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Why do we search for rare processes ?

Unveiling the unknown is exciting ! 

Rare decays and productions provide a path for probing new physics via indirect 
searches.  

Any deviations from SM predictions in rare processes can guide theoretical 
developments and future experimental searches.

At the LHC we have the 
necessary ingredient ! 

The TOP quark 

It is heavy, short lived and we have abundance of it : ) 
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•Lepton flavour violation: Combined result of R(D) and R(D*) anomalies, 3.17  deviation from SM [1] 
•W boson mass measurement from CDF II [2] reported 7.0  of deviation 
•Muon g-2 measurement [3] recently showed 5.0  discrepancy

𝜎
𝜎

𝜎

[1] HFLAV, Semileptonic B decay, 2023 (link) 
[2] CDF Collaboration, Science 376 (2022) 6589, 170-176 
[3] Muon g-2 Collaboration, arxiv:2308.06230

In Standard Model (SM),  top quark decays to b W almost with a branching 
fraction ~1. 

Rare top quark decays such as flavour-changing neutral current (FCNC) are highly 
suppressed, due to Glashow-Iliopoulos-Maiani mechanism and charged lepton 
flavour violation (cLFV) can be predicted at loop level of neutrino mass terms.  

SM has been successful for many years, but recently several excesses are 
reported.

Introduction

https://hflav-eos.web.cern.ch/hflav-eos/semi/moriond24/r_dtaunu/RDRDst_hflav_moriond24_68.pdf
https://arxiv.org/abs/2308.06230
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This talk covers …

Flavour-changing neutral currents (FCNC) 
• tHq  CMS-PAS-TOP-22-002 

• tH*q  Phys. Lett. B 850 (2023) 138478 
         *with beyond standard model H

Charged lepton flavour violation (cLFV) 
• tq arXiv:2312.03199 

• tq CMS-PAS-TOP-22-011

eμ

μτ

 See poster from Jiwon Park 
Search for Lepton Flavor Violation in TOP quark sector using data from CMS Experiment 

See talk from Barbara Alvarez Gonzalez 
EFT based searches in the top-quark sector and beyond from CMS

NEW

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-22-002/
http://dx.doi.org/10.1016/j.physletb.2024.138478
https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-22-005/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-22-011/
https://indico.cern.ch/event/1291157/contributions/5887446/
https://indico.cern.ch/event/1291157/contributions/5878617/


Flavor-Changing Neutral Currents involving a top quark

FCNC forbidden at tree level in SM, 
highly suppressed by the GIM mechanism beyond the tree level
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Any enhancement in the BR          Hint of BSM!

FCNC involving a top quark 

•Branching fractions in SM 10-15 ~ –10-17 
•Any excess can be a hint for Beyond the SM
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Search for FCNC: tHq, H→ZZ, WW, ττ CMS-PAS-TOP-22-002

Production Decay
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•At least two leptons (electron or muon) with the 
same sign (SS) electric charge and at least one jet.


•The main backgrounds are from detector effects 
and standard model process that produce a similar 
final state.

4. Event selection and search strategy 3

The effective Lagrangian with an FCNC coupling is:78

L = Â
q=u,c

gp
2

t̄kHqt

⇣
F

L
Hq PL + F

R
Hq PR

⌘
qH + h.c.. (1)

It is implemented in the FEYNRULES package [48], and the universal FEYNRULES output for-79

mat [49] is used to generate the signal model. The complex chiral parameters are arbitrarily80

fixed to the values F
L
Hq = 1 and F

R
Hq = 0, as these parameters have no impact on the signal cross81

sections and usually have a small impact on kinematic distributions of objects in the event. Sig-82

nal samples are generated in the TT and ST production modes assuming, for each mode, one of83

the two k couplings is non-zero at a time. For the ST sample, the production and decays of the84

top quark and antiquark are simulated using MADGRAPH5 aMC@NLO at LO. The ST produc-85

tion mode cross section is calculated at LO precision with MADGRAPH5 aMC@NLO v2.6.0 as86

