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Motivation

No obvious signs of new light states at LHC — parametrize BSM
effects with SM-EFT = SMEFT

(d)
C.
_ Z: Z: ! d
£ = OCZSM‘F Ad_4 @5 )(Qa Uu., dca L, €. H, D,ua F/w"°)
d i

write down all operators, lowest mass dimension terms
dominate in the IR

Odd dimensions always violate B or L, so focus has been on dim-6
(~60 operators)
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Motivation

Integration by parts (IBP) or field
redefinitions (EOM redundancy)

5,
b~ i+ —5

reshuffle operators but don’t change physics

Ex: B,— B +3,—(Zyﬂ L) removes @2} in favor of @2; Q. Qy,,»
(0’B,)(Ly"L), etc.

Therefore: SMEFT analysis requires working with a complete
‘basis’ of operators. Often “Warsaw basis”
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Motivation

Top data
£, W couplings Bhabha scattering Q;%{)tqst = (@ @ )(dsVudt),
Quf = (HTD H)(y") Q.. = (27¢)(87"¢) Q%) = (@7 a) @ vuT1)
OHe = (/HTD H)(&"e) Qle = (Iy*1)(&y"e) wes "
Oy = (H' D, H)(@ 1" Qi = (5 lp) (hy*h) Sy ("))
o) - (iH' D, H)(Go"yq) Q' = (") (dsyuc),
QHu = (iH' D, H)(dv"u) _ iv /i Pes _
Ond = (iH? DNH)(J “d) Qu = e W, Wir W Q(udt = (Up V" T4y ) (dsyu T dr)
TGC /multi-boson e
R T
Operators impact Qhbox = (H’; H) o (HTH)
[ . QHne = (H"H)G;, G2
Oup = (D, H'H)(H' D H) multiple processes: One = (HH) B:V B
Onwe = (HTa H) Wi, Brv ¢ Global approach S Quw = (H'H)W, wikv
Q(3) — (, D’ H)(/g fyu/) needed QuH = (HTH)(qHU)
(/‘ IN(ETIN Qan = (HTH)(gHd)
. Qe = (H'H)(ge)
input quantities Q¢ = 5achaVGprC“

Que = (qU’“’ TaHU)Ga

H processes

Pattern in deviations informs about new physics scale and type
4
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Motivation

How does SMEFT contribute? State of the art:

2Re(Agy, A M
AP = | Agy | + oo 8 o
p A2 /A}‘\
Interference piece, usually the /i
largest effect

“New physics squared’;
Higher order in 1/A

Why would you ever go beyond 1/A” ?



e Uncertainty: To know error on 1/A? piece, we should know next order



e Uncertainty: To know error on 1/A? piece, we should know next order

* Interference can be suppressed: e.g. if there is a mismatch in
the helicity of the SM and the 1/A? operators

Classic example: O =]‘;‘BCG;‘UGB’WGPC’” and dijets

+ '

+

- b +

g M G

SM and O, produce different helicity gluons!
No interference, so first effect is at (@G)2

[Shadmi, Dixon ’93]
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 Energy considerations:

by dimensional analysis:

2 Re(A},Ag)  EZ g
e " )
: 4 22
|A6| N E_4 <or /‘}\4,‘//5 ) faster growth!
A* A*

For high energy measurement (LHC, tails of kinematic
distributions), 1/A% increasingly important
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OK, lets just include new physics squared piece

2Re(Aqy Ag) | Ag|”
A2 A4

A7 = |Agy, |

easy, known, but not the whole story

But (dim-6)? is the same order in 1/A as dim-8 effects interfering with SM...

2 %
46" | ,Re@ASuAd) | so both should be included to
A? A* expand consistently

Extending to dim-8 introduces 993 more operators, even assuming
fermion flavor universality!

Theoretically: need to know how 993 new effects enter?!
Experimentally: means 993 more measurements needed ?!
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Going even further...

# operators at given mass dimension known (Hilbert series method),

but explodes with mass dim!

10000000000 -

1000000000 |-
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[Henning et al
1512.03433]



Q: Is it phenomenologically viable to go beyond
dimension-67?

Q: Does it make a difference? Meaning, e.g. does
(dim-6)2 suffice to capture 1/A* effects?
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What do these operators actually do?

