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Standard model electroweak baryogenesis:

4.2. RÔLE DES SYMÉTRIES DANS LA BARYOGÉNÈSE 99

à l’enroulement ("winding") de la configuration. Les vides sont séparés par une barrière de
potentielle, dont l’énergie est Msph ⇡ mW /↵W de l’ordre de 10 TeV. Le processus sphaleron
satisfait �(B + L) = 6�NCS et conduit à la création ou disparition simultanée de 9 quarks
(�B = ±1/3 · 9) et 3 leptons (�L = ±1 · 3) pour �NCS = ±1. Ce processus est recherché au
LHC [286], mais sa section efficace est encore aujourd’hui inconnue.

4.2.1.3. Condition hors-équilibre : la transition de phase électrofaible. En QFT à tempéra-
ture finie, le nombre baryonique moyen < B >T à l’équilibre thermique est nul et il n’y a pas
d’asymétrie entre matière et antimatière. Ceci peut être compris en notant que [287] :

< B >T = Tr(e��HB) = Tr((CPT )(CPT )�1e��HB)

= Tr(e��H(CPT )�1B(CPT )) = �Tr(e��HB) = � < B >T

où � = 1/(kBT ), H est l’hamiltonien. On s’est servi de la cyclicité de la trace, des relations de
commutations entre H et CPT (c’est l’hypothèse importante), et du fait que B est impair sous
CPT car impair sous C. Par conséquent, une déviation de l’équilibre thermique est nécessaire
pour générer un nombre baryonique B non nul.

L’expansion de l’univers génère une telle déviation de l’équilibre thermique, cependant elle
est négligeable par rapport à l’échelle de temps à laquelle se produisent des interactions dans
le plasma pour une température de 100 GeV. En revanche, la transition de phase électrofaible
fournirait bien une déviation de l’équilibre thermique suffisante, si cette transition était de pre-
mier ordre (discontinue).

4.2.1.4. Mécanisme de la baryogénèse électrofaible dans le SM. Le mécanisme répond au
schéma suivant [284]. A mesure que la température du plasma diminue autour de 100 GeV avec
l’expansion, une transition de phase électrofaible qui serait de premier ordre produit des bulles
de nucléation, dans lesquelles les particules ont acquis une masse non nulle. Comme les bulles
s’agrandissent, leur surface rencontre des particules qui peuvent être réfléchies ou transmises,
avec un coefficient différent pour les quarks et les antiquarks du fait de la violation de CP. Ce
comportement génère une différence de densité baryonique entre l’intérieur et l’extérieur de la
bulle. À ce point interviennent les sphalerons, dont le taux est bien plus faible dans la phase
où la symétrie électrofaible est brisée qu’à l’extérieur. Le nombre baryonique généré hors de
la bulle est "noyé" (< B >T = 0) par les processus sphalerons à l’équilibre thermique. Mais à
l’intérieur de la bulle, le taux de sphalerons est plus petit que la vitesse d’expansion de l’univers,
et le processus n’est pas efficace. Comme résultat, une légère asymétrie baryonique se maintient
dans la phase brisée.

Ce mécanisme n’est pas viable dans le SM. Par des calculs sur réseau [288], on sait qu’une
transition de phase électrofaible de premier ordre implique un boson de Higgs de masse mH < 70
GeV. La valeur mesurée de la masse du boson de Higgs au LHC (mH ⇡ 125 GeV) interdit cette
possibilité, et suggère une transition de phase de deuxième ordre, trop régulière pour établir
une déviation suffisante de l’équilibre thermique. D’autre part, la violation de CP présente dans
le SM est insuffisante pour reproduire la valeur désirée de l’asymétrie baryonique. La valeur
prédite dans le SM [284] est ⌘SM = (nb �nb̄)/n� ⇡ 10�27, soit 17 ordres de grandeur plus petite
que la valeur observée.

4.2.1.5. Modèles de baryogénèse au-delà du SM. Il existe de nombreuses tentatives pour
remédier aux problèmes de la baryogénèse dans le SM. Par exemple, la masse très faible des
neutrinos peut être considérée comme un indice pour la géneration de cette masse à une échelle
d’énergie très grande par un processus violant le nombre leptonique L. Dans la leptogénèse [289],
l’asymétrie leptonique est convertie en une asymétrie baryonique par processus sphaleron.

La transition de phase de premier ordre peut être réalisée dans des modèles à champs
scalaires supplémentaires, par exemple dans le MSSM ou le NMSSM [290].

De nombreuses théories cherchent aussi à suppléer à l’insuffisante violation de CP dans
le SM en proposant de nouvelles sources de violation de CP, permettant de reproduire la
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états de masse sont reliés via la matrice CKM [279], qui contient trois degrés de liberté réels.
Dans le modèle standard, la violation de la symétrie CP est modélisée par une phase � de la
matrice CKM, degré de liberté rendu possible par le fait qu’il existe au moins trois familles de
quarks.

D’une manière plus générale, la violation de CP apparaît si le lagrangien contient des opé-
rateurs Oi dont le coefficient de Wilson ci comporte une partie imaginaire non-nulle [280], dont
la phase ne peut pas être éliminée par une redéfinition des champs. Schématiquement :

L =
X

i

ciOi + h.c. =
X

i

(ciOi + c⇤
i
O†

i
)

Les opérateurs qui sous CP sont typiquement transformés en leur hermitien conjugé violent
CP [281] :

(CP )Oi(CP )† = O†
i

Si Im(ci) 6= 0, la symétrie CP n’est pas respectée par le lagrangien. Nous ferons usage de cette
propriété section 4.4.

4.2. Rôle des symétries dans la Baryogénèse

Cette section constitue une digression théorique, mais les thèmes abordés serviront de mo-
tivation pour la recherche de violation des symétries CP et CPT au LHC dans la suite du
chapitre.

A part l’antimatière produite en laboratoire, l’antimatière a seulement été trouvée dans les
rayons cosmiques. Il n’est pas impossible que de grandes régions de l’Univers soient composées
d’antimatière, mais de telles régions n’ont pas été observées à ce jour et l’espace des paramètres
disponibles est très réduit. L’asymétrie baryonique a été mesurée par l’analyse de l’abondance
des éléments dans le milieu intergalactique ou par le spectre de températures du fond diffus
cosmologique [282]. Dans les deux cas, on trouve ⌘ = (nb � nb̄)/n� ⇡ 6 ⇥ 10�10 (où nb, nb̄ et
n� sont les densités de baryons, d’antibaryons et de photons). Si on admet qu’il y avait autant
de matière que d’antimatière lors du big-bang, un mécanisme doit être avancé pour expliquer
cette valeur non nulle.

Sakharov a établi un mécanisme de baryogénèse [283] nécessitant que les trois conditions
suivantes soient satisfaites : 1) violation des symétries C et CP, 2) violation du nombre ba-
ryonique, 3) déviation de l’équilibre thermique. La baryogénèse électrofaible dans le SM [284]
réalise les conditions de Sakharov. Les lignes qui suivent décrivent ce mécanisme et la valeur
de ⌘SM prédite, avant de proposer un mécanisme alternatif avec une violation de la symétrie
CPT.

4.2.1. Baryogénèse électrofaible.
4.2.1.1. Violation de P et CP dans le SM. Comme évoqué précédemment, l’interaction

électrofaible offre une violation de P et de CP. La violation de P est présente de façon maximale
dans l’interaction faible. La violation de la symétrie CP est modélisée par la phase de la matrice
CKM.

Dans la paramétrisation de Wolffenstein de la matrice CKM, la violation de CP au travers
de la magnitude la partie imaginaire ⌘̄ dans ⇢̄ + i⌘̄ = (VudV ⇤

ub
)/(VcdV ⇤

cb
). Un ajustement glo-

bal [74] donne ⇢̄ = 0.122+0.018

�0.017
et ⌘̄ = 0.355+0.012

�0.011
.

4.2.1.2. Violation du nombre baryonique : le sphaleron. Pour qu’une asymétrie baryonique
apparaisse, la première condition logique est qu’il existe un processus qui ne conserve pas
le nombre baryonique. Dans le SM, le nombre baryonique B est conservé à tous les ordres
de la théorie perturbative ; cependant une anomalie non-perturbative du SM [285] nommée
"sphaleron" produit un processus rare qui viole séparément B et L et tout en conservant B-L.

Le sphaleron est une solution des équations des champ électrofaibles. La théorie électro-
faible possède un nombre infini de vides pour lesquels la configuration des champs minimise
l’énergie, et chaque vide est distingué par son nombre de Chern-Simons NCS qui correspond

CPT theorem: a QFT a preserving Lorentz invariance must also preserve CPT symmetry. 

CPT violation implies Lorentz violation for local QFT theories [Greenberg 2002]
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ETH Zürich

11/02/2011

Nicolas Chanon H → γγ sensitivity studies using RooStats 1 / 7 CP violation in 
top-Z/γ coupling

CP violation in top-
Higgs coupling

- CPT asymmetry with ttbar

- Violation of Lorentz invariance with ttbar

- CP violation in top-gluon coupling

3−10

2−10

1−10

1

10

210

310 [p
b]

σ
Pr

od
uc

tio
n 

C
ro

ss
 S

ec
tio

n,
  

CMS PreliminaryAug 2023

All results at: http://cern.ch/go/pNj7

tt 0j

=n jet(s)

1j 2j 3j 4j 2c 2b t-cht tW s-cht γtt tZq ttZ γt ttW tWZ tttt ttH tH

CMS 95%CL limits at 7, 8 and 13 TeV

)-1 302 pb≤5.02 TeV CMS measurement (L 
)-1 5.0 fb≤7 TeV CMS measurement (L 
)-1 19.6 fb≤8 TeV CMS measurement (L 
)-1 138 fb≤13 TeV CMS measurement (L 
)-1 1 fb≤13.6 TeV CMS measurement (L 

Theory prediction

N. Chanon - IIHE Seminar - 3



CPT from top/antitop mass difference
PLB 770 (2017) 50–71, arXiv:2403.01313
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signal fraction is changed by a relative ±10%, corresponding 
to the agreement between the expected and observed tt cross 
sections in this channel [50], and the resulting shift of 27 ±
2 MeV is taken as a systematic uncertainty.

