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EFT in Top Physics

From Single Analyses to Global Fits




Why EFT .2

SM is incomplete!
Effective Field Theories (EFT) are parametrizations of the
“low-energy” limit of a more fundamental theory :

® Model-independant approach
® Comes as a complement of direct searches
m Connects LHC data to UV theories

L = Lo+ 3 a0l
d=5 i

® Integrate out heavy degrees of
freedom

® Only local operators from SM
fieIdS (eXhaUStive ||St) Current collider reach Energy
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in Top Physics?

Top quark — unique EFT probe!

® Uniquely sensitive to Higgs sector being the largest Yukawa
coupling : (H — t coupling, H potential stability)

® Closest to (possible) NP sectors

® High production cross-section at LHC (stat. power) : o,z ~ 800pb

m Decays before hadronization (direct access to spin and kinematics)

m[GeV]

QUARK MASSES

New physics can be found as a
deviation in any of the EFT
parameters!

[Taken from [1]]
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SMEFT basics

Warsaw basis of dimension-6 operators : 59 indep. operators!

X* ¢" and ¢'D? ¥ (LL)(LL) (RR)(RR) (LL)(RR)
@ | GGG | Q, ©@'oy [ERY ) Q| Gt | Qe | @ned@re) | Qe | Gb)ente)
Qz | FACGMGIGE | Qo | (P90l Qus (¢'¢)(@urP) Q| @Gma)@ra) | Qu () @yu) | Qu (I:,,%L)(ﬁr.w“u,)
Qu | WIWIWER | Qup | (¢'D*9)" (¢'Dup) | Qs (©'¢)(@dre) Qﬁ: @r'a)@rT'e) | Qu | Gpd)dod) | Qu | God)dord)
Q| KWW ewEn Q| Buk)@re) | Qu | Eped@atn) | Qu | @ua)Enre)
Xt Xp ) Q7 | Gr't)antt'a) Qu | Cedird) :: (@) (@)
Qo | PGha™ | Q| GorerroWl | QF | @B ot ] PAaer N st RGO
Qi | SeGA™ | Q| GoveleBa | Q| @iBIAG ) o R - Pt
Quw | PeWLW™ | Quo | @0 T*u)3Gp, | Que (.a':é,v)(wc,) RED md LR E_mm;z -
Qv | PeWLW™ | Qu | @ou)r'aWh | QX (#'iD, )@ Qs (edudl) Qi ey [(d2)70uf] () Ol
Qn w’vljwﬂ““ Qs | @o"u)FB. | QR (v’rD£¢)(n7.,f'v“q,) Q| @u)en@d) | Quu e [(g2)TC¥) [(u])7Ce
Qs | eBuB” | Qo | @ TG | Qu | (iDL )Eu) Q| @1 )@ | Qi e () Ca] [@Gm)Cw]
Quwn | PreWLB | Qav | @God)r'eW), | Qu | ('iD,¢)dd) Q| @edea@ud | Q| e el e [(4)Ca) [GmYTOR]
Qs | PT'eWhB” | Qun | (@0"d)pBu | Qua | i(7'Dup)@pr*ds) a0 u) e [(d2)TCuf] [(u3)"Cel)

[Taken from [2]]

Enters in many top quark interactions and therefore in many final
states!
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Top EFT Analysis Evolution

Growing complexity of the analyses and methods used to extract EFT
information from LHC data.