Og, 0D
Os,HD2
Os.pHB
Os,pHB2
OS,DHBQ
Os.puc
Os,paG2
OS,DHéz
Os.pEW

Os,pawW?2
OS,DHVT/2

Os,.peHWS3

OS,DHWSCL

(H'H)?(D,H' D*H)
6ry (H'H)Y(H't'H)(D*H'r' D, H)

(D*H' D"H)B,,, B’
(D*H'D,H)B"° B,,
(D*HD, H)B*° B,y

Sap (D*H'D"H)G{,GEP

Sap (D*H'D,H)G*"*GE,

Sap (D*H'D,H)G**AGE,

5rs (D*HTD"HYW Wg-’

517 (D*HTD,HYW?o I W,

517 (D*H' D, HYWPT T W,

ersx (D*H'r' DY HYW,] WHE
ersx (D*HI 71 DY HY (W Wk —w] wek)

OS,DHVV%
Os,pawB
OS,DHVT/B
Os,paHW B2
Os,paw B3
Os,DHVVBz
OS,DHVVB3

Os, HDHB
OS,HDHB
Os,upHW
O8,HDHVV

Os,HDHW?2

OS,HDHVV2

ersi (DFHUZI DY HY (W, WES + W wek)
517 (D*H' "D, H)B*° W,
Srs (D*H' 7' D, H)B*" W,
i615 (D*H'7' DY H)(B,,,Wg’ — B,,W)
51y (D*H'TI DY HY(B,,,2WE7 + B,,Wi)
51y (D*H'r' DY H) (B, W,], — BL,W,],)

I [
615 (D*H'7' D" H)(B] W}, + Bf, W,},)
i (H'H)(D,H' D,H)B""
i(H'H)(D,H' D, H)B""

i6ry (HYHY(D*H'7' D" HYW/,

i 61y (HYH)(D*H ! DY HYW,
iersx (H'T"H)(D*H 't/ DY HYW L,
iersx (Hi7THY(D*H '/ D" HYWE

a subset of the bosonic operators at dim-8....
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What do these operators actually do?

h
Change field strength L\ ¢~ — - - ex.) (H'H)[J(H'H)
normalization/inputs
W
Modify existing vertices - ex.) (H'H) W, Wk
W
Y
f
N Iti-particl - .
ew multi-particle . .
interactions “~ ex.) (Yy)

12
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Its possible to reorganize SMEFT operators (= find a basis), where
2 and 3-particle interactions are sensitive to the
minimal number of operators
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Punchline of this talk

Its possible to reorganize SMEFT operators (= find a basis), where
2 and 3-particle interactions are sensitive to the
minimal number of operators

,,,,,

With fewer operators around, can actually do complete 1/A*
calculations for certain processes.

Use those processes as simple laboratories for ‘truncation error
studies’



Or, to answer questions posed:

Q: Is it phenomenologically viable to go beyond
dimension-67?

For resonant (h/W/Z/t) phenomenology involving 2- and 3-
point vertices, yes

Q: Does it make a difference?

Absolutely, especially when applied to loop-level SM processes

14



First hint: Misiak et al 1812.11513

Fully exploiting IBP and EOM redundancies, the only SMEFT operator
types that contribute to bosonic 2-pt interactions are:

H", H'X?, D*H"
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First hint: Misiak et al 1812.11513

Fully exploiting IBP and EOM redundancies, the only SMEFT operator
types that contribute to bosonic 2-pt interactions are:

Hn, anZ, DZHn
Why not e.g. D*H* ? (DH ~ 3h + "34‘/ + 19 AL)

o (DH(DH)(DH"(DH) ? — too many fields

. (D{W}HTD{W}H)(HTH) ? — via IBP and EOM, reduces to operators
with 2 derivs + operators with > 2 fields

Similar arguments can be made for operators with field
strengths, more derivatives
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First hint: Misiak et al 1812.11513

Fully exploiting IBP and EOM redundancies, the only SMEFT operator
types that contribute to bosonic 2-pt interactions are:

H", H'X?, D*H"

Bosonic kinetic piece ; A o Bun
h(HYD H'D H), HYW W
defined by two functions: HYDHDH), gag(H)W ),

vt = (W', W2, W?, B)

this choice defines a basis

16



Even better:

Number of H" , H" X?, D?H" type operators ~ doesn’t change
with mass dimension

Mass Dimension

Field space connection 8 10 12 14
hry(6)(Dyug)' (D*¢)’ 2 2 2 2
gaB (@)W, WEHv 4 4 4 4

Consequence of group theory + Bose statistics

contributions to hyy
:

8+2n) __ n+2
420 = (H'H)"™ (D,H) (DH)

T
03" = (H'H)"™ (H'o,H) (D,H) o (DH)

17



Example operator counting:

(H'H)" Wg iguore Lorentz, fFocus on SU(2) reps.

