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5) Violation of Lorentz invariance: 
e.g. string theory, LQG 

TOP-22-007

- Extensions of the SM thought to solve hierarchy problem, provide dark matter 
candidates, etc. 

- Many of the BSM models are assigning a special role to the top quark, 
because of its large mass and Yukawa coupling close to 1 

- This talk shows CMS results in top quark final states covering a wide range of 
BSM models, made public since previous LHCP edition

1) FCNC:  
e.g. 2HDM, SUSY 
TOP-21-013

2) Φ (pseudo)scalar:  
e.g. NMSSM 
EXO-21-018

3) W’ boson:  
e.g. L-R symmetric models, SUSY, UED 

B2G-20-012

4) Excited quarks:  
e.g. composite models 

B2G-21-005

BSM realm
New for LHCP



Searches for tqγ (q=u,c) FCNC coupling
 CMS-PAS-TOP-21-013
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ST region TT region
exactly 1 jet, required to 
be b-tagged (deepCSV)

≥2 jets, among 
which exactly 1 b-jet

+Control regions: ttγ (≥2 jets, 2 b-
jets), Wγ (≥1 jet, 0 b-jet, high mlγ), 
Zγ (≥1 jet, 0 b-jet, low mlγ)
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all other processes are zero
Each limit assumes that

- SM tγq (q=u,c) couplings via loops: suppressed by the 
GIM mechanism, any observed signal = discovery 

- Limits on FCNC approaching BSM expectations

- Photon: pT>30 GeV in the ECAL barrel, away from leptons  
- pTmis > 30 GeV 
- Electron channel only: veto 80<|meγ-mZ|<100 GeV

Single lepton channel: 1 e (μ) with pT>35 (30) GeV
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- Jets faking photons: from data with ABCD method, 
using charged hadron isolation and cluster shape 

- Jets faking leptons: from data by extrapolating 
from region with relaxed isolation 

- Electrons misidentified as photons: from Z events 
with |meγ-mZ|<10 GeV
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(FCNC signal NLO 
normalization) 
Best limits on t→cγ

Combined Obs. limit Exp. limit ±1s (exp. limit) ±2s (exp. limit)
ktug 6.2 ⇥ 10�3 6.9 ⇥ 10�3 (5.9 � 8.4)⇥ 10�3 (5.1 � 10.1)⇥ 10�3

ktcg 7.7 ⇥ 10�3 7.8 ⇥ 10�3 (6.7 � 9.7)⇥ 10�3 (5.7 � 11.5)⇥ 10�3

B(t ! u + g) 0.95 ⇥ 10�5 1.20 ⇥ 10�5 (0.89 � 1.78)⇥ 10�5 (0.64 � 2.57)⇥ 10�5

B(t ! c + g) 1.51 ⇥ 10�5 1.54 ⇥ 10�5 (1.13 � 2.37)⇥ 10�5 (0.81 � 3.32)⇥ 10�5

Discriminant: BDT 
- inputs variables: kinematics 
- lepton charge for tuγ 
- FCNC against ttγ, Wγ, diboson 

processes



Search for tt+(pseudo)scalar boson
CMS-PAS-EXO-21-018
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ttbar+Φ multi lepton final state: 
- target 3 or 4 leptons + (b) jets  
- Electrons/muons with at least pT > 10 GeV, tau pT>20 GeV  
- Jets pT>30 GeV, b-jets identified with deepCSV 
- Exclude Z region: 75<mΦ<108 GeV for e/μ (large background from Z production)

- Consider scalar or pseudo-scalar Φ (effective 
coupling), narrow-width assumption 

- Searches in ttbar+Φ mode motivated if Φ has Yukawa-
like couplings 

- Probing the region 10<mΦ<350 GeV

13 signal regions: 
- Use 1L2T, 1L3T, 2L1T, 2L2T, 3L, 3L1T, 4L channels (L= e,μ; T=τh)  
- Selection on ST (scalar sum pT of leptons, jets, pTmis), minimum lepton pT, 

invariant mass of all leptons 
- Minimum number of jets and b-jets,  

Control regions: ttZ, dibosons, e/μ/τh misid.
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- Low mass: best results from Φ→μμ 
- First limits in this mass range for ttΦ,Φ→ττ 
- Improvement wrt EXO-19-002: x2-3 at mΦ<50 GeV 
- This analysis also set limits on WΦ, ZΦ
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Search for tt+(pseudo)scalar boson
CMS-PAS-EXO-21-018

Dilepton mass distributions in the 
SR used to extract the signal: Scalar,

Φ→μμ

Scalar
Φ→ττ

Pseudo-
scalar
Φ→μμ

Pseudo-
scalar
Φ→ττ
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Search for W’→tb in leptonic final states
CMS-PAS-B2G-20-012
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- This search: 2<mW’<6 TeV (previous mW’<3 TeV) 
- Coupling to left-handed, right-handed, or equal left/

right coupling to fermions 
- Scenarios for the W’ width: 1,10,20,30% 
- WL’ Interference with SM s-channel included

Single lepton channel: e (μ) pT>50 (55) GeV 
- Backgrounds: W+jets, QCD, ttbar, single top 
- ≥2 ak8 jets with pT>170 GeV, and pTmis >120 

GeV to reduce QCD 

- ≥2 ak4 jets with pT>300,150 GeV for 
reconstructing the final state; b-jets identified 
with DeepJet tagger. 