Background charge asymmetry. A difference in the estimated 
charge asymmetry of the backgrounds leads to different lev-
els of background and to a different background composition 
in the !+ + jets and !− + jets channels, which can bias the 
"mt measurement. The measured inclusive W+/W− produc-
tion ratio at 8 TeV is in agreement with theoretical predictions 
within a precision of 2% [51,52], but since this ratio depends 
on the number of jets, the uncertainty is inflated by a factor of 
two, yielding a variation of 4%. When the fractions of W+ and 
W− events are varied by 2% in opposite directions, thereby af-
fecting the relative ratio of W+ and W− events by 4%, "mt
changes by 3.72 ± 0.01 MeV. The W + jets background con-
tains non-negligible contributions from W + cc and W + bb
events, whose relative W+/W− ratio is affected by a larger 
uncertainty. The relative ratio is varied by 20%, which corre-
sponds to the uncertainty in the measured inclusive W + bb
production cross section [53], and yields a shift in "mt of 
9.05 ±0.02 MeV and 5.83 ±0.02 MeV for the W+cc and W+bb
contributions, respectively. Single top quarks produced via the 
t channel also possess a charge asymmetry, measured to be in 
agreement with theory predictions within 15% [54]. Changing 
this charge asymmetry by a relative ±15% results in a shift 
on "mt of 3.298 ± 0.005 MeV. The quadratic sum of all these 
observed shifts is quoted as the systematic uncertainty.

Background composition. Possible residual effects due to the 
composition of the background are evaluated by scaling each 
background source up and down, keeping the signal fraction 
fixed. A shift in "mt is observed when we scale W + jets 
(1.3 ± 0.3 MeV), Z + jets (1.99 ± 0.03 MeV), t-channel sin-
gle top quark production (6.9 ± 0.1 MeV), and tW single top 
quark production (1.4 ± 0.3 MeV) up/down by 30%; and when 
we scale QCD multijet events (26.8 ± 0.3 MeV) up/down by 
50%. The size of each variation was chosen to cover the mod-
eling uncertainty in predictions of the MC simulation in the 
phase space of the analysis or, in the case of the QCD multijet 
sample, differences between estimates obtained with differ-
ent methods to determine the normalization from data. The 
systematic uncertainty is obtained by summing in quadrature 
each of the observed shifts.

Pileup. Pileup collisions are included in the sample of simulated 
events used in this analysis. Events are reweighted to repro-
duce the pileup distribution measured in the data. The sys-
tematic uncertainty is estimated by changing the mean value 
of the number of interactions by ±6% to account for uncer-
tainties in the rate [55] and exact properties of the pileup 
collisions. This results in a shift in "mt of 9.1 ± 0.3 MeV.

b tagging efficiency and b vs. b tagging efficiency. A mismodeling 
in simulation of the b tagging efficiency can bias the mea-
surement by altering the observed b tagging assignments, 
which are used in the ideogram method. To quantify the im-
pact of the uncertainty in the b tagging efficiency, we change 
the working point of the b tagging algorithm. Working points 
corresponding to an absolute change of ±1.2% [37,38] in the 
b tagging efficiency produce a shift in "mt of 24 ± 7 MeV
(“b tagging efficiency” in Table 2). The use of different work-
ing points for the !+ + jets and !− + jets samples, yielding 
an absolute 1.2% difference in b tagging efficiency between b
and b jets, produces a shift of 11 ±7 MeV (“b versus b tagging 
efficiency” in Table 2).

Misassignment of lepton charge. In this analysis the leptons are 
only used in the trigger, in the event selection, and in the 

splitting of the data into !+ + jets and !− + jets samples, but 
not in the mass reconstruction. A misassignment of the lep-
ton charge can affect the calibration and it can also lead to a 
dilution of the measurement. For muons the charge misassign-
ment rate is measured with cosmic muons [16] and collision 
data [51,52] to be of the order of 10−5 to 10−4 in the con-
sidered pT range. For electrons this rate ranges between 0.1% 
and 0.4% [51,52]. This means that the systematic uncertainty 
from charge misassignment is below 1% of the measured "mt
value, which is negligible and is therefore ignored.

Trigger, lepton identification, and lepton isolation. As the trigger 
is based on an isolated single lepton, and the lepton is not 
used in the mass reconstruction, no systematic effect is ex-
pected from an uncertainty in the trigger efficiency or on the 
lepton energy scale. Similarly, the lepton identification and iso-
lation are also not expected to affect the measurement.

Method calibration. The difference in mass between the !+ + jets 
and !− + jets samples in the nominal MadGraph + pythia
sample with mt = 172.5 GeV, is found to be 3 ± 53 MeV. This 
result is statistically compatible with zero and confirms our 
expectation that there is no known effect in simulation that 
would lead to a difference in mass calibration between the 
two channels. The statistical uncertainty is quoted as the sys-
tematic uncertainty arising from the method calibration. As a 
further cross-check, events are reweighted to simulate a dif-
ference in mass between top quarks and antiquarks in the 
nominal sample, ranging in small steps from −4 to +4 GeV. 
A linear relation between simulated and measured mass dif-
ference is observed, with a slope compatible with unity, and a 
statistical precision of 5%. If propagated to the final result, this 
uncertainty in slope would have a negligible impact on the fi-
nal uncertainty.

Parton distribution functions. The choice of the parton distribu-
tion functions (PDFs) can affect the "mt measurement in mul-
tiple ways. They determine, for example, the difference in pro-
duction of W+ and W− events. The simulated samples are 
generated using the CTEQ 6.6 PDF [56], for which the un-
certainties can be described by 22 independent parameters. 
Varying each of these parameters within the quoted uncertain-
ties and summing the larger shifts in quadrature results in an 
uncertainty in "mt of 9 ± 3 MeV.

8. Results and summary

Data collected by the CMS experiment in pp collisions at 
√

s =
8 TeV and corresponding to an integrated luminosity of 19.6 ±
0.5 fb−1 have been used to measure the difference in mass be-
tween the top quark and antiquark. The measured value is

"mt = −0.15 ± 0.19 (stat) ± 0.09 (syst) GeV.

This result improves in precision upon previously reported mea-
surements [9–13] by more than a factor of two. It is in agreement 
with the expectations from CPT invariance, requiring equal particle 
and antiparticle masses.
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Fig. 4. Residual bias on the estimated top quark mass as a function of the generated top quark mass using !+ + jets events (left) and !− + jets events (right) after the 
inclusive ! + jets calibration. The dashed blue line represents the ideal outcome.

Table 2
Summary of systematic uncertainties on "mt . For each contribution, the first value 
is the observed systematic shift, whereas the second number is the uncertainty of 
the shift due to the limited number of generated events. In all cases, the larger 
among the two is considered as the final systematic uncertainty and is indicated in 
the bold font. The total uncertainty is obtained from the sum in quadrature of the 
individual terms.

Source Uncertainty in "mt (MeV)

Jet energy scale 7 ± 16
Jet energy resolution 7 ± 11
b vs. b jet response 51 ± 1
Signal fraction 27 ± 2
Background charge asymmetry 11.9 ± 0.1
Background composition 28 ± 1
Pileup 9.1 ± 0.3
b tagging efficiency 24 ± 7
b vs. b tagging efficiency 11 ± 7
Method calibration 3 ± 53
Parton distribution functions 9 ± 3

Total 91

mass difference because of their correlated effect on the individual 
top quark and antiquark mass extractions. Some systematic uncer-
tainties related to the modeling of the physics processes are not 
expected to affect the "mt measurement and are not considered 
in this analysis. These are the modeling of the hadronization, the 
underlying event, initial- and final-state radiation, the factorization 
and renormalization scales, and the matching between matrix-
element and parton shower calculations. Other effects considered 
in the measurement of mt are included together with additional 
sources potentially relevant for the "mt measurement, such as 
lepton-charge identification and a possible difference in jet energy 
response to b and b quarks. A summary of these effects is given 
in Table 2. The effects are evaluated by comparing the nominal 
simulation to a sample of simulated events where the source of 
the systematic uncertainty under study is varied within its uncer-
tainty. Since most sources of systematic uncertainty yield only a 
small change in the "mt measurement, statistical uncertainties on 
the observed changes are evaluated using a jackknife re-sampling 
technique [48] and the larger among the estimated change and its 
statistical uncertainty is quoted as the final systematic uncertainty. 
The total systematic uncertainty is taken to be the quadratic sum 
of all individual values. The uncertainties presented here are sig-
nificantly smaller than those reported in Ref. [11]. All systematic 
uncertainties in the previous result were statistically compatible 
with zero and the total uncertainty included a sizable component 
from the limited size of the simulated data samples. Much larger 
samples of simulated signal and background events have been pro-
duced for this new result, resulting in more accurate estimates of 

the systematic uncertainties and a reduction of the total uncer-
tainties. Some uncertainties, such as the jet energy scale and the b
tagging efficiency also profit from more accurate corrections.

The individual contributions to the total systematic uncertainty 
are described in more detail below.

Jet energy scale. Since top quarks and antiquarks are produced 
at the LHC with slightly different rapidity distributions, the 
η-dependence of the jet energy scale uncertainty can lead to 
an effect on "mt . To evaluate this effect the energy of all jets 
is scaled up/down within their pT- and η-dependent uncer-
tainties (ranging between 1 and 5%) [34]. This results in a shift 
in mass difference of 7 ± 16 MeV.

Jet energy resolution. To evaluate the systematic uncertainty aris-
ing from the uncertainty in the measured jet energy resolu-
tion, the jet energy in simulation is smeared up/down within 
the uncertainty of this jet energy resolution. The jet energy 
resolution uncertainty is |η|-dependent and ranges between 
6 and 9% for the jets considered in this analysis. A shift of 
7 ± 11 MeV in "mt is observed.

b vs. b jet response. A difference in the fraction of jet energy re-
constructed by the detector between b and b jets can intro-
duce a bias in the "mt measurement. Such differences, caused 
for example by different cross sections for interactions of pos-
itively and negatively charged kaons in the calorimeter, are 
expected to be reduced thanks to the PF reconstruction that 
relies mostly on tracking to reconstruct charged hadrons. The 
pT of the reconstructed jets is compared with the original 
parton pT in two simulated tt samples: the nominal sample, 
generated with MadGraph with showering from pythia, and a 
sample generated with mc@nlo with showering from herwig. 
Simulated samples produced with these two sets of MC gener-
ators have been observed to encompass the data in various key 
observables, and differ significantly in several aspects, includ-
ing the relative production and decay rates of different kinds 
of hadrons in the jets [49]. In both samples the ratio of b
to b response as a function of jet pT is observed to be sta-
tistically compatible with unity, and an average difference of 
0.078 ± 0.040% is measured. When the difference of 0.078% is 
propagated to our nominal sample of simulated events a shift 
of 51 ± 1 MeV is observed, which is quoted as systematic un-
certainty.

