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Top Quark Sector

* The top quark is the most
massive elementary particle in
the Standard Model (SM)

* Its large Yukawa coupling
suggests that the top quark plays
a unique role in the electroweak
symmetry breaking

* Measurements and searches
involving top quarks could help
us to uncover Beyond the SM
physics

| will give an overview of CMS and ATLAS' efforts using the Effective
Field Theory approach to probing BSM physics in the top quark sector
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The LHC is a top quark factory
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https://arxiv.org/pdf/1901.05965.pdf

The LHC is a top quark factory

Top Quark Production Cross Section Measurements Status: September 2023

ATLAS Preliminary Theory
o g~ | RUN1,2,3 /s =5,7,8,13,13.6 TeV
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The LHC is a top quark factory

Aug 2023 CMS Preliminary
[ 5.02 TeV CMS measurement (L < 302 pb”) 1
7 TeV CMS measurement (L < 5.0 fb)
8 TeV CMS measurement (L < 19.6 fb™)
13 TeV CMS measurement (L < 138 fb)
13.6 TeV CMS measurement (L < 1 fb)
Theory prediction
L. Z. CMS95%CL limits at 7, 8 and 13 TeV
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The Effective Field Theory Approach

The Effective Field Theory (EFT) provides a model-independent framework for
searching for new physics effects

The SM is regarded as a low-energy approximation of a more fundamental theory
involving interactions at an energy scale A

+ New physics is then parametrised in terms of higher dimension operators which
only include SM fields

* The Effective Lagrangian is given by

@

(d
Less = Loy + Z A,Ij_4 Oi(d)
d,i

where Lgy is the SM Lagrangian, O,-(d) are the effective operators of dimension d,

and the coefficients c,-(d) are the Wilson Coefficients (WCs) that parameterise the

strength of the interaction.
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EFT in the Top Quark Sector

As in the Higgs analyses, the Warsaw basis of dimension-six
operators has been adopted

In the interpretation of top quark analyses, only operators involving
top quarks are considered

* Thereis a large number of four-fermion operators, and they are
reduced by flavor assumptions:

- The baseline scenario assumes Minimal Flavor Violation in the quark sector, i.e., a unit
CKM matrix and finite Yukawa couplings only for top and bottom quarks and flavor
diagonality in the lepton sector

- two other variations are considered too

* Flavor Changing Neutral Current considered separately

More detailed information can be found in the

LHC Top Working Group recommendation
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https://arxiv.org/abs/1008.4884
https://arxiv.org/abs/1802.07237

Main Types of EFT operators:
t

u

i t

t

Four-heavy-quark Two-light-two-heavy

t 1

Two-quark-two-lepton Quark-Boson

Berkeley

UNIVERSITY OF CALIFORNIA



Parameterization of the Observable Effects

The dimension-six operator could contribute to the rate of a process,
either directly (quadratic terms), or through the interference with SM
diagram (linear terms):

2
1

2
Ci Ci G
M5M+ _Mj X O'5M+ 70'5/\/1’5,‘1‘ —O'CI.+O(—)
— N2 — A2 — A4 A4

X D DX+ [ X

This parameterization can be applied to the inclusive event rate,
differential cross section, as well as other observables such as charge
asymmetry, flavor changing top decay branching ratio, etc.
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Top Quark Measurements and Searches
with EFT Interpretations

* | will focus on results released since Higgs 2022

« Go from processes with higher rates (tt, ttZ) to those with lower rates
(tttt)

+ Direct Searches for Charged Lepton Flavor Violating processes and
Flavor Changing Neural Current processes
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tt Production

« tt process is sensitive to the tG
operator and four-quark

operators
+ avariety of measurements and
searches have been used to tG operator four-quark operator
constrain WCs _cms 35.91b" (13 TeV) 5w SebsTe
.g‘gz 05F + Unfolded data ] ; CisTer J
S [ —POWHEGV2 + PYTHIAS € 40 =05TeV" WMDY
— NNLOGCD +NLOEW  ATLAS o | .. MG5_aMC@NLO+ PYTHIAB[FxFx] | 2 R N,
4 combination V5=13TeV, 139 fo ! 0.4 .NLO, SM 20 ) Stat. ® syst.
0041 4 single-lepton [ -~ NLO, uncorrelated
+ diepton [ ~~NNLO, SM 2
o 002 ’ 03- T 1
N( %"x‘m 10]
0.00 _*'_ 4 0.2:> | .0
' 1,05, mS@t - Stat ® Syst ' ] g 1.2
—0.02] s I— o g o
[0,30] [30,120] =120 1 a 7o
prlGeV] NN output
0 /6 w3 n2 2n/3 5n/6 T
ey
Charge Asymmetry of ~ Top quark polarization  Direct search to probe
top quarks e os oo and spin correlation excess in event rate
Phys. Rev. D 100 (2019) 072002 Eur. Phys. ). C79(2019) 886
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2020-06/
https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-18-006/
https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-17-020/

