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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

I 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

Figure 1: credit:arXiv:1901.05965
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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!
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The LHC is a top quark factory
LHC experiments performed detailed measurements of top quarks
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JHEP 02 (2022) 142Jet 13 TeV (Jet) = 15 nb  34 fb 1
JHEP 03 (2017) 156Jet 8 TeV (Jet) = 11 nb  20 fb 1
PRD 87 (2013) 112002Jet 7 TeV (Jet) = 8.5 nb  5 fb 1
EPJC 76 (2016) 265Jet 2.76 TeV (Jet) = 0.79 nb  5 fb 1
JHEP 07 (2018) 161inelastic 13 TeV (inelastic) = 68 mb  41 b 1
Phys. Lett. B 722 (2013) 5inelastic 7 TeV (inelastic) = 60 mb  3 b 1

CMS preliminary 3 b 1 - 138 fb 1 (2.76,5.02,7,8,13,13.6 TeV)
Overview of CMS cross section results

July 2025
Measured cross sections and exclusion limits at 95% C.L.
See here for all cross section summary plots

Inner colored bars statistical uncertainty, outer narrow bars statistical+systematic uncertainty
Light to Dark colored bars: 2.76, 5.02, 7, 8, 13, 13.6 TeV, Black bars: theory prediction
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Submitted to JHEPZ 13.6 TeV (Z) = 2 nb  5 fb 1
JHEP 04 (2025) 162Z 13 TeV (Z) = 2 nb  206 pb 1
PRL 112 (2014) 191802Z 8 TeV (Z) = 1.1 nb  18 pb 1
JHEP 10 (2011) 132Z 7 TeV (Z) = 0.99 nb  5 fb 1
JHEP 04 (2025) 162Z 5.02 TeV (Z) = 0.67 nb  298 pb 1
JHEP 03 (2015) 022Z 2.76 TeV (Z) = 0.3 nb  5 pb 1
Submitted to JHEPW 13.6 TeV (W) = 21 nb  5 fb 1
JHEP 04 (2025) 162W 13 TeV (W) = 20 nb  206 pb 1
PRL 112 (2014) 191802W 8 TeV (W) = 12 nb  18 pb 1
JHEP 10 (2011) 132W 7 TeV (W) = 10 nb  36 pb 1
JHEP 04 (2025) 162W 5.02 TeV (W) = 7.3 nb  298 pb 1
PLB 715 (2012) 66W 2.76 TeV (W) = 3.8 nb  231 nb 1
PRD 84 052011 (2011)7 TeV ( ) = 40 nb  36 pb 1
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EPJC 81 (2021) 200ZZ 13 TeV (ZZ) = 17 pb  137 fb 1
PLB 740 (2015) 250ZZ 8 TeV (ZZ) = 7.7 pb  20 fb 1
JHEP 01 (2013) 063ZZ 7 TeV (ZZ) = 6.2 pb  5 fb 1
PRL 127 (2021) 191801ZZ 5.02 TeV (ZZ) = 5.3 pb  302 pb 1
JHEP 04 (2025) 115WZ 13.6 TeV (WZ) = 55 pb  35 fb 1
JHEP 07 (2022) 032WZ 13 TeV (WZ) = 51 pb  137 fb 1
EPJC 77 (2017) 236WZ 8 TeV (WZ) = 24 pb  20 fb 1
EPJC 77 (2017) 236WZ 7 TeV (WZ) = 20 pb  5 fb 1