Signal fraction. A change in the signal fraction (as calculated from 
Table 1) will bias the measured top quark mass, since signal 
and background events have different fitted top quark mass 
distributions. This will also introduce a bias in "mt because 
it will influence the !+ + jets and !− + jets samples in a 
different way since these have a different signal fraction. The 
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Searches for violation of Lorentz 
invariance with tt

PLB 857 (2024) 138979

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

- 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)
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A search for violation of Lorentz invariance in the production of top quark pairs (tt) is presented. The measured 
normalized differential tt production cross section, as a function of the sidereal time, is examined for potential 
modulations induced by Lorentz-invariance breaking operators in an effective field theory extension of the 
standard model (SM). The cross section is measured from collision events collected by the CMS detector at a 
center-of-mass-energy of 13 TeV, corresponding to an integrated luminosity of 77.8 fb−1, and containing one 
electron and one muon. The results are found to be compatible with zero, in agreement with the SM, and are 
used to place upper limits at 68% confidence level on the magnitude of the Lorentz-violating couplings ranging 
from 1–8 × 10−3. This is the first precision test of the isotropy in special relativity with top quarks at the LHC, 
restricting further the bounds on such couplings by up to two orders of magnitude with respect to previous 
searches conducted at the Tevatron.

1. Introduction

Lorentz invariance is a key ingredient of the relativistic description 
of our world, on the scale of elementary particles as well as on large 
scales in the Universe. The standard model (SM) of particle physics 
is a relativistic quantum field theory, and as such it must contain a 
Lorentz-invariant action. General relativity preserves Lorentz invariance 
locally. The Lorentz group contains rotations and boosts in Minkowski 
spacetime. Models of quantum gravity, e.g., string theory [1] and loop 
quantum gravity [2], can, however, predict breaking of Lorentz invari-
ance at a high mass scale. A quantum theory including gravity may be 
governed by an energy scale lower than the Planck mass, possibly at the 
TeV scale [3]. Thus, induced deviations from Lorentz invariance may be 
measurable at the LHC.

The standard model extension (SME) [4,5] is an effective field the-
ory in which all operators violating Lorentz invariance are added to the 
SM Lagrangian. Its coefficients, controlling the size of Lorentz invari-
ance breaking, are different for each particle. While coefficients related 
to photons, neutrons, protons, and neutrinos have been measured pre-
cisely [6], the quark sector remains constrained at a relatively lower 
precision. The ZEUS Collaboration at the DESY HERA recently searched 
for violation of Lorentz invariance arising from light quarks in deep 
inelastic scattering data [7]. Searches for Lorentz invariance violation 
were performed in neutral meson mixing at KLOE [8], KTeV [9], FO-

⋆ E-mail address: cms -publication -committee -chair @cern .ch.

CUS [10], BaBar [11], D0 [12], and LHCb [13]. Violation of Lorentz 
invariance was searched for with top quark pairs (tt) by the D0 ex-
periment [14] at the Fermilab Tevatron, showing compatibility with 
Lorentz invariance with an absolute uncertainty of about 10% on the 
tested SME coefficients. The proton-proton (pp) collisions at the CERN 
LHC at √" = 13 TeV produce tt events with a cross section approxi-
mately 100 times higher than that of the Tevatron. Studies showed that 
the measurements at the LHC have a large potential to significantly im-
prove upon existing results [15].

In this Letter, the first search for Lorentz invariance violation with 
top quarks at the LHC is presented, within the context of the SME. 
Signatures for violation of Lorentz invariance involving top quarks are 
parameterized with the SME Lagrangian [16]:

SME = 1
2 #%̄(&

' + ()'&) + *)'&5&))⃖⃖⃖⃗.'% −/t %̄% , (1)
where % and %̄ are the Dirac fields for top quarks and antiquarks, /t
is the top quark mass, and ()' and *)' are the unitless SME coeffi-
cients. Unlike the SM fields, ()' and *)' are not modified under Lorentz 
transformations of the particle system: they are constant 4×4 matrices, 
thereby breaking Lorentz invariance of the Lagrangian. They indicate 
a preferential direction in spacetime as seen by top quarks, violating 
the isotropy of special relativity. Boosts associated with the Earth’s ro-
tation and with the revolution around the sun are negligible relative to 

https://doi.org/10.1016/j.physletb.2024.138979
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Searches for violation of Lorentz 
invariance with tt

PLB 857 (2024) 138979
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

N. Chanon - Probing global symmetries with top quark and Higgs boson at CMS - Discrete2024 - 6

0

1000

2000

3000

4000

5000

6000
Ev

en
ts

Prefit
 SMtt

Single top quark
V+jets
Diboson

Vtt
Data

2016 2017

 (13 TeV)-1 77.8 fbCMS

 (number of b jets -1)×Sidereal hour + 0.25 

0.6
0.8

1
1.2
1.4
1.6

D
at

a/
M

C

0 1 2 3 4 5 6 7 8 9 10 1112 1314 15 1617 1819 20 2122 23 0 1 2 3 4 5 6 7 8 9 1011 1213 14 1516 1718 19 2021 2223



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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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

Searches for violation of Lorentz 
invariance with tt

PLB 857 (2024) 138979
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Searches for violation of Lorentz 
invariance with tt

PLB 857 (2024) 138979

- No significant deviation

- Improved precision by up to a factor 
~100 relative to D0

- Spacetime isotropy of special relativity 
tested at the 0.1-0.8% level with top 
quarks at the LHC

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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Method:
- Employ ttbar dilepton dataset 

- Measure angular distributions sensitive to 

top quark polarisation and CP-odd spin 
correlation observables


- Extract top-gluon coupling from a 
simultaneous fit of several distributions
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We hence have constructed a fast parameterisation of model goodness-of-fit as a function

of the EFT operator coe�cients. This may be used to produce �2 maps in slices or

marginalised projections of the operator space, which are then transformed to confidence

intervals on the coe�cients Ci, defined by the regions for which

1 � CL �

Z
1

�2(Ci)

fk(x)dx , (7)

where typically CL 2 {0.68, 0.95, 0.99} and fk(x) is the �2 distribution for k degrees of

freedom, which we define as k = Nmeasurements � Ncoe�cients.

4 Results

The entire 59 dimensional operator set of Ref. [54] was implemented in a FeynRules [120]

model file. The contributions to parton level cross-sections and decay observables from the

above operators were computed using MadGraph/Madevent [121], making use of the

Universal FeynRules Output (UFO) [122] format. We model NLO QCD corrections by in-

cluding Standard Model K-factors (bin-by-bin for di↵erential observables), where the NLO

observables are calculated using MCFM [123], cross-checked with MC@NLO [124, 125].

These K-factors are used for arbitrary values of the Wilson coe�cients, thus modelling

NLO e↵ects in the pure-SM contribution only. More specifically, this amounts to perform-

ing a simultaneous expansion of each observable in the strong coupling ↵s and the (inverse)

new physics scale ⇤�1, and neglecting terms ⇠ O(↵S⇤�2). Our final 95% confidence limits

for each coe�cient are presented in Figure 12; we discuss them in more detail below.

4.1 Top pair production

By far the most abundant source of data in top physics is from the production of top pairs.

The CP-even dimension-six operators that interfere with the Standard Model amplitude

are

LD6 �
CuG

⇤2
(q̄�µ⌫TAu)'̃GA

µ⌫ +
CG

⇤2
fABCGA⌫

µ GB�
⌫ GCµ

� +
C'G

⇤2
('†')GA

µ⌫G
Aµ⌫

+
C(1)

qq

⇤2
(q̄�µq)(q̄�

µq) +
C(3)

qq

⇤2
(q̄�µ⌧

Iq)(q̄�µ⌧ Iq) +
Cuu

⇤2
(ū�µu)(ū�µu)

+
C(8)

qu

⇤2
(q̄�µT

Aq)(ū�µTAu) +
C(8)

qd

⇤2
(q̄�µT

Aq)(d̄�µTAd) +
C(8)

ud

⇤2
(ū�µT

Au)(d̄�µTAd) .

(8)

As pointed out in Ref. [52], the operator O'G cannot be bounded by top pair production

alone, since the branching ratio to virtual top pairs for a 125 GeV Higgs is practically zero,

therefore we do not consider it here. For a recent constraint from Higgs physics see e.g.

Ref. [18,20,24,25]. We further ignore the contribution of the operator O11
uG , as this operator

is a direct mixing of the left- and right- chiral u quark fields, and so contributes terms

proportional to mu. We also note that the six four-quark operators of eq. (8) interfere

8

ttbar production: single top tW-channel:
Imaginary part: top chromo electric 
dipole moment, CP violating

36

Table 9: The 95% CL limits on the anomalous couplings listed in Table 8, derived by fitting
the distributions measured in Section 8.1 and setting the other anomalous couplings to zero.
The confidence intervals include only the experimental uncertainties as in Section 9.1. The
theoretical uncertainties, the c2 values (dof = 19), and the distributions used in each fit are
given in the last three columns. For conciseness, the distributions are labeled by their associated
coefficients (as defined in Table 1). A dash (—) is shown where the uncertainties are <0.0005.

