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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 searching for
CP-violation and Flavor Changing Neural Current (FCNC) interactions 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

Cross sections of Top quark processes span over several orders of magnitudes!

Top Quark Production Cross Section Measurements Status: May 2025
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The LHC is a top quark factory

LHC experiments performed detailed measurements of top quarks

Overview of CMS cross section results
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CMS and ATLAS searches for FCNC and
CPV with tops

« | will focus on results released since CKM2023
+ FCNC searches with tqZ, tqv, and tqg, and tgqH
- Highlighting new ATLAS result tqH with multi-lepton and FCNC combination

CMS Charged Lepton Flavor Violation searches involving top quarks

+ Search for CPV: highlighting CMS search for CPV in events with top
and Z
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FCNC searches at the LHC

At LHC, top FCNC searches focus on
vertices such as

* g8

* t-g-Z

* gy

* t-g-H

FCNC decays

where q is an up-type quark (u,c)

+ Searches are designed to capture both
FCNC decays in tt and single top FCNC production
production via FCNC vertex

+ Constraints are set on FCNC decay BR
- separate charm- and up- channels

+ Constraints FCNC EFT operators
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FCNC search in tg~y

CMS search with full Run-2 dataset phys. Rev.
D 109 (2024) 072004

+ Events with an electron or a muon, a
photon, one or more jets, and missing

transverse momentum are selected LR A 1387 (13 TeV)
L e i channel att(Bsyst Etzt%jets
+ Boosted Decision Trees (BDTs) used for £ SR2[N>1, N,= ”-\76“ W) mmVVY
5 Y+jets mmjet >y
sig/bkg separation o me sz_om Bt =
Observed (expected) 95% CL limit BRs:
« Bt —uy) <
0.95 x 1075 (1.20 x 1075)
« B(t—cy) < L, ot
1.51 x 1077 (1.54 x 1079) g osp 9
-03 -02 -0.1 0 0.1 0.2 0.3
ATLAS results (phys. Lett. B 842 (2023) 137379 ) BDT
Coupling type B(t — uy) B(t — cy)

Left-handed < 0.85x 107° <4.2x107°
Right-handed < 1.2x107°% <4.5x107°



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.072004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.072004
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2019-19/

FCNC searches in tqZ and tqg

+ Both ATLAS and CMS produced results on the search for FCNC in tgZ and tqg
interactions

*+ These publications existed prior to last CKM.

+ | outline main results and references here

ATLAS tgZ . Rev. D 108 (2023) 032019

ATLAS tqg Eur. Phys. J. C 82 (2022) 334

Observable Vertex ~ Coupling  Observed Expected Analysis B utg) Bt —u+g) BRU-oc+g) Bt —oc+g)
ATLAS 13 TeV 6.1x10° 49x10° 37x10° 20x 107
SRs+CRs ATLAS 8 TeV 12107 11x10° 64x 105 57%10°
S 2 CMS 7 Te) Te' 2 S 2 S S 2 S
B(IHZ(]) Zu LH 6.2)(]07) 49?13)(]07; MS 7 TeV @ 8 TeV. 0x 100 8 x 10 41 x 10 8 x 10
B(r — Zq) Zu RH  66x107° 5174x107°
B(t — Zq) 1Ze LH 13x10° 115x107
Bt — Zq) Zc RH 12x10° 10 x 107
I and (5" iz LH 0.15 0137503
(31) (31) +0.03
) land IC, 1Zu RH 0.16 0.14 % .
caplime gm0 X om omiE Other references: CMS Run-1 tqZ jHep 07
uW. uB - . —0.03
(32) (32) N 0.04
| and €5 1Zc RH 021 0.19 %503 (2017) 003
SR1+CRs
B — Zg) (Zu LH  97x107° 8.6%35x107
B(t — Zq) 1Zu RH  9.5x107° 82%%x107
SR2+CRs
B(t — Zg) 1Zu LH  7.8x107° 6.1%7x107
Bt — Zq) (Zu RH  9.0x107 6.6%3x107
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.032019
https://doi.org/10.1140/epjc/s10052-022-10334-y
https://doi.org/10.1007/JHEP07(2017)003
https://doi.org/10.1007/JHEP07(2017)003

FCNC search in tqH

+ tgH FCNC interactions are investigated in different Higgs decay final states
- H—=y
- H—bb
- H—=7T
- multileptons where leptons originate from Higgs and top decays