Single-channel Differential Multi-channel Cross—dorrlain
inclusive | distributions | combinations |  global fits
2016-2018 ! 2019-2022 ! 2023-2024 ! 2025+
ATLAS ttX ‘ CMS ttZ ' ATLAS tty xsec ' CMS Apr 2025
cross-sections pT spectra EFT interpretation combination
(3] 4] [5] [6]

This talk will focus on the 2 later stages of this evolution via one
ATLAS and one CMS result.
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ATLAS tt cross-section




Publication

%=§ = PUBLISHED FOR SISSA BY €) SPRINGER

REcEWVED: March 15, 202§
ACCEPTED: September 16, 2024
PuUBLISHED: Oclaber 25, 2024

Measurements of inclusive and differential cross-sections
of tfv production in pp collisions at /s = 13 TeV with
the ATLAS detector

Published in JHEP
on October 25,
2024
The ATLAS collaboration JHEP, 191(2024)

E-mail: atlas.publications@cern.ch

ABSTRACT: Inclusive and differential cross-sections are measured at particle level for the 5]
associated production of a top quark pair and a photon (). The analysis is performed
using an integrated luminosity of 140fb~" of proton-proton collisions at a centre-of-mass
energy of 13TeV collected by the ATLAS detector. The measurements are performed in the
single-lepton and dilepton top quark pair decay channels focusing on t#y topologies where the
photon is radiated from an initial-state parton or one of the top quarks. The absolute and
normalised differential cross-sections are measured for several variables characterising the
photon, lepton and jet kinematics as well as the angular separation between those objects.
The observables are found to be in good agreement with the Monte Carlo predictions. The
photon transverse momentum differential distribution is used to set limits on effective field
theory parameters related to the electroweak dipole moments of the top quark. The combined
limits using the photon and the Z boson transverse momentum measured in tf production
in associations with a Z boson are also set.
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https://link.springer.com/article/10.1007/JHEP10(2024)191

Motivation and strategy

Motivation :

m Sensitive to t — v EWK
coupling / NP via anomalous
dipole moment of t

® Can be used to constrain Csg,
Ciw SMEFT parameters

Strategy :
m 1L and 2L channels

® For production only and total

0 Prod. is most sensitive to
the couplings

— diff. xsec used for EFT
NN for signal /background
d separation

Photon can be radiated from production or decay
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Inclusive / differential xsec

5 T 3 LAMM MM A el Ml 5 JASALMARS adas hadad aians aasssnana en
S oo ATLAS < artas| < 2000~ ATLAS
2 5=13TeV, 140" @ Data  mmtly producmn £100001- {5 - 13 TeV, 140 fb" @ Data Mty producnuvr 2 V5=13TeV, 140" ¢ Data Wty pvoducnon
£ 1600 Single lepton lll\; Secay mi ke 2 Single lepton ar ,:ffy |hicke 2 18000 pijgpton [ty decay Mh-fake ¥
2 E
SR tfy production -Le: fzk&s u,‘cm.,“y  CR iy decay mLeo lakes Uncenalnty 1 1600E-SR Mefakey [JOthery
14001 pogy.Fit | 8000~ Post-Fit Post-Fit Uncertainty- Pre-Fit
14001 =
12001~ |
r 1200 4
1000[—
10001~ b=
800 800 =
6001 600
4001~
200~
o . ;
- ] b4
< 4 PO} < . <
= * + . = 3 O vy e
& oss) 50925 & o085 E
o 01 02 03 04 05 06 07 08 09 0 01 02 03 04 05 06 07 08 09 1 o 01 02 03 04 05 06 07 08 09 1
NN output (tfy production) NN output (tfy decay) NN output

Dilepton channel :
Single lepton channel :

® 1 SR and 3 CR (ttvy decay,
photon fake, other prompt )
defined based on NN thresholds

m Binary classification (tt~y
production vs. all backgrounds)

® NN output used for definition of
2 regions for the diff. xsec
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EFT interpretation

8 and Gy are 2 complex parameters in
the SMEFT Lagrangian

® Anomalous dipole moment couplings
can be expressed as function of them

prr Anaan
[ ATLAS

[ fs=13TeV, 140"
| single lepton + Dilepton

[tb x GeV']

o

dp,

,_F_N
0

|ARRaRasas:

e Data Bl
—MGg_aMC&»PB ]