Coupling 95% CL Theoretical unc. c2 Coefficients
µ̂t �0.014 < µ̂t < 0.004 ± 0.001 7 Ckk, Cnn, Crk + Ckr, D
d̂t �0.020 < d̂t < 0.012 — 9 Br

2, Bn
1 , Cnr � Crn, Cnk � Ckn

ĉ�� �0.040 < ĉ�� < 0.006 ± 0.001 7 Br
2, Bn

1 , Cnr � Crn, Cnk � Ckn
ĉ�+ �0.009 < ĉ�+ < 0.005 — 11 Bn

1 , Bn
2 , Br⇤

1 , Cnk + Ckn
ĉVV �0.011 < ĉVV < 0.042 ± 0.004 7 Ckk, Cnn, Crk + Ckr, D
ĉVA �0.044 < ĉVA < 0.027 ± 0.003 9 Bk

2, Br
2, Ckk, Cnr + Crn

ĉAV �0.035 < ĉAV < 0.032 ± 0.001 6 Bk⇤
1 , Bk⇤

2 , Br⇤
1 , Br⇤

2
ĉ1 �0.09 < ĉ1 < 0.34 ± 0.04 7 Ckk, Cnn, Crk + Ckr, D
ĉ3 �0.35 < ĉ3 < 0.21 ± 0.02 9 Bk

2, Br
2, Ckk, Cnr + Crn

ĉ1 � ĉ2 + ĉ3 �0.17 < ĉ1 � ĉ2 + ĉ3 < 0.15 ± 0.01 6 Bk⇤
1 , Bk⇤

2 , Br⇤
1 , Br⇤

2

We also consider the simultaneous fitting of multiple couplings. We find that the pairs of
four-quark couplings (ĉVV, ĉ1), (ĉVA, ĉ3), and (ĉAV, ĉ1 � ĉ2 + ĉ3) cannot be simultaneously con-
strained because their predicted effects on the measured distributions can approximately cancel
each other. The constraints on the other couplings are found to be independent, and therefore
sufficiently characterized by the results of Table 9, with the exception of three combinations of
couplings for which we derive two-dimensional 68 and 95% CL limits, shown in Fig. 16.

For a direct comparison with the top quark CMDM results of Section 9.1, we use the relation-
ship CtG/L2 = µ̂t/(2m2

t ). Taking the result for µ̂t from Table 9, we find a central value of
CtG/L2 = �0.09 TeV�2, with �0.24 < CtG/L2 < 0.07 TeV�2 at 95% CL. The sensitivity to
CtG/L2 (determined from the width of the confidence interval) is the same as that found in
Section 9.1, which suggests that the tree-level calculation of the interference terms, using the
linear approximation, is adequate for CtG/L2. The difference in central value is attributable to
the difference in the SM predictions for the coefficients in the NLO calculations and the MAD-
GRAPH5 aMC@NLO simulation. Since the SM prediction is of greater accuracy in the NLO
calculations (which include EW corrections), we quote the CtG/L2 result of this section as the
nominal result of the analysis.

In a similar way, d̂t is related to the imaginary part of the Wilson coefficient of the OtG operator
CI

tG, and we find a constraint at 95% CL of �0.33 < CI
tG/L2 < 0.20 TeV�2, with a central

value of CI
tG/L2 = �0.07 TeV�2. This represents a substantial improvement over existing direct

constraints on the top quark CEDM [76, 77], but it is still significantly weaker than the indirect
constraint of |CI

tG/L2| < 0.007 TeV�2 [78] derived from the experimental limit on the neutron
electric dipole moment [79, 80].

Analogous to the magnetic and electric dipole moments, µ̂t and d̂t can be expressed in terms of
the dimensionful parameters C5 and D5, which are related to the former by a factor of 1/mt [81].
In this parametrization, we find constraints at 95% CL of (�1.6 < C5 < 0.5)⇥ 10�18 gS cm and
(�2.3 < D5 < 1.4)⇥ 10�18 gS cm.

- CP-odd triple product asymmetry (JHEP 06 (2023) 081, JHEP 07 (2023) 023): similar 
sensitivity to the top quark chromoelectric moment
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Measurement of CP-violating Im(ctZ) in ttZ 
(3l/4l) and ttγ (dilepton, lepton+jet)
ttZ: fit of Z boson pT x cosθ* distribution

ttγ: fit of the photon pT distribution

N. Chanon - Probing global symmetries with top quark and Higgs boson at CMS - Discrete2024 - 10

−0
.6

−0
.4

−0
.2

 0
 0

.2
 0

.4
 0

.6

−0.6 −0.4 −0.2  0  0.2  0.4  0.6  0

 2

 4

 6

 8

 10

 12

 14

 16

 18

 20
CMS 138 fb−1 (13 TeV)

ctZ [(Λ/TeV)²]

cI tZ
 [(
Λ/

Te
V

)²
] −2 Δ

 ln L

Dilepton & ℓ+jets combination

SM
Best fit

68% CL
95% CL

−1  0  1  2  3  4  5
95% CL interval [(Λ/TeV)²]

ctZ

cI
tZ

CMS 77.5 fb-1 tt‾Z
JHEP 03 (2020) 056

CMS 138 fb-1 tt‾Z & tZq
JHEP 12 (2021) 083
individually / marginalized

CMS 137 fb-1 tt‾γ (ℓ+jets)
JHEP 12 (2021) 180

CMS 138 fb-1 tt‾γ
dilepton only (this result) /
combined with ℓ+jets

Global fit
JHEP 04 (2021) 279
individually / marginalized

CMS 77.5 fb-1 tt‾Z
JHEP 03 (2020) 056
CMS 137 fb-1 tt‾γ (ℓ+jets)
JHEP 12 (2021) 180

CMS 138 fb-1 tt‾γ
dilepton only (this result) /
combined with ℓ+jets

3 Top-Z and Top-� couplings

Top-� coupling appear in b ! s� (see https://arxiv.org/abs/1909.

13632); Top-Z in b ! s``

3.1 Left (?) tensorial coupling ctB

EFT Operator:

OtB =
ctB
⇤2

(q̄�µ⌫t)e�Bµ⌫

3.2 Right (?) tensorial coupling cbB

EFT Operator:

ObB =
cbB
⇤2

(q̄�µ⌫b)�Bµ⌫

Can the handedness allow to produce a b � t � Z/� interaction ? No,
this is FCNC...

Operator constrained from Z ! bb̄

3.3 Dipole moment top-Z and top-� : ctZ and ct�

By SU(2) symmetry one has:

ct� = cos✓W ctB + sin✓W ctW

ctZ = �sin✓W ctB + cos✓W ctW

We could compute SM values of ct� and ctZ from SM values for ctW
(known) and ctB (unknown?)... Using sin2✓W = 0.240. SM value for ctB is
needed. To be checked in arXiv:1404.1005, arXiv:hep-ph/9509416, ...

4 Yukawa coupling ct�

4.1 Relation with yt or t

EFT Operator:

Ot� =
ct�
⇤2

(�Ü�)(q̄te�)

With (�Ü�� v
2

2 ) the result would be di↵ererent.

Let’s write : � = (0, v + h)/
p
2. Then

�Ü� =
v2

2
+ vh+

h2

2

4

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

1

10

210

310

N
um

be
r o

f e
ve

nt
s

CMS  (13 TeV)-177.5 fb
)Xtt(
γX

Rare
Uncertainty
EFT best-fit

Data
Ztt

WZ
ZZ
Nonprompt

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
0.6
0.8

1
1.2
1.4

D
at

a 
/ P

re
d.

 = 0bN  0≥ bN  1≥ bN  1≥ bN
 1≥ jN  1≥ jN  3≥ jN  1≥ jN

 = 3lN  = 4lN  = 3lN  = 4lN
Control Region Signal RegionIm(ctZ) measured with photons 

assuming (ctW, ctZ) basis

2.3 Left tensorial coupling gL or ctW

EFT Operator:

OtW =
ctW
⇤2

(q̄�µ⌫⌧ It)e�W I

µ⌫

Translation to SMEFT, according to arxiv:1512.03360:

gL =
p
2ctW

v2

⇤2

SM value for gL from arXiv:1105.5601: gL = (1.21 + 0.01i)⇥ 10�3

In the SMEFT language, the SM values are:

Re(ctW )/⇤2 = �1.413⇥ 10�2 TeV �2

Im(ctW )/⇤2 = �1.168⇥ 10�5 TeV �2

Similar SM value for gL are computed in arXiv:1606.05270:

Re(ctW )/⇤2 = �1.439⇥ 10�2 TeV �2

Im(ctW )/⇤2 = �3.857⇥ 10�5 TeV �2

2.4 Right tensorial coupling gR or cbW

EFT Operator:

ObW =
cbW
⇤2

(q̄�µ⌫⌧ Ib)�W I

µ⌫

Does not interefere with the SM in the limit mb = 0 at tree level.
Translation to SMEFT, according to arxiv:1512.03360:

gR =
p
2cbW

v2

⇤2

SM value for gR from arXiv:1105.5601: gR = �(7.17 + 1.23i)⇥ 10�3

In the SMEFT language, the SM values are:

Re(cbW )/⇤2 = �8.377⇥ 10�2 TeV �2

Im(cbW )/⇤2 = �1.437⇥ 10�2 TeV �2

Quite di↵erent SM value for gR are computed in arXiv:1606.05270, es-
pecially for the imaginary value which is twice as big as the previous result:
gR = �(8.55 + 2.11i)⇥ 10�3. Translated to the SMEFT:

Re(cbW )/⇤2 = �9.990⇥ 10�2 TeV �2

Im(cbW )/⇤2 = �2.465⇥ 10�2 TeV �2
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are combined, and searches in this decay channel have been performed for specific scenarios beyond the SM [49–51].
However, an interpretation in terms of generic anomalous couplings has not yet been undertaken.

All these measurements require sophisticated tools for the optimal extraction of statistical information, as data
remain limited for detailed analyses of the fermion couplings. The matrix element approach is one such technique,
which has been proven successful in setting constraints on HV V couplings using Run I data from CMS [2, 3, 19, 52–58]
and ATLAS [5, 59, 60]. In this paper, we focus on applications to Run II of the LHC and extend our earlier developed
techniques for HV V coupling measurements [61–63] to Hff̄ couplings in tt̄H, bb̄H, and tqH production2, as well as
to H ! ⌧

+
⌧
� decays. These matrix element techniques allow the optimal analysis of the dynamics in the production

and decay processes. Such techniques have been proposed to enhance signal over background in application to tt̄H

production [41, 64, 65], and we employ them to probe anomalous Hff̄ couplings for the first time. We define the
complete set of kinematic observables and the minimal set of matrix-element-based observables necessary to perform
the measurements. Moreover, using a NLO QCD simulation of tt̄H process that includes a fully consistent treatment
of production and decays at higher orders, we demonstrate the robustness of the matrix element approach with respect
to additional radiation and loop corrections.