72.6 (10.0) pb, equivalent to a coupling constant kHut = 1 (kHct = 1). The difference of the re-87

spective production cross sections originates from the up and charm quark parton distribution88

functions of the initial state protons. The TT production signal sample is generated with MAD-89

GRAPH5 aMC@NLO v2.4.2 at LO with up to two extra partons in the ME. The TT production90

mode cross section is taken to be 832 pb, as calculated at NNLO precision in perturbative QCD91

including soft-gluon resummation to next-to-next-to-leading-log order [50]. The SM and FCNC92

decays of the top quark and antiquark are simulated using MADSPIN [51]. The top quark and93

Higgs boson masses are set to 172.5 and 125.0 GeV, respectively. The Higgs boson decay is94

simulated using PYTHIA v8.226 (2016) or PYTHIA v8.230 (2017 and 2018). The generated signal95

samples are filtered to have one leptonically decaying top quark and one Higgs boson decaying96

to WW, ZZ, or tt . The cross sections applied in the analysis account for the branching fraction97

of these filtered LO decays. These adjusted cross sections are 12.08 pb for the TT production98

and 7.32 (1.01) pb for the ST Hut (Hct) production.99

Additional simulated minimum bias pp interactions within the same or adjacent bunch cross-100

ings (pileup) are included in the simulated events, and events are reweighted according to the101

observed instantaneous luminosity and the total inelastic pp cross section of 69.2 mb [52].102

4 Event selection and search strategy103

This analysis considers events with at least two leptons (electron or muon) with the SS elec-104

tric charge and at least one jet. The main backgrounds for this search are from detector effects105

(namely nonprompt leptons and charge misidentified leptons) and SM processes that produce106

an SS lepton pair, including processes producing multiple gauge bosons and/or top quarks.107

These backgrounds are suppressed by making requirements on the kinematic variables of re-108

constructed physics objects, the same as those presented in Refs. [53–55].109

Events are reconstructed using the particle-flow (PF) algorithm [56], which combines informa-110

tion from the CMS subdetectors to identify charged and neutral hadrons, photons, electrons,111

and muons, collectively referred to as PF candidates. These candidates are associated with112

reconstructed vertices. The primary vertex is taken to be the vertex corresponding to the hard-113

est scattering in the event, evaluated using tracking information alone, as described in Section114

9.4.1 of Ref. [57]. The physics objects used in this analysis include jets clustered from PF candi-115

dates associated with the PV and the magnitude of missing transverse momentum, ~p miss
T [58].116

The ~p miss
T is computed as the negative vector sum of the transverse momentum (~pT) of all the117

PF candidates, excluding charged-hadron candidates that do not originate from the PV. The118

magnitude of this vector is referred to as p
miss
T .119

•Effective lagrangian:

Signal and background events are classified using a 
boosted decision tree (BDT). Two BDTs are trained for 
tHu and tHc.
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Exploiting c tagging score as one of the training 
inputs strengthens tHc sensitivity. 

tHu tHc

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-22-002/


CMS-PAS-TOP-22-002
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The data are found to 
be consistent with the 
standard model 
expectation.

Search for FCNC: tHq, H→ZZ, WW, ττ

  B(t → u + H)

Observable Obs. limit Exp. limit
7.2 x 10-4 5.9 x 10-4

1.9 x 10-4 2.7 x 10-4

4.3 x 10-4 6.2 x 10-4

3.7 x 10-4 3.5 x 10-4
 B(t → c + H)

Consistent results are obtained among 
CMS limits

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-22-002/
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Search for FCNC: tHq 
with g2HDM

Phys. Lett. B 850 (2023) 138478
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• Focus on -induced 
same-sign top quark in 
same-sign lepton final 
states 

• Considered no A-H 
interference and A-H 
interference cases (with 

) 
independently

ρtu/ρtc

mA − mH = 50 GeV
• DeepJet algorithm is used. • BDTs trained independently for each era x 

[10 mass (w/o interference) + 9 mass (w 
interference)] x( =0.4 and =0.4 ) —> 
152 BDTs in total.

