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The best motivation for EFT
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Model

quark compositeness
quark compositeness
quark compositeness
quark compositeness
Excited-lepton CI

Z' mediator (dark QCD)
(Axial-)vector mediator
(Axial-)vector mediator
Z' —2HDM

Baryonic Z’

emerging jets (dark QCD)

scalar mediator (fermion portal) =

2HDM+a (H)

Leptoquark mediator
pseudoscalar mediator
dark Higgs

inelastic dark matter model

gluino (displaced)
gluino (prompt)

stop (displaced)

stop (prompt)
neutralino (displaced)
squark to 4 quarks
mass-degen. higgsinos

ADD HLZ
non-rotating BH
ADD Gk emission
ADD QBH
RS QBH

Gk
3-brane WED
split-UED

excited light quark
excited muon
excited electron
excited tau
excited b quark

HNL (Majorana)
Vector like taus .
Type-lll seesaw heavy fermions

Axigluon, Coloron
SSM W'(£v)

SSM W'(Tv)

SSM W'(qq)

SSM Z'(£1)

SSM Z'(qq)

LFV Z'

LRSM Wg
Superstring Z,,
Z'(B3 — L)
Leptophobic Z'
Zp, narrow resonance
Z'(qq)

String resonance
Diquark (paired dijets)
Scalar qiquark

Zy resonance
Color-octet scalar
Higgs y resonance
LQ pair production
gluino

axion-like particle
SUEPs ggH Scouting
WYy resonance

pp + ZIy + X
X-¢9
tt+¢

Final state JLIfb™] 95% C.L. Exclusion Upper Limits
2j 138 ALRR 37 TeV
2j 138 Al 17 TeV
2l 138 NLjrr 36 TeV
2 138 Alme 24 Tev
2u + 2j I 0.2-5.7 TeV
2j + MET = 1.5-5.1 TeV
2e,2u [ 0.2-4.64 Tev
2j 8 TeV
h + MET -3.2 Tev
h + MET =
= 1j + MET
20 + MET 150 mH 1.2 1€V
1u + 1j + MET 77 Mmed 0.3-0.6 TeV
= 1j + MET 101 Mmed 0.47 TeV
1,2f + 2j + MET 138 Mmed 0.16-0.352 TeV
2u + MET (displaced) 138 Mmed 0.003-0.08 TeV
displaced vertices 138 My 0.3-2.7 TeV
displaced vertices 138 Mt 0.3-1.85 TeV
4j+b 138 Mi [ 0.5-0.8 TeV
displaced vertices 138 My 0.3-1.3 TeV
2j 38 Mg 0.1-0.72 TeV
3j (boosted) 128 Mg B [ 0.07-0.075, 0.095-0.112 TeV
2j 138 Ms 15.9 TeV
Ly + =7j 138 M 11 Tev
= 1j + MET 101 Mp 10.7 TeV
Zj 138 Min 8.5 TeV
2 138 Min 6.3 TeV
Yy 138 Mg 4.8 Tev
2j 138  mi(gkk) 2-4.3 TeV
£+ MET 138 1/R # 0.4-2.8 TeV
2j 138 Mg
M+ 2j 77 My
e+2 77 Me-
YHT/TT 138 My
Y+i 138 Mp*
3u 138 Mx | 0.01-1.6 TeV
= 30(+T) 138 My | | 0.1-1.045 TeV
=30(+T) 138 Ms | | 0.1-0.98 Tev
2j 138 Moct 0.5-6.6 TeV
£+ MET 62 My 0.4-5.9 TeV
T+ MET pe s ~*4.8Tev
2j 'V
2e,2u 1.2-5.55 TeV
5
ejy ’ -5 TeV
2u + 2j eV
2e,2u ] -4.95 TeV
u+ =
2
2u 130 ™z U.11-U.Z 1€V
ly + 1j 138 Mz 0.01-0.15 TeV
2j 138 Ms 0.5-7.9 TeV
4 90 Maq DI 215 TeV
2j 138 My 0.6-7.5 TeV
dE/dx 101 Mz —
2e/2uf2j +y 36 Mx 0.35-4 TeV
2j 138 Moct 0.6-3.7 TeV
1y + 1j 36 My 0.72-3.25 TeV
2L +2j 138 Mo [ 0.3-2.12 TeV
dE/dx 101 My * 2.08 Tev
yy (pp) 103 M, 0.5-2 TeV
SUEP 138 My s 0.2-2 Tev
1y + 1j 138 Mx 0.3-2 TeV
£,y (pp) 37 My 0.6-1.6 TeV
2(yy) 138 Mx 1.2 TeV
3L =41 138 Ms ] [ 0.015-0.075, 0.108-0.34 TeV
1072 107 10° 10!

Overview of CMS EXO Results

July 2026

Vs=13,13.6 TeV, [L=36-283fb"

https://cms-summary-searches.docs.cern.ch/exo_all_bar/

Mass scale [TeV]
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Back to reality

The standard model is a great candidate for an EFT

« A well understood low energy theory around the weak scale, v
* Low energy degrees of freedom:  {Q;, L;, u;,d;, e;, 9,7, w* Z. h}

| HC data indicates a scale separation from possible new physics

Paradigm shift at the energy  de, w7

frontier for BSM searches db it

2010s:

2020s: Indirect \JL

= New physics is heavy SM N -

Heavy new physics £ £ > Linc
—» Standard Model Effective

High energy Field Theory (SMEFT)
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EF T expansion

E E?
BSM(E M) ~ E*T (a0+a1—+a2 | ), E<x M

M M?