— - 4‘—’1&%
® Modify both tty and ttZ 'l —
® Photon p7 is the most sensitive T N ]
WP e
Variable &l 50 100 150 200 250 300 350 400 450 5:10
P, (1) [GeV]
Gy M R, Ey= M sic,)
2V Vaeysamzn? 0 A Naeysuman 0 Crz = Cyp - Cow = Sy - Cr,
‘/fvm \Evm,
= eAQ'*R[c,y], cg,A:—eA2 3[Cry], Ct'y =5y - Crw +Cw - CtB.
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tty

Limits from tty production

® Linear and quadratic terms included

® Simultaneous fit of real and imaginary parts of Cig and Gy in
both channels

= Good agreement with SM is observed

— P TTTT T oe — N L R e e A B
> | AlLAs 6% Ciobs) | = O ATLAS 68% Cl (obs.) |
=, 6 Vs=13TeV,140fb™" W 95%Cl(obs) | [ Vs=13TeV,140fb™" W 95%Cl(obs) |
o [ SMEFTA=1TeV 4 Global mode 7T« SMEFT A=1TeV ¢ Global mode i
s 7 — 68%Cl(exp) | = 4 —— 68%Cl(exp) _|
H o ---- 95%Cl (exp) | s L —--- 95%Cl (exp) -
) +  Standard Model S L +  Standard Model
g 1% [ ]
[ ] 2 -
r . i 1
[ ] 0 b
of- B [ ]
r 1 ol n
o N

I S N BTN N TS N N | |

15 -10 -05 00 05 10 15 20 -2 2
RICgl/N? [TeV?] S[CiglN? [TeV-2]
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Combination with ttZ results

I
I4a
-
T T T T & T T T
T T T 3 1251 ATLAS 68% Ci (comb) | 3 ATLAS 68% G (comb.)
AT — dyony = V5 =13TeV, 140fb"" = 95% Cl (comb) 2 Vs =13TeV, 140" - 95% Cl (c
Vs =13TeV, 140fb! v on < 100 SMEFTA=1Tev + Giobal mode o SMEFT A=1TeV + Giobal mode
SMEFT A=1TeV - g’; f‘ﬂ o 5 + Standard Model S L + Standard Model
. lobal mode > — 68% Cl (t& = 7 — 68% Cl (1i2)
Giobal quadeatc i, marginalised — 68%Cl g 75k —0s%CI(2) | S - 95% G (i2)
95% CI - 8% C (i) = 8% C (i)
RICul— ——_— 4 50 - 95%Cl(dy) | 10l - 95% Cl (ffy)
SICmf- == - 25 E
RCisl [~ _— ~ 0.0 o
S[Cel— —— B 250 E
L L 1 I L
CIN? [TeV?] 2 -2, - E ° 2 M
S[C2VA? [TeV-?] S[Cyy)/IN2 [TeV?)

® Simultaneous measure of unfolded v and Z pt

0 Object selection and unc. were homogenised
O Correctly account for all correlations

= Combining with ttZ gives tighter limits

® Same contour shape alone, different structure when combined

® tty measurement resolves degeneracies from ttZ alone

= Good agreement with SM is observed
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HL-LHC projection [7]

?\
l4<
+~
Extrapolated for ATLAS + CMS at HL-LHC with 2 or 3 ab™! of data
each in two different systematics scenarios:
S e pactons I S
S 2sf fis Zly combination < < aE E
2 Independent limits, each C;setto 1 3 S e en i
A e B R L S
S[CZIN? [TeV?] [y /N [TeV-?)

