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96 4. TEST DES SYMÉTRIES GLOBALES DU MODÈLE STANDARD AU LHC

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) :
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⌫ est une transformation de Lorentz et tµ une translation. On montre aisément que
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0
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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: Lorentz group:
- Rotations
- Lorentz boosts
- P (spacial inversion) and T (time reversal)Global transformation of 

spacetime coordinates

C: charge conjugation, transforms particles into antiparticles 
CPT theorem: a QFT a preserving Lorentz invariance must also 
preserve CPT symmetry.  
=> CPT is intimately connected with Lorentz invariance 
CPT violation implies Lorentz violation for local QFT theories 
[hep-ph:0201258]

Observation shows Lorentz 
invariance and CPT symmetry 
are preserved (so far). 
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4.3. Tests de la symétrie de Lorentz et de CPT dans le secteur top

4.3.1. Brisure de Lorentz et CPT dans le Modèle standard Étendu. Invariance
de Lorentz et symétrie CPT sont au coeur de la QFT. Pourtant lorsque les e↵ets de relati-
vité générale et de physique quantique se font sentir au très hautes énergies de la gravitation
quantique, où l’espace-temps pourrait être le sujet de violentes fluctuations quantiques, il n’est
pas garanti que l’invariance de Lorentz soit maintenue (voir en théorie des cordes [261] et gra-
vitation quantique à boucle [262]). L’échelle d’énergie de cette brisure de symétrie pourrrait
être de l’ordre de la masse de Planck MP l où beaucoup plus basse, de l’ordre de quelques TeV
comme dans le paradigme des grandes dimensions suplémentaires [263]. Une rémanence de la
brisure de symétrie pourrait alors subsister à des échelles d’énergie plus basses, potentiellement
accessible au LHC.

De telles signatures sont prédites dans le Modèle Standard Étendu (SME), une EFT qui
inclut tous les termes possibles de brisure de l’invariance de Lorentz [264] et CPT [260] d’une
manière indépendante du modèle, en préservant l’invariance de jauge du SM, la localité, la
causalité perçue par l’observateur [265] et la renormalisabilité. Le SME a été testé avec des
horloges atomiques, avec la spectroscopie matière-antimatière, en astroparticules et dans bien
d’autres domaines. Pour une revue, voir [266], et une compilation des résultats, [267]. Au
LHC, la seule recherche ayant été faite est la recherche de brisure de CPT avec les mésons B à
LHCb [268]. Les coe�cients de Wilson du SME peuvent être di↵érents d’une espèce à l’autre.
La seule recherche directe de violation de Lorentz dans le secteur du quark top a été e↵ectuée
au à D0 au Tevatron [269]. Au LHC, une amélioration de sensibilité significative est attendue,
comme il sera montré ici.

Dans le SME, le Lagrangien des fermions peut être mis sous la forme suivante [270] :

LSME =
1

2
i ̄�⌫@⌫ � M  ̄ 

Avec :

�⌫ = �⌫ + cµ⌫�µ + dµ⌫�5�µ + e⌫ + if ⌫�5 +
1

2
gµ⌫���µ

M = m + aµ�
5 + bµ�

5�µ + Hµ⌫�µ⌫

Les termes additionnels à ceux du SM brisent l’invariance de Lorentz, au sens où considérés
comme constants, il ne répondent pas aux lois de transformations de vecteur ou tenseur de
Lorentz qui a↵ectent les champs. On parle de brisure de ”particle Lorentz invariance”. Les
termes aµ, bµ, e⌫ , f ⌫ et gµ⌫� brisent aussi CPT (violation de CPT implique violation de Lorentz
[271] pour des théories locales). Un exemple de théorie pouvant générer ces termes est la
théorie des cordes bosonique [261], où ils apparâıssent comme la valeur non nulle dans le vide
de certains champs, issus d’une brisure spontanée de la symétrie de Lorentz.

Pour mesurer la valeur de aµ, etc, il est nécessaire de se placer dans un certain référentiel,
de la même manière que pour mesurer n’importe quelle quantité qui n’est pas invariante sous
une transformation de Lorentz (par exemple, l’énergie d’une particule). Comme conséquence,
le SME reste ”observer Lorentz invariant”, parce que le résultat peut être donné dans n’im-
porte quel référentiel inertiel par transformation de Lorentz a↵ectant les coordonnées. Un choix
conventionnel consiste à reporter les résultats dans le référentiel centré sur le soleil (Sun Cen-
tered Frame, SCF), défini par l’axe Z selon la direction de l’axe de rotation de la Terre, l’axe
X pointant vers le point de l’équinoxe vernal de l’an 2000 et l’axe Y complétant la base (le
plan XY est donc identifié avec le plan équatorial, incliné de 23� par rapport à l’écliptique). On
pourrait avancer qu’un référentiel privilégié serait celui pour lequel les valeurs des coe�cients
de Wilson sont identiques à ceux du Lagrangien (le référentiel du fond di↵us cosmologique est
parfois citée comme candidat).

Pour le référentiel SCF, la mesure naturelle du temps est le temps sidéral, utilisée par les
astronomes pour localiser les objets célestes. Il mesure la rotation de la terre par rapport aux
étoiles considérées comme fixes.
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[271] pour des théories locales). Un exemple de théorie pouvant générer ces termes est la
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parfois citée comme candidat).
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Theoretical motivation:
- Models of bosonic strings predict spontaneous breaking of Lorentz Invariance 

[PRD.39.683] 
- Lorentz Invariance is not necessarily maintained in Loop Quantum Gravity [gr-qc/

0205125] 
- The Quantum Gravity scale could be lower than the Planck scale, e.g. in the 

paradigm of large extra dimensions [hep-ph/9803315] 
- Remnants of the breaking could be observed at lower energy scale

?    Top quark

Standard Model Extension (SME) Effective Field Theory:
- Add all Lorentz- and CPT-violating operators to the SM Lagrangian [hep-ph/9809521] 
- The Dirac sector:
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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,

Within the Sun-centered frame: 
- The laboratory (CMS) frame is rotating daily around the 

earth Z-axis of rotation 
- The SME coefficients are constant 
- Induces a modulation of the top-antitop cross 

section with sidereal time

 4

Particle-Lorentz violation:  
- At Lagrangian level, SME coefficients are constant matrices, not respecting 

Lorentz transformations 
- They indicate preferential directions in spacetime 
- An inertial frame still needs to be defined to report any observation.  
- By convention, use the Sun-Centered frame.
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4.3. Tests de la symétrie de Lorentz et de CPT dans le secteur top

4.3.1. Brisure de Lorentz et CPT dans le Modèle standard Étendu. Invariance
de Lorentz et symétrie CPT sont au coeur de la QFT. Pourtant lorsque les e↵ets de relati-
vité générale et de physique quantique se font sentir au très hautes énergies de la gravitation
quantique, où l’espace-temps pourrait être le sujet de violentes fluctuations quantiques, il n’est
pas garanti que l’invariance de Lorentz soit maintenue (voir en théorie des cordes [261] et gra-
vitation quantique à boucle [262]). L’échelle d’énergie de cette brisure de symétrie pourrrait
être de l’ordre de la masse de Planck MP l où beaucoup plus basse, de l’ordre de quelques TeV
comme dans le paradigme des grandes dimensions suplémentaires [263]. Une rémanence de la
brisure de symétrie pourrait alors subsister à des échelles d’énergie plus basses, potentiellement
accessible au LHC.