SM \ / SM SM SM
i .-
. , N — & LI
/ \ p —M2 M? M2 M#
SM SM / l \ SM SM

2 2 2
<L ~g¥(pTp) ~ %(qﬁ*d))z + %qﬁaﬁ 1o, + %aﬂquﬂqba”quyqb TR

s = p” < M”: EFT validity criterion

2 not too large : Perturbative UV completion
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SMEFT: SM v2.0
D) (D)
£:£SM+Z ZAD_Z4

BSM particle masses M @ Generic new physics scale /A

Taylor expansion of A BSM @ Tower of operators @l(.D )

D Low energy (SM)
@f ) :) fields & symmetries
o

D)
i . - j ;
Moael parameters { 8RSM? Mk} {:} Wilson coefficients D2 (8hsne My )
measure g; . new physics
model parameters

K. Mimasu - 11/06/2024 50 EFT in multiboson production

measure c¢; . coupling strengths
of new BSM interactions

“Matching”



SMEFT

| c; OF fields
Operator expansion: Leg = L

—  Mmore
AD—4
1

SM gauge symmetry & linear EWSB SU(3)e x SU(2)L x U(1)y
* Higgs is an SU(2) doublet ( G ) 5
* Operators are SU(3)c x SU(2)L x U(1)y singlets B :

Parameter space for new interactions between SM particles

« With all nice features of EFT (gauge symmetry, matching, improvability,...)

1 1
£:£SM+K£5—|—F

At dimension-5, only one operator

» Lepton number violating Weinberg operator (neutrino masses) (L¢- H)(L - H)

L+ -

Dimension-6 Is the lowest non-trivial order

K. Mimasu 51 EFT & Collider Pheno



Operator classes

Dimension-6 operators of the SMEFT:  Interaction

X2 1 €W, WP W™ #  gauge boson self-coupling

HY : (pTp)3 Higgs potential, self-coupling
VEH? : (pT0) (Giug ) Higgs-fermion (Yukawa)
V2 H?D (@TBM ) (G Y q;) gauge-fermion (Z,W)
X?H?: (p'p) G, GH” gauge-Higgs
H*D?: (" D*p)* (" D*) Higgs-Z
VX H : (G 0" u; @) By dipole
ot (@ " 45) (@ e @) gritﬂp%?rﬁgts four fermion
K. Mimasu 52

Impact

diboson
di-Higgs
ttH, H—bb
Z, W prod.
ggH, H—=VV
mz (LEP)
ff\V, fiVH

ffff scattering

EFT & Collider Pheno



[Buchmuller & Wyler; Nucl. Phys. B 268 (1986) 621]
[Grzadkowski et al.; JHEP 10 (2010) 085]

D=0 basis

‘Warsaw’ basis

X3 0% and @p*D? P23 (LL)(LL) (RR)(RR) (LL)(RR)
Qo | fABCGAGErGOH | Q, (plp)? Q.. (oto) Tery) Qu Loyl ) (Ls71s) Qee (€pyuer) (Ester) Qe (Tpvulr) (Es7Per)
ABOGAvGBaGC to) (! to)(a @ | @) @) | Q (Gpyr) @y u) | Qu | (Gvale) (@7 we)
g | JPUGGGHE | Qun | (9Te)0(e'e) Que (¥T0)(Gurp) . Pl 3T 8 e Pt A . Pt s
Ow €IJKWl{uWI;]pW;{H Qup (goT D"Lp)* (goT D#go) Quo (010)(@drp) z(;;;) (@3 ) (@ qr) || Qaa (dpyudyr)(dsy*dy) Qud (Lyyuly) (dsy*dy)
O | KWy IopKn Qi (lovulr) (357" 4e) Qeu (Epuer) (Tsy ue) Qqe (G yuar) (e er)
w 1 v 4 -
QY | (1)@ 7q) | Qea (Epyuer) (dsy*dy) W (T Yugr) Ty ur)
X?p? VX Y**D M _ - ® | 12 A N ura
+ GA GA” l— W I WI (1) ts B ‘ul Qud (up’)'uur)(dsfyudt) qu (qp’YuT qT)(US’Y“T ut)
v . v - . 7 B _
ZV’G SOTQO é;:/GAM Z w ( :; Me )7)' QPB u Zc(pgl) ((‘f DI# szlg Y ul)) QSZ) (Up'YuT Ur)(d ’Y“TAdt) ng) (QP'VMQT) (ds')’“dt)
oo | PPEWET s | (e )pBu a | (P ) Ty Q5 | (@7.T%4,) (dery* Tdy)
Q t WI WI;w Q = ,uuTA NGA Q B )( H ) — — _ _ « —
W | PP W we | (B T PG, | Qe | (¢ ’Hu‘p @rer (LR)(RL) and (LR)(LR) B-violating
Qﬂv’ ol W,quIW Quw | (go ”VUT)TI‘ZW;{V s(olq) (¢ ZDH ©)(@7"ar) Qledq (l_f;er)(dsqz) Quug Py [(d;‘)TC’uf] [(q’syj)Tle]
v G 3 = . :
Qe | PloBuB" Que | (30" ur)$ Bu o | (o ZDé D)@ e) || QW | @uen(@d) | Qu ek [(g57)TCaf¥] [(u)"Cel]
Qu5 ' By B" Quc | (Go"T4dr)p G, | Qeu | (¢ Zgu P) (@ ur) ||| QY | (@T4u,)esn(@TAdy) || Qe e jkemn [(457)TCgf*] [(g7™)"ClL7]
Qewr | ¢TI WLB™ | Qaw | (Go"d )T oW, | Qua | (#liD0)dpy*ds) | | Q. | @eresn(@w) ar | P k(T7E)mn [(a57)"Ca*] (™) CL]
Quvs | OToWLB™ | Qs | (G0"d )¢ Bu | Quua | (@' Dyup)(@yy*d,) QY. | Boweren(@ o™ w) | Qauu 1 [(d2)"Cuf] [(u7)"Cey)

59 independent operators (+ 5 B-violating)
# real parameters (degrees of freedom)
76 flavor universal All fermion generations have the same coefficient

2499 flavor general Independent coefficient for all flavor combinations
Number for Dimension 8 (835, 36971) known (up to D=15!)

