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SMEFT - a look info new physics

* No direct BSM observed — need a model-independent handle on subtle deviations

« SMEFT extends the SM with higher-dimensional operators:

Inaccessible

o)
L= Loy +Zine b

o C;: Wilson coefficients, encode strength of new physics

o A: New physics scale

» EFT series can be truncated at different orders with different dependence on the cut-off |
E A
scales
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Why the Top Quarke

Heaviest:
likely the first to
feel BSM effects

(mostly ©) Unhadronized:

spin and decay structure
preserved

Couples to everything:

gauge, Higgs, flavour
sectors

Accessible in many ways:
*Strong (tf, 4t),
selectroweak (ttZ, tW2),
erare (same-sign tt)

4-heavy
quark
operators

heavy quark t
+lepton
operators

heavy quark
i+ boson
operators
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IN this talk

EFT is a relatively general method. Each corner probes
a distinct facet of the SMEFT landscape. This talk
focuses on Top physics

* Flavour Structure
— CMS Z-quark coupling in ttZ/WZ/Z2Z
— ATLAS lepton-quark coupling in tt£¢

* CP Violation — CMS CP-odd observables ttZ
 Flavour Violation — ATLAS same-sign tops
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CMS-PAS-TOP-23-009

Measurement of the flavour structure of |EMS
EFT couplings in multilepton final states :

Goal: Simultaneously constrain the flavour structure of dimension-6 EFT
operators involving quark-Z couplings

Investigating b — s{f anomalies observed by LHCb that violate flavour

universality

Reparametrize 2 coefficients to 0 (¢"iD,)(@y*q)

make the interpretation cleaner : 0 (01D, @)@y t'q)
0 Cpq = Cpq® = Cpq® — pure Z (@D @)(@y*w)
coupling (¢7D,¢)(dy"d)

o Cpq'? — includes W coupling effects AT

A Runll CMS analysis e W W,
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CMS-PAS-TOP-23-009

Analysis strategy:

« Each EFT operator is described by a 3x3 matrix. Only flavour diagonal entries are considered
* Divided into heavy(3™ generation) vs light (1%t and 2" generation)
. ttZ:

o Sensitive to 3rd gen via top radiation
o but also to 1st/2nd gen via ISR diagrams!

- WZ,7227:
o Clean light-quark probes — Z/W from initial-state u/d/s quarks.

138 fb™' (13 TeV)
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138 fb™ (13 TeV)

% J T TTT ‘ T ‘ T | [T [7
e | CMS ¢ Data Nonprompt |
o Preliminary
:Ej f{m«z !tiz B zq ]
* Final states: Multilepton (=3e/p), from ttZ, WZ, and ZZ production. 4& !‘:':vzz =:xb )
 Simultaneous likelihood fit across 3 SRs — flavour disentanglement of N B il

\\ Total uncertainty
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» All WCs consistent with the SM(i.e. , zero) within

95% CL.

* Most EFT analyses previously lumped all generations
together or only considered top/bottom couplings

* This analysis distinguishes first/second generation

from third generation couplings

CMS Preliminary
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Measurement of high-mass 178~
oroduction and Lepton Flavour ATLAS
Universality-inspired EFT interpretations

New ATLAS measurement of off-shell tt#*£-

Targets high dilepton mass: m,,>101.2 GeV

Lepton Flavour Universality (LFU) tested (epvuer) (ty¥e) Cte
via flavour-separated and flavour-relative (Qv. Q) (epyter) Coe
EFT fits Oy Gyl EHe) Cu

Operators include lepton-quark currents 0! (Uryulr)(@riQ) Cor
categorized by chiralities: RR, RL, LR, LL 07 (po'yul)Qo'v Q) ¢y
Gliyglet &s mple Oteqe (enee@0 Gl

* A Run II ATLAS analysis 0[(53,; (lzam, e;)gir (QkaH t) Cl(e?’ét




Event Selection & Region Strategy: 2 [ arias proimmay o Data —
. . . O [ ys= 13 TeV, 140 fb” -w =Lt||(‘; o
* Signal: 3-lepton final states, 21 OSSF pair, | Post Charge flp 1o F-e-HF
10*F F-e-LF B F-m-HF E
: F-e-IntC F-e-EXIC
* Requires >3 jets (>1 b-tag) : morer 2% Uncertainy
* Signal split into ee and pu for LFU sensitivity o Pt
* High-mass bins used to maximize impact. e
13 Control Regions :
o Constrain dominant backgrounds: ttZ, WZ, 5
. o' F
photon conversions, fakes g0 W%/wﬁw/wﬁ/,yw,?z///%/mﬂ/wxAﬁff-.w,w
0.8