H=(1/2) . H"=n/2) W} =(0@®2) enforced by Bose symmn.
H' =1/2) .. (H)Y'=n/2)

\

(HTH)”=(O€Bl€BZ€B...n) X Wg=(O€B2) = 2 (nvariants
| | |

[-I—'( for BI% and +1 for W, B, = C(—]

To get SU(2)w 2, need > 4 Higgses — operator dimension > §

18



Example operator counting:

(H'H)" Wg iguore Lorentz, fFocus on SU(2) reps.

H=(1/2) . H"=n/2) W} =(0@®2) enforced by Bose symmn.
H' =1/2) .. (H)Y'=n/2)

\

(HTH)”=(O€Bl€BZ€B...n) X Wg=(O€B2) = 2 (nvariants
| | |

[-I—'( for BI% and +1 for W, B, = C(—]

To get SU(2)w 2, need > 4 Higgses — operator dimension > §

contributions to gae

6+2n n a 1%
;IWB) = (H'TH)"(H'o"H)W} B,
Qs = (HTH)(H o H)(He"H)WE Wi,

18



G2 + 191

Convenient to work with real fields: H(s/) = — bu — iy

V2

Can rewrite scalar quadratic form as a metric in field space hIJ(gb)(Dﬂgb)I (Dﬂqb)J

i n+2 | n+1
0 2 I’ gb kX ¢L C(6) o) ¢2
_ 2(6) 45_ (84+2n) _ ~(8+2n) AJVK™ AL HD v (842n)
hy=|1+¢ CHD + Z ( 2 > (CHD CH,D2 ) oy + 2 2 + Z 2 CH,D2
n=0

- n

SU(2) generators for
real fields

SM, g4z, h;; = 1. Including higher dimension operators, field space
metrics become curved — ‘geometric’ SMEFT or geoSMEFT’

[ Burgess, Lee, Trott 10, Alonso, Jenkins, Manohar ’15, 16, Helset, Paraskevas, Trott 1803.08001]
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What about 3-pt interactions? Similar story

e 3 fields only, Lorentz invariance
* non-Higgs derivatives increase field count or introduce momentum

Dy, Dy, DX — 2 fields or 1 field + 1 momentum

DH — 1 or 2fields or 1 field + 1 momentum

20
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e 3 fields only, Lorentz invariance
* non-Higgs derivatives increase field count or introduce momentum

Dy, Dy, DX — 2 fields or 1 field + 1 momentum

DH — 1 or 2fields or 1 field + 1 momentum

But all momentum dot products reduce to masses once we
Impose momentum conservation

Ex) DHD")y , v
- | — s A
~ (P Pp) HY v --- o _ .
N 7[5
2 2 2
N(m"’ ";H m‘/">Hl,-,l,, Pu+p;+p,=0

Just changes coefficient of H y v : not a new operator structure
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What about 3-pt interactions? Similar story

e 3 fields only, Lorentz invariance
* non-Higgs derivatives increase field count or introduce momentum

Dy, Dy, DX — 2 fields or 1 field + 1 momentum

DH — 1 or 2fields or 1 field + 1 momentum

But all momentum dot products reduce to masses once we
Impose momentum conservation

Ex) DH(D"D)y , o
_ | = . z
~ (P Pp) HY v --- e _ .
N 7[5
2 2 )
N (mz// n;H ml/'/)Hy_jw pH—l—py_j—|—pw=O

Just changes coefficient of H y v : not a new operator structure

True whenever Dy, Dy, DX, DH = momentum
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What about 3-pt interactions? Similar story

e 3 fields only, Lorentz invariance
* non-Higgs derivatives increase field count or introduce momentum

Dy, Dy, DX — 2 fields or ifield=—t-rormertum
DH — 1 or 2 fields or ifigld=i=t=rrrorremntum

But all momentum dot products reduce to masses once we
Impose momentum conservation

