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•Lepton flavour violation: Combined result of R(D) and R(D*) anomalies, 3.3  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 
ratio ~1. 

Rare top quark decays such as flavour changing neutral current (FCNC) are 
highly suppressed, due to Glashow-Iliopoulos-Maiani mechanism 

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

Introduction

https://hflav-eos.web.cern.ch/hflav-eos/semi/summer23/html/RDsDsstar/RDRDs.html
https://arxiv.org/abs/2308.06230
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This talk covers …

Flavour-changing neutral currents (FCNC) 
• tqZ  ATLAS TOPQ-2019-06  L=139 fb-1 

• tq   CMS TOP-21-013.  L=138 fb-1γ • tqH (H-> ) (ATLAS)ττ

Charged lepton flavour violation (cLFV) 
• tq ATLAS-CONF-2023-001 L=139 fb-1  
• tq CMS TOP-22-005 L=138 fb-1

μτ
eμ

not covers …

See talk from Robert Orr 
Measurement of Higgs FCNCs 
and anomalous couplings

See talk from Maria Moreno Llacer 
Single top measurements including 
CKM measurements

•All signal models based on EFT with dim-6 operators



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 ~ 10-12 –10-17 
•Any excess is a hint for Beyond the SM
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TOPQ-2019-06   
L=139 fb-1Search for tqZ FCNC

•3 leptons, invariant mass of the opposite-sign 
leptons is within the Z mass window, jets, and b-
tagging with DL1r algorithm 

•top quarks and W boson are reconstructed by  
minimization 

•Reconstructed top quark masses are required to 
be within 172.5 GeV +/- 2 resolution 

•Backgrounds are estimated by MC prediction 
•CR and side bands to handle normalization and 
systematic uncertainties 
•  (OSOF), Z (  4 jet, == 2 b-jet), and two side 
bands by inverting constraints on reconstructed 
mass

𝜒2

tt tt ≥

•SR2 : Targeting single top production 
1 or 2 jets, exactly 1 b-tagged

•SR1 : Targeting FCNC process in  decays  
 2 jet, exactly 1 b-tagged

tt̄
≥

Phys. Rev. D 108 (2023) 032019.

5



TOPQ-2019-06   
L=139 fb-1Search for tqZ FCNC

MVA (GBDT) are used to better separate signal from background events in 
the SRs 
The data are in good agreement with the SM expectations, and no evidence 
of a signal is found. 

These results for t → Zu (t → Zc) improve on the previous observed limits 
from ATLAS by a factor of 3 (2), and on the previous expected limits by a 
factor of 5 (3).
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Single top production -> t + 𝛄 FCNC decay in top pair 
production ->t + 𝛄 + q
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Figure 1: LO Feynman diagrams for the production of a single top quark in association with
a photon (left), and the decay of a top quark to a photon and a light quark in top quark pair
production (right) via a tqg FCNC, where q = u, c. The leptonic decay of the W boson from the
top quark decay is included. Analogous diagrams depicting the SM decay of the top antiquark
are also accounted for. The FCNC interaction vertex is marked as a filled red circle.

leptonic decays of tau leptons also being included. The data for this analysis were collected by40

the CMS detector at the LHC between 2016–2018 in pp collisions at a center-of-mass energy of41 p
s =13 TeV, and correspond to an integrated luminosity of 138 fb�1.42

2 The CMS detector43

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-44

ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip45

tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintilla-46

tor hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward47

calorimeters extend the pseudorapidity (h) coverage provided by the barrel and endcap de-48

tectors that improve the measurement of the imbalance in transverse momentum (pT). Muons49

are detected in gas-ionization chambers embedded in the steel flux-return yoke outside the50

solenoid. In the barrel section of the ECAL, an energy resolution of about 1% is achieved for51

unconverted or late-converting photons that have energies in the range of tens of GeV. The52

remaining barrel photons have a resolution of about 1.3% up to a pseudorapidity of |h| = 1,53

rising to about 2.5% at |h| = 1.4 [15]. Events of interest are selected using a two-tier trigger sys-54

tem. The first level (L1), composed of custom hardware processors, uses information from the55

calorimeters and muon detectors to select events in a fixed time interval of less than 4 µs [16].56