PRL 127 (2021) 191801WZ 5.02 TeV (WZ) = 6.4 pb  302 pb 1
PLB 861 (2025) 139231WW 13.6 TeV (WW) = 0.13 nb  35 fb 1
PRD 102 092001 (2020)WW 13 TeV (WW) = 0.12 nb  36 fb 1
EPJC 76 (2016) 401WW 8 TeV (WW) = 60 pb  19 fb 1
EPJC 73 (2013) 2610WW 7 TeV (WW) = 52 pb  5 fb 1
PRL 127 (2021) 191801WW 5.02 TeV (WW) = 37 pb  302 pb 1
SMP-24-002Z 13.6 TeV (Z ) = 1.9 pb  35 fb 1
JHEP 04 (2015) 164Z 8 TeV (Z ) = 2.1 pb  20 fb 1
PRD 89 (2014) 092005Z 7 TeV (Z ) = 5.3 pb  5 fb 1
PRL 126 252002 (2021)W 13 TeV (W ) = 16 pb  137 fb 1
PRD 89 (2014) 092005W 7 TeV (W ) = 37 pb  5 fb 1
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JHEP 10 (2021) 174Z 13 TeV (Z ) = 5.4 fb  137 fb 1
JHEP 10 (2017) 072Z 8 TeV (Z ) = 13 fb  19 fb 1
JHEP 10 (2021) 174W 13 TeV (W ) = 14 fb  137 fb 1
JHEP 10 (2017) 072W 8 TeV (W ) = 4.9 fb  19 fb 1
SMP-24-014ZZ 13 TeV (ZZ ) = 56 ab  138 fb 1
SMP-22-018WZ 13 TeV (WZ ) = 5.5 fb  138 fb 1
PRL 132 (2024) 121901WW 13 TeV (WW ) = 6 fb  138 fb 1
PRD 90 032008 (2014)WV 8 TeV (WV ) < 0.31 pb  19 fb 1
PRL 125 151802 (2020)ZZZ 13 TeV (ZZZ) < 0.2 pb  137 fb 1
PRL 125 151802 (2020)WZZ 13 TeV (WZZ) = 0.2 pb  137 fb 1
Submitted to PRLWWZ 13.6 TeV (WWZ) = 0.7 pb  62 fb 1
PRL 125 151802 (2020)WWZ 13 TeV (WWZ) = 0.3 pb  137 fb 1
PRL 125 151802 (2020)WWW 13 TeV (WWW) = 0.59 pb  137 fb 1
PRL 125 151802 (2020)VVV 13 TeV (VVV) = 1 pb  137 fb 1
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PLB 812 (2020) 135992EW qqZZ 13 TeV (EW qqZZ) = 0.33 fb  137 fb 1
PLB 809 (2020) 135710EW qqWZ 13 TeV (EW qqWZ) = 1.8 fb  137 fb 1
PRD 104 072001 (2021)EW qqZ 13 TeV (EW qqZ ) = 5.2 fb  137 fb 1
PLB 770 (2017) 380EW qqZ 8 TeV (EW qqZ ) = 1.9 fb  20 fb 1
PLB 809 (2020) 135710EW ss WW 13 TeV (EW ss WW) = 4 fb  137 fb 1
PRL 114 051801 (2015)EW ss WW 8 TeV (EW ss WW) = 4 fb  19 fb 1
PLB 841 (2023) 137495EW os WW 13 TeV (EW os WW) = 10 fb  138 fb 1
JHEP 08 (2016) 119ex. WW 8 TeV (ex. WW) = 22 fb  20 fb 1
PRD 108 032017EW qqW 13 TeV (EW qqW ) = 24 fb  138 fb 1
JHEP 06 (2017) 106EW qqW 8 TeV (EW qqW ) = 11 fb  20 fb 1
PLB 834 (2022) 137438EW WV 13 TeV (EW WV) = 1.9 pb  138 fb 1
EPJC 78 (2018) 589VBF Z 13 TeV (VBF Z) = 0.53 pb  36 fb 1
EPJC 75 (2015) 66VBF Z 8 TeV (VBF Z) = 0.17 pb  20 fb 1
JHEP 10 (2013) 101VBF Z 7 TeV (VBF Z) = 0.15 pb  5 fb 1
EPJC 80 (2020) 43VBF W 13 TeV (VBF W) = 6.2 pb  36 fb 1
JHEP 11 (2016) 147VBF W 8 TeV (VBF W) = 0.42 pb  19 fb 1
SMP-19-005VBF #gamma 13 TeV (VBF #gamma) = 0.2 nb  138 fb 1