tt Production: ATLAS tt charge asymmetry
measurement as an example o coo

, | ATLAS Vs=13TeV, 139 fb"
* The charge asymmetry’s | AT vs. NNLO QCD + NLO EW
dependences on other | Differential mg 65 L
A2 -4 T ener
observables can be altered by L TRt Rl e
the presence of EFT terms Co [ F
o
* They are used to constrain WCs X
o
008l — NNLOQCD+NLOEW ~ ATLAS C
Ol - =05 VE=13TeV, 139 b
0.06f —— Cf,=1.0
4+ combination
N 0.04f 4 single-lepton
o oozl T+ diepon + . __H__
0.00 wt v !
—0.02
—-0.0

4
<05 [0.5,0.75][0.75,1.0] [1.0,1.5] > 1.5
my; [TeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2020-06/

ATLAS ttZ Measurement .uwscoxosos

* ttZ production is sensitive to top-Boson

operators as well as four-quark _._¢<
operators

Inclusive cross section of ttZ measured
with events with 2, 3, and 4 leptons
(e/p) from Run-2 data

T T T T
ATLAS Preliminary ¢ pata

+ Six observables measured using a gz 14 i
® Vs =13 TeV, 140 fb" ----MG5_aMC@NLO+Pythia 8

combination of 3l and 4l events are 12f == Sherpa 22.1 (incl)
. i . F ---Sherpa 2.2.11 (multi-leg)
used as input for the EFT interpretation 105 Stat. uncertainty
- [ Total uncertainty
« Input distributions: 8
6

P?, |)/z|, Cos 0;7 pg'v A¢(&7 Z)v and |)/t?z| o
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]
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+ EFT interpretation fitted six - ]
particle-level unfolded distributions g A
taking into account their correlations & o7 ; - 5 =N

. Particle-level [y?|


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-065/

ATLAS ttZ Measurement .uwscoxosos

EFT samples
ATLAS Preliminary Quadratic (marg.) ®  Global mode
. . Vs =13TeV, 140fb™" Linear (marg.) —— 68%Cl
. I\/Iadgraph USlng SMEFTSlm 30 UFO SMEFT A=1TeV —— Quadratic (indp.) 95% CI
¢+ LO samples normalized to the NLO — 4
Madgraph sample
SICul [~ —
EFT Fits
RICial [~ yune *
* Nominal: both lin. and quad. terms are
considered. When fitting one WC, other e - i
WCs were profiled RCisl a
* Only lin. terms were used
S[Cisl [~ -
+ Both lin. and quad. terms are
considered. When fitting one WC, other o —— |
W(C's were fixed to zero ol .
oy ———————————— -
-10.0 -75 -5.0 -25 0.0 25 5.0 75 10.0
CIN? [TeV2]

B k Constraints on top-boson operators
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-065/

ATLAS ttZ Measurement .uwscoxosos

ATLAS Preliminary Quadratic (marg.) *  Global mode
V5=13TeV, 140fb"  —— Linear (marg.) — 68%Cl
SMEFTA=1ToV  —— Quadratic (indp.) 95%Cl

EFT samples

o _— B

+ EFT samples generated with Madgraph

+ These LO samples were normalized to

using SMEFTsim 3.0 UFO

the NLO Madgraph sample
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* Nominal: both linear and quadratic
terms are considered. When fitting one
WC, other WCs were profiled @ -
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* Only linear terms were used
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+ both linear and quadratic terms are
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-065/

EFT motivated top plus lepton search ..o

+ Broadly target a large number of

associated top quark production wowgoTTsTTTT———— {
¢
processes H 0 o
o x —_,
B _ TOOO0000000——————
ttlv, tll '
tttt, etc. u u , t
. i ‘o t
* These processes provide access to four - i
groups of operators: &
u t t
Operator category Wilson coefficients
Two-heavy (2hqV) Ceyr oo C;Q, Cotr Cotbs Cews Cezs Cow s CeG

Two-heavy-two-lepton (2hq2/) cfg(f), c(_gy), cge), ct(ﬁ), ct(é), cf([), ctm)

Two-heavy-two-light (2hq2lq) cgq, C%Sq, cgq, cgq, c}q, c§q

Four-heavy (4hq) char Cou Cou G
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https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-22-006/ 

CMS Top + Leptons Search ..