Ex) DH(D"D)y , o
_ | = . z
~ Py Pp) HW --- - _ .
N 7[5
2 2 )
N (I”}’ll// n;H ml/'/)Hy_jw pH—l—py_j—|—pw=O

Just changes coefficient of H y v : not a new operator structure

True whenever Dy, Dy, DX, DH = momentum
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What about 3-pt interactions? Similar story

Net result: limited options
e DF,DF,DF;DF, X
e (DX)?*H?* X
e 2Y3
o« Dp)yw(DH)H X
e yy(DHYH?

exactly the ‘special 3-body kinematics’ story from on-shell amplitude-land

21



Allowed 3-pt structures:

hi(9)(Dud) (Dug)”,  gap(@)Wip, WP+
k() (Do) (Do) WH . fae (@)W, WP PPWS#, [+ versions with GA]

Y ()12, | Lra(@)di rave(Dud)’, [ da(@drot 2V,

A

Higgs-dependent “connections’

Mass Dimension

As before, # operators small and remains ~fixed for increasing mass dimension

Field space connection 6 8 10 12 14
kr7a(9)(D*)! (DY ¢) Wy, 0 3 4 4 4
Fapc (@)W, WEvPYSHH 1 2 2 2 2
ggz;gzi E c 2 NJE 2 NJE 2 N]z 2 Nz 2 N]z
()G c 2N? | 2N7 | 2N7 | 2N? | 2N?
Yy (¢)Let h.c 2N7 | 2N7 | 2N7 | 2N7 | 2N7
d5P" (¢) Lo, eWh’+ h.e AN7 | 6N7 | 6N7 | 6N7 | 6 N7
dP (9) Qo uWh + h.c. 4N7 |6N7 | 6N7 | 6N7 | 6 N7
d%P" () Qo dWH” + h.c. 4N? | 6N? | 6N? | 6N? | 6 N?
Ly 4 (&)(D*9) (Bpryuoatnr) | N7 | N7 | NP | Nj | N7
LYE (¢)(DH$)! ($p1yuoatyr) | 2N | AN? | AN? | AN? | AN?



Example: L;(¢)y17" rav2(Dyug)’

contributing QL+ — (HYH)" HY D! Hidyrypby,
operators b
Q3 (6F2m) (HTH bzl Z?“H%%%%,

pr
Q2 ,(84-2n) _ (HTH)n(HTOaH) HT i%MH@Zp’V,uanra

p’f‘

p’f’

compact form for connection:

o2\ N 2
LY = () s6a4 Z Cl ) (%) — (@74)s(1 —0a4) Z CH I (_>

p’l”

2 n
+ §(¢’74) 7(1 = 6a4) (6T 1 8") ZC?{ff;% (%>

_ pr

Géc« ,(8+2n) ¢2 "
+ Lo 8)s (0xTE L0 ZCHW )

_ pr

23

higher dim. versions

/7” 4
of class F

N

Q55 — e (HVH)" (HTo H) HY iDY Hyyuoatb,. ?

/

operators

new effects
from d > 8

n



4-pt interactions: can we go ‘full metric’?

Key part of 2- and 3-pt result is that special kinematics forbade

D ~ momentum

No longer true at > 4-pt interactions. Operators can depend on
O~ s"t"
— infinite set of higher derivative operators can contribute

24



geoSMEFT at work:

SMEFT phenomenology for processes involving 2, 3-pt interactions now
doable to any order in v2/A?

Specifically, ©(1/A*) easily calculated for a large set of processes
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geoSMEFT at work:

SMEFT phenomenology for processes involving 2, 3-pt interactions now
doable to any order in v2/A?

Specifically, ©(1/A*) easily calculated for a large set of processes

f Y
Includes M{ L‘ .. {
Z ! ¥

, p - ¢ suppressed by
and 2 \/ ZTZ
N
e 70Ny -

8

‘~
e ;

resonant
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geoSMEFT at work:

SMEFT phenomenology for processes involving 2, 3-pt interactions now
doable to any order in v2/A?

Specifically, ©(1/A*) easily calculated for a large set of processes

f Y
includes !'\ g [2007.00565 Hays,
( Helset, AM, Trott]
Z

, ? - ¢ suppressed by
and 2 \/ L2z
2
| e X R -

N

e £

resonant
[2102.02819 also

Corbett, Helset, AM, Trott]
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What can we do with this? EW inputs’

Bosonic kinetic terms used to define the gauge boson mass basis

3
WM, Bﬂ — Aﬂ,ZM

& couplings to mass eigenstates define: e, g, sin 0,

Dty = |0 +igs G T + i WHTT + W™ T7) +igy (Ts — s3,Qu ) 2 +iQue A*| .