o CRs binned in key observables (e.g.,p''t, mr)
for shape constraints

CR, Ch, Cr> C C Cr, _CR, Ca, CR, CR. CR, Ch, CR,

-2y -2y, Sy, “R-3 Regy 3>, 3L 3L 3L -5 2 -2 2

N e S N T Qz{O”‘Sh:; (On.she:;’?on.sff-% 88y, 158, LS8y,
-ee )
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E’ 37 ATLAS Preliminary ¢ Data It "q:; | ATLAS Preliminary ¢ Data Ll
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= Post-fit vV M tig, tWz £ Post-fit vV I tilg, twZ
1 . | SR-3L-ttli(high-m)-ee | F-e-HF F-e-LF ] © SR-3L-ttli(high-m)-up [ F-e-HF F-e-LF ]
° 3 EFT flt mOdeS‘ : M F-m-HF F-e-IntConv B B F-m-HF F-e-IntConv T
. . 107 I F-e-ExtConv]ll Other E 102 [ F-e-ExtConv ]l Other =
 Flavour-inclusive: shared WC e ; e :
across all lepton flavours 10 . ;
1 ]
* Flavour-split: independent WCs for — [Ragsssass 1

eand —

» Flavour-relative: test C¢ - CH for o A / T
LFU violation . ’”“J{ e i - ”T”*\L - ///%/ .
. 260 360 460 500 600 700 800 900 1000 - 200 300 400 500 600 700 800 900 1600

m(e*e) [GeV] m(up) [GeV]
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EFT Results:

* No significant deviation from the SM

 Wilson coefficients consistent with zero
across all fit strategies

" ATLAS Preliminary | Other WCs fixed to 0
L Vs =13TeV, 140 fb! = cCn1 68"{6 Pseud. Cl == (i3, 68% Pseud. C| |
i —  C1195% Pseud. Cl  — G2z 95% Pseud. Cl
Ctl )
Cte %%.*
CQe Bf
Cqz
1 1up
Clth 22:
C3 11 [ o —f——
Ith 22: | ——
40 3.0 2.0 10 0.0 1.0 2.0 3.0 2.0

Wilson coefficient /A? [TeV-2]

SM Signal Measurement:
e u(tt €€~ )=1.0+0.4-0.5

Ctiz2 — Ctnaf
Cte22 — Cte11]
CqQe22 — CQe11f
Caiz2 — Cquif
Cleqt22 — Cleqtu|

3 .3 i
Cleqt22 ~ Cleqt11

ATLAS Preliminary : Other WCs fixed to 0
Vs = 13 TeV, 140 fb™ 1 68% Asymp. Cl |

95% Asymp. CI

i
1

2.0
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Wilson coefficient /A2 [TeV-?]
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CMS-PAS-TOP-24-012

Search for CP violation in events with |[CMS
top quarks and Z bosons ‘

« CP violation is essential to explain baryon asymmetry, yet the SM’s
only source is through CKM/PMNS phases —too small!

* This search targets dimension-6 CP-odd EFT operators (assuming
that Wilson coefficients associated with CP-even operators are zero)
o ¢ modifies ttZ vertex

o ¢y modifies tZq via tW coupling

* A Runll + early RunlIl CMS analysis

gl (qio"" Ty ) Wiy Cly = Im(CS)

O&j) (qi0"w;) ‘ﬁpr Cl, = Im(—sy Cl(jf) + CWCSVB'))
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ML vs the Universe — Observables that

: o o BTN LT 136 Tey

Know Physics .
>200 [~ Preliminary Linear x4 ]

L - -- Quadratic 1

150 .

* CMS pioneers the use of CP-odd observables in this topology! .t ;
* Observables constructed via CP-equivariant function : SO;I j_i
fi(x) = gi(x) = g;(CP(x)) R A,

. R _bis[)crelizezd ci sgore?