* The analysis categorizes Lepton A within biet £ charge st
eVentS based on the multiplicity Z window multiplicity sum multiplicity
number of leptons, their * :
charges, the invariant of iy 2 )
dilepton system, jet and = " .
b-jets multiplicities )

43 categories defined
A kinematic observable oz &
is identified for each 2 2
. ns
category, as input to the - 1b .
. O
fit 2 o
47 2b
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https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-22-006/ 

CMS Top + Leptons Search ..

+ 26 Wilson coefficients are cMS postit
considered

138 fb™' (13 TeV)
1"3¢ off-Z 2b(-)

Events

43 categories defined

A kinematic observable
is identified for each
category, as input to the
fit

i

oo o

o

I
J
| |
0 15255 0 15255 0 15255 0 1525 5
Pr(¢ max [100 GeV]
Dcharge misid. DMisid. leptons .Diboson DTvibcson DConv. .tWZ .tfH
Wi Biv Dt BtHg Wi ZTotalunc. ¢ Data

Data / pred.
o

Major associated production modes of top quarks are captured by
these categories, and their kinematics are different
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https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-22-006/ 

CMS Top + Leptons Search ..

Post-fit data and expected yields for the 43 signal regions

|:|Charge misid. |:| Misid. leptons .Diboson |:|Triboson |:|Conv. ltWZ .tfH

[ Kl [ Y [tiiq HiHg Bt 7 Total unc. ¢ Data
MS postfit 138 fb”' (13 TeV)

Cl

4 5 6 7|4 5 6
2rss2b(+) | 20ss2b(-) | 20ss3b(+) | 2ss3b(-) |3 oft-Z 1b(+)

Data / pred.
P

.”l il il ] ] l ] il il
714 5 6 7|4 5 6 7|2 3 4 51|2| 3 4 5[2) 3 4 5|2 3 4 5[2) 3 4 5(2 3 4 5[2 3 4
3¢ off-Z 1b(-) |3t off-Z 2b(+) 13¢ oft-Z 2b(-)| 3¢ onz 1b | 3¢ on-z20 at

UNIVERSITY OF CALIFORNIA


https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-22-006/ 

CMS Top + Leptons Search ..

——— Other WCs profiled (20) 138 b (13 TeV)
——— Other WCs profiled (10)

Other WCs fixed to SM (20) cMs
~_Other WCs fixed to SM(10)

+ 26 Wilson coefficients
were measured oo

- solid lines: fitting one WC, while o
other WCs profiled o

- dashed lines: fitting one WC, o
while other WCs fixed to 0 Cow

RN TR

4 6
Wilson coefficient / A® [TeV?]
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https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-22-006/ 

ATLAS Four Top Production w.mm..cs e

The simultaneous production of four top quarks at the LHC is one of the rarest
processes observed by ATLAS and CMS

Analysis ¢ TBOOOOOOT————
. . t H t
* Events with two leptonswith B - <
t t
same signs or three leptons PR .
* A Graph Neural Network was 8 [amas Wowa | mi
. S 10°E V5= 13TeV, 140 b CIW miz A
used as the event classifier and g o Wi Domeo
g e Wiown, @ ]
observable - o, ]
* ATLAS observed the ttttat > 6 o
level .

CMS also established the observation of
the tttt process
(Phys. Lett. B 847 (2023) 138290)

Data / Pred.