This paper expands our e↵orts within the broader framework of the JHUGen (JHU generator) and MELA (Matrix
Element Likelihood Approach) frameworks [61–63]. The rest of the paper is organized as follows. In Section II
the formalism of anomalous H boson couplings is discussed. Monte Carlo simulation with the JHU generator is
introduced in Section III. The matrix elements technique and the MELA framework are discussed in Section IV. A
study of NLO QCD e↵ects is presented in Section V. In Section VI we discuss the application of these techniques to
LHC measurements and make projections to the end of Run III of LHC. Results are summarized in Section VII.

II. PARAMETERIZATION OF HIGGS BOSON COUPLINGS

We describe the interactions between a spin-zero particle H and two fermions through the amplitude

A(Hff̄) = �mf

v
 ̄f (f + i ̃f�5) f , (1)

where  ̄f and  f are the Dirac spinors, mf is the fermion mass, and v is the SM Higgs field vacuum expectation
value. In the SM, the couplings3 have the values f = 1 and ̃f = 0. Any deviation from these values indicates the
presence of physics beyond the SM, which may for example arise through heavy loop-induced fields. In particular,
the ̃f coupling parameterizes the contribution of a CP -odd pseudoscalar boson, and CP violation occurs when both
f and ̃f are nonzero.

One may equivalently choose to express the couplings through a Lagrangian (up to an unphysical global phase)

L(Hff̄) = �mf

v
 ̄f (f + i ̃f�5) f H, (2)

which allows a connection to be made between the couplings f and ̃f and anomalous operators in an e↵ective field
theory. We assume the couplings to be independent of kinematics, which corresponds to dimension-six operators in the
e↵ective field theory. Higher-dimension operators could easily be considered through q

2-dependent couplings in our
framework, where q is the momentum transfer. However, in our study we neglect these higher-dimension contributions
because they are expected to be small. The hermiticity of the Lagrangian requires f and ̃f to be real. Nevertheless,
in order to consider the broadest range of scenarios, we allow f and ̃f to be complex, and trust that, should the
unitarity of scattering amplitudes be violated as a result, it will be restored in the full theory. It is convenient to
parameterize anomalous couplings through a mixing angle, with f / cos↵ and ̃f / sin↵. Equivalently, we introduce
the fractions

fCP =
|̃f |2

|f |2 + |̃f |2
, �CP = arg(̃f/f ) , (3)

where the fCP parameter is conveniently bounded between 0 and 1, is uniquely defined, and can be interpreted as the
cross section fraction corresponding to the pseudoscalar coupling, and therefore is directly related to experimentally
observable e↵ects. It is a convenient counterpart of the fa3 parameter defined for the HV V couplings [3, 5, 63]. While

2 Unless otherwise noted, tqH refers to all combinations of tq̄H, t̄qH, tqH, and t̄q̄H with a quark q 6= t.
3 The coupling convention of Ref. [61] corresponds to f = �⇢1 and ̃f = i⇢2.
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Figure 2: Invariant mass distribution for the selected events (black points) weighted by S/(S +
B), where S (B) is the numbers of expected signal (background) events in a ±1seff mass window
centered on mH. The seff is defined as the smallest interval containing 68.3% of the mgg distri-
bution, and ranges from 1.2 to 1.6% for different categories. We show curves for fitted signal
+ background (solid red) and for background only (dashed red), with bands covering the ±1s
and ±2s uncertainties in the fitted background. The inner panel shows the likelihood scan for
µttH with mH profiled.

kt = 1 and k̃t = 0. We measure the CP structure with

f
Htt
CP =

|k̃t |2

|kt |2 + |k̃t |2
sign(k̃t/kt). (2)

When the cross sections of the CP-even and CP-odd contributions are equal, f
Htt
CP = 0.72 [22].

It has been shown in Ref. [22] that an optimal analysis of the CP structure in the ttH process
can be performed with two observables, D0� and DCP. D0� is designed to separate CP-even
from CP-odd and DCP to differentiate the interference. Ref. [57] shows that the two observables
built by matrix element and ML techniques achieve the same sensitivity. In this study, we use a
BDT to obtain D0� and do not include DCP since it requires tagging the flavor of light jets. As a
consequence, it is not possible to measure the relative sign, or phase, of the kt and k̃t couplings.
Nonetheless, this sign is incorporated into the f

Htt
CP definition in Eq. 2 for consistency with other

possible studies sensitive to the sign of f
Htt
CP , such as in the gluon fusion production with the

top-quark loop [57].

We train a BDT to distinguish CP-even and CP-odd contributions. The observables used in
the training include the kinematic variables of the first six jets (in pT) and the diphoton system
(but not mgg ), the b-tagging scores of jets, and in the leptonic channel, the lepton multiplicity
and the kinematic variables of the leading lepton. The output of the BDT is the D0� observ-
able. Simulation shows that D0� has negligible correlation with the BDT-bkg discriminant.
The events selected for the signal strength measurements are split into 12 categories, leptonic
or hadronic, two BDT-bkg categories shown in Fig. 1, and three D0� bins, as shown in Fig. 3.

A simultaneous fit to the mgg distribution is performed using the 12 categories to measure f
Htt
CP .

The µttH parameter is left unconstrained. An additional systematic uncertainty is introduced
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- ttH,H→bb channel improves slightly the 
expected sensitivity to CP-violation


- However the measured low signal 
strength weakens the observed 
sensitivity to CP-violation

New: ttH,H→bb paper with combination
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26

treated as fully uncorrelated in the fit. While most of the sources are dominated by statistical
fluctuations in auxiliary measurements and are treated as uncorrelated among the data-taking
periods, some sources are related to theoretical predictions in the MC simulation used, e.g.
to extrapolate between samples of different jet-flavour composition, and are thus treated as
correlated among the data-taking periods [77].

The b tagging discriminant corrections receive uncertainties due to the contamination of back-
ground processes in the data samples used in the correction factor measurements, the jet energy
scale uncertainty, and the statistical uncertainty in the correction factor evaluation [79]. The im-
pact of the statistical uncertainty is parameterised as the sum of two contributions: one term
with linear dependence on the b tagging discriminant value, allowing an overall tilt of the
discriminant distribution, and another term with quadratic dependence, allowing an overall
shift of the discriminant distribution. Each source of b tagging uncertainty is considered sep-
arately per jet flavour. The uncertainty related to the background contamination is treated as
correlated among the data-taking periods of 2017 and 2018, and as uncorrelated with 2016 to
allow for effects due to the upgraded pixel detector [23]. The statistical component is treated
as uncorrelated among the data-taking periods.

Many uncertainties that are related to the MC simulation of the QCD multijet background in
the FH channel are avoided by estimating this contribution from data. Small uncertainties re-
main in the TFL correction applied to the loosely b-tagged jets, which is estimated by applying
an additional h-dependent correction to TFL to account for small effects of missing higher-
order iterations in the correction procedure. The total QCD background normalisation in each
category is left unconstrained in the final fit.

The impact of statistical fluctuations in the signal and background prediction due to the limited
sample size is accounted for using the Barlow–Beeston lite approach [106].

The described sources of uncertainty are summarised in Table 8 and their impact on the final
result is discussed in Section 10.

10 Statistical analysis and results
The production rates of the ttH and tH signal processes are determined in a simultaneous
binned profile likelihood fit to the final discriminant distributions in all channels, categories,
and data-taking periods, using the techniques detailed in Ref. [89]. The rates of the ttB, ttC,
as well as the QCD multijet background, are separately left unconstrained in the fit. Several
signal interpretations are performed and described below.

10.1 The ttH production rate

First, the ttH production rate is measured. For this interpretation, the tH contribution is as-
sumed to conform to the SM expectation and is treated as background.

The observed yields in each bin of the final discriminant distributions in all channels and cat-
egories entering the fit are shown in Fig. 7, together with the fitted signal and background
yields. The best fit values of the inclusive ttH production rate relative to the SM expectation,
denoted as the signal strength modifier µttH, are presented in Fig. 8. Results are shown for fits
performed simultaneously in all channels and years using either one signal-strength modifier
per channel or per year and correlating the uncertainties, or using one overall signal-strength
modifier. For the overall signal-strength modifier, a best fit value of µttH = 0.33 ± 0.26 =

0.33 +0.17
�0.16 (stat)+0.20

�0.21 (syst) is obtained, with an expected uncertainty of ±0.17 (stat)+0.23
�0.19 (syst).
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Search for CPT asymmetry with top quarks
- Most precise top/antitop mass difference, precision 0.21 GeV, at CMS with 8 TeV

- Would be interesting to perform again at 13 TeV with ttbar


Search for violation of Lorentz invariance with top quarks
- First search for violation of Lorentz invariance with ttbar at the LHC, with the SME

- Measured differential normalised cross section with sidereal time

- Spacetime anisotropy: special relativity tested at the 0.1-0.8% level with top quarks


Search for CP violation in top quark-vector boson coupling: 
- top-gluon: from spin correlation or CP-odd triple products: precision of 0.2-0.3 TeV-2


- N.B.: Spin correlation used for top quark quantum entanglement (arXiv:2409.11067)

- top-Z/γ: large improvements in sensitivity arise from ttγ final state, precision ~0.4 TeV-2


Search for CP violation in top quark-Higgs boson coupling: 
- Combination of ttH final states: H→γγ,ZZ,WW/ττ,bb

- Exclude an observed (expected) CP fraction of >0.85 (0.6) at 95% CL

- Expected sensitivity improved with H→bb, however measured signal strength is low, 

thus the observed sensitivity is degraded

https://arxiv.org/abs/2409.11067
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Top quark sector in the SME

- SME coefficients cμν are violating particle Lorentz invariance

- cμν trace is Lorentz-invariant, and its antisymmetric part can be absorbed 

elsewhere in the Lagrangian: consider cμν as symmetric and traceless

Third generation left-
handed quark doublet

Gauge covariant 
derivative

LIV lagrangian related to top quark:

2

lation in the top-quark sector was performed by the D0
Collaboration [5] using data from the Fermilab Tevatron
Collider and the theoretical formalism of the SME. The
production of t-t pairs at the Tevatron is dominated by
quark fusion, and the D0 Collaboration studied data cor-
responding to an integrated luminosity of 5.3 fb−1 for
processes with the t-t pairs decaying into leptonic and
jet final states. These processes are primarily sensitive
to certain dimensionless SME coefficients for CPT-even
Lorentz violation, and the investigation constrains possi-
ble Lorentz violation involving these coefficients to below
about the 10% level. The substantially greater statisti-
cal power available at the LHC offers the opportunity
to improve significantly on this study. However, at the
LHC the primary production mechanism for t-t pairs is
gluon fusion, for which the matrix elements are differ-
ent and more involved than those for quark fusion. One
goal of the present work is to present the essential theory
appropriate for t-t production by gluon fusion.
Another interesting issue is the extent to which CPT

symmetry is respected by the top quark. Since CPT vi-
olation comes with Lorentz violation in realistic effective
field theory [8, 9], studies of CPT violation necessarily
involve observables that change with energy and orienta-
tion. No experimental investigations of CPT symmetry
for the top quark in this context have been performed to
date. In this work, we partially address this gap in the
literature by demonstrating that studies of single-top or
single-antitop production at the LHC provide the basis
for a search for CPT violation.
The structure of this paper is as follows. We begin

in Sec. II by establishing the basic theory used in this
work. The relevant parts of the SME Lagrange density
are provided, the physical observables are identified, and
the types of signals of relevance are discussed. We then
turn in Sec. III to top-antitop pair production, where
we present the matrix element for production and de-
cay. The Lorentz-invariant result is given, followed by
a demonstration that pair production is a CPT-even
process. We give the explicit amplitudes for Lorentz-
violating pair production and decay both via quark fu-
sion, which was the dominant process for the D0 analy-
sis, and via gluon fusion, which dominates at the LHC.
In Sec. IV, we address CPT violation in the top-quark
sector, showing that single-top production offers access
to CPT observables. Four tree-level channels play a role,
and we derive the matrix elements for each. Details of the
spin sum required for calculations of the single-top ma-
trix elements are relegated to appendix A. We conclude
with a summary and discussion in Sec. V. Throughout
this work, our conventions are those adopted in Ref. [8].

II. THEORY

This section provides some theoretical comments of rel-
evance to the derivations in the remainder of the paper.
We present the portion of the SME Lagrange density ap-

plicable to the top-quark searches studied here, discuss
the issues of field redefinitions and physical observables,
and offer some observations about generic signals that
could be sought in experimental analyses.

A. SME Lagrange density for the top quark

In this paper, our focus is on the top-quark sector
in the minimal SME. The part of the SME Lagrange
density involving Lorentz and CPT violation in the top-
quark sector can be extracted from Ref. [8]. Denoting
the left-handed quark doublets by QA and the right-
handed charge-2/3 singlets as UA, the relevant piece of
these equations describing CPT-even Lorentz violation is

LCPT+ ⊃ 1
2 i(cQ)µνABQAγ

µ
↔

Dν QB

+ 1
2 i(cU )µνABUAγ

µ
↔

Dν UB

− 1
2 (HU )µνABQAφ

cσµνUB + h.c., (1)

where Dµ is the gauge-covariant derivative and φ is the
Higgs field. The piece governing CPT-odd Lorentz vio-
lation is

LCPT− ⊃ −(aQ)µABQAγ
µQB − (aU )µABUAγ

µUB. (2)

The various coefficients in these equations determine the
size of the Lorentz violation. The dimensionless co-
efficients cµνAB are traceless in spacetime indices µ, ν
and are hermitian in generation indices A,B, while the
dimensionless coefficients HµνAB are antisymmetric in
spacetime indices µ, ν. The coefficients aµAB have di-
mensions of mass and are hermitian in generation indices
A,B.
In this work, which focuses on the top quark, we as-

sume for definiteness and simplicity that the only relevant
Lorentz and CPT violation involves the third generation,
so that A = B = 3. A more general treatment would also
be of interest but lies outside our present scope. The coef-
ficients of relevance here are therefore (cQ)µν33, (cU )µν33,
(HU )µν33, (aQ)µ33, and (aU )µ33. The first three control
CPT-even operators, while the last two control CPT-odd
ones. All coefficients affect the propagator for the top-
quark field t, while (cQ)µν33 and (aQ)µ33 also affect the
propagator for the bottom-quark field b, and (cQ)µν33 af-
fects the t-b-W vertex as well. For convenience in what
follows, we introduce the abbreviated notation

(aL)µ = (aQ)µ33, (aR)µ = (aU )µ33,

(cL)µν = (cQ)µν33, (cR)µν = (cU )µν33,

H ′
µν = 〈φ〉(HU )µν33, H̃ ′µν = 1

2ε
µνρσH ′

ρσ, (3)

where 〈φ〉 is the Higgs expectation value. It is also useful
to define certain coefficient combinations as

aµ = 1
2 [(aL)µ + (aR)µ], bµ = 1

2 [(aL)µ − (aR)µ],

cµν = 1
2 [(cL)µν + (cR)µν ], dµν = 1

2 [(cL)µν − (cR)µν ],

Hµν = ReH ′
µν − Im H̃ ′

µν . (4)

Define:
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Berger, Kostelecký, Liu, Phys. Rev. D 93, 036005 (2016)

(Focus here on CPT-
even coefficients)
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Top pair production in the Lorentz-violating SME

4

SME represents a general phenomenological formalism,
the LIV terms of the SME are not constrained to cou-
ple with the same strength to all particle species. We
therefore consider separately only those SME terms that
affect the top quark fields in tt̄ events.
While it has been shown that CPT violation implies vi-

olation of Lorentz invariance [7], the contributions from
CPT violating terms in the SME to the matrix element
for tt̄ production and decay are suppressed. However,
contributions from other Lorentz-violating terms can be
significant [8]. At leading order in LIV coefficients, the
matrix element describing the production and decay of
a tt̄ pair involves coefficients of the form cµν , where µ
and ν refer to space-time indices. Although at lead-
ing order CPT-odd SME terms describing LIV in the
top quark sector are not observable in tt̄ production or
decay, this analysis is sensitive to several components
of the CPT-even (cQ)µνAB and (cU )µνAB terms, where
A,B = 3, 3 refer to the third quark generation. The
(cQ)µν33 are the SME coefficients coupling to the left-
handed components of the third generation quark fields,
and (cU )µν33 are the SME coefficients coupling to the
right-handed singlet top quark field. For brevity, we
drop the generation subscripts since we are restricting
the analysis to the terms that couple to the top quark
fields. To compare our results with SME studies in other
particle sectors [2], we also examine the linear combina-
tions

cµν = (cQ)µν + (cU )µν ,
dµν = (cQ)µν − (cU )µν .

(1)

The matrix element for leading-order tt̄ production and
decay, including leading-order contributions from SME
terms, can be written as [8]

|M|2SME = PFF̄ + (δP )FF̄ + P (δF )F̄ + PF (δF̄ ). (2)

The P terms are functions of the parton momenta at the
tt̄ production vertex, while the F terms involve parton
momenta at the decay vertices. The PFF̄ term corre-
sponds to the usual SM component, while the δ-terms
reflect the dependence on SME coefficients. This expres-
sion summarizes how the SME modifies the matrix ele-
ment for tt̄ production and decay at leading order.
The δ-terms contain contractions of cµν coefficients

with tensors that are functions of the four-momenta of
the particles in tt̄ production and decay. Due to the
V − A structure of the weak current, the right-handed
coefficients, (cU )µν , couple only to the production (δP )
terms, while the left-handed coefficients, (cQ)µν , couple
to both production and decay (δF ) terms. The matrices
of cµν coefficients are symmetric and traceless. Within
the SME, these coefficients are defined by convention in
the canonical Sun-centered reference frame [2].

The kinematic component of the δ-terms of Eq. (2) can
be evaluated in any coordinate system. A convenient ref-
erence frame is that of a coordinate system fixed to the
measuring apparatus, and we therefore choose to evalu-
ate such contractions in the D0 coordinate system. In
this system, the momenta entering the calculation of Eq.
(2) are just the momenta of the particles measured in the
detector, and, to calculate the matrix element, the coeffi-
cients (cU )µν and (cQ)µν must therefore be transformed
from the Sun’s reference system to the D0 coordinate
system.
Since the Earth is rotating about its axis, the trans-

formation of the coefficients (cU )µν and (cQ)µν from the
Sun-centered frame to the laboratory frame introduces a
time dependence. The relevant time scale is the sidereal
day, which has a period of 23 hr 56 min 4.1 s (86,164.1 s).
If any of the coefficients (cU )µν or (cQ)µν are non-zero in
the Sun-centered frame, they can be detected through a
periodic oscillation in the number of tt̄ events observed in
the Earth-based detector as a function of sidereal time.
The data used for this analysis correspond to 5.3 fb−1

of integrated luminosity collected with the D0 detector.
The D0 detector [9] consists of several subdetectors de-
signed for identification and reconstruction of the prod-
ucts of pp̄ collisions. A silicon microstrip tracker and cen-
tral fiber tracker surround the interaction region for pseu-
dorapidities |η| < 3 and |η| < 2.5, respectively (where
η = − ln[tan(θ/2)] is measured relative to the center of
the detector, and θ is the polar angle with respect to
the proton beam direction). These elements of the cen-
tral tracking system are located within a 2 T supercon-
ducting solenoidal magnet, providing measurements for
reconstructing event vertices and paths of charged parti-
cles. Particle energies are measured using a liquid argon
and uranium calorimeter. Outside of the calorimetry,
trajectories of muons are measured using three layers of
tracking detectors and scintillation trigger counters, with
1.8 T iron toroidal magnets between the first two layers.
Plastic scintillator arrays in front of the end-calorimeter
cryostats provide measurements of luminosity.
We employ the same event selection as described in

greater detail in Ref. [10]. Briefly, events are collected us-
ing a suite of triggers selecting events with a single lepton
(e or µ) or a single lepton plus a jet. Candidate tt̄ events
in the lepton+jets channels are then selected by requiring
the presence of one isolated electron (or muon) candidate
with transverse momentum pT > 20 GeV and pseudo-
rapidity |η| < 1.1 (2), and an imbalance in transverse
energy of E/T > 20 GeV (25 GeV). Events are divided
into bins of jet multiplicity, and all jets are required to
be reconstructed with pT > 20 GeV and |η| < 2.5, with a
leading jet of pT > 40 GeV. One of the jets is required to
be tagged as a b-jet candidate through a neural-network-
based (NN) algorithm [11]. The time of production of
each tt̄ event is recorded with the event data, with an
average accuracy of approximately ± 30 s. To follow the