- Top quarks and W’ reconstruction assuming 
W nominal mass constraint 

- Categories: 0, 1 (from top or W’) or ≥2 b jets 
- Background estimated with ABCD method 

using mak8,W’ vs mtop
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Search for W’→tb in leptonic final states
CMS-PAS-B2G-20-012

- Discriminant: 
invariant mass of 
lvjj system 

- Limits with 1% width 
mW’> ~4 TeV, 10% 
width mW’> ~2.5 TeV 

- RH signal 3.8 TeV, 
width 1%: 2.6σ local 
excess (2.0σ global)
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Search for heavy tW resonances
CMS-PAS-B2G-21-005
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- Signal b* left-handed, right-handed, vector-like 
- Lepton+jets final state targeting t→W(lv)+b, associated W→qq’ 

- Top reconstruction: non-isolated lepton with pT>53 GeV, at least 
1 ak4 b-jet (DeepJet), use nominal mW constraint with pTmis 

- W reconstruction: Large radius ak8 jet, N-subjettiness, soft-drop 
mass

Main backgrounds:  
- ttbar (simulation normalised from CR),  
- QCD multijets (estimated from data with 

likelihood-based ABCD method) 

Categories:  
- low- and high-mass SR (depending on pTmis 

and mTW criteria), 
- ttbar CR (top-tagging)
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Search for heavy tW resonances
CMS-PAS-B2G-21-005

- Discriminant: invariant mass of tW system 
- Main uncertainties: jet energy resolution, W tagging 
- Limits: mb*> 2.4 (LH), 2.8 (RH), 3.1 (LH+RH) TeV
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Summary for tW resonances:
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Searches for violation of Lorentz 
invariance with tt

CMS-PAS-TOP-22-007
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2

coefficients in the corresponding sectors. Each entry in
the summary tables is obtained under the assumption
that only one coefficient is nonzero. The summary tables
therefore provide information about the overall search
depth and breadth, at the cost of masking the search
refinement.
In addition to the data tables and the summary ta-

bles, we also provide 14 properties tables listing some
features and definitions of the SME and the coefficients
for Lorentz violation. The Lagrange densities for the
minimal QED extension in Riemann spacetime, for the
minimal SME in Riemann-Cartan spacetime, for a non-
minimal Dirac fermion in Minkowski spacetime, and for
the nonminimal photon sector in Minkowski spacetime
are provided in tabulated form. The mass dimensions
of the operators for Lorentz violation and their prop-
erties under the various discrete spacetime transforma-
tions are displayed. Standard combinations of SME co-
efficients that appear in the literature are listed. Along
with the data tables and the summary tables, the prop-
erties tables can be used to identify open directions for
future searches. Among these are first measurements of
unconstrained coefficients, improved sensitivities to con-
strained coefficients, and studies disentangling combina-
tions of coefficients.
The organization of the tables is as follows. Table 1

contains a list of all tables. The four summary tables are
presented next, Tables S2–S5. These are followed by the
33 data tables, Tables D6–D38. The 14 properties tables
appear last, Tables P39–P52.
A description of the summary tables is given in Sec.

II. Information about the format and content of the data
tables is presented in Sec. III, while Sec. IV provides an
overview of the properties tables. The bibliography for
the text and all the tables follows Sec. IV.

II. SUMMARY TABLES

The four summary tables (Tables S2–S5) list maximal
experimental sensitivities attained for coefficients in the
matter, photon, neutrino, and gravity sectors of the min-
imal SME. To date, there is no confirmed experimental
evidence supporting Lorentz violation. A few measure-
ments suggest nonzero coefficients at weak confidence
levels. These latter results have been excluded in con-
structing the summary tables but are listed in the data
tables. Also excluded are results based on the reported
6σ difference between the speeds of muon neutrinos and
light in the OPERA experiment [8], which has since been
identified as a systematic effect [9].
In the four summary tables, each displayed sensitivity

value represents our conservative estimate of a 2σ limit,
given to the nearest order of magnitude, on the modulus
of the corresponding coefficient. Our rounding conven-
tion is logarithmic: a factor greater than or equal to 100.5

FIG. 1: Standard Sun-centered inertial reference frame [10].