Earlier results and references

tqH — vy tqH — bb tqH — 7T
ATLAS JHEP 12 (2023) 195 CMS 02 (2022) 169 ATLAS JHEP 06 (2023) 155
95% CL limit on decay branching ratio
H— vy H — bb H— 71T

Obs. Exp. | Obs. Exp. | Obs. Exp.
BR(t = cH) | 4.3 4.7 9.4 8.6 9.4 4.8
BR(t — uH) | 3.8 3.9 79 11.0| 6.9 3.5

All values in units of 10~%
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https://doi.org/10.1007/JHEP12(2023)195
https://doi.org/10.1007/JHEP02(2022)169
https://doi.org/10.1007/JHEP06(2023)155

ATLAS Search for FCNC with tqH in
multi-lepton

Eur. Phys. J. C 84 (2024) 757

Target: leptonic decays of the top
quark along with Higgs boson decays
into two W bosons, two Z bosons, or a
7T pair

Consider both tt with FCNC decays and
single top production via FCNC

Event selection: same-sign dilepton or
three leptons

FCNC EFT operators:
full Run 2 (140 fb—') datasets
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https://doi.org/10.1140/epjc/s10052-024-12994-1

ATLAS Search for FCNC with tqH in

multi-lepton

+ Events are selected into same sign dilepton and three lepton regions
+ In each region, selections are optimize for “FCNC decay” and “FCNC production”

signals, separately

ATLAS Simulation
Vs =13TeV
SR2f Dec
Pre-Fit

HF-dec. p Q-misiD

HF-dec. e

o

ttZ

Others

ttw
+ Example: SS2I SR for decay signal

* Main bkg: ttW, ttZ, ttH, heavy flaor .
production, instrumentation etc.
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ATLAS Simulation
Vs =13TeV
SR3{ Prod HF-dec. e

HF-dec. p
Pre-Fit tZq

.

ttz

Others

VW3¢ +b/c

Example: 3lep SR for prod. signal

Main bkg: ttW, ttZ, other associated top
production with two EW bosons,
diboson, etc.



ATLAS Search for FCNC with tqH in
multi-lepton

+ Neural network event classifiers were trained for the four signal regions ( (SS2I vs.
3l) (decay vs. prod))

 normalised 10 total Bkg
AR M LA AR B

 normalised 10 total Bk

- normalised 10 otal Bkg
U
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+ Simultaneous fit to signal and control

regions
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ATLAS Search for FCNC with tqH in
multi-lepton

+ Limits set on BRs of t — Hu and Fit configuration ~ B(t — Hu) B(t — Hc)
t — Hc decays Nominal fit 3.01‘5:3 3.84_'%:?
+ Analysis is still statistics limited +1.1 +1.2
nalysis is still statistics limite Stat. only 2,677 33710
. i 1.5 1.9
ggzrs;zlr:ts also placed on EFT 20 SS only 3.61‘1.0 4.3t1.2
3¢ only e 89137
in[x10~%4]
Signal B(t — Hq) |cae|
tHu .8(3.0) x 10~ 4 0.71 (0.73)
tHc 3(3.8) x 107*  0.76 (0.82)
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ATLAS FCNC tqH search combination

+ Combination of four searches in different Higgs decay channels

+ Multi-lep analysis contributes to both H — W* and H — 77, with H — W* being
the most sensitive channel

H-bb

H-vyy

H-Tt

H-W*

Combination

ATLAS VS = 13TeV, 140 fb™"
T T
‘ B(t—Hc)=0 i
—— Observed

E=== Expected +10 |

---- Expected +20

P SRR SRR SR
0 5 10 15 2

95% CL limit on B(t - Hu) x 10*

0

H-bb

H-vyy

H-TT

H->W*

Combination

ATLAS

Vs =13 TeV, 140 fb~'
T

B(t—Hu)=0 i
—— Observed
E=== Expected £10 |
---- Expected +20

T .
95% CL limit on 5(t — Hc) x 10*

The combined ATLAS observed (expected) upper limits on the branching ratio are

« B(t—

Hu) < 2.8 (3.0) x 104

15

B(t — Hc) < 3.3 (3.8) x 1074,
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Charged Lepton Flavor Violation in top
events

t—q—p—7T

CMS searches for CLFV in p7 (cMs-ToP-22-011
) and eft (Phys. Rev. D 111 (2025) 012009) final
states