De telles signatures sont prédites dans le Modèle Standard Étendu (SME), une EFT qui
inclut tous les termes possibles de brisure de l’invariance de Lorentz [264] et CPT [260] d’une
manière indépendante du modèle, en préservant l’invariance de jauge du SM, la localité, la
causalité perçue par l’observateur [265] et la renormalisabilité. Le SME a été testé avec des
horloges atomiques, avec la spectroscopie matière-antimatière, en astroparticules et dans bien
d’autres domaines. Pour une revue, voir [266], et une compilation des résultats, [267]. Au
LHC, la seule recherche ayant été faite est la recherche de brisure de CPT avec les mésons B à
LHCb [268]. Les coe�cients de Wilson du SME peuvent être di↵érents d’une espèce à l’autre.
La seule recherche directe de violation de Lorentz dans le secteur du quark top a été e↵ectuée
au à D0 au Tevatron [269]. Au LHC, une amélioration de sensibilité significative est attendue,
comme il sera montré ici.

Dans le SME, le Lagrangien des fermions peut être mis sous la forme suivante [270] :

LSME =
1

2
i ̄�⌫@⌫ � M  ̄ 

Avec :
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Les termes additionnels à ceux du SM brisent l’invariance de Lorentz, au sens où considérés
comme constants, il ne répondent pas aux lois de transformations de vecteur ou tenseur de
Lorentz qui a↵ectent les champs. On parle de brisure de ”particle Lorentz invariance”. Les
termes aµ, bµ, e⌫ , f ⌫ et gµ⌫� brisent aussi CPT (violation de CPT implique violation de Lorentz
[271] pour des théories locales). Un exemple de théorie pouvant générer ces termes est la
théorie des cordes bosonique [261], où ils apparâıssent comme la valeur non nulle dans le vide
de certains champs, issus d’une brisure spontanée de la symétrie de Lorentz.

Pour mesurer la valeur de aµ, etc, il est nécessaire de se placer dans un certain référentiel,
de la même manière que pour mesurer n’importe quelle quantité qui n’est pas invariante sous
une transformation de Lorentz (par exemple, l’énergie d’une particule). Comme conséquence,
le SME reste ”observer Lorentz invariant”, parce que le résultat peut être donné dans n’im-
porte quel référentiel inertiel par transformation de Lorentz a↵ectant les coordonnées. Un choix
conventionnel consiste à reporter les résultats dans le référentiel centré sur le soleil (Sun Cen-
tered Frame, SCF), défini par l’axe Z selon la direction de l’axe de rotation de la Terre, l’axe
X pointant vers le point de l’équinoxe vernal de l’an 2000 et l’axe Y complétant la base (le
plan XY est donc identifié avec le plan équatorial, incliné de 23� par rapport à l’écliptique). On
pourrait avancer qu’un référentiel privilégié serait celui pour lequel les valeurs des coe�cients
de Wilson sont identiques à ceux du Lagrangien (le référentiel du fond di↵us cosmologique est
parfois citée comme candidat).

Pour le référentiel SCF, la mesure naturelle du temps est le temps sidéral, utilisée par les
astronomes pour localiser les objets célestes. Il mesure la rotation de la terre par rapport aux
étoiles considérées comme fixes.
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accessible au LHC.

De telles signatures sont prédites dans le Modèle Standard Étendu (SME), une EFT qui
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de la même manière que pour mesurer n’importe quelle quantité qui n’est pas invariante sous
une transformation de Lorentz (par exemple, l’énergie d’une particule). Comme conséquence,
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X pointant vers le point de l’équinoxe vernal de l’an 2000 et l’axe Y complétant la base (le
plan XY est donc identifié avec le plan équatorial, incliné de 23� par rapport à l’écliptique). On
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Pour le référentiel SCF, la mesure naturelle du temps est le temps sidéral, utilisée par les
astronomes pour localiser les objets célestes. Il mesure la rotation de la terre par rapport aux
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Why searching for LIV with top quarks?
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- Only one actual measurement performed, at D0 Tevatron (2012): best direct 
world limits on Lorentz invariance violation at Tevatron 

- The top quark is the heaviest known elementary particle, and the only quark which 
decays before hadronizing

- It is interesting to test special relativity in this poorly tested sector. 
- Top quark production has large cross section at the LHC: expect much improved 

precision.



Top quark: existing bounds
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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 bound (Phys. Rev. D 97, 
125016(2018)): from top-quark loop 

correction to photon propagator, 
using astrophysics photons

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

production at DØ (Tevatron)

Rev.Mod.Phys. 83: 11 (2011)
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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:

2
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Right handed charge 
2/3 top singlet

Berger, Kostelecký, Liu, Phys. Rev. D 93, 036005 (2016)
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(Focus here on CPT-
even coefficients)



Top pair production in the 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

Top quark (~173 GeV) decays at almost 100% to Wb. 
Assume narrow-width approximation for top quarks:

2

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
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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
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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)
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Selecting top pair production at DØ

Dataset and selection
- Dataset: Integrated luminosity L=5.3 fb-1 

of proton-antiproton collisions (2002-2009)

D0 Collaboration, PRL108:261603, 2012
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FIG. 5: (Color online) Jet multiplicity distributions for events
with (a) 0, (b) 1, and (c) > 1 b-tagged jets for backgrounds
and contributions from tt̄ signal for a cross section of 7.78 pb
as measured with the combined method.