V2

SMEFT: relation altered by operators

SM: e, 2., sin®6, = . L
87 Z that feed into kinetic terms:

functions of g, g’ alone
6) gt A WWAuY
ex.) Cp, H'HW,, W

. e,g,, sin®@, = function of g, g’, Cl.(”)
coefficients

‘Universal effect’, since all occurrences of e, g, sin’ &, now carry

coefficient dependence
27



What can we do with this? EW inputs’

With geoSMEFT setup, can set EW inputs to all orders:

e, g,, sin*0, — functions of 2,8, 0y, 8ap

G2 =027 =929,
_ 4
Gy = 7(09@33—39\/_3>
€0, 0

e = g (sava” +cov/g™) = o (eov/a™ +53v5™).

mixing angles
2 91(v7" 55 = /5" c5) f\/‘\
0, — )
Z 92(\/53309_ . \/§34S§) _|_ 91(\/54439‘ . \/§3460_)

2 (917/F" — 921/5°")?
" RV + (VI + BV + (VITH - 201925 (VG + g

( Sg g —09\/_ ) couplings

_9 95 2 9 _9 97y 2 9 9 masses
miyy = —+/ h11 07, my = —=+\/hss U7 my = 0.

[Helset, Martin, Trott 2001.01453]
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Can get ‘all orders’ expressions for | — 2 processes:

e.q) h—yy g0 fo ;v\ass basts
N/ 0g33() , € 0g3a (), € 0944 (), €
v hyy v
(A ) A7 (it ) i | (BN ) (200,

7

H wormalization expand g33(PYW W to get linear h prece
33 UL

29



Can get ‘all orders’ expressions for | — 2 processes:

e.q) h—yy go to ;vanS basis
N/ 0g33(¢), € 0g3a (), € 0g44(9), €°
AWV AL hyy AP AN ——
(A ) A7 (it ) i | (BN ) (200,

o

H wormalization expand g33(gb)W/3wW3”” to getf ltnear h prece

application: expanding, can now calculate full 1/A* corrections.
With that, we can:

 check how well (dim-6)2 captures the effect

e treat 1/A* as uncertainty and feed into fits on dim-6
coefficients

e think about how to pin down new coefficients with future
measurements

29



Can get ‘all orders’ expressions for | — 2 processes:

eg) h—yy

26 2 A~ (6 (6
82C§ﬂ)9 + 8 Cz(q%v_ gngCI('{%)VB
(812"‘822) Vr

defining:  (hlrr)ge =

2

(dim-6)2 estimate: \ﬂﬁﬁ +2Re <ﬂgﬁ><h 177 g0 + (B 1Y7) o

30



Can get ‘all orders’ expressions for | — 2 processes:

eg) h—yy _

Cgi)e + 8 C}? — 8 18262%413
(812 + 82) Vr

defining: (Alynge =

2

(dim-6)2 estimate: ‘ﬂhw +2Re <=thyy><h|7’}’>g<6>+(hl}’J/)g(@

Full O(1/A%) result:

44 _ )
‘ Q{hﬂ‘ +2Re (ﬂgg) (1 + <\/Z > ><h 177) o0 + (1 4 47, Re (ﬂ?ﬁ)) (h177) o)
p(6)

2 (8 2 [ /(8 ~(8 ~(8
3CE + 27 (O — Oz - 2:8:Cs

(812"‘822) Vr

h
+2Re (ﬂ&)

30



Can get ‘all orders’ expressions for | — 2 processes:

eg) h—yy
At 1/A%, only involves ©(10) operators

Significant differences between full and (dim6)?2 result!

2
...even ((h | vy) g@) captured incorrectly by just (dim-6)2

Full O(1/A%) result:

2 44
h h
‘,QYSZ‘ +2Re(ﬂsﬁ> <1+<\/ﬁ >

2(8 2 [ /(8 ~(8 ~(8
3CE + 27 (O — Oz - 2:8:Cs

(812"‘822) vy

)(h | 7}’)3(6) + (1 + 4\7T Re (ﬂgﬁ)) ((h | },y>3(6)>2

P(6)

h
+2 Re (ﬂ&;)

31



Working to 1/A* : bottom up

eg) h—yy

Quantify effect by randomly drawing coefficients and comparing
dim-6, (dim-6)2 and full 1/A* result

32



How do you randomly draw coefficients?