+ Events typically have a top quark
decaying SM-like

+ Tag events with additional objects, e.g.,
JUT Or eft

+ Machine learning event classifiers for
sig/bkg separation
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https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-22-011/index.html
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.111.012009

Charged Lepton Flavor Violation in top
events

t—q—pu—rT

138 fb* (13 TeV) 138 b} (13 TeV)

) i ) GasEu T nieimd T € E ST e ke

* interpretation for couplings X4 il Sl £ S O
. . o < B pls— p—
involving charm and up = S F A E

O
5o 2

separately, but results strongly
anticorrelated

+ Constraints set on decay BRs

t _> ﬂ/]—u(c) and t % euu(c) 0 005 01 oézﬁifu)ffgﬁ 005 01 015 gl‘i‘lAgf_?evng
* Also Wilson coefficients of EFT t—q—p—e
operators, separately for cms s oms 03w

ol 95% CL upper limits 95% CL upper limits.

scalar, vector, and tensor
interactions

| \ D W B ;
oo do0s Dol oot 0oz 00z D03 00% b0
Coul N (TeV) B(t-epu)x 10°

[
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CMS Search for CPV with top and Z

CMS-TOP-24-012

+ Target: in the associated production of
a Z boson with a top quark pair (ttZ) or
with a single top quark (tZq)

* CPV EFT operators: 0., and O}, =
dim-6, Imaginary part of EW dipole
operators

« Partial Run 3 (35 fb~!) and full Run 2
Run 2 (138 fb— 1) datasets

+ Selection

1. Atleast three leptons (eoryt)
2. 0OS SF with my consistent with Z mass
3. Nt 2> 2, Npjer > 2

* Highlight: Use of CP observable Figure 3: Representative diagrams
constructed from equivariant neural
networks (see more in next page)
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https://cms-results.web.cern.ch/cms-results/public-results/public-results/publications/TOP-24-012/index.html

CMS Search for CPV with top and Z

* CP Odd Observables:

138 fb " (13 TeV) + 34.7 fb " (13.6 TeV)
T T T T T T T T T

1. Desired property: g(CP(x)) = —g(x), 2 :zg_cms _sM E
i.e., the distribution flips sign under a CP é’ F Simulation Linear
operation 30? -- Quadratic E

2. achieved with a neural network 25E E
(equivariant NN) 20 g

T

3. g(x) of CP-conserving interactions is 15
symmetric 10¢ .
4. g(x) asymmetric for CP-violating 56 E
interactions ) e 3
+ Both the use of CP odd observable and -5¢ E
the use of ML to construct such e e T o 1 2 3 4

5 4-3-2-10 12345
observables are a first for top quark Discretized c;, score

measurements at the LHC
Figure 4: CP odd observables for SM, CPV with
quadratic or linear terms
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CMS Search for CPV with top and Z

” 138 b (13 TeV) + 34.7 b (13.6 Tev) ﬂ 138 b (13 TeV) + 34.7 fb? (13.6 Tev)
. . < Data
* 95% CL limit on the § § EMS Lo mia
. . . [im) m mtz
. R
Wilson coefficients: Wraes o w0 Wraes ot
/ g'hmnv glhesonv
onversions onversions
- 2.7 < Cw < 2.5 '://:uncenaimy 300 ;Uncenaimy

- —02<c, <20

considering the effect
of both linear and

= =
. " 7]
quadratic terms, and 2 g '
profiling the other & N
coe ffl cient. 057 E 3 imaj;pjn;jpasqn (i) Postit (quad.) 057 Sk ,‘; p.in;;jposqn (in)— Postit (quad.)

10 1 2 3 4 5 10 1 2 3 4 5
Discretized c,, score Discretized c;, score
CMS 1387 (13 TeV) +34.7 b
Quadratic fit|
68% CL
95% CL
* SM
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Summary

+ ATLAS and CMS has carried out extensive searches for FCNC (including Charged
Lepton Flavor Violation involving top quarks) and CPV in the top quark sector

+ Recent results highlighted here include ATLAS search for FCNC with tqH in
multilepton final states and the ATLAS FCNC tqH combination
+ CMS CPV measurement in events with top quark and Z boson

- Afirst measurement using CP odd observable and also a first using equivariant NN to
construct such observable
- One of the first results using Run-3 data

+ As Run 3 concludes next year, expect ATLAS and CMS to produce refined searches
with a greater data set, yielding more sensitive results
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