simulation, corrections on the longitudinal distribution
of the PV in the MC simulation and data-quality re-
quirements (summarized under “other” in the tables of
uncertainties), uncertainties on the normalization of the
background obtained using MC, and uncertainties on the
modeling of the signal.
The uncertainties due to b-tagging include corrections

to the b, c, and light-flavor jet tagging rates, the track
multiplicity requirements on jets which are candidates

for b-tagging (called “taggability”), and on the possi-
ble differences in the calorimeter response between b jets
and light flavor jets. In addition, uncertainties in se-
lection efficiencies and b-tagging probabilities can arise
from limited statistics of MC samples and from the mod-
eling of tt̄ signal. The latter includes PDF uncertainty,
the difference between tuning of b-fragmentation to LEP
or SLD data [34], the difference between simulations us-
ing alpgen or mc@nlo [35], and between pythia or
herwig [36] for parton evolution and hadronization, and
the uncertainties on modeling color re-connections and on
calculating initial and final state radiation. The uncer-
tainty on the PDF is estimated by evaluating the effect of
20 independent uncertainty PDF sets of CTEQ6.1M [37]
on the selection efficiency and b-tagging probabilities,
and adding the resulting uncertainties in quadrature.
The uncertainties on the MJ background obtained

from the matrix method include systematic uncertainties
on ϵs and ϵb as well as statistical uncertainties due to the
limited size of the samples used to model MJ background.
Uncertainties on the flavor composition of W+jets and
Z+jets processes are also taken into account.
Uncertainties on the jet energy scale [38] (JES) and

jet reconstruction and identification efficiencies affect the
selection and b-tagging efficiencies, and the discriminant
distributions. The discriminant distributions are also af-
fected by the limited statistics used to form the tem-
plates. In the combined method, systematic uncertainties
that affect the discriminant distributions include tagga-
bility and tagging rates for b, c, and light-flavor jets. The
uncertainty on the integrated luminosity is 6.1% [39],
affecting the estimates of signal and background yields
obtained from simulation.
Jet energy scale, jet energy resolution, and jet recon-

struction and identification uncertainties have a large ef-
fect on the discriminant distributions for W+jets back-
ground and as a result, a large effect on the measured
σtt̄. Their influence can be reduced by including events
with two jets, dominated by the W+jets background, in
the fit. Due to the correlation of the considered system-
atic uncertainties between the different channels, the cor-
responding nuisance parameters are constrained by the
background-dominated two-jet channels, and affect the
result mostly through the samples with more jets, where
the tt̄ content is higher.
The cross section fit with a simultaneous extraction of

the nuisance parameters also results in a better agree-
ment between data and the signal plus background pre-
diction for the discriminant distribution in background
dominated samples. An example of this effect is illus-
trated in Fig. 2, where we perform a comparison of data
and the total signal plus background prediction for the
case in which only the tt̄ cross section is a free parameter
of the fit and for the case in which also the nuisance pa-
rameters are determined from the fit. Improvements can
be seen when the additional parameters associated with
systematic contributions are varied.
We take into account all correlations between channels

14

Number of jets
2 3 4≥

Nu
m

be
r o

f e
ve

nt
s

210

310

410

510
Data
tt

Other 
W+jets 
Multijets 

-1DØ, L=5.3 fb

Number of jets
2 3 4≥

Nu
m

be
r o

f e
ve

nt
s

210

310

410

510

Number of jets
2 3 4≥

Nu
m

be
r o

f e
ve

nt
s

210

310

410

510

Number of jets
2 3 4≥

Nu
m

be
r o

f e
ve

nt
s

0
500

1000
1500
2000
2500
3000
3500
4000
4500

-1DØ, L=5.3 fb

Number of jets
2 3 4≥

Nu
m

be
r o

f e
ve

nt
s

0
500

1000
1500
2000
2500
3000
3500
4000
4500

Number of jets
2 3 4≥

Nu
m

be
r o

f e
ve

nt
s

0
500

1000
1500
2000
2500
3000
3500
4000
4500

Number of jets
2 3 4≥

Nu
m

be
r o

f e
ve

nt
s

0

100

200

300

400

500

600 -1DØ, L=5.3 fb

Number of jets
2 3 4≥

Nu
m

be
r o

f e
ve

nt
s

0

100

200

300

400

500

600

Number of jets
2 3 4≥

Nu
m

be
r o

f e
ve

nt
s

0

100

200

300

400

500

600
(c)

(b)

(a)

FIG. 5: (Color online) Jet multiplicity distributions for events
with (a) 0, (b) 1, and (c) > 1 b-tagged jets for backgrounds
and contributions from tt̄ signal for a cross section of 7.78 pb
as measured with the combined method.

simulation, corrections on the longitudinal distribution
of the PV in the MC simulation and data-quality re-
quirements (summarized under “other” in the tables of
uncertainties), uncertainties on the normalization of the
background obtained using MC, and uncertainties on the
modeling of the signal.
The uncertainties due to b-tagging include corrections

to the b, c, and light-flavor jet tagging rates, the track
multiplicity requirements on jets which are candidates

for b-tagging (called “taggability”), and on the possi-
ble differences in the calorimeter response between b jets
and light flavor jets. In addition, uncertainties in se-
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calculating initial and final state radiation. The uncer-
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fS(µ+>3-jets) = 0.76± 0.11. Because of this difference,
we treat the electron and muon channels separately.
To simplify fitting fSME(φ) to the data, we define a

variable R for each bin:

Ri ≡
1

fS

(

Ni/Ntot

Li/Lint
− 1

)

. (6)

Equation (6) is the luminosity-corrected sidereally-
binned relative tt̄ event rate, which can be compared
directly to fSME(φ). In the absence of any significant
sidereal time dependence, all the Ri values should be
consistent with zero, while a sidereal time dependence
would produce a sinusoidal variation in this rate. The
amplitude for any sinusoidal dependence is given by the
product of an SME coefficient and a mixture of contribu-
tions from the rotation matrix and appropriate combina-
tion of elements from Aαβ

P and Aαβ
F . This latter mixture

also fixes the phase of the sinusoidal function in a fit to
the data.
The resulting distributions for R as a function of side-

real phase are shown in Fig. 1, separately for the electron
and muon channels. The forms of fSME(φ) are fitted to
these two distributions to estimate the values of the SME
coefficients for the assumptions summarized in Tables I
and II. We apply a small correction of 1.2%–4.7% to each
extracted value to account for biases introduced by the
finite bin size.
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FIG. 1: The dependence of R, as defined in Eq. (6), on
sidereal phase for (a) e+>3-jets tt̄ candidates, and (b)

µ+>3-jets tt̄ candidates.

While the dominant contribution to the uncertainty
on the SME coefficients results from the limited size of
our tt̄ data sample, the estimated fraction of tt̄ events in
the data contributes an additional uncertainty. We treat
this as a systematic uncertainty in this study. The back-
ground from single top quark events can, in principle,
exhibit SME effects. However, their relative contribu-
tion to the tt̄ sample is negligible (≈1%). The orienta-
tion and location of the detector, as well as the origin
chosen for the time of events, also carry negligible uncer-
tainties. Finally, any uncertainties in the values of the
elements of Aαβ

P and Aαβ
F can potentially contribute a

systematic uncertainty in this analysis, in ways similar
to those discussed in the analysis of the tt̄ cross section,
as summarized below.
The leading sources of systematic uncertainty in the

kinematics of tt̄ events arise from: (i) the jet energy
scale, (ii) jet energy resolution, and (iii) jet identifica-
tion. These can affect the distributions of momenta re-
constructed in the detector, but, as the elements of Aαβ