[Henning et al.; JHEP 08 (2017) 016]
K. Mimasu 53 EFT & Collider Pheno



SMEFT: SM v2.0

The SMEFT Wilson coefficients are theory input parameters

* |n addition & analogous to SM input parameters {as, apw, Gr, My, My, my, }

LHC precision programme

Measure the parameters of the { }
SM at dimension-6 (and beyond) ¢

Extend the energy reach of our colliders to NP beyond Ecwm

In order to do this, we must understand the impact of
SMEFT interactions on scattering amplitudes in the low
energy model (SM)

K. Mimasu 54 EFT & Collider Pheno



Impact of SMEFT

A) New Lorentz structures: contact interactions & derivatives
» Explicit source of energy growth

¢4 : (@, 7“ Qj)(@f Y QZ) X EIJKW;L/ Wvp WI,Z’M
B) Modification of SM (dim-4) terms

 After electroweak symmetry breaking Modification
1 (0 (') (qu @) = v (qu ) Yukawa

(p) = NG (U> . (pT0)® = v (eTp)4, v (pTp)?, ... Higgs potential

(W' D) (f A f) =0 ZH(f A f) gauge-fermion

06 — UO5, U204 b2 9 . .
(¢T@)*FME,, = v FI'E,, gauge kinetic

« Shift of SM-like interactions
e Spoiling of unitarity cancellations of the SM — more energy growth
* SM inputs are extracted by comparing a few measurements to theory

= Extraction of SM inputs now depends on ci
K. Mimasu 55 EFT & Collider Pheno



Example: Gr shift

Muon decay data gives: Gr = 1.17x10°> GeV-2— v = 246 GeV
o EFT contribution: A [0, = [I4#1D] [1™) ~,,10]

B,C [09]7 = [cp’fnfﬁﬂga] [l’“) Tyt l‘m] L i=1,2.
* A contains the Or up to a Fierz transformation [0,]"* == (ev*(1 = v5) v) (Ze v (1 —v5) ) + - -

(€ (1 = 5) vu) (Tevu (1 —y5) ) + - -

B s |

« B,C shifts W couplings to leptons after EWSB  [0,)*'" =

a2
L L [1 + [C9]" U—]

~ V2 V2 A?
Gr _ 1 1 v’ C(B) 11 1 v’ C(3) 22 11 1221 2112
p A e + 43 o] + 1z (o] | — 77z (el ™ + [eal™)
” 1 | | |
) v = \/—2—@ New relation between Higgs vev and Fermi constant

- (3)711 (3)7122 . 1212 1221 ﬁ 2
v=u1vg|1l+ ([Cﬁpz] + [C./] [cu] [cu] ) A2

Propagate to all observables that depend on V!
o (expanded to order 1//A2)

K. Mimasu 56 EFT & Collider Pheno



Computing observables

Pick a SMEFT basis and appropriate symmetries

 Control the number of parameters (2499 is a bit tough) flavor structure,

, CP conservation,
« Work out the Feynman rules (e.g. using FeynRules) =

* Calculate Matrix element of scattering processes e.g. pp— X for LHC

Generic contribution from SMEFT is an expansion [aWA%
Ci 44 ' C;Cj
A:ASM+ZFA _>O__O_SM+Z (1nt)—|_z : (SJQ)

’.ASM‘Q QRG[AZMAEFT] |~/4EFT|2

Leading contribution from interference
* Quadratic EFT term is formally higher order, although basis independent

* Subleading unless interference forbidden/suppressed (symmetries/helicity)

* Importance with respect to dim-8 operators is model dependent

K. Mimasu 57 EFT & Collider Pheno



SMEFT roadmap

Degeneracies/blind directions
New processes/observables

Map to UV models

Hints of new physics?
Constrain classes of models

Validity of EFT

A posteriori: depends on sensitivity
Intrinsically model dependent

K. Mimasu 58 EFT & Collider Pheno



SMEFT likelihood

Model B &

Model C g(cl. ‘ 5)

SMEFT likelihood

¢; bounds

U(3)5 U(2)5 - Individual
UQ3)’ x U(2)? - Marginalised
- Flat directions

K. Mimasu 59 EFT & Collider Pheno




Flavour symmetry

i=1,2.3
Consider SM fermion kinetic terms: %, = ) w7*D,w,
. Each term is invariant under a U(3),, flavor rotation V=g unde.e
W, — U"’l//] all generations equivalent

 Massless SM has a large global flavor symmetry:

G, =UQB),xUQB),xUB);xUQ3),x UQ3), = UBy

« Yukawa interactions break the flavor symmetry Gf
involve two different

Z vk _)’u ¢qz” +y ¢qld +)’ be e; +h.c. G, representations
Gf > U1y = U(l)s x U(l), X U(l)ﬂ X U(1) X U(l)y

New physics can have arbitrary flavor structure

* Flavour symmetry assumptions often used to control number of parameters

K. Mimasu 60 EFT & Collider Pheno



Flavour symmetry in SMEFT

Large number of SMEFT coefficients come from flavor indices
_ _ 3 _ <> _ _ y
Cin Wy cildl v ¢ (@D )y ) ¢ dWo, ) FF

Assume UV theory respects particular flavor symmetry
o U(3)5: single coefticients for each operator a.k.a. universal theory

. U(2)W: common coefficient for 1st& 2nd generation, independent for 3rd
- UR2), X UR2), X U(3)’: singles out top quark

. Minimal flavor violation: same flavour breaking as the SM (ylz
[D’Ambrosio et al.; Nucl. Phys. B 645 (2002) 155]

Coefticients ¢;;; will respect that symmetry at the matching scale

SM breaks U(3)> — U(1)

* Flavour symmetries not preserved by RG evolution (weak loops)
K. Mimasu 61 EFT & Collider Pheno