Demonstrates that BSM physics in the sector of t anomalous

electroweak dipole moments can be excluded up to mass scales of
2.2 TeV
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LHC Top Working Group

Summary plots from the LHC Top WG [8]
— comprehensive overview of the current status
of the top quark sector in both ATLAS and

CMS

Slide 12
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Combined EFT interpretation




Publication

N = CERN-EP-2025-085
CATS ( | 2025/04707

CMS-SMP-24-003

Combined effective field theory interpretation of Higgs
boson, electroweak vector boson, top quark, and multijet
measurements

Submitted to Eur.
The CMS Collaboration” Phys. J. C on April
3, 2025
Abstract arXiv:2504.02958

Constraints on Wilson i (WCs) ponding to di i operators of
the standard model effective field theory (SMEFT) are determined from a simultane-
ous fit to seven sets of CMS measurements probing Higgs boson, electroweak vec- [6]
tor boson, top quark, and multijet production. Measurements of electroweak pre-
cision observables at LEP and SLC are also included and provide complementary
constraints to those from the CMS experiment. The CMS measurements, using LHC
proton-proten collision data at /& = 13TeV, corresponding to integrated luminosi-
ties of 36.3 or 138fb™!, are chosen to provide sensitivity to a broad set of operators,
for which consistent SMEFT predictions can be derived. These are primarily mea-
surements of differential cross sections which are parameterized as functions of the
WCs. targeting t(E)X directly the SMEFT ef-
fects through event weights that are applied to the slmulaled signal samples, which
enables detector-level predictions. Individual constraints on 64 WCs, and constraints
on 42 linear combinations of WCs, are obtained.

Subpmitted to the European Physical Journal C
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https://arxiv.org/abs/2504.02958

Context

Multi-sector combined EFT interpretation from :
EWPO (LEP+SLC), Higgs, Electroweak, Top, Multi-jet (CMS)

Analysis Type of measurement Observables used Experimental
likelihood
H— vy Differential cross sections STXS bins [54] v
Wy Fiducial differential cross sections  pf. x |¢¢| [33] v
Z vy Fiducial differential cross sections p% v
WwW Fiducial differential cross sections  m,, v
tt Fiducial differential cross sections  m; x
t(t)X Direct EFT Yields in regions of v
interest

Inclusive jet Fiducial differential cross sections p]TEt X [y
EWPO Pseudo-observables Ty, oﬁad, Ry, R, Ry, X

0c ,0b
A, Arg, Arg [36]

X

® Input analysis chosen to provide sensitivity in 64 SMEFT operators
® Negligible overlap

® Small backgrounds

Adrien AURIOL Top LHC France 2025 Slide 14



Sensitity

. . . . 2
Diagonal entries of the Hessian matrix (Hj = gcj'gci) evaluated for

each input channel :

cMs x° HD* XH v WAXH VHD
Hoyy 108 Hj
Wy 10
Zoww 10°
ww 10?
t 10
X P
incl. jet "
EWPO 1
v Y v* RRIAR) v* EFER) .
Hoyy oo T
Wy | | 10°
Zow

10°
« r e F n 10
10X 1
o - ] nu

EWPO

= Indicates which analysis is expected to be the most sensitive to
any given operator
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Top input channels (1)

Measurement of tt [9] R 23,‘52'::‘”*‘”
= 138 fb~! of data (2016-18) g&g .o':."‘:‘f:'o"f'a'?:hlm‘ : ngggmg@]
m Single-lepton plus jets channel 8|§‘“ Fomer 19
= Differential and double-differential :Zi T
cross-sections o 1.5_ . s L
® m,z is chosen as it is one of the most = L el ] Ll L1l
sensitive variable and well modelled “‘l_llf]'m Hehi— "l
® No EFT interpretation B o
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Top input channels (2)

—— OerWospoiieda) 138 b (13 TeV)
_ T G Wor et 20 cms
easurement of t(t)X [10] o [ im0
= 138 fb~! of data (2016-18) 2 —
® Search for new physics in “
multi-leptonic final states e
® 26 EFT operators considered o
:;Q+2
® |ndep. measurement exist, but cannot
be easily interpreted in terms of
SMEFT constraints (overlap) @
B 4 of events in different regions defined
by the multiplicity of final state objects .
285 % 5| v
and kin. variables P N N A A U

-6 -4 2 0 2 4 6
Wilson coefficient / A? [TeV?]
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Strategy