Assume narrow-width approximation for top quarks:
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Lorentz symmetry. Wilson coe�cients of the SME are64

identified with such “background fields” and are con-65

stant in a given inertial frame, taken by convention to66

be the sun-centered frame [13]. The sun-centered frame67

can be considered as inertial in the lifetime of a physics68

experiment. The origin is placed at the sun center, the69

Z-axis directed north and parallel to the earth rotation70

axis, the X-axis is pointing to the vernal equinox in the71

celestial sphere, while X- and Y-axis are defining the72

equatorial plane, lying at an angle of ⇡ 23� relative to73

the ecliptic.74

In this paper, we are interested in the Lorentz violat-
ing CPT-even part of the Lagrangian density modifying
the top quark kinematics [14]:

L � 1

2
i(cL)µ⌫Q̄t�

µ !D ⌫Qt +
1

2
i(cR)µ⌫Ūt�

µ !D ⌫Ut (1)

where (cL)µ⌫ and (cR)µ⌫ are 4⇥4 matrices contain-75

ing top quark SME coe�cients (constant in the sun-76

centered rest frame), Qt is the third generation left-77

handed quark doublet, Ut is the right-handed charge-78

2/3 top singlet, and D⌫ is the gauge-covariant deriva-79

tive.80

A laboratory frame on earth moves around the earth81

rotation axis, thus the matrices cµ⌫ are oscillating within82

this frame during a sidereal day. Top quark interactions83

with cµ⌫ result in a distinctive signature: the cross sec-84

tion for tt̄ production is modulating with sidereal time85

in the frame of the experiment, thus exhibiting Lorentz86

violation. The first dedicated search for such signature87

in the top sector was performed at DØ [12].88

3 Top pair production in the SME89

The matrix elements for tt̄ production in the SME were
calculated analytically [14] at leading order in perturba-
tive QCD, assuming narrow-width approximation. Un-
der the hypothesis that the parton distribution func-
tions in the proton are not modified (which is indeed
the case if only the top quark receives non-zero SME co-
e�cients), and since the phase space expression stays
identical (neglecting second order modification of the
dispersion relation), the ratio of SME over SM cross
section is:

w =
|MSME |2

|MSM |2 (2)

with MSME and MSM the matrix elements for tt̄ pro-
duction in the SME and in the SM. In the laboratory
frame, the ratio is expressed as w(t) = 1 + f(t), with:

f(t) = ((cL)µ⌫ + (cR)µ⌫)R
µ
↵(t)R

⌫
�(t)

⇣�pP
P

+
�vP

P

⌘↵�

+(cL)µ⌫R
µ
↵(t)R

⌫
�(t)

⇣�F
F

+
�F̄

F̄

⌘↵�

(3)

where P is the matrix element squared for tt̄ production90

(either quark-antiquark annihilation or gluon fusion), F91

and F̄ are the top and antitop decay widths, while �pP ,92

�vP , �F , �F̄ are the SME modifications in the matrix93

element due respectively to propagator, production ver-94

tex, and in the top and antitop decay widths.95

The rotation matrix R(t) implements the change of96

reference frame from sun-centered canonical frame to97

the laboratory frame, and depends on the sidereal time,98

owing to the earth rotation around its axis with an an-99

gular velocity ⌦ = 7.29⇥ 10�5rad · s�1(SI) (the earth100

boost is negligible relative to the top quark boost pro-101

duced in collisions). In the following developments, for102

definiteness we will consider the rotation matrix con-103

structed with the CMS experiment [15] as laboratory104

frame. CMS is located at an azimuth of approximately105

✓ = 101.28� on the LHC ring; the latitude of the CMS106

interaction point is � = 46.31�, and the longitude is107

` = 6.08�E.108

Samples of tt̄ with dilepton decay tt̄ ! be±⌫ b̄µ⌥⌫̄109

are generated with MadGraph-aMC@NLO 2.6 [16]110

at leading order, hadronized with Pythia 8 [17] and111

passed through fast detector simulation with Delphes112

3 [18]. The ratio w can be considered as an event weight,113

to be applied to simulation events generated at leading114

order in QCD. Each simulated event is given a weight115

w, depending on the event kinematics and on the side-116

real timestamp (attributed to the event according to117

its event number). The selection criteria required on118

reconstructed particles are taken from [19]. Two jets119

are selected, arising from b-quark hadronization, with120

transverse momenta pT > 30 GeV and pseudorapidity121

|⌘| < 2.4. Two leptons are required to have pT > 20122

GeV and |⌘| < 2.4. No requirement on missing trans-123

verse momentum is required, instead the selection on124

the invariant mass meµ > 20 GeV is applied. The tt̄125

dilepton channel is usually leading to similar sensitivity126

as the lepton+jet channel that was used in the DØ anal-127

ysis [12].128

4 Anatomy of the LIV signatures in tt̄129

The function f(t) is computed in tt̄ simulated events,130

by averaging in eq. 3 terms relative to the event kine-131

matics (that does not depend on time): < A↵�
P >=<132

( �pPP + �vP
P )↵� > and < A↵�

F >=< ( �FF + �F̄
F̄
)↵� >.133

O↵-diagonal elements in the matrices AP and AF are134

much smaller than the in-diagonal elements, and are135

neglected in calculating the sinusoidal functions f(t).136

Four benchmark scenarios of SME coe�cients, taken137

from [12], are studied:138
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reconstructed particles are taken from [19]. Two jets119

are selected, arising from b-quark hadronization, with120
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|⌘| < 2.4. Two leptons are required to have pT > 20122
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verse momentum is required, instead the selection on124

the invariant mass meµ > 20 GeV is applied. The tt̄125

dilepton channel is usually leading to similar sensitivity126

as the lepton+jet channel that was used in the DØ anal-127
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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,

Berger, Kostelecký, Liu, Phys. Rev. D 93, 036005 (2016)

Induces a modulation of the top-antitop 
cross section with sidereal time
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Lorentz-violation with top quarks: previous bounds

86

Table D36. Quark sector, d ≥ 4

Combination Result System Ref.

|cTT
u | ≡ | 34 c̊

UR(4)
u |, |cTT

d | ≡ | 34 c̊
UR(4)
d | < 1.8× 10−21 Astrophysics [78]*, [18]*, [251]*

c̊UR(4)
q (−0.01 to 1.8)× 10−21 ” [78]*, [18]*

c̊UR(4)
q − 2̊cUR(4)

e (−0.001 to 2)× 10−20 ” [78]*, [18]*

(kπ)XX − (kπ)Y Y , (kπ)(XY ) < 10−23 Chiral perturbation theory [252]*

(kπ)(XZ), (kπ)(Y Z) < 10−24 ” [252]*

δπ > −7× 10−13 Astrophysics [253]*

δπ (−1.5 to 200)× 10−11 ” [254]*

|cπ| < 10−10 ” [72]*

|cK | < 10−9 ” [72]*

|cD| < 10−8 ” [72]*

|cBd |, |cBs | < 10−7 ” [72]*

|cZZ | < 0.027 qq̄ production [255]*

|cbZZ| < 0.35 bb̄ production [255]*

|ccZZ | < 0.4 cc̄ production [255]*

|ct| < 1.6× 10−7 Astrophysics [50]*

(cQ)XX33 −0.12± 0.11± 0.02 tt̄ production [256]

(cQ)Y Y 33 0.12± 0.11± 0.02 ” [256]

(cQ)XY 33 −0.04± 0.11± 0.01 ” [256]

(cQ)XZ33 0.15± 0.08± 0.02 ” [256]

(cQ)Y Z33 −0.03± 0.08± 0.01 ” [256]

(cU )XX33 0.1± 0.09± 0.02 ” [256]

(cU )Y Y 33 −0.1± 0.09± 0.02 ” [256]

(cU )XY 33 0.04± 0.09± 0.01 ” [256]

(cU )XZ33 −0.14± 0.07± 0.02 ” [256]

(cU )Y Z33 0.01± 0.07± < 0.01 ” [256]

dXX −0.11± 0.1± 0.02 ” [256]

dY Y 0.11± 0.1± 0.02 ” [256]

dXY −0.04± 0.1± 0.01 ” [256]

dXZ 0.14± 0.07± 0.02 ” [256]

dY Z −0.02± 0.07± < 0.01 ” [256]

c̊UR(6)
q (−0.63 to 1.7)× 10−22 GeV−2 Astrophysics [78]*, [18]*
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Indirect, isotrope, bound (Phys. Rev. 
D 97, 125016(2018)): from top-quark 
loop correction to photon propagator, 

using astrophysics photons

Direct, directional, bounds 
(PRL108:261603, 2012): 
measurement of top pair 

production at DØ (Tevatron)

Rev.Mod.Phys. 83: 11 (2011)
- Lorentz-violation tested in many sectors, 

- Before CMS-PAS-TOP-22-007: only one 

actual measurement with top quarks at 
collider: precision O(10%)
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Integrated luminosity with sidereal time

Integrated luminosity:
- Integrated luminosity can vary up to 20% per sidereal time bin

- Scale simulation yield for each sidereal time bin

- Re-estimate luminosity uncertainties as a function of time: cross-detector 

stability, luminometer linearity response
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Pileup with sidereal time

Pileup distribution:
- Nominal pileup profile and associated uncertainty (from the cross section for 

minimum bias events) does not cover for the pileup profile in time bins

- For each sidereal time bin: reweight pileup distribution and assign 

corresponding uncertainty
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Trigger efficiency with sidereal time

Data/simulation differences in dilepton trigger efficiencies:
- Estimated using pTmis trigger in events with ≥1 b jet

- Uncertainties estimated from partitions of the data: uncertainty arising from the 
number of jets, and run era dependency
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Uncertainties and their correlation

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+aS 100% 100% 0.1–0.4%

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

Re-estimated as a 
function of sidereal 
time: correlated in 

sidereal time 

Experimental syst. for 
which dependency in 

sidereal time is 
unknown: uncorrelated 

in sidereal time 

SM theory and 
background normalisation 

uncertainties: uniform 
(and correlated) in 

sidereal time 

MC stat.: correlated in 
sidereal time
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Differential fit in 2016 and 2017
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Comparison with SM expectations

- Alternative fit: Fit of each Wilson individually, others set to SM
- Correlation between coefficients of different directions is 0-4%
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SME coefficient Others fixed to SM Others floating