ρtu ρtc

http://dx.doi.org/10.1016/j.physletb.2024.138478


Search for FCNC: tHq Phys. Lett. B 850 (2023) 138478
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 (13 TeV)-1138 fbCMS• No statistically significant excess over 
the SM backgrounds is observed.  

• 4 bins of BDT score in each decay mode 
simultaneously fit to extract limits for 
each signal mass-coupling hypothesis.

• largely excluded, but still a large portion of the phase space 
not constrained for . 

• First search based on g2HDM considering A-H interference.

ρtu
ρtc

http://dx.doi.org/10.1016/j.physletb.2024.138478


cLFV in top quark sector
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•Observation of Neutrino oscillations -> neutrino mass & neutral lepton flavour violation.

•The neutrino mass terms predict charged lepton flavour violation

•Branching fractions in SM ~ 10-55, extended SM ~ 10-6


•Any excess is a hint for Beyond the SM
Lepton flavor non-universality in B Physics [link]

Interpretations of some flavor anomalies also predict 
a reachable CLFV rate in the top quark sector [link]

https://arxiv.org/abs/1506.08614
https://arxiv.org/pdf/1812.08484.pdf


Searches for cLFV
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2

elled with the effective field theory (EFT) framework using dimension-6 operators (O(6)
a ),36

Leff = LSM +
1

L2 Â
a

C(6)
a O(6)

a + O
✓

1
L4

◆
,

where C(6)
a is the corresponding Wilson coefficients, and a new physics scale (L) is set to 1 TeV.37

The paper is organized as follows. We start with a brief overview of the CMS detector in38

Section 2. The detailed description of EFT signal and background modeling are presented39

in Section 3. The physics objects are defined in Section 4, followed by the event selections40

in Section 5. Efforts to improve SM background modeling is described in Section 7. Signal41

extraction and systematic uncertainties contribute to the analysis are explained in Section 8 and42

9, respectively. Finally, the results of the search are presented in Section 10 and we conclude43

with a summary in Section 11.44

2 The CMS detector45

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diam-46

eter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and47

strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), a brass and scintilla-48

tor hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward49

calorimeters extend the pseudorapidity coverage provided by the barrel and endcap detectors.50

Events of interest are selected using a two-tiered trigger system. The first level (L1), composed51

of custom hardware processors, uses information from the calorimeters and muon detectors to52

select events at a rate of around 100 kHz within a fixed latency of 4 µs [13]. The second level,53

known as the high-level trigger (HLT), consists of a farm of processors running a version of54

the full event reconstruction software optimized for fast processing, and reduces the event rate55

to around 1 kHz before data storage [14]. A more detailed description of the CMS detector,56

together with a definition of the coordinate system used and the relevant kinematic variables,57

can be found in Ref. [15].58

3 Data and simulated samples59

The CMS detector at the LHC collected pp collision data with an integrated luminosity of60

138 fb�1 at 13 TeV from 2016 to 2018 (so called Run 2) data-taking periods.61

Signal LFV events are generated at leading order (LO) precision with MADGRAPH5 aMC@NLO62

2.6.5 [16], separately for single top production and tt decay processes. Table 1 summarizes the63

selected EFT operators for this analysis and their grouping according to the Lorentz structure.64

ST LFV cross sections are calculated with MADGRAPH5 aMC@NLO in LO precision, while TT65

signals are calculated based on partial width calculation [17, 18] multiplied by SM tt cross66

section of 833.9 pb as calculated with the TOP++ program at the next-to-next-to-LO (NNLO)67

in perturbative QCD including soft-gluon resummation to next-to-next-to-leading-logarithmic68

order (NNLL) [19]. In recent similar EFT analyses, reweighting of SmeftFR [20] model outputs69

to align with SMEFTsim [21] predictions has been implemented as an event-by-event weight to70

address normalization and shape discrepancies in signal distributions. This method, validated71

in the ST LFV signal study, demonstrates effective reweighting with only minor deviations72

in regions of lower statistical significance. Table 2 summarises the predicted cross section at73