Part 3
Application:
SMEFT in the EW sector



SMEFT@LHC: key players

BRH

VH/VBE

VBS
t+H/Z

single
e]e

FCNC VA T60

K. Mimasu 63 EFT & Collider Pheno



EWSB sector at the LHC

Main players: top, Higgs & EW gauge bosons

LHC legacy = precise measurements of EWSB
the interactions that govern EWSB h

SM is a spontaneously broken, gauge-Yukawa theory

« Offers a parametrisation, lacks dynamical origin for the weak scale

Symmetry « Constraints/

_ 1 _
yr Fufnp (Do) (Dyug) JWiaWe  iFDF

Mass & Self-interactions &

Delicate ‘balance’ conserves unitarity & renormalisability
SMEFT contributions break this balance

K. Mimasu 64 EFT & Collider Pheno



Current operators

EW Higgs production

K. Mimasu

Diboson production

X3 906 and Q04D2 w2§03
Qe | fABCGHGEGSH | Q, (¢Tp)® Qey (o) (lper)
Qz | FABOGHGEGSH | Qoo | (¢fo)T(ele) | Que (') (Gur?)
Qw | eEWIW]PWER | Qup | (¢ D*0)" (¢'Dyp) | Qup (©10)(@pdrp)
Qs 8IJKW’{1/WI;]pWPK,LL
X2 VX
Qe |  ¢loGLG™ | Qaw | (Lo e )T oW,
Qwé ol éﬁuGAW QeB (I,0* e) By
Quw |  loWLW™ | Que | (Go"Tu,) 2G4,
Qv | CoWLW™ | Quw | (Go™u,)T'gWL,
QuB ¢l B,, B* QuB (Gpo*ur )9 By,
Q.5 @' By B Qac | (Go"'Td,)p G,
Quws | ¢'lo W,fuB“ g Qaw | (go™d.)T"p W/_{u
Q(pw B ‘PT”'ISD /I/I\/:[{VB v QaB (‘7190 “d, ) By

65

Contact operator
predicted by gauge
invariant construction

Z. W

D=4
No energy
v growth w.r.t SM

(overall rescaling)

Precision EW on the Z peak (LEP)

Energy growth from non
energy growing vertex...”?

Unitarity non-cancellation
in ff=WW scattering!

EFT & Collider Pheno



Gauge only

X3 SOG and 904D2 ,¢2803
fABCGLGEPGSH (¢'p)3 Qe (Tp) (lperp)
FABCGAGBrGOr (le)OleTe) Qug (') (3w P)
el KW Wl Kn (¢'Dr0)" (¢'Dpuep) | Qap () (@pdrp)
VKWW P Kk

X2(p2 ¢2X<p ¢2902D
_ > _
Que | oloGaGH ‘ Qw | (Lo e)r'oWl, | QY | (¢'iD,e)(l7"1,)
~ _ <> _
Q. ol GA,.GA4 Qe (Lo er) 0By QP | (o' DI o) (Lriy1,)
4 T T T T
Qch E 10 i ] Ep’yy‘er)
S A
Niet > 5 ——=—=5TeV
Qch g‘ 103 - o jet = Ve 1 r*e)
QuB -ag 102 L ¥ 7Iy"g,)
_ ) = = i
Qch [_% 101 i ‘ ’_P’y'u‘u"')
Q(pWB + CMS data !p’}’y'd.,-)
QchB 100 i SM p"Y“dr)
-1 —--- SM+0c
% 2.0 SHERPA _ ¥
215 T
QL0+ t +
S 05
2000 3000 4000 5000 6000 7000
St[GeV]
06

K. Mimasu

Anomalous triple & quartic
gauge couplings

J/z;j 4+ ..
W_
Diboson
L production
LEP/LHC
W+

Large energy growth w.r.t SM

Multi-jet production
Operators have CP violating versions

EFT & Collider Pheno



(Gauge/Higgs

X3 0% and ¢*D? P’
Qe | fAPCGIGIPGTE | Q (e'e)? Qep () (lperep)
Qs | FABOGHGEGS || Qo | (¢fo)O(e') Que (¢'0)(@urP)
Qu | M WEWIW | Qo | (D) (¢'Due) | T-parameter
QW eIJKW,{uWI;JPWPK# |

P’ Xp PP’ D

l— uv I WI 1) T'B Kl
Qew | (o™ e )T"oWL, | Qu | (0'iDyp)(lpy 1)
QeB (I,0* e) By QS) (‘PT'LDI 0) (LT 1)
QuG (QPU#VTAUT)QZGZXV Qwe (()OTZD (p)(@p’y 61‘)
Quw (QPJWUT)TISB W;{u ng) (‘PTlD;L ©) (@Y qr)
Qus | (G0"u)PBu || Q% (so*zD’ ) (@™ ar)
Qar | (A.0PTAdN0GA, | Quu | (o D,L o) (U ur)
S-parameter. | Qu | 'iD,¢)drd)
QaB | (qpo*”d,)p By, Qyud ‘(NTDM‘P)( Uy yHd,)

EW Higgs production & decay

K. Mimasu

Kinetic mixing

4

-

W3 A~~~ AN~ B

EW precision test

67

+ CP violating versions

Gluon fusion:

0.15F

T-parameter

........................

005 o

............

‘—01 n n1 ‘012“‘0173
S-parameter
EFT & Collider Pheno



Two fermions

Yukawa operators

ggH

K. Mimasu

X3 906 and g04D2 7’bz('03 N\ N

Qe | fAPOGGIPGEE || Q, (otp)? (') (lperp) AN .