01 02 03 04 05 06 07 08 09 1
GNN score
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2021-08/
https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-22-013/

ATLAS Four Top Production w.mm..cs e

The tttt process is sensitive to a large number of four-fermion

operators, and they are uniquely sensitive to four-heavy-fermion
operators

EFT Interpretation

* The expected GNN distribution is

parametermized as functions of
these WCs

* Both linear and quadratic terms
are included in the interpretation

Operators | Expected C; /A% [TeV 2]  Observed C;/A? [TeV ~2]

Obo [-2.4,3.0] [-3.5,4.1]
99 [-2.5,2.0] [-3.5,3.0]
0}, [-1.1,1.3] [-1.7,1.9]

Berke | 0% [-4.2,4.38] (6.2, 6.9]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2021-08/

CMS Search for charged lepton flavor violation in the top quark sector

CMS-PAS-TOP-22-005

Targeting interactions involving a top quark, a light quark (up or charm),
and an electron and a muon

* testing two-quark-two-lepton operators

* The signatur nsi f 7
e signature consists o OIS)UH @) @ a)
- three leptons vector OZ: (T 1) ()
- atleast one electron and one Oi;’qkl (@"e;) (@)
muon O (&i7'e)) (")

scalar OI(L}):,]H (Te ¢;) € (uy)
- One top quark that decays i
) ) tensor Oleq” (Lotve; i) € (qkoytty)
semi-leptonically
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-22-005/index.html

CMS Search for charged lepton flavor violation in the top quark sector

CMS-PAS-TOP-22-005

+ cLFV top quark decay and cLFV top quark production targeted with
different signal regions

« Boosted Decisions Trees (BDTS) used as event classifiers

CMS Preliminary 138 fb' (13 TeV)
W
Nonprompt

Voa
el

< Qfx B
ﬁ:s‘lt'l\rga“ 150 Gev mwz /Stat. @ syst.

— CLFV 2 =3)

CMS Preliminary 138 fb" (13 TeV)
el VDaa @WY)
N [D3t+X(X) EINonprompt
SR miew) > 150 GeV gy a0 syt
— GLFV (> = 0.05)

;1
8 bbb bk ‘L

007 02 03 04 05 06 07 08 08 1
BDT discriminant

BDT discriminant

Left: CLFV decay BDT; Right: CLFV

production BDT

CMS Preliminary

138 b (13 TeV)

95% CL upper limits

Lk L0 Lo, 1, R
001 002 003 004 005 006 007 0.08 0.08 0.1

Cop/A? (TeV?)

Caveat: this result used SMEFTfr v2 for event generation, which has known issues. An
update is expected when the paper is to submitted for publication.
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-22-005/index.html

ATLAS Search for charged lepton flavor violation in the top quark sector

ATLAS-CONF-2023-001

Targeting interactions involving a top quark, a light quark (up or charm),

a muon and a tau lepton

b
W+ ut
g t Vi
u,c .
i
u,cC T

=
Y

Operator | Lorentz Structure 95% CL upper limits on Wilson coefficients ¢/A” [TeV™?]

o0, " ) @) Vector L i A A A A

OX | (1n¥ 0" ) @0t a)  Vector Previous (u) 22] | 12 12 12 12 26 3.4 34
. Expected (u) 047 044 043 046 049 011 0.1

ik Ch

Oc4 (@ e;) (@) Vector Observed (u) 049 047 046 048 051 051 011 011

oLk (") @y, w) Vector Previous (c) [22] | 14 14 14 14 2 2 3.7 3.7
(ijkt) e por Expected (c) 16 6 15 16 L8 L8 035 035

Oci (@r"e;) (@yum) Vector Observed (c) 17 6 16 16 19 L9 037 037

$Allik) | 7 _ .

Oegu (lie;)e (@) Scalar

io}“f;i"'” (1,0 e;)e (@0, wy)  Tensor

| J \/
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-001/

ATLAS FCNC search with H — ~~

ATLAS-TOPQ-2019-04, submitted to JHEP

Flavor Changing Neural Current searches have been done in top quark

productions associated with a photon, a Z boson, or a Higgs boson

* This search focuses on H — 7y

+ Targets vertices connecting a top quark, a Higgs boson, and a light
quark (up or charm)

« A combination with bb, 77 to constrain the FCNC decays

ATLAS Vs =13 TeV, 139 fi" ATLAS
T T T

V5= 13TeV. 139 o

H —bb H —bb
H—=y H—=ry
H B(t— uH) =0 H - B(t— cH) =0
— Observed — Observed
B8 Expected =10 9 Expected +10
Combined Expociod 2 Combined Expoctod 22
0772 4 e 02 e e s 02 4TTE TR 12774 16 s
B(t— cH) x 10* B(t— uH) x 10*
. . 23,32
* tcH interaction: ¢, < 1.07 at 95% CL

* tuH interaction: cﬁ’?’l < 0.88 at 95% CL

* When one WC is tested, the other WC is fixed to


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2019-04/

EFT Summary Plots

Both CMS and ATLAS maintain public websites to keep track of their

results

CMS Top Physics Results

ATLAS Top Physics Results

August 2023

CMS Preliminary
Four-fermion operators - Marginalised imits

Folowing arXiv:1802.07237

e 1 oo e
21 ER 2 ) o

FTorzzons

Dimension 6 operators G, = Gi/\?