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PLB 847 (2023) 138290tttt 13 TeV (tttt) = 18 fb  138 fb 1
TOP-24-009tWZ 13.6 TeV (tWZ) = 0.24 pb  138 fb 1
TOP-24-009tWZ 13 TeV (tWZ) = 0.25 pb  138 fb 1
JHEP 07 (2023) 219ttW 13 TeV (ttW) = 0.87 pb  138 fb 1
JHEP 01 (2016) 096ttW 8 TeV (ttW) = 0.38 pb  20 fb 1
PRL 121 221802 (2018)t 13 TeV (t ) = 0.12 pb  36 fb 1
JHEP 03 (2020) 056ttZ 13 TeV (ttZ) = 0.95 pb  78 fb 1
JHEP 01 (2016) 096ttZ 8 TeV (ttZ) = 0.24 pb  20 fb 1
PRL 110 (2013) 172002ttZ 7 TeV (ttZ) = 0.28 pb  5 fb 1
JHEP 02 (2022) 107tZq 13 TeV (tZq) = 88 fb  138 fb 1
JHEP 07 (2017) 003tZq 8 TeV (tZq) = 10 fb  20 fb 1
TOP-23-002tt 13 TeV (tt ) = 0.13 pb  138 fb 1
JHEP 10 (2017) 006tt 8 TeV (tt ) = 0.13 pb  20 fb 1
JHEP 09 (2016) 027ts ch 8 TeV (ts ch) = 13 pb  20 fb 1
JHEP 01 (2025) 107tW 13.6 TeV (tW) = 82 pb  35 fb 1
JHEP 10 (2018) 117tW 13 TeV (tW) = 63 pb  36 fb 1
PRL 112 (2014) 231802tW 8 TeV (tW) = 23 pb  20 fb 1
PRL 110 (2013) 022003tW 7 TeV (tW) = 16 pb  5 fb 1
PLB 72 (2017) 752tt ch 13 TeV (tt ch) = 0.23 nb  2 fb 1
JHEP 06 (2014) 090tt ch 8 TeV (tt ch) = 84 pb  5 fb 1
JHEP 12 (2012) 035tt ch 7 TeV (tt ch) = 67 pb  2 fb 1
TOP-24-011tt ch 5.02 TeV (tt ch) = 30 pb  302 fb 1
JHEP 08 (2023) 204tt 13.6 TeV (tt) = 0.88 nb  1 fb 1
PRD 104 (2021) 092013tt 13 TeV (tt) = 0.79 nb  137 fb 1
JHEP 08 (2016) 029tt 8 TeV (tt) = 0.24 nb  20 fb 1
JHEP 08 (2016) 029tt 7 TeV (tt) = 0.17 nb  5 fb 1
JHEP 04 (2025) 099tt 5.02 TeV (tt) = 62 pb  302 pb 1
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Nature 607 60 (2022)HH 13 TeV (HH) < 0.11 pb  138 fb 1
Nature 607 60 (2022)tH 13 TeV (tH) = 0.54 pb  138 fb 1
Nature 607 60 (2022)ttH 13 TeV (ttH) = 0.47 pb  138 fb 1
EPJC 75 (2015) 212ttH 8 TeV (ttH) = 0.42 pb  20 fb 1
Nature 607 60 (2022)ZH 13 TeV (ZH) = 1.1 pb  138 fb 1
Nature 607 60 (2022)WH 13 TeV (WH) = 1.9 pb  138 fb 1
EPJC 75 (2015) 212VH 8 TeV (VH) = 1.1 pb  20 fb 1
Nature 607 60 (2022)VBF qqH 13 TeV (VBF qqH) = 2.9 pb  138 fb 1
EPJC 75 (2015) 212VBF qqH 8 TeV (VBF qqH) = 1.6 pb  20 fb 1
EPJC 75 (2015) 212VBF qqH 7 TeV (VBF qqH) = 2.2 pb  5 fb 1
Nature 607 60 (2022)ggH 13 TeV (ggH) = 48 pb  139 fb 1
EPJC 75 (2015) 212ggH 8 TeV (ggH) = 15 pb  20 fb 1
EPJC 75 (2015) 212ggH 7 TeV (ggH) = 16 pb  5 fb 1
Submitted to JHEPH 13.6 TeV (H) = 74 pb  35 fb 1
Submitted to JHEPH 13 TeV (H) = 53 pb  138 fb 1
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CMS and ATLAS searches for FCNC and
CPV with tops