Qg | [*PGrGad | Quo | (ple)Dlely) (¢"0) (Gpurp) ----q% , %=

Qw EIJKI,V;TuVVVJp[/VpKu Qup ((p’r D“cp)* ((p’r D;AP) ( , /7

Qu | KW WIW s 7

X2p? 2x .

o W: G <z:iw:)71¢ ) Dipole operators: 4, W,7,9

Qo plp GA,GAw (I,0* e) By

Quw | ¢loWL W (G0 THu,)§ Gl

Qv | ¢loWlwiw (G0 ur)T G Wy, E+--
QB ‘PT‘P B, B*" (cjpa"”u,.)(ﬁ By

Q5 | ¢leBuB*” (Go™ T4dr)p G4,
QewB WL, B gpotd, )T e W, -
oo | atetoom o ' Non-Abelian

Different energy & helicity structure

b t W+
A2z vE
2 A2
el Siniainieiie t —— 55
. nOQQ—QJ\ q q b

EW top production & decay

EFT & Collider Pheno



Global approach  —— 5

20| | HL-LHC 3000 fb~!
. | 10 -
Global approach essential ]
* e.Qg. direct ttH measurement breaks degeneracy /;\\0-
among vyt, ggH and dipole in gg-fusion 2
~10 " -
[Maltoni, Vryonidou & Zhang, JHEP 1610 (2016) 123] : pp*:IH
[ pp—
Single measurement 20} pp—Hj
Blind directions 004 -002 000 002 004
» | HL-LHC 3000 b~ 1 o [HL-LHC 3000 fb™! pp-ttH
i pp—H
_ pp-ttH j [ pp—Hj
L pp—~H 1 1r
[ pp—Hj [
0" 0
_1:_ -1
_2k -2
15 -10 -5_ 0 5 10 15  —002 -001, 000 001 002

Pin down heavy coloured
particles intheloop ~ eeeeee o B
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Four fermions

(LL)(RR)

LR)(RL) and (LR)(LR)

Loyl ) (€57 e:)
(Loyule) (@sy*us)
Upvulr) (s dy)
(@pvuar)(Es e
(@ Vutr) (U7 ut)
(@ T ar) @y T ue)
(@ Vu9r) (dsy*ds)
i | (@uT"g,)(dy*T4dy)

B-violating

(Ber) (dsad)
(@ur)eir(@sdy)
(BT ur)en(@sTdy)

(l_g;er)sjk

(l_i%ver)%

qs Ut)

(3
(q

qrot uy)

Qduq

Qqqu

(1)
q9q

3)
q9q

Qduu

e*Pej [(d)TCuf] [(g7)T Ol
e*Pe ;. [(q29)TCqP*] [(u))TCe]
e*PVe jkEmn [(429) T Cal*] [(q7™)F CLY]

eV (11e) jk (7€) mn [(a29)TCP*] [(@7™)TC17)

27 [(d2)7Cuf] [()7Cel

Pandora’s box of SMEFT

Many structures allowed:
Lorentz scalar/vector currents
SU(2) singlet/triplet

SU(3) singlet/octet

They appear everywhere...

We can limit their number by
assuming flavor universality

For the LHC, the interesting set involves at least one g current

Four light quarks (qggag) — dijet production (strong constraints)

Two light-two lepton (ggll) — Drell Yan (strong constraints)

Two light-two heavy (0oQQ) — tt invariant mass, single top (quite strong constraints)
Four heavy (QQQQ) — 4 top, ttbb (relatively unconstrained)

Also contribute to ttH, ttZ, ttW, Zj,...

K. Mimasu
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and ‘pollute’/complicate fits
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SMEFT for EWSB sector

0% and *D?
Qe | f ABCG,’:‘ GPPGSH | Qy (¥Tp)?

Bosonic operators| , | juscgsercs | an | wones
cover deviations ir| @ | mewiw | Qo | (¢1D%) (¢'Due) (O

. IJKTi7 IvigsJpii/ Ku
W € W# W Wp

Including the top - Xig /ond
Quc ol GG

universal tlavor as| ,” | a1
Quw | ©leWl Wi

Exploit approxima) e | <<= | symmetry (lbroken by Yukawas)

QuB 0'o By, B*
universal  U(3)L 3| %= | ##B8 B)q X U(3)u X U(3)q ct. Minimal
Qs | T PTB” ) flavor violation
top U(3)|_ )\Q@B\sz“’,m\/ f}ﬁ\__)Q X U( ) X U(S)d [D’Ambrosio et al.; Nucl.

Phys. B645 (2002) 155]

Single out independent  2H?: (¢Tp)2(Qt @)
operators for moditied  y2xp. Qo t¢)B, LW, Ga)
top/EW interactions = _
P/ , , WH?D: ("D, 0)(Q" Q) [(Q" 77 Q), (t"t),...]
wall Knownt LHG s the frst (@7 Q@9 (@7 Q7 Q). .

precision top machine
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Applications: LHC

Increasing number of EFT interpretations in LHC analyses

CMS Preliminarv 77 5 th (13TaW) CMS Preliminarv 775" (1 3TeV)
El E ATLAS P I. . ] . E /-\; 3 B I 1 1 I " 1 1 I I I 1 1 1 I I 1 1 1 I I 1 1 I I I | 1 I t 1 1 I I |
o= = reliminary VH, H—bb, V—leptons cross sections: . |oI B A TLAF : Prellmlnary r_1 3 TeV 79. &f -
a | {s=13 TeV, 79.8 fb™ ® Observed ==tot. unc ==stat. unc ] = - H B
>LQ 103 | . ==Expected [[]theo. unc. _ c 2.5 : - 0bs. «s eXp. : —]
m : E 3 -
X - V=W : V=2 . : .
Ihg B : - 7 2 > o]
m 10°E K E - .
X - = X L . B 7
o} = : E : 1.5 =
10 & T T — - :
— A ! J i = 1 [ —
L - 1 3 = ~ B
I = ; | | _ .
% = | - T . B i
2 T T | * T * - 0.5 16
o I * L = J“T i - ’
&:‘S 0 - i : = _ (P AT BT SRR BT 1"T~J_. 3 T BT
750\_0 er _\250 o 75('05\‘750 750\-,02 o Jois 525, Ge, -0.025 -0.02 -0.015 -0.01 -0.005 0 0.005 0.01
r 50G ey Ge|, 0Ge el Chiw
VH STXS Cio/ A* [TeV]

- - Ivvlv\. LI S R S ,vl\' ~ N~ 1

Limited to small subsets of operator space
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| HC top measurements