P

and Aαβ
F reflect only average values of the components

of the momenta over the detector acceptance, such aver-
ages are not very sensitive to small changes in kinematic
parameters. The relative uncertainty of the contributing
elements is negligible compared to the statistical uncer-
tainty of the data and the systematic uncertainties on
signal fractions fS .
A periodic time dependence could potentially be in-

troduced to the event rate through changes in event se-
lection efficiency. We check this possibility by exam-
ining the luminosity-corrected sidereally-binned relative
event rates (R distributions) for the lepton+n-jets chan-
nels, where n = 2, 3. These bins of jet multiplicity con-
tain relatively small contributions from tt̄ events, with
fS(ℓ+2-jets) ≈ 12% and fS(ℓ+3-jets) ≈ 45%. We ex-
tract the amplitudes for any time dependent oscillations,
corresponding to the parameterizations used for the co-
efficients in Tables III–V, in each of the four cross-check
channels (ℓ+n-jets, where ℓ = e, µ and n = 2, 3). For
each assumption, the ensemble of fits is consistent with
no time dependence at levels of probability in the range
6%–38%. We therefore conclude that these cross checks
give no indication of a sidereal time-dependent efficiency.
Finally, it should be noted that any residual non-

sidereal time dependence is suppressed greatly by folding
the data into twelve bins of sidereal phase, as the mag-
nitude of any residual contribution following this folding
depends inversely on the difference in the period of the
time-dependent efficiency and the sidereal period. Most
problematic would be an unexpected time-dependent ef-
ficiency with a period close to that of a sidereal day.
The worst realistic case would be a contribution to de-
tector efficiency that has a period of 24 solar hours. How-
ever, because the data taking spans approximately seven
years, any contributions from such an effect would be
suppressed by about a factor of 10. To affect our conclu-
sions, we would have had to experience a highly unlikely
periodic dependence of the efficiency of approximately
75% over 24 hours. No periodic effects of this magnitude
have ever been observed in the detection efficiencies for
objects considered in this analysis.
Because the SME contribution to the matrix element is

independent of lepton flavor, we perform a simultaneous
fit to both the e+>3-jets and µ+>3-jets data to obtain
the final results. The extracted SME coefficients are all
consistent with no time dependence, and we therefore
find no evidence for violation of Lorentz invariance in
the tt̄ system.

Sidereal time analysis
- Search for periodic variation of the recorded number of 

events (bins of 2 sidereal hours) 
- Correct data for varying instantaneous luminosity in the fill
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While the dominant contribution to the uncertainty
on the SME coefficients results from the limited size of
our tt̄ data sample, the estimated fraction of tt̄ events in
the data contributes an additional uncertainty. We treat
this as a systematic uncertainty in this study. The back-
ground from single top quark events can, in principle,
exhibit SME effects. However, their relative contribu-
tion to the tt̄ sample is negligible (≈1%). The orienta-
tion and location of the detector, as well as the origin
chosen for the time of events, also carry negligible uncer-
tainties. Finally, any uncertainties in the values of the
elements of Aαβ

P and Aαβ
F can potentially contribute a

systematic uncertainty in this analysis, in ways similar
to those discussed in the analysis of the tt̄ cross section,
as summarized below.
The leading sources of systematic uncertainty in the

kinematics of tt̄ events arise from: (i) the jet energy
scale, (ii) jet energy resolution, and (iii) jet identifica-
tion. These can affect the distributions of momenta re-
constructed in the detector, but, as the elements of Aαβ

P

and Aαβ
F reflect only average values of the components

of the momenta over the detector acceptance, such aver-
ages are not very sensitive to small changes in kinematic
parameters. The relative uncertainty of the contributing
elements is negligible compared to the statistical uncer-
tainty of the data and the systematic uncertainties on
signal fractions fS .
A periodic time dependence could potentially be in-

troduced to the event rate through changes in event se-
lection efficiency. We check this possibility by exam-
ining the luminosity-corrected sidereally-binned relative
event rates (R distributions) for the lepton+n-jets chan-
nels, where n = 2, 3. These bins of jet multiplicity con-
tain relatively small contributions from tt̄ events, with
fS(ℓ+2-jets) ≈ 12% and fS(ℓ+3-jets) ≈ 45%. We ex-
tract the amplitudes for any time dependent oscillations,
corresponding to the parameterizations used for the co-
efficients in Tables III–V, in each of the four cross-check
channels (ℓ+n-jets, where ℓ = e, µ and n = 2, 3). For
each assumption, the ensemble of fits is consistent with
no time dependence at levels of probability in the range
6%–38%. We therefore conclude that these cross checks
give no indication of a sidereal time-dependent efficiency.
Finally, it should be noted that any residual non-

sidereal time dependence is suppressed greatly by folding
the data into twelve bins of sidereal phase, as the mag-
nitude of any residual contribution following this folding
depends inversely on the difference in the period of the
time-dependent efficiency and the sidereal period. Most
problematic would be an unexpected time-dependent ef-
ficiency with a period close to that of a sidereal day.
The worst realistic case would be a contribution to de-
tector efficiency that has a period of 24 solar hours. How-
ever, because the data taking spans approximately seven
years, any contributions from such an effect would be
suppressed by about a factor of 10. To affect our conclu-
sions, we would have had to experience a highly unlikely
periodic dependence of the efficiency of approximately
75% over 24 hours. No periodic effects of this magnitude
have ever been observed in the detection efficiencies for
objects considered in this analysis.
Because the SME contribution to the matrix element is

independent of lepton flavor, we perform a simultaneous
fit to both the e+>3-jets and µ+>3-jets data to obtain
the final results. The extracted SME coefficients are all
consistent with no time dependence, and we therefore
find no evidence for violation of Lorentz invariance in
the tt̄ system.
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conventions utilized in other SME studies [2], we shift the
origin of the time coordinate to correspond to the vernal
equinox of the year 2000.
The SME predicts time dependent effects on the tt̄

cross section of the form

σ(t) ≈ σave [1 + fSME(t)] , (3)

where σave is the observed (time averaged) cross section
for tt̄ → W+bW−b̄ → ℓνℓbq̄q′b̄, in ℓ+jets final states. To
arrive at Eq. (3), we compare the contribution from the
SME terms in Eq. (2) to the SM expectation by consid-
ering the ratio of |M|2SME to the SM component PFF̄ .
The SME contributions in this ratio are collected into the
function

fSME(t) = [(cQ)µν + (cU )µν ]R
µ
α(t)R

ν
β(t)A

αβ
P

+ (cQ)µνR
µ
α(t)R

ν
β(t)A

αβ
F . (4)

Eq. (4) is a product of the matrices of time-independent
coefficients (cQ)µν and (cU )µν , four-by-four matrices of

terms that depend on the event production (Aαβ
P ) and

decay (Aαβ
F ) kinematics in the D0 frame, and a rotation

matrix Rµ
α(t) that transforms Aαβ

P and Aαβ
F from the D0

frame to the Sun-centered frame.
The Aαβ

P and Aαβ
F matrices are evaluated using tt̄

Monte Carlo events generated with pythia [12]. Events
that pass detector acceptance, trigger, event reconstruc-
tion, and analysis selections (modeled by a full simulation
of the D0 detector) are corrected according to the SME
expectation of Eq. (2).
The SME contribution to the cross section has the

general form fSME(t) = CµνRµ
α(t)R

ν
β(t)A

αβ for the four
model assumptions summarized in Table I. For each
model, Cµν represents the constant coefficients we wish
to determine, and Aαβ refers to the appropriate linear
combination of Aαβ

P and Aαβ
F .