= Using a combined likelihood model :
L(data; ¢, 7) = L¥PY(data; ¢, 7)) L5™P!(data; ©)
O C represents the POls (WC or their combinations)
0 7 represents nuisance parameters (theoretical and experimental)
O L&PY(C, ) covers measurements for which an experimental likelihood
is available
0 LsmPI(E) covers the other measurements, for which the unc. are
included in the covariance matrix
® Minor modifications to input measurements
O New PDF set for some of the measurements
O PDF and lumi. uncertainties correlated between inputs
0 Basis rotation for t(t)X and added operators
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Individual constraints

CMS Hybrid fit, 1-by-1 scans 36.3-138 fb* (13 TeV)
Expected 95% CL | Observed 68% CL | Observed 95% CL ~ ® Bestfit | Linear | Linear+Quadratic ]
b “ g
£l k il
e ol Ill%' 6’1]}\ hh‘ 1 b “b““u"‘f‘."'% LUH_hx KA INWY
< '.H w» H’!W‘H i AL M””H il err:
>
= ]
o1 T S S S _H_H_H_‘_‘_H_H_‘_‘_‘_‘_‘_rlmw
£ 08 wy
£ o6 1 L
3 o4 i
g Wox
£ 02 Winci. jet
8 Hewro
- 0 £ S FETE YT FVHFEFT

m Setting constraints by fixing all others to 0

. . . HP
® Fractional contributions calculated as 75-” =

~ Hcomb.
I

® Top sector operators are among the most constrained
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Combined constraints

Basis rotation
O maw

Coefficient

o Eeeeoe e

05

oo e Eeses

m PCA (principal component analysis) used to extract the most
sensitive directions in the parameter space
© 42 linear combinations are retained (1/v/A < 5 cutoff, with A an
estimate of half the 68% CL interval)
0 22 are set to their SM value (not sensitive enough) - flat directions
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Combined constraints

CMS Supplementary

EV11 (A2 =0.048) 01 0302 mn 05-02-01 02
EV20 (A2 = 0.45) - 0.1 01 0402 02-010305-04 02 04
Ev21 A "2-047) | 0.1 01 01 03 -0.103 l-a.z 02
Evas (A "2-084) | 0.1 -u“ 02
EV29 (A"2-16) |03 03 020201  01-0201 m-o.u 0203 02 03 0304
Eva0 ("2 18) | 02 02 0.1 02 02 02
EVat (A"2-20) | 02 020201  02-0402 . 01 o1 01
EVa2 (A 2=22) i [o4 0503 02 020202 o1 o5 2
EVa7 (A= 3.1) 040102 01020201 0302 0308 03
Eva2 ("2 - 49) |03 02 02 0103 01 040204 —nzm ]
E3 235383 T35 88T FFBTEBEFPFT TS 640 02040608 1
CMs y
EVI3 (1'% =0.13)

EVI5 (1'% =0.16) 01 03 030202010203 01
evien -0z o 2w e o e e

Evion -0z o fHe:  kes
evas 7 -06) 003§ EHosen oz
evis (=260 B oror 02 arorezas o2 aaeror

EV38 (1'% =3.4) o102 05 02 0301 04-02 -02 01 01030303
ewsatooy | oz o4 s o201 saer 02 a1 o1 erezeasass
Evio 7 8) P ora g or

® 10 lin. comb. constrained by top measurements
® 6 by a mixture (top + Higgs and top + multijet)
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Hybrid fit 36.3-138 fb (13 TeV)

CMS Preliminary

BEWPO
Wincl.jet
Wix

BHory

fwy
ww

WZow

Best fit

.