The second level, called the high-level trigger, further decreases the event rate from around57

100 kHz to less than 1 kHz before data storage [17]. A more detailed description of the CMS58

detector, together with a definition of the coordinate system used and the relevant kinematic59

variables, can be found in Ref. [18].60

3 Data and simulated samples61

To account for the changes in conditions related to the CMS detector over the three years in62

which the data were taken, the data from each year are analyzed independently with the cor-63

responding corrections and calibrations.64

Signal events and background processes are simulated for each of the three data-taking years65

using various Monte Carlo (MC) generator packages. The signal samples corresponding to ST66

production associated with a photon, and tt production with an FCNC decay of one of the67
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Figure 1: LO Feynman diagrams for the production of a single top quark in association with
a photon (left), and the decay of a top quark to a photon and a light quark in top quark pair
production (right) via a tqg FCNC, where q = u, c. The leptonic decay of the W boson from the
top quark decay is included. Analogous diagrams depicting the SM decay of the top antiquark
are also accounted for. The FCNC interaction vertex is marked as a filled red circle.

leptonic decays of tau leptons also being included. The data for this analysis were collected by40

the CMS detector at the LHC between 2016–2018 in pp collisions at a center-of-mass energy of41 p
s =13 TeV, and correspond to an integrated luminosity of 138 fb�1.42

2 The CMS detector43

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-44

ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip45

tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintilla-46

tor hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward47

calorimeters extend the pseudorapidity (h) coverage provided by the barrel and endcap de-48

tectors that improve the measurement of the imbalance in transverse momentum (pT). Muons49

are detected in gas-ionization chambers embedded in the steel flux-return yoke outside the50

solenoid. In the barrel section of the ECAL, an energy resolution of about 1% is achieved for51

unconverted or late-converting photons that have energies in the range of tens of GeV. The52

remaining barrel photons have a resolution of about 1.3% up to a pseudorapidity of |h| = 1,53

rising to about 2.5% at |h| = 1.4 [15]. Events of interest are selected using a two-tier trigger sys-54

tem. The first level (L1), composed of custom hardware processors, uses information from the55

calorimeters and muon detectors to select events in a fixed time interval of less than 4 µs [16].56

The second level, called the high-level trigger, further decreases the event rate from around57

100 kHz to less than 1 kHz before data storage [17]. A more detailed description of the CMS58

detector, together with a definition of the coordinate system used and the relevant kinematic59

variables, can be found in Ref. [18].60

3 Data and simulated samples61

To account for the changes in conditions related to the CMS detector over the three years in62

which the data were taken, the data from each year are analyzed independently with the cor-63

responding corrections and calibrations.64

Signal events and background processes are simulated for each of the three data-taking years65

using various Monte Carlo (MC) generator packages. The signal samples corresponding to ST66

production associated with a photon, and tt production with an FCNC decay of one of the67

• Final states including the muon and electron 

SR1(Njets = 1;Nb = 1) SR2 (Njets ≥ 2;Nb = 1)

• tt  ( 2 b-jet), Z/W  ( 1 light jet) CR-> Fit to data gives normalization SF 
• Jet->  fake: ABCD using photon isolation and shower shape 
• Jet-> lepton fake: Fake rate using loose lepton identification 
•  ->  fake: Correction factors are calculated in CR with Z mass window

𝛾 ≥ 𝛾 ≥
𝛾

𝑒 𝛾

Data based background estimation 

7



BDT
0.3− 0.2− 0.1− 0 0.1 0.2 0.3D

at
a/

Pr
ed

.

0.5
1

1.5
0.3− 0.2− 0.1− 0 0.1 0.2 0.3

Ev
en

ts

1
10

210

310

410

510

610

710

810 Data γtt
syst.⊕Stat. jetsγZ

(t-,tW-,s-)γt γVV
jetsγW γ →jet 
γ →e  e→jet 

 = 0.1cγtκST 

 (13 TeV)-1+e, 1jet [1 b jet]  138 fbγ

CMS
Preliminary

BDT
0.3− 0.2− 0.1− 0 0.1 0.2 0.3D

at
a/

Pr
ed

.