rounds to 10, while a factor less than 100.5 rounds to 1.
In a few cases, tighter results may exist when suitable
theoretical assumptions are adopted; these results can
be found in the data tables that follow.
Where observations involve a linear combination of the

coefficients appearing in the summary tables, the dis-
played sensitivity for each coefficient assumes for definite-
ness that no other coefficient contributes. Some caution
is therefore advisable in applying the results in these sum-
mary tables to situations involving two or more nonzero
coefficient values. Care in applications is also required
because under some circumstances certain coefficients
can be intrinsically unobservable or can be absorbed into
others by field or coordinate redefinitions, as described
in Sec. IV A.
In presenting the physical sensitivities, we adopt nat-

ural units with ! = c = ϵ0 = kB = 1 and express mass
units in GeV. Our values are reported in the standard
Sun-centered inertial reference frame [10] widely used in
the literature. This frame is illustrated in Fig. 1. The ori-
gin of the time coordinate T is at the 2000 vernal equinox.
The Z axis is directed north and parallel to the rotational
axis of the Earth at T = 0. The X axis points from the
Sun towards the vernal equinox, while the Y axis com-
pletes a right-handed system. Some further details about
this frame, including transformations to other standard
frames, can be found in Section III A and Appendix C
of Ref. [11].
Table S2 lists the maximal attained sensitivities in-

volving electrons, protons, neutrons, and their antiparti-
cles. For each distinct massive spin-half Dirac fermion in
the minimal SME in Minkowski spacetime, there are 44
independent observable combinations of coefficients for
Lorentz violation in the nonrelativistic limit. Of these,

Report the measurement in the Sun-centered frame: 
- CMS frame is rotating daily around the earth Z-axis, 
=> modulation of the top-antitop cross section with 
sidereal time

Lorentz-violating Standard Model Extension (SME):
- Motivated by String theory or Loop quantum gravity 
- Add all Lorentz-violating operators to the SM Lagrangian 
- Tested in many sectors, but only once with top quarks (D0, 

PRL 108 (2012) 261603))
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top, en me concentrant sur la production de top solitaire.

4.1. Les symétries globales en théorie quantique des champs

Cette section présente brièvement les symétries fondamentales de la théorie quantique des
champs que nous utiliserons dans ce chapitre. Il s’agit des symétries globales suivantes : l’in-
variance de Lorentz et les symétries discrètes de parité (P), renversement temporel (T) et
conjugaison de charge (C). Le théorème CPT sera ensuite exposé. Contrairement aux symétries
locales (ou symétries de jauge), les transformations liées aux symétries globales s’appliquent de
la même manière en chaque point de l’espace-temps. Les développements qui suivent s’inspirent
principalement des livres de Maggiore [273] et Weinberg [274].

4.1.1. Le rôle central de la symétrie de Lorentz. La symétrie de Lorentz est au cœur
des théories relativistes comme la théorie quantique des champs. C’est la symétrie des coor-
données de l’espace-temps ; ses représentations permettent aussi la classification des particules.
Enfin, les lois physiques qui gouvernent la physique des particules respectent l’invariance de
Lorentz (c’est la covariance de Lorentz).

4.1.1.1. Symétrie de l’espace-temps. Le principe de relativité d’Einstein stipule que les lois
physiques ont la même expression quel que soit le référentiel inertiel. Il se traduit par l’invariance
des intervalles spatio-temporels relativistes :

gµ⌫dxµdx⌫
= gµ⌫dx0µdx0⌫

où gµ⌫ est la métrique de Minkowski, xµ et x0µ les coordonnées dans deux référentiels inertiels.
Cette équation est satisfaite par les transformations du groupe de Poincaré (ou groupe de
Lorentz inhomogène) :

xµ 7! x0µ
= ⇤

µ
⌫x

⌫
+ tµ

où ⇤

µ
⌫ est une transformation de Lorentz et tµ une translation. On montre aisément que

det(⇤)

2
= 1 et (⇤

0
0)

2 � 1. Le groupe de transformations pour lequel det(⇤) = 1 et ⇤

0
0 � +1

est appelé groupe de Lorentz propre et orthochrone (ou "réduit"). Toutes les transforma-
tions de Lorentz peuvent s’écrire soit comme une transormation propre et orthochrone, soit
comme le produit d’une telle transformation et d’une transformation discrète P, T, ou PT, avec
P = diag(1, �1, �1, �1) la réflexion spatiale et T = diag(�1, 1, 1, 1) l’inversion temporelle. Par
la suite, on utilisera le vocable de groupe de Lorentz pour désigner le groupe de Lorentz réduit.

Les générateurs d’un groupe continu peuvent être exhibés par l’étude de ses transforma-
tions infinitésimales. Toute transformation du groupe de Lorentz réduit peut être décomposée
en rotations et en boosts de Lorentz.

4.1.1.2. Les particules comme représentations du groupe de Lorentz. Depuis le travail de
Wigner [275], les particules sont classifiées à l’aide des opérateurs de Casimir du groupe de
Poincaré (qui commutent avec tous les générateurs), selon leur masse (nulle ou non-nulle) et
leur spin.

A chaque type de particule correspond un champ (en théorie quantique des champs), qui ré-
pond à des lois de transformation suivant les représentations irréductibles du groupe de Lorentz.
Leur expression est la solution d’équations du mouvement. Par exemple, un champ scalaire (re-
présentation de spin 0) de masse non nulle satisfait l’équation de Klein-Gordon.

4.1.1.3. Invariance de Lorentz et lagrangien. Dans la formulation lagrangienne de la théorie
quantique des champs, l’action S est un scalaire de Lorentz S =

R

d4xL. Comme d4x est
invariant de Lorentz, la densité lagrangienne L est aussi un scalaire de Lorentz, qui doit être
le même dans chaque référentiel inertiel : L0

= L. C’est cette dernière condition que nous
relâcherons section 4.3.