TABLE I: fSME(t) for different SME assumptions.

Assumption fSME(t)

(cU )µν = 0 (cQ)µνR
µ
α(t)R

ν
β(t)(A

αβ
P + Aαβ

F )
(cQ)µν = 0 (cU )µνR

µ
α(t)R

ν
β(t)(A

αβ
P )

cµν = 0 dµνR
µ
α(t)R

ν
β(t)

1

2
Aαβ

F

dµν = 0 cµνR
µ
α(t)R

ν
β(t)(A

αβ
P + 1

2
Aαβ

F )

For each model, we estimate one possible component
of Cµν at a time. We impose the requirements that each
tensor Cµν is symmetric and traceless, choosing CXX =
−CY Y to satisfy the latter condition. We adopt the index
ordering conventions µ, ν = {T,X, Y, Z} to refer to coor-
dinates in the Sun-centered frame and α,β = {t, x, y, z}
for coordinates in the D0 frame. Evaluating Eq. (4) for

the different assumptions of Table I yields the following
results: (i) Coefficients CTT and CZZ contribute only to
the total cross section, and we do not attempt to extract
these coefficients. (ii) Coefficients CTX , CTY , and CTZ

combine with the small off-diagonal elements of matrices
Aαβ

P and Aαβ
F , for which we expect poor sensitivity. (iii)

Coefficients CXZ and CY Z couple to expressions that de-
pend on sidereal time (differing by a phase of π/2). (iv)
Coefficients CXX and CXY couple to time dependent ex-
pressions with twice the sidereal frequency, and the two
terms differ by a phase of π/4.
Table II collects the resulting forms of the function

fSME(t) for different assumptions. We refer to the “side-
real phase” ωst as φ, where ωs is the inverse of the side-
real day. The b-terms in these expressions depend on the
colatitude of the detector, the orientation of the proton
beam at the detector relative to geographic north, and
the XX and ZZ elements of the combination of Aαβ

P and

Aαβ
F that are appropriate to the particular assumption of

the model.

TABLE II: Forms for fSME(φ) used to extract SME
coefficients.

Condition fSME(φ)
CXX = −CY Y 2CXX

(

b1−b2
2

cos 2φ+ b3 sin 2φ
)

CXY = CY X 2CXY

(

b1−b2
2

sin 2φ− b3 cos 2φ
)

CXZ = CZX 2CXZ (b4 cos φ+ b5 sin φ)

CY Z = CZY 2CY Z (b4 sinφ− b5 cos φ)

Assuming that any LIV originates from just the top
quark sector, we expect the background rate (principally
W+jets events) to be proportional only to the luminos-
ity. To search for a signal varying with sidereal time, we
sum the contributions to each of twelve Ni bins (corre-
sponding to two sidereal hours each) for all data:

Ni ≈ Ntot
Li

Lint
[1 + fSfSME(φi)] , (5)

where Ntot is the total number of signal (tt̄) and back-
ground (non-tt̄) events corresponding to the total inte-
grated luminosity Lint, Li is the integrated luminosity
over the appropriate bin of sidereal phase φi, and fS is
the average fraction of signal events in the data.
We extract fS from the data that was used previously

to determine the tt̄ cross section in ℓ+jets events [10].
The tt̄ cross section is measured in bins of jet multiplicity
for the e+jets and µ+jets channels. The subset of events
with at least four reconstructed jets that pass selection
requirements contain a high fraction of tt̄ events, provid-
ing the best sensitivity to any time dependence in the
tt̄ event rate. We find fS(e+>3-jets) = 0.78 ± 0.12 and
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where Ntot is the total number of signal (tt̄) and back-
ground (non-tt̄) events corresponding to the total inte-
grated luminosity Lint, Li is the integrated luminosity
over the appropriate bin of sidereal phase φi, and fS is
the average fraction of signal events in the data.
We extract fS from the data that was used previously

to determine the tt̄ cross section in ℓ+jets events [10].
The tt̄ cross section is measured in bins of jet multiplicity
for the e+jets and µ+jets channels. The subset of events
with at least four reconstructed jets that pass selection
requirements contain a high fraction of tt̄ events, provid-
ing the best sensitivity to any time dependence in the
tt̄ event rate. We find fS(e+>3-jets) = 0.78 ± 0.12 and

Search for a  sinusoidal signal (fit the 
functional forms of fSME to R):

fS: average 
fraction of signal

fSME: 
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tion, and analysis selections (modeled by a full simulation
of the D0 detector) are corrected according to the SME
expectation of Eq. (2).
The SME contribution to the cross section has the

general form fSME(t) = CµνRµ
α(t)R

ν
β(t)A

αβ for the four
model assumptions summarized in Table I. For each
model, Cµν represents the constant coefficients we wish
to determine, and Aαβ refers to the appropriate linear
combination of Aαβ

P and Aαβ
F .

TABLE I: fSME(t) for different SME assumptions.

Assumption fSME(t)

(cU )µν = 0 (cQ)µνR
µ
α(t)R

ν
β(t)(A

αβ
P + Aαβ

F )
(cQ)µν = 0 (cU )µνR

µ
α(t)R

ν
β(t)(A

αβ
P )

cµν = 0 dµνR
µ
α(t)R

ν
β(t)

1

2
Aαβ

F

dµν = 0 cµνR
µ
α(t)R

ν
β(t)(A

αβ
P + 1

2
Aαβ

F )

For each model, we estimate one possible component
of Cµν at a time. We impose the requirements that each
tensor Cµν is symmetric and traceless, choosing CXX =
−CY Y to satisfy the latter condition. We adopt the index
ordering conventions µ, ν = {T,X, Y, Z} to refer to coor-
dinates in the Sun-centered frame and α,β = {t, x, y, z}
for coordinates in the D0 frame. Evaluating Eq. (4) for

the different assumptions of Table I yields the following
results: (i) Coefficients CTT and CZZ contribute only to
the total cross section, and we do not attempt to extract
these coefficients. (ii) Coefficients CTX , CTY , and CTZ

combine with the small off-diagonal elements of matrices
Aαβ

P and Aαβ
F , for which we expect poor sensitivity. (iii)

Coefficients CXZ and CY Z couple to expressions that de-
pend on sidereal time (differing by a phase of π/2). (iv)
Coefficients CXX and CXY couple to time dependent ex-
pressions with twice the sidereal frequency, and the two
terms differ by a phase of π/4.
Table II collects the resulting forms of the function

fSME(t) for different assumptions. We refer to the “side-
real phase” ωst as φ, where ωs is the inverse of the side-
real day. The b-terms in these expressions depend on the
colatitude of the detector, the orientation of the proton
beam at the detector relative to geographic north, and
the XX and ZZ elements of the combination of Aαβ

P and

Aαβ
F that are appropriate to the particular assumption of

the model.