0.5
1

1.5
0.3− 0.2− 0.1− 0 0.1 0.2 0.3

Ev
en

ts

1
10

210

310

410

510

610

710

810 Data γtt
syst.⊕Stat. jetsγZ

(t-,tW-,s-)γt γVV
jetsγW γ →jet 
γ →e µ →jet 

 = 0.1cγtκST 

 (13 TeV)-1, 1jet [1 b jet]  138 fbµ+γ

CMS
Preliminary

BDT
0.3− 0.2− 0.1− 0 0.1 0.2 0.3D
at

a/
Pr

ed
.

0.5
1

1.5
0.3− 0.2− 0.1− 0 0.1 0.2 0.3

Ev
en

ts

1
10

210

310

410

510

610

710

810 Data γtt
syst.⊕Stat. jetsγZ

(t-,tW-,s-)γt γVV
jetsγW γ →jet 
γ →e  e→jet 

 = 0.01cγtκTT 

 (13 TeV)-1+e, >1jet [1 b jet]  138 fbγ

CMS
Preliminary

BDT
0.3− 0.2− 0.1− 0 0.1 0.2 0.3D

at
a/

Pr
ed

.

0.5
1

1.5
0.3− 0.2− 0.1− 0 0.1 0.2 0.3

Ev
en

ts

1
10

210

310

410

510

610

710

810 Data γtt
syst.⊕Stat. jetsγZ

(t-,tW-,s-)γt γVV
jetsγW γ →jet 
γ →e µ →jet 

 = 0.01cγtκTT 

 (13 TeV)-1, >1jet [1 b jet]  138 fbµ+γ

CMS
Preliminary

Search for tq  FCNCγ
FCNC t-γ CMS PAS TOP-21-013

Most important uncertainty sources
Non-prompt γ, normalizations of Zγ+ jets and Wγ+ jets, misidentified γ

Limits obtained by combining SR1 and SR2

Improvement w.r.t. 8 TeV (19.8 𝒇𝒃−𝟏) CMS result
✓ FCNC top decay mode, e channel, int. luminosity 
✓ Factor 10/100 improvement in limits on BR(t→uγ)/BR(t→cγ)

1511.03951

5

Strategy          Multivariate classification based on BDT
➢ 13 input variables

➢ Separate BDTs for tuγ/tcγ channels

Most important ones
SR1: 𝑝T

𝛾, ΔR(ℓ,b-jet), 𝑚𝑡𝑜𝑝, ΔR(top,γ)
SR2: 𝑚𝑗𝑒𝑡+γ, 𝑝T

𝛾, 𝑚𝑡𝑜𝑝, ΔR(ℓ,b-jet), ΔR(ℓ,γ)
•No significant deviation is observed over the 
predicted standard model background. 


•Observed (expected) upper limits are set on the 
branching fractions of top quark decays.


• Limits obtained by combining two signal regions 

Best limits

CMS PAS TOP-21-013   
L=138 fb-1

8

MVA (BDT) are used to better separate signal 
from background events in the SRs



Process SM ATLAS CMS ATLAS ref. CMS ref.

t -> uH 2 x 10-17 6.9 x 10-4 (   ) 
7.7 x 10-4  (bb)

1.9 x 10-4 (   ) 
7.9 x 10-4 (bb) JHEP 06 (2023) 155 (   ) 

JHEP 07 (2023) 199 (bb) 

Phys. Rev. Lett. 129 
(2022) 032001 (   ) 
JHEP 02 (2022) 169 (bb)t -> cH 3 x 10-15 9.4 x 10-4 (   ) 