Lorentz transformation:

- Rotations
- Lorentz boosts

1. Introduction 1

1 Introduction1

Special relativity is at the basis of modern physics: the standard model (SM), as a relativistic2

quantum field theory, must have a Lorentz-invariant action, and general relativity preserves3

Lorentz invariance locally. The Lorentz group contains rotations and boosts in Minkowski4

spacetime. Models of quantum gravity (e.g., string theory [1] and quantum loop gravity [2])5

can, however, predict breaking of Lorentz invariance at a high energy scale. A quantum theory6

including gravity may be governed by an energy scale lower than the Planck mass, possibly7

at the TeV scale, as suggested in the paradigm of large extra dimensions [3]. Thus, induced8

deviations from Lorentz invariance may be measurable at the LHC.9

The Standard Model Extension (SME) [4, 5] is an effective field theory, in which all operators vi-10

olating Lorentz invariance are added to the SM Lagrangian. Its Wilson coefficients, controlling11

the size of Lorentz invariance breaking, are different for each particle species. While coeffi-12

cients related to photons, neutrons, protons, and neutrinos have been measured precisely [6],13

the quark sector remains constrained at a relatively lower precision. At the CERN LHC, the14

LHCb Collaboration recently searched for violation of Lorentz invariance in B0 and B0
s meson15

mixing [7]. Lorentz invariance was tested with top quarks at the D0 experiment [8], showing16

absence of Lorentz violation with an absolute uncertainty of about 10% on the tested SME co-17

efficients. The proton-proton (pp) collisions provided by the LHC at
p

s = 13 TeV produce top18

quark pairs (tt) with a cross section approximately 100 times higher than that of the Tevatron.19

Studies showed that the precision on top quark SME coefficients have a large potential for im-20

provement at the LHC [9]. In this paper, the first search for Lorentz violation with top quarks21

at the LHC is performed. Signatures for violation of Lorentz invariance involving top quarks22

are parameterized with the SME Lagrangian [10]:23

LSME =
1
2

iȳ(gn + cµngµ + dµng5gµ)
 !
∂n y�mt ȳy, (1)

where y and ȳ are the Dirac fields for top quarks and antiquarks, mt is the top quark mass,24

and cµn and dµn (µ or n = T, X, Y, Z) are SME Wilson coefficients. Unlike the SM fields, cµn and25

dµn are not modified under Lorentz transformations: they are constant 4⇥ 4 matrices, thereby26

breaking Lorentz invariance of the Lagrangian. They indicate preferential direction in space-27

time as seen by top quarks.28

Choosing a reference frame is needed to report measurements of Lorentz-violating coefficients29

(in analogy, for instance, with the measurement of particle energies, which are not invariant30

under Lorentz transformation). By convention, results are reported in the sun-centered frame31

(SCF) [6], with origin at the center of the sun, the Z-axis pointing north parallel to the earth’s32

rotation axis, the X-axis pointing to the intersection of the ecliptic and celestial equator on Jan-33

uary 1st, 2000 (J2000), and the Y-axis completing the direct basis. The SCF can be considered as34

inertial in the lifetime of a physics experiment. The relevant measure of time in such a reference35

frame is called sidereal time. While one rotation period of the earth is equal to approximately36

23h 56min UTC (where UTC seconds are defined from Cesium atomic hyperfine transitions), it37

is defined as being equal to 24 sidereal hours. The CMS detector is moving around the earth’s38

rotation axis during a sidereal day, and so does the beam line direction at the interaction point,39

or the average direction of top quarks produced in the collisions. As a consequence, top quark40

couplings with cµn and dµn will depend on time, resulting in cross sections for top quark pro-41

duction modulating with sidereal time. Searching for such signatures is the goal of this paper.42

We report a search for violation of Lorentz invariance in pp ! tt production at
p

s = 13 TeV,43

using events with one muon and one electron of opposite charge in the final state, stemming44

- SME coefficients: constant matrices (Lorentz-violating)  
- Indicate preferential directions in spacetime

Rotation period of the earth lasts ~23h 56min 4s (UTC 
time ~UNIX time), or 24h, 86400 s (sidereal time)

New for LHCP
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Searches for violation of Lorentz 
invariance with tt

CMS-PAS-TOP-22-007
Selection:
- Dilepton final state: eμ  
- Leading lepton pT>25 GeV, subheading pT>20 GeV 
- ≥ 2 jets with pT>30 GeV and |η| < 2.4  
- Among which ≥ 1 b jet (deepCSV tagger)

ttbar signal

main 
background: 
single top tW

Discriminant observable: number of b jets (good separation between ttbar and tW), 
in bins of sidereal time

Dedicated MC corrections in 
bins of sidereal time:
- Integrated luminosity,  
- Pileup distribution,  
- Trigger efficiencies 
- Other corrections are treated 

independently of sidereal 
time bin
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Direct fit of normalised differential ttbar cross 
section
- Uncertainty is around 2.2% in each time bin 
- Statistical uncertainty accounts for ~0.9%

