO 1,96 r, ]
1612.07231 [51] ATLAS 13 Ttot 1 1308.4050 [64] CDF 1.96 I, 1
1805.07399 [52] CMS 13 Ttot L 1709.04207 [65] ATLAS 8 T 1
tjZ
1710.03659 [53] ATLAS 13 Ttot 1 o see‘also
1812.05900 [54] CMS 13 Ttot 1 [TopFiter 1_5 . 16]
[SMEFiT" 19]
[SFitter * 19]

+ checks that resonance contributions are negligible away from resonance

[Durieux et al.

"19]



max (meTXCIUded) [GeV]

2200
13 TeV, 3/ab
2000 A

1300 ~

1600 ~

1400 - -

B 0% theo. uncertainty
B 1% theo. uncertainty

70%

compatible

80%
Reduction of systematic uncertainties

indirect top sector constraints

L D v |91 PL + 9rPr|tZ,
+ " gy P+ gnPr|bZ,
+ (6’7'“ [VLPL + VRPR] tW’J— -+ hC)

Vi = —% [1 + 5W,L] etc.

Swr € [-0.029,0.019], dw.r € [—0.009,0.009],
8, 1 € [-0.639,0.277], &L, € [~1.566,1.350].

l model correlations

Sw € [—0.025,0.02],  Swr € [—0.0014,0.0013],
5, € [-0.073,0.06], 64, € [~0.33,0.37]

existing direct top partner constraints in the range of = 1.5 TeV

[Matsedonskyi, Panico, Wulzer " 15]

theoretical uncertainties 1s main sensitivity limitation, adding

additional channels does not change this picture dramatically

29



B 0% theo. uncertainty

5000 A _
W 1% theo. uncertainty

% B 2% theo. uncertainty
O

— 40007 100 TeV, 30/ab

9

E

%

= 3000 -

=

av

g

2000 A

70% 80% 90%

Reduction of systematic uncertainties

99%

* direct top partner searches in

clectroweak channels

providing direct sensitivity up

[de Simone et al.
[Azatov et al.
[Matsedonskyi et al.
[Golling et al.
[Barducci et al.
[Lietal.

todTeV

" 14]
" 14]
" 14]
" 16]
2y

19]

S/VB

30

indirect top sector constraints

* optimistic extrapolations

provide indirect sensitivity up

to about 5 TeV
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6000
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2000 4000

8000

10000



5000 - B 0% theo. uncertainty
W 1% theo. uncertainty
% B 2% theo. uncertainty
O
— 40007100 TeV, 30/ab
<
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<3000 -
]
<
g
2000 -

80% 90%
Reduction of systematic uncertainties

70%

99%

* direct top partner searches in

clectroweak channels

providing direct sensitivity up

todTeV

[de Simone et al.
[Azatov et al.
[Matsedonskyi et al.
[Golling et al.
[Barducci et al.
[Lietal.
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Higgs in the SM and beyond Summary

» LFT @ colliders progress has been rapid

» matching, validity re:momentum coverage at hadron machines
» butno sensitivity when uncertainties are large

» uncertainties/deviations crucial for continued EFT efforts to be
fruitful; adopt UV inspired-restrictions as way out?

» Opportunity o link the Higgs/top sector to new physics

» cure SM shortcomings (CP violation, hierarchy, DM, ...)
» (multi-)Higgs/ (multi-)top production as an avenue for BSM
» LHC not enough to achieve this in full glory

S