• ci, Oi  Wilson Coefficients and Operators:

3. Data and simulated samples 3

Table 1: Selected EFT operators and their definition for the LFV signals. The # is an fully
antisymmetric two-dimensional matrix, gµ the Dirac matrices, and sµn = i

2 [g
µ, gn]. The li and

qk represent left-handed doubles for leptons and quarks, respectively, while ei and uk are used
for right-handed singlets. Here, O1

lq represents left-handed fermion interaction of Olq.

Structure Operator Definition Wilson coefficient

Scalar O1(ijkl)
lequ (l̄iej) # (q̄kul) Clequ1

Vector

O1(ijkl)
lq = Olq (l̄igµlj)(q̄kgµql) Clq

O(ijkl)
lu (l̄igµlj)(ūkgµul) Clu

O(ijkl)
eq (ēig

µej)(q̄kgµql) Ceq

O(ijkl)
eu (ēig

µej)(ūkgµul) Ceu

Tensor O3(ijkl)
lequ (l̄isµnej) # (q̄ksµnul) Clequ3

Ca/L2 = 1 TeV�2 and its accuracy of LFV signal processes for each channel and Lorentz struc-74

ture.

Table 2: Predicted cross sections of LFV signal processes at Ca/L2 = 1 TeV�2.

Process Lorentz structure Cross sections ( fb) Calculation precision

ST tuµt

Scalar 59.14

LO

Vector 276.1
Tensor 1272

ST tcµt

Scalar 3.74
Vector 19.51
Tensor 96.18

tt tqµt

Scalar 2.69
NNLO+NNLLVector 21.5

Tensor 129.0
75

It is known that the distributions of the top quark pT spectrum in the LO and next-to-LO (NLO)76

tt pair production differ from the higher-order theoretical prediction. Therefore, the distribu-77

tion of the top quark pT spectrum in the TT LFV events is corrected sequentially from LO to78

NLO and to NNLO QCD + NLO electroweak prediction [22, 23] by utilizing simulated SM tt79

samples and theory prediction [22, 23], respectively.80

The background processes are divided into several groups: tt pair production, single top, and81

the others. The SM tt pair production in single-leptonic and dileptonic decay channels com-82

pose the background process dominantly and are simulated at NLO precision using POWHEG83

v2 [24–26]. The pT spectrum in the SM tt sample is corrected from the higher-order prediction.84

The single top quark background consists of the t channel, s channel, and in association with85

a W boson (tW) and simulated at NLO accuracy using POWHEG v2, MADGRAPH5 aMC@NLO,86

and POWHEG v2 [27], respectively. The predicted NLO cross sections are 134 (80) pb for t chan-87

nel top quark (antiquark) production and 6.8 pb for s channel production [28, 29]. The tW88

cross section calculated to NNLO accuracy [30, 31], resulting in 79.3 pb. The other smaller SM89

background contributions arise from the following processes: tt pair production in no lep-90

tons decays are simulated by POWHEG v2 at NLO; tt production in association with a vector91

boson (ttZ and ttW) or a Higgs boson (ttH), simulated with MADGRAPH5 aMC@NLO and92

POWHEG v2 at NLO accuracy, respectively; Drell–Yan and W boson production, simulated93

• Takes effective field theory (EFT) interpretation for general study 
without model dependency.

• Dimension-6 operators are used for 
building effective Lagrangian 

•  : the scale of new physics is set to 
1 TeV.
Λ
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Search for cLFV: tqeμ arXiv:2312.03199  
submitted to Phys. Rev. D
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Background estimation  
•Prompt backgrounds rely on 
the simulation 

•Nonprompt backgrounds 
estimated by data-driven 
“Matrix method” 

•Estimated events are 
validated using control/
validation regions

ProductionDecay

Analysis signature 
• Opposite-Charge eµ pair 
• Third lepton coming from 
leptonic top quark decay 

• One b-jet,  
• one/zero light jet (u/c)
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• The analysis utilizes boosted decision trees to separate 
background processes from a possible signal.