Treatment of the systematics with sidereal time:
- Uncertainty in pileup, luminosity stability and 

linearity, trigger: evaluated as a function of 
sidereal time, treated as correlated: 
subdominant 

- Other experimental systematics treated as 
uncorrelated, to let the fit find their impact on 
each time bin in data: dominant 

- SM theory, background norm, other luminosity 
uncertainties treated as uniform: cancel almost 
completely in the ratio
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Searches for violation of Lorentz 
invariance with tt

CMS-PAS-TOP-22-007
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Searches for violation of Lorentz 
invariance with tt

CMS-PAS-TOP-22-007

- No significant deviation 
- Improved precision by a factor ~100 
relative to D0 
- Special relativity tested at the 0.1-0.8% 
level with top quarks at the LHC

 (number of b jets -1)×Sidereal hour + 0.25 
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SME signal model (evaluated at LO): 
- Time modulation calculated in bins 

of sidereal time and number of b jets 
- 4 directions tested: XX, XY, XZ, YZ 
- 4 families of coefficients: c, d, cL, cR
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Presented a variety of recent BSM searches using top quarks at CMS:
Searches for tqγ (q=u,c) FCNC coupling:  

- Results at the 10-5 level in BR, best limits on tcγ coupling 
Searches for ttbar+Φ in multilepton final states:  

- Large improvement at low mass in ttΦ,Φ→ee/μμ, first such search for ttΦ,Φ→ττ  
Searches for W’→tb in leptonic final states:  

- Extend range of search from 3 to 6 TeV, limits with 1% W’ width result in mW’> 
~4 TeV 

Search for heavy tW resonances in t→W(lv)+b, associated W→qq’:  
- Complementary to other final states 

Searches for violation of Lorentz invariance with ttbar: 
- First measurement at the LHC, improve by a factor 100 relative to D0 
- Workshop in Belgrade on Monday: https://indico.cern.ch/event/1261662/ 

Perspectives:
- Moving to 13.6 TeV should allow to probe higher mass regime 
- Opens the door to more final states and new scenarios to be tested in the future

Thanks for your attention
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Top quark decay

Top quark decay
- The top quark undergoes electroweak decay to Wb before hadronizing 
- W decays via W→lv or W→qq’, leading to to b + leptons or jets signatures

τ+τ   1%
τ+µ   2%
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µ+e   2
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e+e   
1%

e+jets 15%

µ+jets 15%
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"alljets"  46%
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Top Pair Branching Fractions
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Searches for tqγ (q=u,c) FCNC coupling
 CMS-PAS-TOP-21-013
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(FCNC signal NLO 
normalization) 
Best limits on t→cγ

Combined Obs. limit Exp. limit ±1s (exp. limit) ±2s (exp. limit)
ktug 6.2 ⇥ 10�3 6.9 ⇥ 10�3 (5.9 � 8.4)⇥ 10�3 (5.1 � 10.1)⇥ 10�3

ktcg 7.7 ⇥ 10�3 7.8 ⇥ 10�3 (6.7 � 9.7)⇥ 10�3 (5.7 � 11.5)⇥ 10�3

B(t ! u + g) 0.95 ⇥ 10�5 1.20 ⇥ 10�5 (0.89 � 1.78)⇥ 10�5 (0.64 � 2.57)⇥ 10�5

B(t ! c + g) 1.51 ⇥ 10�5 1.54 ⇥ 10�5 (1.13 � 2.37)⇥ 10�5 (0.81 � 3.32)⇥ 10�5

Limits from ATLAS [2205.02537]:

1. Introduction 1

1 Introduction
In the standard model of particle physics (SM), flavor-changing neutral current (FCNC) inter-
actions are not present at leading order and proceed through loop diagrams which are strongly
suppressed due to the Glashow-Iliopoulos-Maiani (GIM) mechanism [1]. Because of this, the
predicted branching fraction for a top quark decaying into an up or a charm quark and a pho-
ton is of the order of 10�14 [2–4]. Such a branching fraction is too small to be measured by
the LHC experiments. However, within some SM extensions B(t ! q + g), with q = u, c,
can be enhanced significantly. Supersymmetric extension of the SM with R parity violation,
two-Higgs doublet models, and technicolor are examples of models beyond the SM that lead
to an enhancement of B(t ! q + g) by many orders of magnitude with respect to the SM value
[5–7]. As a result, the observation of B(t ! q + g) would provide a hint to models beyond the
SM.

The tqg FCNC interactions can be described by the effective field theory (EFT) framework in
terms of dimension-six operators added to the SM Lagrangian [8]. The most general effective
Lagrangian up to dimension-six operators, Leff, used to describe the FCNC tqg vertex has the
following form:

Leff = �e Â
q=u,c

ktqg q̄(lL
tqg PL + lR

tqg PR)
isµnqn

mt
tAµ + h.c., (1)

where e is the electric charge of the electron, qn is the four-momentum of the photon, mt is
the top quark mass, and PL and PR are the left- and right-handed projection operators. The
strengths of the FCNC couplings are denoted by ktqg which are proportional to Cij/L2, where
Cijs are the Wilson coefficients and L is the energy scale of new physics. In this analysis, no
chirality is assumed for the FCNC interaction of tqg, and |lL

tqg |2 + |lR
tqg |2 = 1. The values of

ktqg vanish in the SM at the tree level.