« Two networks trained separately: _1 _1

o g W BRI 0T b (38 Tey)

0 gz, sensitive to C,! S 35 ey “linear

.. I W 304 -- Quadratic

o g, sensitive to Cyy 25

« Each network output is a CP-odd score — should be
symmetric under SM

* Asymmetry # SM — a signature of new CPV physics -5F
—10tw il by b b b b e A
5 4-3-2-10 12 3 4 5

Discretized c},, score
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* Final state: 3-lepton + 22 jets (=1 b-tag)
* include both signal and WZ events in the training
— observables sensitive to

o EFT effects present in the ttZ and tZq signal
processes

o discriminate between them and WZ (the leading
source of backgrounds)
* Key Uncertainties:
o Statistical uncertainty dominates — still
systematics-limited in signal-rich regions

o theoretical uncertainty on signal processes

o 600
T # Data
2
0 500
400 I Nonprompt ]
Diboson b
I Conversions
300 7 Uncertainty —
200
100
0
E 15:|\||||H|| T LR IS R AR
2 i _J_::%:f
0.5 ;—{. Dellta —IPrefil‘ — P?Stfit ﬁlin‘) o Posltfit (Ii|?.+qu?d.)—§

x/prefit

1381b™ (13 TeV) + 34.7 i (13.6 TeV)

5 4 -3 2 -1 0 1 2 3 4 5

138 ' (13 TeV) + 34.7 it (13.6 TeV)
LN RN LR L LR DL LU LR

Discretized ct'Z score

ERSRARARE
300 —CMS + Data -
F MiZq
L -ﬂz
250 o W Rares :
r I Nonprompt
200 Diboson —
- I Conversions
150 F 7z Uncertainty =
100F
50F
0
5 S RRRRaRRRRE S RamasEaREs
T sl
- * f 3
0.5k D?ta —IPrefitI__ Pcljstfit Slin.) o Posltfit (Iir|1.+qu“ad.) E

5 4 3 2 4 0

) 1. 2 3 4 5
Discretized ¢}, score
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138 b1 (13 TeV) + 34.7 fb ' (13.6 TeV) 138 b (13 TeV) + 34.7 o' (13.6 TeV)

. . c o CM inear fi c -t CM ratic fi
* Data mostly consistent with SM £ g NS et | S O ey Quadate
N 8F _ Fixed T o BE ke Co
. . ' - - Profile {W =-1 '3+1:§ ' = - Profi :w = ’0'713
e Observed 95% CL limits: T s ’ T s ’
0-02<C,l<20 3 3]
2f 2
* CPviolation sensitivity is mostly driven by the T .\ h;
. . . 5 -4 -3 -2 -1
linear term (interference with SM)
10 138 fb"' (13 TeV) + 34.7 fb" (13.6 TeV) 10 138 fb' (13 TeV) + 34.7 fb™' (13.6 TeV)
* First-ever limits on the linear (interference) S g M Linear i s g NS Quadratc It
83_ fﬁ'lmf.n&f C:Z - 42t:g 85_ re er.nar C{Z - 13tgg
term Of CtZI (Tl 7_ _ Er);efitljed C:z = 4-7;1:3 CTI 7_ _ Elr);eficljed C:z = 1-213:3
. 6_ q quantiles 6 _ q suamiles
* CPV observables open a new EFT testing s 5|
ground . N
« Complementary to CP-even fits 4 g
T ET 0f
Ciz
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[HEP 02 (2025) 084

Search for same-charge top-quark

oair production ﬁl!nﬁé

* Same-sign tt / t€ production:
* Forbidden at LO in the Standard Model.
* Only viable via ultra-rare W*W* scattering — og,~10"" pb.
* Possible in SMEFT via contact 4-fermion operators.

* The EFT interpretation uses flavour-universal couplings
* A Run II ATLAS analysis

Ot(i) @YMUR)(FRVM”R) Ct(i)

0 &) @Ly*q.) TRy, ug) Céi)

() 0 vETAg Y(Fay T4 )
Opu @QLy*T"qL)(try, T ug) Cou
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JHEP 02 (2025) 084

ML for EFT: Sorfing Quarks from Quirks

é Initial same-sign )
lepton event selection
* First ever ATLAS analysis with NN-based operator A4
discrimination: :Signal Evaluate :::"(NNSVSSD
* Analysis workflow: 4 )
« Step 1: Neural Network (NN5s5) to separate c,, vs (emomen ) Spit by tote (Lmomean )
Cou-likesignals ll ........ 'Pthgl ........................... l .......
° Step 2: Spllt by total lepton Charge (++/") (SR+VR) (SR+VR)
* Step3 : Signal vs validation region based on the == = = =
azimuthal angle between the two charged leptons | | > 'g“a'E‘:’:::;e”v:t?N””’ .............................................

* Step 4 : NN>P used in SRs to reject background
= 4 Signal Regions (tu/Qu, ++/--)
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JHEP 02 (2025) 084

Background-Enriched Regions:

* ttW background (dominant): normalization constrained from the first bins of the SRs

* Dedicated CRs for irreducible backgrounds :

oCRttZ, CRVV

* Reducible backgrounds: Estimated using data-

driven techniques

o Seven CRs targeting Nonprompt leptons using

lepton ID categories

o Separate CRs for photon conversions

Major Uncertainties
» Statistical uncertainties

 ttW modelling

Events

Data / Bkg.