May 2021 CMS Preliminary
QO 3 ¢ 7 TeV CMS measurement (L<5.0 fb™")
E.' 10°F - ¢ 8 TeV CMS measurement (L<19.6 fb") E
@) & 13 TeV CMS measurement (L < 137 fb™) ]
- e £ —— Theory prediction |
5 1 02 - . ::(2 - L 2 22 CMS 95%CL limits at 7, 8 and 13 TeV .
- = - 4
d I .!"' v %
D 1ol i}
w 10¢ g — . -
3 . - -
| -
O 1- B g 9 =
-% Jr Td = :
51071 & — 3
O %
(@) n Z
DL_ B
2 . |
107°F Rarity -
. L[]

1073 3

strong interaction

weak interaction :

Pt P T g 4 T2e o Tt Ttw Tt Tty Ttzg 'tz "oty Taw Dottt TwH " OtH

All results at: http://cern.ch/go/pN;j7

Decays before hadronising

* Spin/helicity information preserved

K. Mimasu
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tf: 10°
tj, tW, th : 10°
i+ ZIWly : 107

ttH : 10°

1ttt - 10°

oczint. ~ 3 ab—l

|44
1 dl'y,
Vir ~ 1 1+ 0
" I'y dcos b, o (1 £ cos b)
b
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The importance of top data

Likelihood < Fit to the Wilson coefficients

C1 C1

» Search for deviations from the SM: L _— ()
AZ

* Find hints for heavy new physics C2 or Co 7

« LHC top data has a vital role in this programme

By itself: individual bounds; top data alone

|

« Determine top quark properties/interactions

* Probe heavy new physics that couples preferentially to tops

Globally: marginalised; top, Higgs, diboson, LEP, ... data

* Influence determination of other couplings in EW sector,... tZ-S/T'> "
* Probe more realistic models connected to the EWSB puzzle QQ
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Status in a nutshell

Global new physics searches via high precision/energy
« / & W-pole data: handle on the EW gauge sector

e LHC: thriving Higgs & top programmes
* Probing gauge interactions at high energy (VV, VBS, VVV, ...)

How much cross-talk? Where does being global matter?

[Ellis et al.; J/—/EP Q6 (2018) ‘746] r Digsvson top EW j

0.15 ; ttV —

\

The frontier:
J Top data
~ LEP 4] Flavor physics

7
—01h . e __ Higgs
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lop-Higgs Interplay
Top data indirectly improves Higgs coupling measurements

- gg — h has 3 relevant new interactions
* Yukawa, dipole & contact term ﬁ'“ Z? - -
* Degeneracy in coefficient/theory space

vvvvvvvvvvvvvvvvv

20 | HL-LHC 3000 fb™!

[Maltoni, Vryonidou & Zhang, JHEP 1610 (2016) 123]

10| . ggF is well measured, yet...
| ﬁ - Cannot rule out heavy particles in the loop

/\_10 _ tf and tth data can help E |

* Constrain dipole & Yukawa

=20 . pp—Hj

f ‘ gol
oot oo o000z 00 \What about 4 fermion ops.? f \
%) + Do they limit ultimat tivity? -
&9) O they IImit uttimate sensitivity FH 17
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The role of top data

g t
+/ tf cross section measurements constrain C,
« Indirectly improve bounds on Cy and C,y g t
Several other new interactions can affect tt ! '
. Notably ggtt operators, of which there are many (14)
q t

. Also enterin tth/Z/Wly

e To what extent do these limit ultimate NP sensitivity in top/Higgs sector?

q Can only be addressed in combined fit

. B d trec-level (at least f = [Degrande et al.; PRD 103 (2021) 9, 096024]
eyond tree-level (at least for ggF) http.//feynrules.irmp.ucl.ac.be/wiki/SMEF [atNL O

 |dentify other cross-talk (non-trivial correlations)

» Crystallisation of knowledge gained after LHC Run 2/3
* Broaden range of applicability to UV models where the top is special
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http://feynrules.irmp.ucl.ac.be/wiki/SMEFTatNLO

T h e f |'|: fitmaker  https://gitlab.com/kenmimasu/fitrepo

Top, Higgs, Diboson and Electroweak Fit to the
Standard Model Effective Field Theory

John Ellis,**¢ Maeve Madigan,? Ken Mimasu,® Veronica Sanz®/ and Tevong You®%9 [JHE'D 04 (202 7) 279]

Global SMEFT interpretation of 4 categories of data I
aseda on
14 « Electroweak Precision Observables (EWPO): Z-pole & W-mass  [Ellis et al.; JHEP 06

(2018) 146]
118 « LEP2 & LHC diboson production: differential WW, WZ, Zj]

72 * Higgs measurements: signal strengths & STXS Big thanks to authors of
| | SMEFIT analysi

137 « Top data: single-top, ttbar & asymmetries, ttV, tZ, tW [JHEP 04 (égigffg(/;

| for sharing some of their

341 measurements across categories lop preaictions

* Chosen to be statistically independent & maximise reach

* Correlations included when publicly available (mostly are)

X v G 1
Linear EFT approximation: Hx = — = I+ 2 4 =5 +0 A4
Xguy l, A A
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Degrees of freedom

Flavor
scenario

OHWB) OHD) Oll) 0$37 nga OHea OS()]) O_(r;()], OHda OH'U,

Universal . Ono, Owg, Ouw , Oup, Ow, Og,
Ora, Our s Ove , Osa,

0%, 04) ., One, O, O, O,

31 38 18 8 8 8 8 18
0G4+ 934+ 9G4+ Oqus Oqar Oiq s Otus Oa-

‘Top specific’

Bosonic
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Degrees of freedom

Flavor
scenario
OHWB) 0HD7 Oll) 0$37 0227 OHe7 OSZI’ O_(r}()], OHd7 Onu
Universal . Ono, Owg, Ouw , Oup, Ow, Og,
OTH) OMH’ ObHa OtHa 20
(3) (1)