• I will focus on results released since CKM2023
• FCNC searches with tqZ, tqγ, and tqg, and tqH

– 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

• t-q-g

• t-q-Z

• t-q-γ

• t-q-H

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

• Searches are designed to capture both
FCNC decays in t̄t and single top
production via FCNC vertex

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

• Constraints FCNC EFT operators

FCNC decays
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FCNC search in tqγ

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

• Boosted Decision Trees (BDTs) used for
sig/bkg separation

Observed (expected) 95% CL limit BRs:

• B(t → uγ) <
0.95× 10−5 (1.20× 10−5)

• B(t → cγ) <
1.51× 10−5 (1.54× 10−5)

ATLAS results (Phys. Lett. B 842 (2023) 137379 )

Coupling type B(t → uγ) B(t → cγ)

Left-handed < 0.85× 10−5 < 4.2× 10−5

Right-handed < 1.2× 10−5 < 4.5× 10−5

Table 1: Observed 95% CL limits on B(t → uγ)
and B(t → cγ) for left- and right-handed tqγ
couplings.
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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 tqZ and tqg
interactions

• These publications existed prior to last CKM.

• I outline main results and references here

ATLAS tqZ . Rev. D 108 (2023) 032019 ATLAS tqg Eur. Phys. J. C 82 (2022) 334

Other references: CMS Run-1 tqZ JHEP 07

(2017) 003
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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

• tqH FCNC interactions are investigated in different Higgs decay final states
– H → γγ
– H → bb̄
– H → ττ
– multileptons where leptons originate from Higgs and top decays

Earlier results and references
tqH → γγ
ATLAS JHEP 12 (2023) 195

tqH → bb̄
CMS 02 (2022) 169

tqH → ττ
ATLAS JHEP 06 (2023) 155

95% CL limit on decay branching ratio

H → γγ H → bb̄ H → ττ

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 7.9 11.0 6.9 3.5

All values in units of 10−4
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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
τ+τ− pair

• Consider both t̄t 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−1) datasets
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Figure 2: Representative diagrams
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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

Others

Q-misIDHF-dec. 

HF-dec. e

VV3  + b/c

ttZ

ttW

ttH

ATLAS Simulation
s  = 13 TeV

SR2  Dec
Pre-Fit

Others

HF-dec. HF-dec. e
tZq

tWZ

VV3  + b/c

ttZ
ttW

ATLAS Simulation
s  = 13 TeV

SR3  Prod
Pre-Fit

• Example: SS2l SR for decay signal

• Main bkg: t̄tW, t̄tZ, t̄tH, heavy flaor
production, instrumentation etc.

• Example: 3lep SR for prod. signal

• Main bkg: t̄tW, t̄tZ, other associated top
production with two EW bosons,
diboson, etc.
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ATLAS Search for FCNC with tqH in
multi-lepton

• Neural network event classifiers were trained for the four signal regions ( (SS2l vs.
3l) (decay vs. prod) )
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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
t → Hc decays

• Analysis is still statistics limited

• Constraints also placed on EFT
operators

Fit configuration B(t → Hu) B(t → Hc)

Nominal fit 3.0+1.2
−0.8 3.8+1.5

−1.1

Stat. only 2.6+1.1
−0.7 3.3+1.2

−1.0

2ℓ SS only 3.6+1.5
−1.0 4.3+1.9

−1.2

3ℓ only 6.5+2.7
−1.9 8.9+3.7

−2.6

in [×10−4]

Signal B(t → Hq) |Cqt,tquϕ |
tHu 2.8 (3.0)× 10−4 0.71 (0.73)

tHc 3.3 (3.8)× 10−4 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 → VV∗ and H → ττ , with H → VV∗ being
the most sensitive channel

0 5 10 15 20
95% CL limit on (t Hu) × 104
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The combined ATLAS observed (expected) upper limits on the branching ratio are

• B(t → Hu) < 2.8 (3.0)× 10−4 B(t → Hc) < 3.3 (3.8)× 10−4.
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Charged Lepton Flavor Violation in top
events
CMS searches for CLFV in µτ (CMS-TOP-22-011

) and eµ (Phys. Rev. D 111 (2025) 012009) final
states

• Events typically have a top quark
decaying SM-like

• Tag events with additional objects, e.g.,
µτ or eµ

• 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

• interpretation for couplings
involving charm and up
separately, but results strongly
anticorrelated

• Constraints set on decay BRs
t → µτu(c) and t → eµu(c)

• Also Wilson coefficients of EFT
operators, separately for
scalar, vector, and tensor
interactions
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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: OI
tW and OI

tZ ⇒
dim-6, Imaginary part of EW dipole
operators

• Partial Run 3 (35 fb−1) and full Run 2
Run 2 (138 fb−1) datasets

• Selection
1. At least three leptons (eorµ)
2. OS SF withmll consistent with Z mass
3. njet ≥ 2, nbjet ≥ 2

• Highlight: Use of CP observable
constructed from equivariant neural
networks (see more in next page)

g
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Figure 3: Representative diagrams
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CMS Search for CPV with top and Z

• CP Odd Observables:
1. Desired property: g(CP(x)) = −g(x),

i.e., the distribution flips sign under a CP
operation

2. achieved with a neural network
(equivariant NN)

3. g(x) of CP-conserving interactions is
symmetric

4. g(x) asymmetric for CP-violating
interactions

• Both the use of CP odd observable and
the use of ML to construct such
observables are a first for top quark
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

• 95% CL limit on the
Wilson coefficients:
– −2.7 < cItW < 2.5
– −0.2 < cItZ < 2.0

• considering the effect
of both linear and
quadratic terms, and
profiling the other
coefficient.
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Figure 5: CP odd observables for SM, CPV with quadratic or linear
terms
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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
– A first 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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