12 x 10-4  (bb)
7.3 x 10-4 (   ) 
9.4 x 10-4 (bb)

t -> uZ 8 x 10-17 6.2 x 10-5 2.4 x 10-4 (36 fb-1) Phys. Rev. D 108 (2023) 
032019 CMS PAS-TOP-17-017

t -> cZ 1 x 10-14 13 x 10-5 4.5 x 10-4 (36 fb-1)

t -> u 3.7 x 10-16 0.85 x 10-5 0.95 x 10-5 Phys. Lett. B 842 (2023) 
137379 CMS PAS-TOP-21-013

t -> c 4.6 x 10-14 4.2 x 10-5 1.51 x 10-5

t -> ug 3.7 x 10-14 0.61 x 10-4 0.2 x 10-4 (7+8 
TeV) Eur. Phys. J. C 82 (2022) 334 JHEP 02 (2017) 028

t -> cg 4.6 x 10-12 3.7 x 10-4 4.1 x 10-4 (7+8 TeV)

• Table is taken from Jiwon Park’s presentation

Summary of FCNC involving top quark results at LHC
• Couplings: tqH, tq , tqZ, tqg (q = up or charm) 

•Results with Luminosity 138-139 fb-1 are presented 
•Only left-handed interactions are quoted 
•All observed limits approach the order of 10-4-10-5

γ

Covered in this talk
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ττ γγ
ττ γγ

ττ γγ γ

γ
γ

https://link.springer.com/article/10.1007/JHEP06(2023)155
https://link.springer.com/article/10.1007/JHEP07(2023)199
https://doi.org/10.1103/PhysRevLett.129.032001
https://doi.org/10.1007/JHEP02(2022)169
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.032019
http://cds.cern.ch/record/2292045?ln=en
https://doi.org/10.1016/j.physletb.2022.137379
http://cds.cern.ch/record/2851857?ln=en
https://link.springer.com/article/10.1140/epjc/s10052-022-10182-7
https://link.springer.com/article/10.1007/JHEP02(2017)028
https://indico.desy.de/event/34916/contributions/147215/


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


Search for cLFV: tqμτ ATLAS-CONF-2023-001 
L=139 fb-1 

single-top-quark 
production with a cLFV 
process in the 𝑡-channel

single-top-quark 
production with a 
cLFV process in 
the 𝑠-channel

top-quark pair production 
with a cLFV top-quark 
decay process

SR1 SR2

 1 jet>  1 jet=

SS muons, 1 hadronic 𝜏

exactly 1 b-jet

SS muons, 1 hadronic 𝜏

exactly 1 b-jet
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Search for cLFV: tqμτ ATLAS-CONF-2023-001 
L=139 fb-1 

Data based background estimation  
•Measured SF of fake tau events in CR  (OS muon) 
•Non-prompt muon contribution estimated by the fit in CRtt  ( )

𝜏
𝜇 𝑒𝜇𝜇
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ATLAS-CONF-2023-001 
L=139 fb-1 Search for cLFV: tq μτ

Observed event yields in SRs 
and CR𝑡𝑡 ̄𝜇 are compared to 
post-fit expectations from 
Monte Carlo simulations.


No evidence for a signal is found and tight limits on Wilson 
coefficients were achieved. The Wilson coefficient limits are 
translated into an observed upper limit on the 𝑡 → 𝜇𝜏𝑞 decay 

branching ratio, which is set at the 95% confidence level:

BR(𝑡 → 𝜇𝜏𝑞) < 11×10−7 
13



Search for cLFV: tqeμ CMS TOP-22-005  
L=138 fb-1

Analysis signature 
Opposite-Charge eµ pair 
Third lepton coming from leptonic top quark decay 
One b-jet,  
one/zero light jet (u/c)

Model-independent, effective field theory (EFT) approach

14

ProductionDecay
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Search for cLFV: tqeμ CMS TOP-22-005  
L=138 fb-1
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Data based background estimation  
•Prompt backgrounds rely on the simulation 
•Nonprompt backgrounds estimated by data-driven “Matrix method” 
•Estimated events are validated using control/validation regions
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Search for cLFV: tqeμ
• 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

The one-dimensional limits

The two-dimensional limits
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The data are found to be consistent with 
the standard model expectation.
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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. 

ATLAS and CMS collaborations continue analysing events with top quark 
production and decays. 

There are still channels to be checked.

Conclusion

Stay tuned for up coming analysis !