Searches for FCNC interactions tug and tcg have been performed by several experiments,
with no signal evidence yet. The results of a search for tqg FCNC couplings through single top
quark production in association with a photon by the CMS experiment are B(t ! u + g) <
1.3 ⇥ 10�4, and B(t ! c + g) < 1.7 ⇥ 10�3 [9], based on proton-proton collisions collected at
a center-of-mass energy of 8 TeV corresponding to an integrated luminosity of 19.8 fb�1. The
most stringent limits to date have been obtained by the ATLAS collaboration [10] at a center-
of-mass energy of 13 TeV and corresponding to an integrated luminosity of 139 fb�1:

B(t ! u + g) < 0.85 ⇥ 10�5 (LH) , B(t ! u + g) < 1.2 ⇥ 10�5 (RH),
B(t ! c + g) < 4.2 ⇥ 10�5 (LH) , B(t ! c + g) < 4.5 ⇥ 10�5 (RH), (2)

where LH and RH denote the left-handed and right-handed chiralities, respectively.

This note describes the search for tug and tcg FCNC couplings based on the effective La-
grangian approach introduced in Eq.1. The analysis considers both the production of a single
top quark with a photon, referred to as ST, and the decay of a top quark to a photon and light-
flavor quark (u or c) in top pair production, referred to as TT. The representative Feynman
diagrams at leading order for ST and TT are shown in Fig. 1.

This study focuses on the top quark decays into a W boson and a b quark, followed by the decay
of the W boson to an electron or a muon, and a neutrino, where electrons or muons from the
leptonic decays of tau leptons are included. Results presented in this note are based on the data
taken in proton-proton collisions at a center-of-mass energy of

p
s = 13 TeV, collected by the

sigma [pb] = (96.87 + 136.7 ) * ( k_{tuγ}) ^2 
sigma [pb] = (14.15 + 136.7 ) * ( k_{tcγ})^2

ST FCNC TT FCNC
CMS analysis is sensitive to 
both ST and TT contribution
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Label Channels Q` OSSFn MOSSF Nb ST p3
T M` Dilepton mass