For weakly coupled UV theories, well known classification of
operators up to dim-8 into ‘tree’ and ‘loop’ level

[Arzt’93], [Einhorn, Wudka ’13], [Craig et al *20]

Tree Loop
DIm 6 l/_/l//HzD, H4D2, l//2 H3, H2X2, X3’
H?*X3, X4, ...
H*X?, w* X, w> H -

W,y = any fermion, H = Higgs, X = any field strength, D = covariant derivative
33



How do you randomly draw coefficients?

For weakly coupled UV theories, well known classification of
operators up to dim-8 into ‘tree’ and ‘loop’ level

[Arzt’93], [Einhorn, Wudka ’13], [Craig et al *20]

Tree Loop
DIm 6 l/_/l//HzD, H4D2, l//2 H3, H2X2, X3’
H?*X3, X4, ...
H*X?, w* X, > H -
Dim 8 wy H*D

W,y = any fermion, H = Higgs, X = any field strength, D = covariant derivative
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How do you randomly draw coefficients?

For weakly coupled UV theories, well known classification of
operators up to dim-8 into ‘tree’ and ‘loop’ level

[Arzt’93], [Einhorn, Wudka ’13], [Craig et al *20]

Tree Loop
Dime  VWH'D, H*D? y* H, - H2X2, X3, ...
H2X3. X4 ...
H4X2, l/j4X, l/ISH
Dim 8 l/_/l//H4D
impact Z = yy

W,y = any fermion, H = Higgs, X = any field strength, D = covariant derivative
33



Working to 1/A* : bottom up

eg) h—vyy

Quantify effect by randomly drawing coefficients and comparing
dim-6, (dim-6)2 and full 1/A* result

Tree level operators: draw coefficients at random from a
gaussian with mean 0, width 1

Loop level operators: draw coefficients at random from
a gaussian with mean 0, width 0.01
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Working to 1/A* : bottom up

e.9) h—yy

Deviations in I'(h—7yy)
1.0 T

1/A% + (dim-6)*

1/A? only o6

0.4

o(h—yy)

0.2

0.0

-0.2

-04

A (TeV)

35

35 40

Contours show range
of effects once full

1/A* effects are
included (for fixed

1/A?, (dim-6)? result)



Working to 1/A* : bottom up

eg) h—yy
For fixed deviation, e.qg.
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Working to 1/A* : bottom up

eg) h—yy
For fixed deviation, e.g.

Deviationsin[(h>yy) S(h — yy) =0.2
1/A% + (dim-6)*

1.0

/\ interpretation

assuming interference
only: ~2.3 TeV

1/A? only o6

0.4

o(h—yy)

0.2

0.0

A interpretation with
full : [0.5 - 2.7 TeV]

-0.2

-04

10 15 20 25 30 35 40
A (TeV)
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Working to 1/A* : bottom up

o(h—-yy)

eg) h—yy

1.0

0.8

0.6

04

0.2

0.0

-0.2

—04

Deviations in I'th—yy)

40

A (TeV)

Why such a large effect?

Following tree/loop classification,

all operators at dim-6 are loop-level

C© \ 12
<h | }/}/>t0v2/A2 ~ 0.01 < >

similar result for h — Zy
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Working to 1/A* : bottom up

o(h—-yy)

eg) h—yy

1.0

0.8

0.6

04

0.2

0.0

-0.2

—04

Deviations in I'th—yy)

40

A (TeV)

Why such a large effect?

Following tree/loop classification,
all operators at dim-6 are loop-level

C© \ 12
<h | }/}/>t0v2//\2 ~ 0.01 < >

Tree effects enter at dim-8

Cc® > p

P1YYDiovtine ~ (

effects can compete despite
higher order in A

similar result for h — Zy
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Working to 1/A* : bottom up

eg)Z = T

Deviations in I'(Z—{Y)

0.10—————F——+———

0.05!

0.00!