•Separately trained for top decay (m( ) < 150 GeV) 
and production (m( ) > 150 GeV) enriched regions

𝑒𝜇
𝑒𝜇

https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-22-005/index.html


Search for cLFV: tqeμ

The upper limits:
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The data are found to be consistent with the 
standard model expectation.
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arXiv:2312.03199  
submitted to Phys. Rev. D

https://arxiv.org/abs/2312.03199
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Single top production   decaytt̄

• Events Selection:  
one muon, one tau,  opposite sign 
(OS) electric charge of the two leptons, 
Jets ≥ 3, one b-tagged jet.

•Reconstruction of SM top and W mass

1. Introduction 1

1 Introduction1

The standard model (SM) has been extremely successful in describing particle physics phenom-2

ena, but it is known to be incomplete as it fails to explain several observed phenomena such as3

the nature of dark matter [1–4] and the baryon asymmetry of the universe [5].4

Observation of neutrino oscillations [6] confirms the existence of neutrino mass and neutral5

lepton flavour violation. The neutrino mass terms predict charged lepton flavour violation6

(CLFV) at the loop level. However, branching fractions in the SM are at the order of 10�55 [7]7

whereas many extensions of the SM predict branching fractions at a level of 10�6. Therefore,8

any observed excess of the LFV signal could be a signature of new physics beyond the SM.9

Moreover, the decay process of B meson has recently been found to deviate from the predictions10

of the SM, particularly regarding lepton universality violation. This has sparked interest in11

proposed models that aim to explain these deviations and suggest the possibility of LFV effects.12

For example, there could be a correlation between the anomalies observed in the b quark sector13

using leptoquark models and the flavor-changing neutral current decay in the top quark sector,14

four fermion interaction of t ! c`i`j at tree level with ` being the SM leptons [8]. The LHCb [9]15

experiment reported recent flavor anomalies in B meson decays, renewing interest in the search16

for CLFV.17

Recently, the ATLAS Collaboration has performed a search for CLFV in µtqt interactions using18

140 fb�1 of data at
p

s = 13 TeV [10]. The events with two muons, hadronically decaying t19

lepton (th), and at least one jet among which one is identified as b jet are used, and the upper20

limit of B(t ! µtq) < 8.7 ⇥ 10�7 is set, where q could be u quark or c quark. The CMS21

Collaboration has performed searches for CLFV in di- and tri-lepton final states [11, 12] and22

reported the upper limits on branching fractions ranges from 10�6 to 10�8.23

In this analysis, we aim to search for CLFV associated with top quark production and decay24

using data collected by the CMS detector at a center-of-mass energy of 13 TeV, corresponding25

to an integrated luminosity of 138 fb�1. We consider final states with two oppositely charged26

leptons (a muon and th), and an up-type quark (u or c).27

The decision to exclude electron final state from this analysis is based on several key consider-28

ations. The final state with a muon and a tau provides a cleaner signal due to lower different29

type of backgrounds compared to electrons. For example in our final state we eliminated the30

QCD multi jet events. Electrons are subject to higher rates of misidentification and greater31

contamination from photon conversions and jet misidentification, which can complicate the32

analysis.33
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Figure 1: Feynman diagrams for single top production (left), tt decay (center) LFV processes,
and tree level diagram of LFV interaction vertex (right).

This analysis focuses on the single top quark production (ST LFV) and the decay of a top quark34

in a top quark pair production (TT LFV) as described in Figure 1. The signal events are mod-35

• Background Estimation: 
•Prompt backgrounds rely on the simulation 
•Jets mis-identified as hadronic taus is 
estimated with data based estimation

Pre-fit Pre-fit

NEW

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-22-011/
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Signal and background events are classified using a 
single deep neural network (DNN).