Wf(ee/µµ) SR1Low 3L(eeµ/eµµ) 1 1 OffZ 0 – – < 76, > 106 Mee / Mµµ

Wf(ee/µµ) SR2Low 3L(eee/µµµ) 1 1 OffZ 0 – – < 76, > 106 Mmin
ee /Mmin

µµ

Wf(ee/µµ) SR1High 3L(eeµ/eµµ) 1 1 OffZ 0 > 200 > 15 > 150 Mee / Mµµ

Wf(ee/µµ) SR2High 3L(eee/µµµ) 1 1 OffZ 0 > 200 > 15 > 150 Mmax
ee /Mmax

µµ

Zf(ee/µµ) SRLow 4L+3L1T+2L2T 0 � 1 Not double-OnZ 0 – – – Mmin
ee /Mmin

µµ

Zf(ee/µµ) SRHigh 4L+3L1T+2L2T 0 � 1 Not double-OnZ 0 > 200 – > 150 Mmax
ee /Mmax

µµ

ttf(ee/µµ) SR1Low 3L(eeµ/eµµ) 1 1 OffZ � 1 > 350 – > 100 Mee / Mµµ

ttf(ee/µµ) SR2Low 3L(eee/µµµ) 1 1 OffZ � 1 > 350 – > 100 Mmin
ee /Mmin

µµ

ttf(ee/µµ) SR1High 3L(eeµ/eµµ) 1 1 OffZ � 1 > 400 > 15 > 100 Mee / Mµµ

ttf(ee/µµ) SR2High 3L(eee/µµµ) 1 1 OffZ � 1 > 400 > 15 > 100 Mmax
ee /Mmax

µµ

ttf(ee/µµ) SR3Low 4L+3L1T+2L2T 0 � 1 OffZ – > 350 – – Mmin
ee /Mmin

µµ

ttf(ee/µµ) SR3High 4L+3L1T+2L2T 0 � 1 OffZ – > 400 – – Mmax
ee /Mmax

µµ

Label Channels Q` OSSFn MOSSF Nb ST Nj p3
T M` Dilepton mass

Wf(tt) SR1 3L 1 0 – 0 > 200 – > 15 > 150 Mmin
eµ

Wf(tt) SR2 2L1T+1L2T 1 0 – 0 > 200 – > 30 > 150 Mmin
`t

Wf(tt) SR3 1L2T 1 1 – 0 > 200 – > 30 > 150 Mmin
tt

Zf(tt) SR1 4L+2L2T 0 1 – 0 > 200 – – – Mmin
eµ

Zf(tt) SR2 3L1T 0 1 – 0 > 200 – – – Mmin
`t

Zf(tt) SR2 2L2T 0 0 – 0 > 200 – – – Mmin
`t

Zf(tt) SR3 2L2T 0 2 – 0 > 200 – – – Mmin
tt

ttf(tt) SR1 3L 1 0 – 0 > 400 > 1 > 15 > 100 Mmin
eµ

ttf(tt) SR2 2L1T+1L2T 1 0 – 0 > 400 > 1 > 30 > 100 Mmin
`t

ttf(tt) SR3 1L2T 1 1 – 0 > 400 > 1 > 30 > 100 Mmin
tt

ttf(tt) SR4 3L 1 1 OffZ > 0 > 400 > 1 > 15 > 100 Mmin
eµ

ttf(tt) SR4 3L 1 0 – > 0 > 400 > 1 > 15 > 100 Mmin
eµ

ttf(tt) SR5 2L1T+1L2T 1 0 – > 0 > 400 > 1 > 30 > 100 Mmin
`t

ttf(tt) SR6 1L2T 1 1 – > 0 > 400 > 1 > 30 > 100 Mmin
tt

ttf(tt) SR7 3L1T 0 1 OffZ – > 400 – – – Mmin
`t/tt

ttf(tt) SR7 3L1T 0 0 – – > 400 – – – Mmin
`t/tt

ttf(tt) SR7 2L2T 0 2 OffZ – > 400 – – – Mmin
`t/tt

ttf(tt) SR7 2L2T 0 < 2 – – > 400 – – – Mmin
`t/tt

ttf(tt) SR7 1L3T 0 1 – – > 400 – – – Mmin
`t/tt

Signal regions
CMS-PAS-EXO-21-018CMS-PAS-EXO-19-002

7

Table 2: Multilepton signal region definitions for the ttf signal model. All events containing a
same-flavor lepton pair with invariant mass below 12 GeV are removed in the 3L and 4L event
categories. Furthermore, 3L events containing an OSSF lepton pair with mass below 76 GeV
when the trilepton mass is within a Z boson mass window (91 ± 15 GeV) are also rejected.

Label Nleptons NOSSF MOSSF Nb Variable and range (GeV) Number of bins
ST (GeV) 0–400 400–800 >800

3L(ee/µµ) 0B 3 1 off-Z 0 M20
OSSF [12, 77] 13 13 5

M300
OSSF [106, 356] 10 10 10

3L(ee/µµ) 1B 3 1 off-Z �1 M20
OSSF [12, 77] 13 13 5

M300
OSSF [106, 356] 10 10 10

ST (GeV) 0–400 >400

4L(ee/µµ) 0B �4 �1 off-Z 0 M20
OSSF [12, 77] 3 2

M300
OSSF [106, 356] 3 2

ST inclusive

4L(ee/µµ) 1B �4 �1 off-Z �1 M20
OSSF [12, 77] 3

M300
OSSF [106, 356] 3

(0B) and Nb � 1 (1B) selections, where Nb is the multiplicity of b tagged jets in an event.
Events in the 3L signal channels are further split into 3 ST bins (0–400 GeV, 400–800 GeV, and
�800 GeV) for both Nb selections, those in the 4L signal channels are split into 2 ST (0–400 GeV
and �400 GeV) bins for the 0B selection, and only one inclusive bin in ST is used for the 1B
selection.

This event selection and binning scheme results in a total of 70 (68) statistically independent
low (high) dilepton mass search bins in each of the 3/4L(ee) and 3/4L(µµ) channels for the ttf
signal model, as summarized in Table 2. The signal mass hypotheses that are closer to the mass
bin boundaries than to the bin centers are probed with a modified binning scheme, where the
mass bin boundaries are shifted by half the value of the bin widths.

6 Background estimation and systematic uncertainties

The irreducible backgrounds are estimated using simulated event samples and are dominated
by the WZ, ZZ, ttZ, and Zg processes. The event yields of these processes are obtained from
theoretical predictions, with normalization corrections derived in dedicated control regions as
described below. These estimates for the WZ, ZZ and Zg processes are largely independent of
each other. Since these backgrounds make significant contributions to the ttZ-enriched control
region, the normalization correction for this process is measured after the corresponding cor-
rections have been obtained for the other backgrounds. The normalization correction factors
and their associated uncertainties, which include both statistical and systematic contributions,
take the contamination of events from other processes into account and are applied to the cor-
responding background estimates in the signal regions.

For the WZ and ttZ processes, we select events with exactly three leptons with an on-Z OSSF
pair, and the minimum lepton pT is required to be above 20 GeV to increase the purity of these
selections in the targeted process. For the WZ-enriched selection, we require 50 < pmiss

T <
100 GeV and zero b tagged jets, whereas for the ttZ-enriched selection we require pmiss

T <
100 GeV, ST > 350 GeV, and at least one b tagged jet. Similarly, for ZZ, we select events with
exactly four leptons, pmiss

T < 100 GeV, and two distinct on-Z OSSF lepton pairs. In the WZ- and
ZZ-enriched selections, the simulated event yields are normalized to match those in the data in
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Improvement at low mass by a factor 2-3: 
narrower bin widths in mass spectra and 
improved event selection/categorization criteria
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ETH Zürich