(10
�3

unit) Expected Observed Expected Observed

cL,XX = �cL,YY [�0.96; 0.96] [�0.9; 1.03] [�0.96; 0.96] [�0.9; 1.03]

cL,XY = cL,YX [�0.97; 0.97] [�1.92; 0.0] [�0.97; 0.97] [�1.94; �0.02]

cL,XZ = cL,ZX [�3.23; 3.23] [�0.97; 5.49] [�3.23; 3.23] [�0.92; 5.54]

cL,YZ = cL,ZY [�3.24; 3.24] [�4.61; 1.85] [�3.24; 3.24] [�4.64; 1.82]

cR,XX = �cR,YY [�1.7; 1.7] [�1.65; 1.77] [�1.7; 1.7] [�1.66; 1.76]

cR,XY = cR,YX [�1.71; 1.71] [0.09; 3.5] [�1.71; 1.71] [0.12; 3.52]

cR,XZ = cR,ZX [�5.78; 5.78] [�9.36; 2.2] [�5.78; 5.78] [�9.45; 2.11]

cR,YZ = cR,ZY [�5.8; 5.8] [�3.82; 7.76] [�5.8; 5.8] [�3.77; 7.82]

cXX = �cYY [�2.17; 2.17] [�1.76; 2.62] [�2.17; 2.17] [�1.83; 2.55]

cXY = cYX [�2.18; 2.18] [�4.23; 0.17] [�2.18; 2.18] [�4.31; 0.09]

cXZ = cZX [�7.21; 7.21] [�1.49; 13.07] [�7.21; 7.21] [�1.29; 13.27]

cYZ = cZY [�7.24; 7.24] [�11.05; 3.38] [�7.24; 7.24] [�11.21; 3.28]

dXX = �dYY [�0.61; 0.61] [�0.6; 0.63] [�0.61; 0.61] [�0.59; 0.64]

dXY = dYX [�0.62; 0.62] [�1.24; �0.01] [�0.62; 0.62] [�1.25; �0.02]

dXZ = dZX [�2.07; 2.07] [�0.68; 3.46] [�2.08; 2.07] [�0.65; 3.49]

dYZ = dZY [�2.08; 2.08] [�2.9; 1.25] [�2.08; 2.08] [�2.92; 1.23]
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Uncertainty in SME fits
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Uncertainty for single top in the SME
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 (13 TeV)-1 77.4 fbCMS Preliminary

- Formula for single top production in presence of non-null c or d SME 
coefficients are not known

- Evaluate an uncertainty arising from top quark decay in the SME, using single 
top processes


- Small impact on the total uncertainty
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⌦siderealtsidereal = ⌦UTC ⇤ (tUNIX � t0) + �UNIX + �longitude

Timestamp of the 
lumisection in UNIX 
time (seconds since 

1st Jan 1970)

Jan 1st 2016 in 
UNIX time

Effective longitude 
of the beam at 

CMS P5 relative to 
Greenwich 

meridian, in rad

Angular velocity 
of earth’s rotation 
around its axis in 

UTC time: 

2π/86164 s-1

Angular velocity 
of earth’s rotation 
around its axis in 

sidereal time: 
~2π/86400 s-1

Phase between 
J2000 (reference 
in Sun-centered 
frame) and Unix 

epoch

UTC time (~UNIX time): rotation period of the earth lasts ~23h 56min 4s (UTC)

Sidereal time: rotation period of the earth is defined as 24h, 86400 s (sidereal)
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SME rotation matrices
R G2b `Qi�iBQMb

R(�, ✓,↵) = RZ(⌦t) ·Ry00(�) ·Rx0

⇣
� (⇡ � ✓)

⌘
·Rz

⇣⇡
2

⌘
·Rx(↵) URV

�p2+ ,

c� ⌘ cos(�) s� ⌘ sin(�)

c✓ ⌘ cos(✓) s✓ ⌘ sin(✓)

c↵ ⌘ cos(↵) s↵ ⌘ sin(↵)

QM T2mi /ûp2HQTT2` H� `Qi�iBQM �p2+ iBHi ,

R(�, ✓,↵, t) =

0

BB@

1 0 0 0
0 sin(⌦t)c✓ � cos(⌦t)s✓s� cos(⌦t)(�s↵c✓s� � c↵c�)� sin(⌦t)s↵s✓ cos(⌦t)(s↵c� � c↵c✓s�)� sin(⌦t)c↵s✓
0 � sin(⌦t)s✓s� � cos(⌦t)c✓ sin(⌦t)(�s↵c✓s� � c↵c�) + cos(⌦t)s↵s✓ sin(⌦t)(s↵c� � c↵c✓s�) + cos(⌦t)c↵s✓
0 �s✓c� c↵s� � s↵c✓c� �s↵s� � c↵c✓c�

1

CCA

UkV
AH v �p�Bi j 2``2m`b URxx-Ryx U[mB QMi H2b KāK2b +Q2{+B2Mib �mt p�`B�iBQMb
i2KTQ`2HH2b T`ĕbV 2i Rzy [m2 im �p�Bb /ûD¨ MQiûVX

oû`B}+�iBQM aB ↵ = 0 QM pû`B}2 #B2M HǶ2tT`2bbBQM /2 H� i?ĕb2 U�T`ĕb +Q``2+@
iBQMbVX

R(�, ✓, 0, t) =

0

BB@

1 0 0 0
0 sin(⌦t)c✓ � cos(⌦t)s✓s� � cos(⌦t)c� � cos(⌦t)c✓s� � sin(⌦t)s✓
0 � sin(⌦t)s✓s� � cos(⌦t)c✓ � sin(⌦t)c� � sin(⌦t)c✓s� + cos(⌦t)s✓
0 �s✓c� s� �c✓c�

1

CCA UjV

k G2b Aµ⌫

1M 7�Bi H2b Aµ⌫ bQMi +�H+mHûb +QKTHĕi2K2Mi BM/ûT2M/�KK2Mi /2b `Qi�iBQMbX
.QM+ QM � iQmDQm`b #B2M /2b K�i`B+2b +QKTHĕi2K2Mi /B�;QM�H2b U/�Mb H2b BM@
+2`iBim/2bVX

�m G>* ¨ Rj h2o ,

hAµ⌫
Pqq̄

i =

0

BB@

1.178± 0.007 0.000± 0.001 0.000± 0.001 0.004± 0.008
0.000± 0.001 0.195± 0.001 0.000± 0.001 0.000± 0.001
0.000± 0.001 0.000± 0.001 0.195± 0.001 0.000± 0.001
0.004± 0.008 0.000± 0.001 0.000± 0.001 2.890± 0.007

1

CCA U9V

�p2+ �qq̄ = 0.114

hAµ⌫
Pgg

i =

0

BB@

13.55± 0.02 0.000± 0.001 0.000± 0.001 0.00± 0.02
0.000± 0.001 0.144± 0.001 0.000± 0.001 0.000± 0.001
0.000± 0.001 0.000± 0.001 0.143± 0.001 0.000± 0.001
0.00± 0.02 0.000± 0.001 0.000± 0.001 9.42± 0.02

1

CCA U8V

R

9 _ûbmHi�ib }M�mt
R(�, ✓,↵) = RZ(⌦t) ·Ry00(�) ·Rx0

⇣
� (⇡ � ✓)

⌘
·Rz

⇣⇡
2

⌘
·Rx(↵)

R(�, ✓,↵, t) =

0

BB@

1 0 0 0
0 sin(⌦t)c✓ � cos(⌦t)s✓s� cos(⌦t)(�s↵c✓s� � c↵c�)� sin(⌦t)s↵s✓ cos(⌦t)(s↵c� � c↵c✓s�)� sin(⌦t)c↵s✓
0 � sin(⌦t)s✓s� � cos(⌦t)c✓ sin(⌦t)(�s↵c✓s� � c↵c�) + cos(⌦t)s↵s✓ sin(⌦t)(s↵c� � c↵c✓s�) + cos(⌦t)c↵s✓
0 �s✓c� c↵s� � s↵c✓c� �s↵s� � c↵c✓c�

1

CCA

�p2+ ,
8
>>>>>>>>><

>>>>>>>>>:

a1 =
⇣
(s↵c✓s� + c↵c�)2 + (s✓s�)2

⌘
hAXXi+ (s↵c� � c↵c✓s�)2hAZZi

a2 =
⇣
c2✓ + (s↵s✓)2

⌘
hAXXi+ (c↵s✓)2hAZZi

a3 = �
⇣
c✓s✓s� � (s↵c✓s� + c↵c�)s↵s✓

⌘
hAXXi � (s↵c� � c↵c✓s�)c↵s✓hAZZi

a4 =
⇣
s2✓s�c� + (�s↵c✓s� � c↵c�)(c↵s� � s↵c✓c�)

⌘
hAXXi+ (s↵c� � c↵c✓s�)(�s↵s� � c↵c✓c�)hAZZi

a5 =
⇣
� c✓s✓c� � s↵c✓(c↵s� � s↵c✓c�)

⌘
hAXXi+ c↵s✓(s↵s� + c↵c✓c�)hAZZi
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Tilt of LHC plane 
relative to the surface

azimuth in 
LHC ringLatitude

Rotation of the earth 
around its axis
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


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top+Higgs processes

H → γγ sensitivity studies using RooStats
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ttH: Direct (tree level) probe of 
top-Higgs coupling
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ttH multilepton
Eur. Phys. J. C 81 (2021) 378

H → γγ sensitivity studies using RooStats
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- Jets faking leptons: fake rate 
computed from jets control region 
with loosened identification


- Charge mis-assignment (2ℓss only): 
flip rate from Z→ℓ±ℓ± data

Irreducible: tt+W/Z/γ* 

- from Monte Carlo, 

- O(10%) uncertainty

Reducible: mainly tt+jets, 

- Lepton identification optimised for this analysis

- measured in data, 

- O(30%) uncertainty

Most sensitive event categories: 2 leptons of same 
sign (2ℓss), 3ℓ, 2ℓss+1τh (hadronic tau), 1ℓ+2τh

2ℓss

http://dx.doi.org/10.1140/epjc/s10052-021-09014-x
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Combination and interpretation of differential Higgs
=> Im(cbH), Im(ceH), Im(cbW)

CP violation from Higgs differential
CMS-PAS-23-013
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