TABLE II: Forms for fSME(φ) used to extract SME
coefficients.

Condition fSME(φ)
CXX = −CY Y 2CXX

(

b1−b2
2

cos 2φ+ b3 sin 2φ
)

CXY = CY X 2CXY

(

b1−b2
2

sin 2φ− b3 cos 2φ
)

CXZ = CZX 2CXZ (b4 cos φ+ b5 sin φ)

CY Z = CZY 2CY Z (b4 sinφ− b5 cos φ)

Assuming that any LIV originates from just the top
quark sector, we expect the background rate (principally
W+jets events) to be proportional only to the luminos-
ity. To search for a signal varying with sidereal time, we
sum the contributions to each of twelve Ni bins (corre-
sponding to two sidereal hours each) for all data:

Ni ≈ Ntot
Li

Lint
[1 + fSfSME(φi)] , (5)

where Ntot is the total number of signal (tt̄) and back-
ground (non-tt̄) events corresponding to the total inte-
grated luminosity Lint, Li is the integrated luminosity
over the appropriate bin of sidereal phase φi, and fS is
the average fraction of signal events in the data.
We extract fS from the data that was used previously

to determine the tt̄ cross section in ℓ+jets events [10].
The tt̄ cross section is measured in bins of jet multiplicity
for the e+jets and µ+jets channels. The subset of events
with at least four reconstructed jets that pass selection
requirements contain a high fraction of tt̄ events, provid-
ing the best sensitivity to any time dependence in the
tt̄ event rate. We find fS(e+>3-jets) = 0.78 ± 0.12 and

can be directly compared with fSME 



DØ results
D0 Collaboration, PRL108:261603, 2012

N. Chanon - Collider tests of Lorentz Invariance -  11

- Measure limits on each SME coefficient 
assuming the other coefficients to be 0 

- Each coefficient is compatible with 0 
with absolute precision of ~10%

7

We define the observed limits (95% C.L. intervals) for
each SME coefficient as the extracted value ±2 stan-
dard deviations. Because the magnitude of the 95% con-
fidence bounds on elements of the linear combination
cµν = (cQ)µν + (cU )µν for the assumption of dµν = 0
are larger than 1, we cannot place meaningful limits on
these combinations of SME coefficients in this analysis.
The remaining limits are presented in Tables III–V.

TABLE III: Limits on SME coefficients at the 95%
C.L., assuming (cU )µν ≡ 0.

Coefficient Value± Stat.±Sys. 95% C.L. Interval
(cQ)XX33 −0.12± 0.11 ± 0.02 [−0.34,+0.11]
(cQ)Y Y 33 0.12± 0.11 ± 0.02 [−0.11,+0.34]
(cQ)XY 33 −0.04± 0.11 ± 0.01 [−0.26,+0.18]
(cQ)XZ33 0.15± 0.08 ± 0.02 [−0.01,+0.31]
(cQ)Y Z33 −0.03± 0.08 ± 0.01 [−0.19,+0.12]

TABLE IV: Limits on SME coefficients at the 95%
C.L., assuming (cQ)µν ≡ 0.

Coefficient Value±Stat.± Sys. 95% C.L. Interval
(cU )XX33 0.10± 0.09 ± 0.02 [−0.08,+0.27]
(cU )Y Y 33 −0.10± 0.09 ± 0.02 [−0.27,+0.08]
(cU )XY 33 0.04± 0.09 ± 0.01 [−0.14,+0.22]
(cU )XZ33 −0.14± 0.07 ± 0.02 [−0.28,+0.01]
(cU )Y Z33 0.01± 0.07 ±< 0.01 [−0.13,+0.14]

TABLE V: Limits on SME coefficients at the 95% C.L.,
assuming cµν ≡ 0.

Coefficient Value±Stat.± Sys. 95% C.L. Interval
dXX −0.11± 0.10 ± 0.02 [−0.31,+0.09]
dY Y 0.11± 0.10 ± 0.02 [−0.09,+0.31]
dXY −0.04± 0.10 ± 0.01 [−0.24,+0.16]
dXZ 0.14± 0.07 ± 0.02 [−0.01,+0.29]
dY Z −0.02± 0.07 ±< 0.01 [−0.16,+0.13]

In the SME, different particles can have distinct
Lorentz-violating properties, so it is of interest to test
all species. Most constraints on LIV are for particles of
the first and second generations, with a few limits on
SME coefficients for the third generation. The only sec-
tor for which no constraints on Lorentz violation exist to
date is the top quark [2]. The limits on the (cQ)µν33 and
(cU )µν33 coefficients determined in this study represent
the first constraints on LIV in the top quark sector, and

the first such constraints on any free quark.
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SME benchmarks:
- cTT impacts inclusive cross 

section: no handle 
- No sensitivity to cZZ (owing to 

earth rotation around Z-axis) 
- cXX=-cYY 
- cXY=cYX 
- cYZ=cZY 
- cXZ=cZX



The LHC: a top quark factory
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Prospects at the LHC

Prospective study: 
- Goal: estimate the expected precision that could be 

achieved at LHC Run 2 (L~150 fb-1) 
- Consider dilepton eμ channel with at least 2 jets 
- Generate top pair production at LO in perturbative QCD 
- Normalize events to NNLO in pQCD 
- Evaluate the SME time modulation with these samples 
- Assume ATLAS/CMS reference frame at the LHC
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as originating from b quarks (“b jets”) reduces backgrounds
from DY and W+jets production. Jets are identified as b jets
using the combined secondary vertex algorithm [60,61], with
an operating point which yields an identification efficiency
of 67% and a misidentification (mistag) probability of about
1% and 15% [61] for light-flavour jets (u, d, s, and gluons)
and c jets, respectively. The selection requires the presence
of at least one b jet in the event.

4 Background determination

Background events arise primarily from single top quark,
DY, and VV events in which at least two prompt leptons are
produced by Z or W boson decays. The single top quark and
VV contributions are estimated from simulation.