DNN Score =
0.1 × P(TT LFV) + 0.9 × P(ST LFV)

P(SM Background)
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Background
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Post-fit

NEW

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-22-011/
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The data are found to be consistent with the standard model expectation. 

• Upper limits at 95% CL are set for different interaction operators

The upper limits:

Interaction Type Obs. (exp.) � (fb) Obs. (exp.) Ctqµ⌧/⇤2
(TeV

�2
) Obs. (exp.) B(t ! µ⌧q)(10�6

)

tuµ⌧

Scalar
2.039 (2.337) 0.182 (0.194) 0.04 (0.046)

[1.574, 3.594] [0.16, 0.241] [0.031, 0.071]

Vector
2.384 (2.746) 0.09 (0.096) 0.078 (0.09)

[1.857, 4.213] [0.079, 0.119] [0.061, 0.138]

Tensor
2.834 (3.326) 0.045 (0.049) 0.118 (0.138)

[2.257, 5.063] [0.04, 0.06] [0.094, 0.211]

tcµ⌧

Scalar
4.269 (5.02) 0.817 (0.886) 0.81 (0.953)

[3.291, 8.142] [0.717, 1.128] [0.625, 1.545]

Vector
7.213 (8.552) 0.419 (0.457) 1.71 (2.027)

[5.663, 13.734] [0.372, 0.579] [1.342, 3.255]

Tensor
7.927 (9.633) 0.188 (0.207) 2.052 (2.494)

[6.427, 15.2] [0.169, 0.26] [1.664, 3.936]

Table 1: Caption describing the table.
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NEW

The exclusion contours of one 
dimensional limits on Wilson 
coefficients:

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-22-011/
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LHC as a top quark factory provides excellent opportunity to search for rare top 
quark decays.  

We searched for FCNC and cLFV, so far the results are in agreement with SM. 

Limits on the branching fractions of O(10–6) or even smaller have been derived.  

CMS collaboration continue analysing events with top quark production and 
decays.

Conclusion

Stay tuned for Run3 results !
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The data are found to be consistent with the standard model expectation.

Search for FCNC: tHq, H→ZZ, WW, ττ

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-22-002/
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PLB 776 (2018) 402

 coupling ( 125 GeV Higgs ) qiqjh ∝ − yij sinγ + ρij cosγ

 coupling ( exotic Higgs )qiqjH ∝ yij cosγ + ρij sinγ

yij = 2miδij /v

New Scalar Bosons in FCNC with g2HDM

   

(Planck 2013)

Yobs
B = n(B) − n(B )

s
= 8.59 × 10−11

Impact on  and  
on Baryon Asymmetry

ρtc ρtt

• 2HDM introduces five scalar bosons:  

•  symmetry is dropped in 2HDM to allow FCNC                                               
 generalized 2HDM (g2HDM) 
• Many parameters and extra processes arise.   

• Alignment ( ) emerges when no  symmetry  and all 
extra Higgs quartic couplings are   

• h becomes  

• No HVV, AVV interactions.  
• Suppresses FCNC interactions for h but allows FCNC for H and A 

• Electroweak baryogenesis, lack of FCNC (e.g.  or 
), … could be explained.  

• sub-TeV  bosons may still exist  
  <  (opposite assumption to that of EFT).

H±, H, h, A
ℤ2
→

cos γH−h ≈ 0 ℤ2
𝒪(1)

h125

t → ch125/uh125
h125 → μτ/eτ

H±, H, A
⟷ ΛNP 𝒪(10 TeV )

SM@LHC 2024 Efe Yazgan

Search for FCNC: tHq 
with g2HDM

Phys. Lett. B 850 (2023) 138478
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Slide from Efe Yazgan

http://dx.doi.org/10.1016/j.physletb.2024.138478
https://twiki.cern.ch/twiki/pub/CMS/TopAnalysisSummarySlides/TOP-22-010_Summary_Slides.pdf