—0.15F

-0.20

38

Now tree-level operators
present for both dim-6 and
dim-8

(ZlffvvaA2m1<

Z1 Y pmi~ (

smaller impact, but still present,
especially if A is small



Working to 1/A*: top down

Try a specific UV model: kinetically mixed U(1)

1 1 k
_ U 2 U
AL ==K, K"+ —miK K" = —B"K,,

integrate out to dim-8 (tree level only)

K2 K2 — k* o2k
AL = ——]jj"+ (a2')'ﬂ+ H'H)j,j*
2m12(J” / 2mg Ju ) dmg ( )J” /

where

. _ 1 .
= (—glyv,) Wy + (—581> H'iD,H
1/g
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Working to 1/A*: top down

dim-6 dim-8

Lo H4’QZJ2D
H*D oL ®) yegl g4 _ 9 (k2 — kA (21 + gf+g§)
H2’QZ}2D 0(6) Ht 4mi. mi 4
1,(8 24 42
cLO) | _vgt - SmK Cil | okt - Gy (i? — k) (20 + 1522 HD?
HY QmK 0(6) ‘ 97 22 1 2, .2 (8) 4 4
- (8) | yagi 14 _ 91Ya 12 _ ;4 gitg C ‘ v 91 92 (k2 k)
HD 2 k 1 k 1792 -
(©) Ve g1 b 2m, Cy Tk s ( k42X + 85%2) l(LI,)DQ 8 44];; i
H 2,2 8 3
: QmK w4 ( )(E ) C;I,S) Z;Lng; k- g %{u (k2 - k4)(2/\ + 91192) Chp ‘ 1691n‘}< o gin%}i (kZ o k4)
1,(6
CH( : ;qgl by 1,(8) Yd91 4 _ givd (.2 4 9i+gs
(6) yug1 24 -8 m%{ 2.(8 2 2
Om | Z5ih — e e T
0(6) Yd91 b Cq(’] T2 7711%( 02,(8) _ 91 95 (]{32 _ ]{34) (8) g2 g2K 9 4
Hd 2m3, oL e Hgq 16m% @ = 161m%( (k* — k%)
L 2 2
Lq 12 %( 0%28) _ 1%17;‘?[1( (/{32 _ /{Z4)
3,(8) 2,2
CH N 1%17:1% (k* = k%)

No operators that operators impacting
impact h — yy h — yy present

.'. at dim-6 level, no effect, while there is an effect if we go to full 1/A*
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Working to 1/A*: top down

Said differently:

If restricted to 1/A? level, appears
like no constraint from & — yy

But done fully at 1/A*, constraint is
there

41

2_

I'(h — yy)
I'(h = yY)sMmEFT

U(1) model constraints, a scheme

—-0.01 |

-0.01 |-

1111111111111111111111111111

1 1 |




So where does this leave us?

Restricted to 2- and 3-pt resonant phenomenology, can think about

1/A* effects (and beyond!) without introducing a flood of new
operators

e geoSMEFT framework: basis where 2 and 3 particle vertices
sensitive to a minimal # of operators, # ~ constant with mass
dimension

e Can study select processes to 1/A%, use them to form

guidelines for how to include truncation error more generally In
SMEFT studies

Find (dim-6)2 is not a great proxy for full 1/A* effects,
especially for loop-level SM processes
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So where does this leave us?

Lots to do:

e Expand the ‘laboratory’: more 1 — 2, 2 — 2 processes
* |ncorporate into dim-6 coefficient fits
e Combine with effects from higher loop (NLO) order

e How to pin down new coefficients, rather than treat them as
nuisance parameters?

THANK YOU!
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Backup

44



Redo classic SMEFT LEP1 analysis to O(1/A%)

A gZ WU U, pr
+ 0%, = 2 (253, Qu — 08)bpr +or(LYT") + osvr(LE")]

ZY Z b Zal
— <gSh;’/pr> + <geﬂ':)1>0(v2/A2) -+ <geff:')1>0(l'4/[\4) + ..