11/02/2011

Nicolas Chanon H → γγ sensitivity studies using RooStats 1 / 7

N. Chanon - Searches for BSM and FCNC with top quarks at CMS - LHCP2023 -  21

Search for heavy tW resonances
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Searches for violation of Lorentz 
invariance with tt
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Total background 11607 13404

Total MC 179247 209277

Data 168282 203584
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Searches for violation of Lorentz 
invariance with tt

CMS-PAS-TOP-22-007
Systematic uncertainty source Correlation 2016–2017 Correlation time bins Magnitude

Flat luminosity, year-to-year correlated part 100% 100% 0.6% (2016), 0.9% (2017)

Flat luminosity, year-to-year uncorrelated part 0% 100% 0.9% (2016), 1.4% (2017)

Time-dependent luminosity stability 0% 100% 0.2% (2016), 0.4% (2017)

Time-dependent luminosity linearity 0% 100% 0.2% (2016), 0.4% (2017)

Time-dependent pileup reweighting 100% 100% 0.3–5%

Time-dependent trigger efficiency, syst. component 0% 100% 0.5–1%

Time-dependent trigger efficiency, stat. component 0% 0% 0.5%

L1 ECAL prefiring 100% 0% 0.5%

Electron reconstruction 100% 0% 0.4%

Electron identification 100% 0% 1.2–2.2%

Muon identification, syst. component 100% 0% 0.3%

Muon identification, stat. component 0% 0% 0.5%

Muon isolation, syst. component 100% 0% <0.1%

Muon isolation, stat. component 0% 0% 0.2%

Phase-space extrapolation of lepton isolation 100% 100% 0.5–1%

Jet energy scale, year-to-year correlated part 100% 0% 0.8%

Jet energy scale, year-to-year uncorrelated part 0% 0% 1.4%

Parton flavor impact on jet energy scale 100% 100% 1.1%

b tagging 0% 0% 2–4%

Matrix element scale 100% 100% 0.3–6%

PDF+a
S

100% 100% 0.1–0.4%

Initial- & final-state radiation scale 100% 100% 1–5%

Top quark p
T

100% 100% 0.5–2.5%

Matrix element-parton shower matching 100% 100% 0.7%

Underlying event tune 100% 100% 0.2%

Color reconnection 100% 100% 0.3%

Top quark mass 100% 100% 0.5–3%

Single top quark cross section 100% 100% 30%

tt+X cross section 100% 100% 20%

Diboson cross section 100% 100% 30%

W/Z+jets cross section 100% 100% 30%

tt cross section

⇤
100% 100% 4%

Single top quark time modulation

⇤
100% 100% 2%

MC statistical uncertainty 0% 100% 0.1–1%



H → γγ sensitivity studies using RooStats

H → γγ W.G. meeting
H → γγ W.G. meeting
Nicolas Chanon, ETH
Grégory Schott, KIT

Hugues Brun, Suzanne Gascon-Shotkin, Morgan Lethuillier, IPNL

ETH Zürich
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Searches for violation of Lorentz 
invariance with tt
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Searches for violation of Lorentz 
invariance with tt
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SM expected Data SM expected Data

coefficient
Others fixed to SM Others fixed to SM Others floating Others floating

(10�3 units) (10�3 units) (10�3 units) (10�3 units)
cL,XX = �cL,YY [�0.97; 0.97] [�0.91; 1.03] [�0.97; 0.97] [�0.91; 1.03]
cL,XY = cL,YX [�0.97; 0.97] [�1.94; �0.01] [�0.97; 0.97] [�1.96; �0.03]
cL,XZ = cL,ZX [�3.25; 3.25] [�0.91; 5.58] [�3.25; 3.25] [�0.86; 5.63]
cL,YZ = cL,ZY [�3.26; 3.26] [�4.66; 1.83] [�3.27; 3.27] [�4.7; 1.81]

cR,XX = �cR,YY [�1.71; 1.71] [�1.65; 1.79] [�1.71; 1.71] [�1.66; 1.77]
cR,XY = cR,YX [�1.72; 1.72] [0.11; 3.53] [�1.72; 1.72] [0.14; 3.56]
cR,XZ = cR,ZX [�5.81; 5.82] [�9.52; 2.1] [�5.82; 5.82] [�9.61; 2.01]
cR,YZ = cR,ZY [�5.84; 5.84] [�3.79; 7.86] [�5.84; 5.84] [�3.74; 7.91]

cXX = �cYY [�2.19; 2.19] [�1.78; 2.62] [�2.19; 2.19] [�1.85; 2.55]
cXY = cYX [�2.19; 2.19] [�4.27; 0.15] [�2.19; 2.19] [�4.36; 0.07]
cXZ = cZX [�7.25; 7.25] [�1.35; 13.27] [�7.26; 7.25] [�1.15; 13.48]
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dXZ = dZX [�2.09; 2.09] [�0.65; 3.52] [�2.09; 2.09] [�0.62; 3.55]
dYZ = dZY [�2.1; 2.1] [�2.93; 1.24] [�2.1; 2.1] [�2.95; 1.23]
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Searches for violation of Lorentz 
invariance with tt
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