& v, 4 top quarks asio!
h —— oM. th, i, 1, g, tHe, (3] 181"
& _— v,  top quarks (1] !
ot — oM. t, i, tl, g tHa, (3] 13810~
o —_— v, 4 top quarks [1] 36!
b0 fl—— M.t e, (8] 108 -1
oM, 4 top quarks (1] st !
B — N, t, i, i, g tHa, (3] 18810~
& ouS. 1+ 2/W/H, 12q.Ha [2) 2!
o JUN— — oM, th, i, 1, g, 1Ha, (3] 13816
&0 _ v, 7+ 2/w/H, 1Zq.1Hq 2] 2!
of R E— oM, t, i, 1, tHa, t [3] 13810~
s _— oM. fF+ Z/W/H, 1ZadHa (2] e
— oM. t, i, 1, g, tHa, (3] 13810
” _— v, 7+ 2/w/H, 1ZaHa ) 2
a RN oM, t, i, 1, g, tHa,  [3] 13816~
& e m— v, 7.+ 2/w/H, zaHq a2t
o —_— G .t s 1581
_— v, 1+ 2/ /M, 1ZHa 2] 2!
JR—— M. th, i, 1, tHa, (3] 138161

—_ ou. tf+ 2/W/H, iZa Ha a2t
- . . el 1581
e, < oM, t, i, 1, e, tHe, (3] 13816~
cs - ., tnw, .t o, s 138"
&g, | v, .t 1, e 1081
Sl - oM, t, i, . g, tHa, (3] 18810
e, - oM, t, i, 1, tha, tHa, (3] 13810
oz - oS, 4, i, , W, tels) 181

EFT Summary plots are also

available on these sites

ATLAS.-CMS Preliminary
LHCtopWG

(Top) quark - vector boson operators
ATLAS

September 2023

Following arXiv:1802.07237
c

GMS|Dimension 6 operato "
(oM. 11+ z/w/m, Za.tHaty 2!
D — loms. 12q. 1z ) 0!
¢ -+ lows. f 3] 7!
—_— (oMS. f, o, et 01q, tH i 6] 138"
—_— Jooas, 4. boossea zpr1p) s
¢y —_ lows. 131 7
—_— (oM. tt+ 2/W/H. Za.tHal) 2!
P —— lous. 1zq.1 iz ) 3!
Cow —_ [ATLAS, Top poarization [5) 19!
i |oMS. f, o, et 0tq. tH, i 6] 138 o~
_— loMs. .+ boosted 2/H 7] 1381
&ll, —r |ATLAS, Top posarizaton 5] TS
(oMS. 11+ 2/W/H. Za.tHall]  s2”!
—_— (oS t, .t 01q. tH, i 6] 138 "
|oMs. 1.+ oosted 2/H TS
—_ [ATLAS, £+ jots boosted 4 TS
A — oM. 17+ 2/w)H. 124, tHa 1]
G mm Gus, i . . . . 1 1501

11 o3 v 025 ) ep 0 0z 065 1770 108 s
(el s 2 cnen oea s 1 nee ot ey
1 Hep 0 gz gon ez 5780

—a B 4

2 0
95% CL limit [TeV 2]



https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults

Summary and Outlook

« The SMEFT framework has been widely used in LHC top quark
measurements and searches

+ CMS and ATLAS now interpret their results following the LHC Top
WG's recommendation, making these EFT interpretations

comparable bewteen experiments

* Itis challenging to work out a coherent approach to use this large
variety of measurements and searches to maximize the sensitivity to
the large number of WCs in the top sector
- consistent Monte Carlo generation
- harmonization of object and event selection between different analyses within an

experiment
- how to combine analyses with overlapping signal and control regions?

* Both experiments are actively addressing these challenges, e.g.,
ATLAS roadmap for future combination and EFT interpretation of top
+ X processes ATL-PHYS-PUB-2023-030

« Stay tuned with new data and analyses!
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https://arxiv.org/abs/1802.07237
https://arxiv.org/abs/1802.07237
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-030/
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