2 — N —

% SMEFT corrections in {mwy,mz, G F}/{a,mz, G F} scheme
U'l Z.U Z,d Z.[
O(37) (Gogi o) (gog o) (926 )
(9572 14/5.5 -27/-11 -9.1/-3.6
Scanning dim-8 coefficients CHB"CHH"B -0.21/0.39 0.10/-0.19 0.31/-0.58
2, 0.28/-0.026 | -0.14/0.013 | -0.42/0.040
o8 g CupCyy), | -0.83/-0.19 | -0.83/-0.19 | -0.83/-0.19
| B ] CHD CHH B 0.59/-0.19 -0.29/0.097 —0.88/0.29
. N -~ * Crp(g") 4.0/0.50 4.0/0.50 4.0/0.50
= 006, |
z . | (Cy))? 0.62/1.4 1.2/-2.8 -0.42/-0.93
5 . 1 | Crws ng) 0.69/0.58 | -0.69/0.58 | -0.69/0.58
g 0o | Cirylga”) | -6.7/-538 13/12 4.5/3.9
s 1 i | Cuwp (957) | 3.7/0.26 3.7/0.26 3.7/0.26
2 o0l . | Cuw Cuws | -0.21/0.39 | 0.10/-0.19 | 0.31/-0.58
= cs) -0.014/0.026 | 0.0069/-0.013 | 0.021/-0.040
f M é}f}m -0.21/0.026 | 0.10/-0.013 | 0.31/-0.040
09003 -002 -001 000 001 002 003 Cl(fz) 0.19/0.19 0.19/0.19 0.19/0.19
(ORdam-affte A = 1T o, -0.38/0 0.19/0 0.58/0
c® -0.10/0.19 | 0.051/-0.097 | 0.15/-0.29
<(8) nn7e/0 1 | nn20/ 0 ne nN197/ 0 99




What about Gg?

Gr involves more than quadratic terms:

L L
bl Pt
+X + *

L L L L L . DL L

However, since Gr derived at muon mass scale (D ~ m, <K N\)

and SM term is from L4, # of higher dimensional contributions is
dramatically reduced

CeH (HH)'™ (2y70'¢)) <z,21;/”0,fl) iCe, (HTH)" (H'o'H) (Zy'as) (2,01 )

All orders result is possible even for contact terms:

| cu |
apt — __ | O ~(6) i ’
g = - Ciov,+ Cioe + S

46 [Hays, Helset, Martin, Trott 2007.00565]
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Tree vs. LOOQ [from Craig et al "20]

Ly = %QTKQ -Q'J+ 0 ()

P —D2— M2  —yp —yib 0 Yy + yiip + Ap®
a_|Y Kk_| v -M-ye—(z-iD) 0 5 Yoy
v —yy c-iD  —M—yé 0 yorp
v, 0 0 0 ™ (D?+ M?+ g¢?) — DVDF + [DF, DV] glor + g DHe
light stuff
heavy stuff mass of heavy stuff M, g

interactions with 2 heavy fields

Integrate out €2 at tree-level = solve EOM, expand in 1/M

(1 0 0 0
1 | 0M-—yp—(5-iD)" 0 (at dim-6, similar but
LErT D J . J . .
2M2 0 ¢-tD M-yp O t ... lengthier for dim-8)
\0 0 (R

Expanding out, can see what terms are present.
E.g.) no field strengths at dim-6!



Powerful new tool

# of operators and their tield content can be generated

automatically via Hilbert Series
[Lehman, AM '15, Henning et al '15, "17]

given symmetry | # and form of all
group G, » Hiloert » invariant (Lorentz &
fields i, Pi, Xib-R Series gauge) operators,
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Powerful new tool

# of operators and their tield content can be generated

automatically via Hilbert Series
[Lehman, AM 15, Henning et al 15, "17]

given symmetry | # and form of all
group G, » Hiloert » invariant (Lorentz &
fields i, Pi, Xib-R Series gauge) operators,

e extends to all orders
e includes all IBP, EOM redundancies

» works for all sorts of EFT (SMEFT, nonlinear reps, non-

relativistic QFT) [Kobach, Pal ’17, ’18, Graf et al "20]
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Hilbert series:

Hort = [ Aisorenrs dpaonse 5 PE[ - x| PEF[ Y ]|

P Do D
¢ (s
o/ g
projects out invariants from generating function — generates
polynomial (relies on character all possible polynomials of fields
orthonormality) (®% O Y, P? ¢,etc.)

and derivatives

Y
removes |IBP redundancies
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Real representation translation

Using y, = generators in real representation and 'y = y,y,, translate

1
Hic H = — Egb,r{l, 7

H'D'H = -y}, (D*p)" = (D ) 1,0’

(Dﬂ¢)l yé,]¢‘]

H'DD!H = — gy, (D*¢p)’