95% CL

68% CL

JNLALAER

G
o ©o o o

2YAIX 100
WAIX10
OvAI X 10
B6EAT X 10
8EAI X 10
LEAIX 1O
9EAI X 10
SEAI X 10
PEAI X 1O
EEAI X 10
2EAIX 10
LEAI X 10
0EA3 %10
62A3 %10
82AI X 10
L2NIX 10
92AIX 10
SZAIX 10
LZERIN)
€2AIX 10
22N3 %10
12ZA3 X 10
02A3

€A3 X 004
2A3 % 004
LA X 001

44 UOANQLIUOD [BUORIRY,

= Majority receive significant contribution by multiple channels

Slide 22
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Conclusion




Conclusion and outlook

® EFT interpretation are a powerful tool, complementary to direct
searches

®m The SMEFT formalism is a good framework for the LHC

® Many interesting measurements have been performed in the top
sector, many not covered in this talk

= Combined analysis significantly improve the sensitivity and can
even resolve degeneracies

The future of EFT analyses ...

m EFT analysis are mainly focussed on interpretation rather than
designing and optimising EFT exclusion limits

® Ability to re-interpret existing EFT measurements open the door to

new possibilities
® Towards a combination from both experiments?
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Thank you!

Thank you for your attention !

Special thanks to F. Stager [11], D. Kim [12], C. Diez Pardos
and to the ATLAS and CMS collaborations for their amazing work !

.
® Particules
pLasmas
" ku?wers
= °PPlication .
Laboratoire de Physique de Clermont

\
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Backup

ATLAS tty - Event selection

® tt pair in 1L or 2L + exactly 1 photon
m Signal : tty production

® Background :
O tty decay

01 Prompt photon background (W+, Zv, tt+ V w/ ~ from shower,

single top, diboson)
01 Fake photon (electronic (e — ) or hadronic (h — 7))

O Fake leptons

2 2

38 s & ATLAS

8 e fs=13TeV, 101" ¢ Data Mty production] @ 10"k {5=13 TeV, 140 f0” # Data Wity productiog

3 Single lepton [ty decay [h-fake ¥ % Single lepton [ty decay [h-fake

£ SR iy production  [[Je-fake v []Other y £ 10°F CR fiy decay [e-fake y [JOther y 1

& gptfPre-Fit WlLep. fakes Uncertainty o] & o Pre-Fit WllLep. fakes 7 Uncertainty E
10° E
10* 3
10 e

T
ATLA

Data / Pred.

0.75]
0.5

50 100 150 200 250 300 350 400 450 500 7750 100 150 200 250 300 350 400 450 5

Data/Pred.

P, (1) [GeV] P, (1) [GeV]

Adrien AURIOL
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ATLAS tty - Inclusive xsec

Backup

Channel | Production (fb) | Production + Decay (fb)
1L 288 + 5(stat)+fg(syst) 704 £ 5(stat +3g(syst)
2L

45.7f}:‘3‘(stat)i50(syst) 116.1 + 1. 7(sta'5r);;§ g(syst)
Comb. | 319 + 4(stat);;(syst) 788 + 5(stat) 37 (syst)
):

14
NLO MC | 296*23(scale)"S(PDF) -

® Dominant uncertainties from tty modelling and background

normalisation
= Good agreement between measurement and NLO MC prediction
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=]
X~
)
@
a4]

ATLAS tt~y - Diff. xsec

Differential xsec measurement in both channels
or :
®m Photon kinematics

® Angular distances between photon and other
reco. objects

Differential xsec measurement in 2L channel only
for :

® Sum of lepton pr
B Az and A¢ between leptons

Dominant uncertainties from jets, b-tagging and
stat. uncertainties (8-10% absolute, 5-7%
normalised)

Good agreement with SM predictions!

Fractional uncertainty 1]

a@a’;{hxﬁe\ll

A0 =13 TeV, 140 "
Single lepton + Dilepion

MGS_aMC+P8
- MGS_aMC+HT

Stal. uncertainty
I Total uncertainty

\D"r 1
107k -
10
g,
.
P
P) [GaV]

e A e e e
< X

M2 e, 1o

Sinlelaion + Bipon

P11 [GeV]
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