31 138 ,m1,8 /8 8 8 8 8
0G4+ 934+ 9G4+ Oqus Oqar Oiq s Otus Oa-

In total: 20(34) d.o.f. for the two flavor scenarios
Dimé6top conventions: [Aguilar-Saavedra et al.; arXiv:1802.07237]

Dictated by flavor symmetry & sensitivity of dataset

Linear EFT fit: precludes sensitivity to some ops

* Those that cannot interfere due to helicity/symmetries
. e.9. neutral colour-singlet top 4F operators: (gy*q)(ty*t) (x 6)

e Four-heavy quark operators in 4top & ttbb (quadratic dominated)
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-\WPO individual

Top operators: EWPO + top EW + tt + ttX

Top-only: top +

;HHMH HH (TR H* I M“ .“ iy .\p ..“

2 |t
95%CL individual: C; “I\ﬂ ;-

2

Bos. EYuk. ETop 2F

[TeV]

¢ 8% o2
O O O

Q = T 2 8 Tz %z
O Y 5 = Yo Yol
O O @) O (E.) “b

« Some tension in tf data

 Asymmetries help to improve agreement
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SMEFIT [Hartland et al.; JHEP 04 (2019) 100]
SFitter [Brivio et al.; JHEP 02 (2020) 131]

Top-only: breakdown

See also dedicated top fits:

t; vs. tg uvs.d

Individual:

4F (ttqq)
19 all others = 0

operators

tt Run 1
tt Run 2
ttV Run 1
ttV + ttH Run 2
tt asymmetries
1 Combined
L1 Marginalised

tt asymmetries constrain orthogonal direction to cross section

Large marginalisation effects: many similar operators

1tV & ttH help to close the space

1Tev? S_15)  significant— effect
e ~ (5 —=15) significan N effects

Marginalised linear sensitivity: Cyg
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Top- nggs iNnterplay

2D Individual constraints

Individual 95% C. L.
ggF+0 jet STXS
ttH
ggF+ =1 jet STXS

 All others setto O

i « ggF/ttH complementarity for
tt (Ches Cir)
1 Combined
L3 Marginalised « H+jets STXS &tV not yet
competitive

. Strong impact of ¢ evident for C,

« Tension with SM ~ 20

e Significant correlations remain

* Large marginalisation effects

What is the concrete
impact of 4F?

point-like zg} --
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[Ellis, Madigan, KM, Sanz, You; JHEP 04 (2021) 279]

Top- nggs iNnterplay

Fit: Higgs SS & STXS 6(A~

[ 10 .
- Marginalised 95% C. L 8 Higgs operators + C,;
/\ o Higgs data (no ttH) . . . .
: Higgs data * Marginalised confidence regions
- O Higgs & Top data _ — _
s Higgs & Top data (+4F)  « Significant impact of ttH & 17( V)
X 15 + SM
S
> -20 A . Vi
N A Now add in 7t 4F operators
2 ) 3,8 1,8 8 8 8 8
+ C% Cuts Couo Cour Coipr Caao G
Y S N . Relatively mild impact
S . Preferred tf phase space is different
O -1 -1 1
a e N N CZ‘G : |OW mtf
S
; 4F : high m;z

Chc

point-like Zg} --

K. Mimasu

e Able to constrain them independently

Top data is crucial!
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Conclusions

EFTs are a powertul tool for new physics searches
complementary to the direct approach

SMEFT is a thriving field in the LHC era
Opportune time to study EWSB sector in full

* Healthy, ongoing dialogue between theory and experiment
* Precision MC tools available

» Global top/Higgs/EW fit on the way!

* New insight into the origin of EWSB

Roadmap for the future
e High energy EW-top quark production

* |ncreasingly rare processes that exploit energy growth
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MC tools for SMEFT

SMEFT programme requires MC tools for precise predictions

Several implementations exist, mostly FeynRules/UFO
http.//feynrules.irmp.ucl.ac.be/wiki/ModelDatabaseMainPage

At LO:

HEL, SMEFTsim, dim6top...
Higgs Characterisation, BSMC, HiggsPO

NLO precision can be important

Reduce scale uncertainties, get better predictions for normalisations/shapes

Operator sensitivity can arise at one-loop Useful if relatively weakly constrained

directions contribute to precisely

This is the state-of-the-art measured observables

Currently NLOQCD is available

Will provide required precision in SMEFT analyses for the LHC lifetime
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http://arxiv.org/abs/arXiv:1802.07237

Beyond LO

Going beyond: SMEFT@NLO

NLO QCD (FeynRules//NLOCT/UFQO) Full EWSB sector (top/Higgs/EW)
http.//feynrules.irmp.ucl.ac.be/wiki/SMEFTatNL O
Based on: single-top
ttZ & tty
ttH, ggH, H+|
VH & VBF
tZq & tHQo

Advantage: process independent
NLO QCD for any desired process 4 fermion operators forthcoming

The full (2499 x 2499) anomalous dimension matrix known

RG-improved predictions possible
Running from matching scale to e.g. LHC

EFT scale uncertainties
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Other tools

Single & double Higgs
« HiGlu, SusHi, HPAIR, HiggsPair

eHDECAY for BR https.//www.itp.kit.edu/~maggie/eHDECAY/
HAWK http://omnibus.uni-freiburg.de/~sd565/programs/hawk/hawk
 VBF and VH @ NLO in QCD & EW for SM + 2 anomalous couplings

VBFNLO

https://www.itp.kit.edu/vbinlo

* General (FO) tool for Higgs/weak boson production @ NLO in QCD

VH via POWHEG-BOX/MCFM
« NLO QCD + PS event generation for Higgs/EW operators (SILH)

http://powhegbox.mib.infn.it

HELatNLO http://feynrules.irmp.ucl.ac.be/wiki/HELatNLO
* FeynRules/NLOCT/UFO implementation of Higgs/EW operators

* VH, VBF & any other process of interest (CPV operators also on the way)