The DY event yield is estimated from data using the
“Rout/in” method [1,2,6], where events with same-flavour
leptons are used to normalize the yield of e±µ∓ pairs from
DY production of τ lepton pairs. A data-to-simulation nor-
malization factor is estimated from the number of events in
data within a 15 GeV window around the Z boson mass and
extrapolated to the number of events outside the Z mass win-
dow with corrections applied using control regions enriched
in DY events in data. The SF is found to be 0.95± 0.05 (sta-
tistical uncertainty) after applying the final event selection.

Other background sources, such as tt or W+jets events in
the lepton+jets final state, can contaminate the signal sample
if a jet is incorrectly reconstructed as a lepton, or the lep-
ton is incorrectly identified as being isolated. This is more
important for electrons. For muons, the dominant contribu-
tion comes from the semileptonic decay of bottom or charm
quarks. These events are grouped into the nonprompt lep-
tons category (“non-W/Z leptons”) since prompt leptons are
defined as originating from decays of W or Z boson, together
with contributions that can arise, for example, from decays
of mesons or photon conversions.

The contribution of non-W/Z lepton events is estimated
from a control region of same-sign (SS) events and propa-
gated in the opposite-sign (OS) signal region. The SS control
region is defined using the same criteria as the nominal sig-
nal region, except for requiring eµ pairs with the same elec-
tric charge. The SS dilepton events are predominantly events
containing misidentified leptons. Other SM processes pro-
duce prompt SS or charge-misidentified dilepton events with
significantly smaller rates; these are estimated using simula-
tion and subtracted from the observed number of events in
data.

The scaling from the SS control region in data to the signal
region is performed through the ratio of the numbers of OS to
SS events with misidentified leptons in simulation. This ratio
is calculated using simulated tt and W+jets samples, which
are rich in nonprompt dilepton events, and is measured to be
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Fig. 1 Distribution of the jet multiplicity in events passing the dilepton
selection criteria. The expected distributions for tt signal and individual
backgrounds are shown after corrections based on control regions in
data are applied; the last bin contains the overflow events. The ratio
of data to the sum of the expected yields is given at the bottom of the
figure. The error bars, which are within the size of the points, indicate
the statistical uncertainties

1.4 ± 0.1 (stat). In data, 152 SS events are observed, with
a contribution of 79.8 ± 1.9 (stat) prompt lepton SS events
as evaluated from simulation. In total 104 ± 8 (stat + syst)
events with misidentified leptons contaminating the signal
region are predicted. This agrees within the uncertainties with
predictions from the simulation.

Figure 1 shows the multiplicity of jets for events passing
the dilepton criteria. The MC simulation does not describe
well the data for events with ≥4 jets, the region in which par-
ton shower effects are expected to dominate the prediction.
After requiring at least two jets, Fig. 2 shows the pT and |η|
distributions of the selected leptons, and Fig. 3 shows the
pT (a, c) and |η| (b, d) distributions of the two most ener-
getic jets; Fig. 3(e) shows the scalar sum of the transverse
momenta of all jets (HT) and Fig. 3(f) the b jet multiplicity.
Good agreement between data and the predictions for signal
and background is observed.

5 Sources of systematic uncertainty

Table 1 summarizes the statistical uncertainty and the dif-
ferent sources of systematic uncertainties in the measured tt
production cross section.

The uncertainty in the trigger efficiency SF applied to
simulation to correct for differences with respect to data is
1.1%. The uncertainty in the SF applied to correct the elec-
tron (muon) identification efficiency is found to be about
1.8% (1.5%), with some dependence on the lepton pT and η.

The modeling of lepton energy scales was studied using
Z → ee/µµ events in data and simulation, resulting in
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Expected sensitivity at the LHC and future colliders

Benchmarks:
- D0: Recomputed expected sensitivity for 5.3 fb-1 of p-pbar collisions at 1.96 TeV 
- LHC Run 2: Expected sensitivity for 150 fb-1 of p-p collisions at 13 TeV 
- HL-LHC: 3 ab-1 of p-p collisions at 14 TeV (expected to start data taking in 2029) 
- HE-LHC: 15 ab-1 of p-p collisions at 27 TeV (option for after HL-LHC, replacing LHC 

magnets in the same tunnel) 
- FCC-hh: 15 ab-1 of p-p collisions at 100 TeV (option for after HL-LHC, new magnets and 

new 100km tunnel)

LHC Run 2: Expect 2-3 orders 
of magnitude improvement wrt 
D0 (depending on the coeff.)

FCC: Expect 2 more orders 
of magnitude improvement 
relative to LHC Run 2

Expected precision 
on the top-quark 
SME coefficients:

Carle, Chanon, Perriès, Eur.Phys.J.C 80 (2020) 2, 128
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Table 1 Comparison of
expected precision in the
measurement of the SME
parameters, extrapolated from t t̄
measurements [11,18], for DØ,
LHC Run 2, HL-LHC,
HE-LHC, FCC experiment

D∅ LHC (Run 2) HL-LHC HE-LHC FCC

∆cLXX ,∆cLXY 1 × 10−1 7 × 10−4 2 × 10−4 2 × 10−5 5 × 10−6

∆cLX Z ,∆cLY Z 8 × 10−2 3 × 10−3 5 × 10−4 9 × 10−5 2 × 10−5

∆cRXX ,∆cRXY 9 × 10−2 3 × 10−3 5 × 10−4 8 × 10−5 5 × 10−5

∆cRX Z ,∆cRY Z 7 × 10−2 1 × 10−2 2 × 10−3 4 × 10−4 8 × 10−5

∆cXX ,∆cXY 7 × 10−1 1 × 10−3 2 × 10−4 3 × 10−5 9 × 10−6

∆cX Z ,∆cY Z 6 × 10−1 4 × 10−3 7 × 10−4 1 × 10−4 3 × 10−5

∆dXX ,∆dXY 1 × 10−1 6 × 10−4 1 × 10−4 2 × 10−5 8 × 10−6

∆dXZ ,∆dY Z 7 × 10−2 2 × 10−3 4 × 10−4 8 × 10−5 2 × 10−5

observed events quoted in [11], the absolute expected pre-
cision is found to be of the order of 10%, compatible with
the observed results in DØ analysis, thus validating the pro-
cedure.

The precision on the SME coefficients is expected to be
improved by up to three orders of magnitude from DØ to
the LHC Run 2, depending on the coefficients. An addi-
tional expected improvement is found at future hadron col-
liders, with up to two more orders of magnitude at the FCC.
Overall, performing sidereal time analysis of t t̄ production
at present and future hadron colliders will greatly improve
existing bounds on Lorentz-violating cµν coefficients for the
top quark in the SME.

It has to be noted that parton distribution functions in the
proton at 100 TeV are subject to high uncertainties at large
momentum transfer [31]. The expected results are also sub-
ject to other approximations relative to the performance of
future detectors, the treatment of pileup, and the cross sec-
tions for top quark processes. Although we consider that the
adopted approximations are reasonable, results of this phe-
nomenology study should mainly be considered as providing
an order of magnitude for the sensitivity rather than a precise
and definitive answer, that will be given by future experi-
ments.