10°

104_

10°F

10° [

10

o -y
o N
o o o G

T

T I I I T I I
ATLAS ¢ Data WFourtop  [Jfiw

Vs=13TeV, 140 fo”! OtH m|tizn [ Int Conv
Post-Fit lDiboson  [OHFu W HFe

PEMat Conv  [C]QMisID [C]Other
77 Uncertainty ---Pre-Fit Bkg.

WM%W o ,4/{/4/,%/ W %"ﬁ’y’#ff/’%ﬁ#ﬁ//

c
’?H/:y TMRHFHM RHF# M/;H""e TMQHFSM RI”*‘C RMar CR’*‘Z Ry,
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JHEP 02 (2025) 084

ATLAS Observed Limits

 Simultaneous binned likelihood fit across SRs e e saehalm L
d CR Marginalised
a.n S A=1TeV — 68% CL

---- 95% CL

* No excess seen — All WCs consistent with SM
Zero
 Upper limits at 95% CL: | et e
= [, 1 <0.0068 (0.0071) . . -
. Ic(l)QuI <0.020 (0.022)
. Ic(8)Qu| <0.041 (0.046) 11ATLAS, JHEP 10 2015 150

Cm)’ --;--

. L . . .
-0.2 -0.1 0.0 0.1 0.2
C
a T T T £ 1gof T ‘ | — ] \ T T £ 160f T : !
° N . 3 300 ?;TLAS \ ; Eaﬂa1 Dﬁ‘zﬂt g ?_TLAS X ; Ealal DE\ZTH $ 2501 ATLAS ¢Data EFTit s ATLAS # Data wn EFT T
w 5 =13 TeV, 140 fb” our lop i1} [ Vs=13TeV, 1401b our fop i = i Four toj tw = = o Four iof [\
O evi( I ence felate B Bz te0; B=taT B S i Sﬁ&tv, uon!  Mtowop QW & o fn B 1oV, 140t mroup QMW
250F post-Fit @iniConv  WDiboson 140F PosEEIt EintConv  MDiboson b ) DintConv  mDiboson y OintConv  mDiboson
CHFu mHFe EHFI W HFe 200 Post-Fit CHFs mHFe 1o, TOStFit EHFi W HFe
Of fl aVO‘l ] I‘_ [Mat Cenv  [JQMisID- 10k WMat Conv  [JQMisID ] WMat Conv  [JQMisID @Mat Conv  [JQMisID
200} [JOther 2z \Uncertainty COther 7z Uncertainty CJOther Zz Uncertainty [JOther 7 Uncertainty
-—- Pre-Fit Bkg. 100k --- Pre-Fit BKg. 4 150k - Pre-Fit Bkg. 100 —Pre-Fit Bkg. ]
. e
: g0l
changing new = w | ki ke
100F sof

physics in the

top se Ctor . R st oo " .
E‘ig smasssasfannasannas o o
& 1.25 H & 1. l, o 1. |

T r ) PEEEIR RN LIy — o= X — S A "y mme; u) nonmng,
F ¥ § d0ss s 5 e I B - o P
g 075 & o075 &g 078
%% 0.25 05 0.75 1 % 0.95 05 0.75 1 08 08 ‘
R . o . & = 0 0.25 0.5 0.75 1 o 0.25 0.5 0.75 1
NN*"*®output NN*Coutput NN*=Coutput NN®Boutput
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Summary — Top Quark, Symmetries, and SMEFT

Across ATLAS & CMS, we have new constrains on:
o Flavour violation in four-fermion contact terms (same-sign tt)
o Z-quark flavour structure in heavy vs light generation (ttZ, WZ, ZZ)
o Lepton-quark flavour structure in four-fermion operators (tt££)

o CP-odd interactions via direct collider observables (ttZ)

All results are consistent with the SM

ML contributes strongly

Run 3 and HL-LHC will bring:
o More statistics for rare channels
o Enhanced EFT sensitivity with ML-assisted observables

o Combined fits with richer flavour resolution and operator correlations

08/04/25 Recent results in Top EFT
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CMS-PAS-TOP-24-012

* Input variables used for the CP-
equivariant neural networks, with

the CP-transformed value given in the

second row
Input variables
X Pz P Pw P Qw  PI™°  bscore; era
CP(x) | =Pz —Ppz+ —Pw —P, —Qw —pPr™° bscore; era
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