Dilepton & EW Higgs in POWHEG-BOX

* Larger set of operators considered
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http://omnibus.uni-freiburg.de/~sd565/programs/hawk/hawk
https://www.itp.kit.edu/vbfnlo
http://powhegbox.mib.infn.it
http://feynrules.irmp.ucl.ac.be/wiki/HELatNLO
http://powhegbox.mib.infn.it

Going forward

So far, global analyses consider top & Higgs/EW in isolation

Many rare top/EW processes are within LHC reach
ty] (2018), tZj (2018), HZ (2019), t

at the heart of EWSB FWSB

Timely moment to consider them together
Make statements about models that address the origin of the weak scale
Exploit new NLO QCD technology for SMEFT

Thorough programme of sensitivity studies
|dentify new processes e.g. ttbb

Maximise energy growing effects

K. Mimasu 90 EFT & Collider Pheno



HIgh-energy EW tops

Can we do better? Many EW processes considered so far:

Do not grow maximally with energy (E2) 9 (0000 —=— ¢
Have suppressed SM interference ~ 12 /A2 g~~~ 7
Are not at the heart of EWSB 9.00QQ)—»— ¢

This is the heart of EWSB!

%Wﬂ[ ) %Wi | ‘%
t/t
q——-» —

Embed top/EW 2—2 scattering amplitudes

Probe mixed top/EW/Higgs interactions
Unitarity violating behaviour (energy growth) « vE, E2
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Scattering unitarity

WL WL = WL WL Unitarity ‘cancellations’ in the SM

A=| ¢ g |+ = Ay - - L= O
2
)
~ E* ~ E* ~ 2
triple-gauge quartic EWSB

Diboson (TGC) VBS (TGC, QGC) EW Higgs prod./decay

Deviations from SM interactions — energy growth

» Cancellations are a feature of gauge invariance & EWSEB mechanism

* E-growth: theory has limited validity range = heavy new physics
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lops and unitarity

Analogous behaviour in scatterings involving fermions
V/h V/h

A ~ E? — EY gauge interactions

A ~ me — E_l EWSB mechanism

f f

igh-energy limit with finite mass effects

* Jop quark scattering sector especially rich

Limited validity range

SM Effective Field Theory

Heavy new physics
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Energy growth in SMEFT

Dim-6

E B
A~ Ay, 1+CZ” Y

vluENv + Cks A2 Energy helps accuracy’

Rate measurements will become systematics dominated
Increasingly high-energy measurements scale with lumi.

However, inserting an SMEFT operator into an amplitude
does not guarantee energy growth...

Operator contribution to a given process:
May not grow maximally with energy (E2) Have suppressed interference w/ SM

There will always be some scattering amplitude that
displays maximal (E2) growth w.r.t the SM

Find and exploit them!
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Our study

B

f

B’ Single-top Two-top (tt)

w/o Higgs |bW — t(Z/v) |[tW —tW
t(Z/v) = t(Z/7)
w/ Higgs |bW — th t(Z/y) = th

/! th—th

Considered 10, 2 = 2 scattering amplitudes with > one top

High energy Iimit: s ~ [ t | » v2 Max. unitary energy dependence: EO
Study unitarity cancellations/energy growth in SMEFT vs. anomalous couplings
Do they interfere in an energy-growing way with the SM?

How can we access them through ?

Interesting processes: ‘rare’ EW top production
tZ), tWj, tH], tZW, tHW, ttW|, VBF-tt, ...
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Example: bW+— tH

w+ h Wt h W+ t

b t b t

In the SM, fully left handed, longitudinal W configuration ~ EO
Anomalous interactions:

* tbW vertex: present in all diagrams — overall rescaling ~ EO
« bbH vertex: « mb = 0

« HWW & ttH Interactions: participate in a unitarity cancellation ~ v E

A(bln WL7 tR) X \/jt(2m12/vgth — I9W4mt)

* Fixing couplings to SM values sends it to E-
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pW+— tH In SMEFT

One source of energy growth from modified SM interactions

* Yukawa operator: disconnects kinematical mass from coupling to Higgs

hGttrbg

» ‘Unitarity cancellation” OR dim-5 contact-interaction w/ charged Goldstone

Max growth from dim-6 Contact—terms

o :z(ngD 'O Q Y 1, Q) < 2/A2 # NE2/A2 h@MGJF EyMD
Opu = i(P Dpp)(t7* b) + hoc. /\

* No anomalous coupling analogues (recall Wtb vertex only rescales)
* Prediction from gauge invariant dim-6 operators
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Embedding the amplitudes

Collider processes: rare top production

¢ b t b %4
—
}‘@Q/th wo  Z//h Z/v/h
_ —— —— , —
t q q g t
(a) ttX (b) tXj (c) tWX
g t g
—J
t
W/Z[~[h
—P— —— )
q q q
(d) ttXj (f) VBF
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Embedding the amplitudes

—

K. Mimasu

Collection of ‘sensitivity’ studies, general discussion
tWi | tZj | tyi | tWZ | tWy | thj | thW
bW =tZ | v/ v/
bW =ty | v v/
bW —th v v

tZ —th v
ty —th v
th —=th v

99

EFT & Collider Pheno



[Mantani, Maltoni & KM; arXiv:1904.05637 (accepted by JHEP)]

tZ] total & high energy xs

interference/SM square/SM
Oocp = - log(rj) - log(ri, ) o 109(rtor
[g::: 7692‘:.83 ;tt: 0% p p - th Ofplo) * ;Og:fHE;
* max lim

.......
,,,,,,

3) 3)
o\) O0

Ow tions Ow
Ots Ots Ci _ 1
Inclusive

|
Expected growth from 2—2 absent! o1(2)> 500 GeV
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tZW total & high energy xs

interference/SM square/SM
Goco = - . log(ri) ylog(ri,) e l0g(re)
[z:::;;@-z;b s pp-tzW o ‘ logtng

* max lim

(3)
Og0

(9¢tb

____________________________ Energy growth
O Very interesting process Ci =
Expected growth is there! that should be Inclusive
measured at the LHC o1 (W,Z)> 500 GeV
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