The improvement found in the expected precision of the
SME coefficients at the LHC and future colliders is explained
by a combination of three factors: (1) the increase in SM t t̄
cross sections with

√
s relative to Tevatron, (2) the higher

expected number of events produced in collisions with the
greater volume of integrated luminosity, and (3) the increase
in the SME over SM matrix elements for t t̄ production and
decay with

√
s, leading to an increase of the amplitude of the

function f (t) in Eq. 3.
The present analysis can be refined in several ways. In

addition to the eµ channel of t t̄ decay, the same flavour dilep-
ton channel and the lepton+jets channel could be used. Even-
tually, the cµν coefficients are modifying top quark kinemat-
ics, thus differential cross sections or multivariate analysis
making use of kinematic t t̄ observables could be used to
improve sensitivity.

6 Conclusions

In this paper, we highlighted the physics potential of the
LHC and future hadron colliders for LIV searches with t t̄
production. Bounds on the top quark cµν coefficients in the
SME can be improved by up to three orders of magnitude
already at the LHC, and the total improvement is expected to
reach five orders of magnitude at future colliders such as the
FCC.

Other proposed searches in the top sector [13] are tar-
geting CPT violation at hadron colliders, by measuring the
charge asymmetry between single top and antitop events as a
function of sidereal time. This search is experimentally very
challenging, and would deserve dedicated sensitivity studies,
that are postponed to a later paper.

Other LIV processes of interest would deserve detailed
studies. The LHC is often thought of as a top factory, however
the production of QCD and electroweak particles has also a
very high cross section. By studying the production of QCD
jets, W± and Z bosons at present and future hadron colliders,
poorly constrained areas of the SME could be probed at an
unprecedented sensitivity.
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Higher center-of-mass energies

- Compare f(t) in p-p collisions at several center-of-mass energy (assuming 
CMS reference frame), and for several benchmark coefficients 

- The amplitude of f(t) increases with the energy (comes mostly from the 
matrix element, not pdf)
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Which collider / experiment?

Comparison LHC / Tevatron (assuming same center-of-mass energy): 
- D0 less sensitive than ATLAS/CMS to cXX or cXY scenario 
- D0 more sensitive than ATLAS/CMS to cXZ or cYZ scenario

- Equivalent sensitivity at ATLAS or CMS (opposite azimuth in the LHC ring)

Carle, Chanon, Perriès, arXiv:1909.01990
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Conclusions

Searches for Lorentz invariance in the top quark sector:
- The top sector is almost an unexplored territory for testing Lorentz invariance at 

high energy 
- Only one direct measurement performed so far, at Tevatron 
- Expect much improved results at the LHC 
- Projections show an expected sensitivity that might be improved by a factor 

102-103 at the LHC, and 105 at the FCC-hh, relative to Tevatron measurement 
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A note on top/antitop mass difference

Channel Muon Electron
Data 8854 4941

SM tt̄ ! W+bW�b̄ 7700+1600
�1700 4500+900

�1000

W/Z + jets 320±90 160±40
Single top 300±50 170±30
Diboson 5±1 3±1
Multi-jet 220±110 110±60

Total expected (SM) 8550+1600
�1700 4900+900

�1000

Table 1: The observed number of events in data, the ex-
pected numbers of events from signal and background pro-
cesses and the total number of events, after all selection re-
quirements. Uncertainties shown include statistical and total
systematic uncertainties added in quadrature.

of events after all selection requirements, including
the �2 cut, are applied.

Distributions of �fit
m

are produced for all back-
ground samples as well as for a number of simulated
tt̄ samples generated with di↵erent �m.

The �fit
m

distributions in the signal samples are
parameterized in templates by fitting the sum of
two Gaussians, where the narrow one corresponds
to the correct jet–parton pairing, and the wide one
corresponds to an incorrect pairing. The widths of
the two Gaussians are quadratic functions of �m
(symmetric about �m = 0). The means of the
two Gaussians are fit to linear functions of �m.
The relative weight of the two Gaussians is fit to
a quadratic function symmetric about �m = 0.
Fig. (1) shows the parameterization for five di↵erent
values of �m. The �fit

m

distributions for all back-
ground samples are combined with relative weights
according to the SM prediction, into a single tem-
plate distribution that is fit with a Gaussian, as
shown in Fig. (2). The choice of background pa-
rameterization has only a small impact on the fits
due to the small background in the double b-tag
channel. The signal and background templates are
used to model the probability density distributions
in �m.

6. Likelihood fit

An unbinned extended maximum likelihood fit to
the distribution of �fit

m

is performed to extract �m,
as well as the expected number of signal (n

s

) and
background (n

b

) events in the data. Given the data
D, which contain N values of �fit

m

, the probability
distribution function for signal (p

s

) and background
(p

b

) are used to write down a likelihood (L):
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Fig. 1: Parameterization of �fit
m for simulated tt̄ samples

with di↵erent values of �m.
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where q(N,n
s

+ n
b

) is the Poisson probability to
observe N events given n

s

+ n
b

expected events
and the product over i is over the N reconstructed
events. The likelihood is maximized over all three
parameters (n

s

, n
b

, �m). Ensembles of pseudo-
experiments are run to ensure that the fits are
unbiased and return correct statistical uncertain-
ties. The widths of pull distributions are consistent
with unity. Due to the use of Pythia to generate
templates and mc@nlo to run ensemble tests, a
175 MeV o↵set is applied to all pseudo-experiments
(and to the nominal fit result) to return an unbi-
ased measurement, with the statistical uncertainty
of 50 MeV on this calibration taken as a system-
atic uncertainty. The 175 MeV o↵set is the aver-
age di↵erence between the mc@nlo samples with
the top and anti-top quark masses reweighted to
the distributions in pythia for a given mass dif-
ference. When running pseudo-experiments, events
are drawn directly from the simulated samples and
not from the parameterizations in order to check
for any potential bias.

The extended maximum likelihood fit is applied
to the full 2011 dataset, yielding the result shown
in Fig. (3). The value of 175 MeV quoted above is
subtracted from the result to correct for this bias,
giving a measured top/anti-top quark mass di↵er-
ence of m

t

� m
t̄

= 0.67 ± 0.61(stat). The �2 per
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E.g. best measurement at 8 TeV (PLB 770 (2017) 50–71):
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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 ℓ+ + jets and ℓ− + 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 ℓ+ + jets and ℓ− + 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 ℓ+ + jets and ℓ− + 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 ℓ+ + jets 
and ℓ− + 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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Experimental method
- Kinematic fit used to reconstruct the top mass 

in lepton+jets or dilepton decay channels 
- Can measure top / antitop mass in separated 

dataset and combine statistically 
- Or can measure simultaneously top and 

antitop masses

Top/Antitop mass difference
- Particle/antiparticle mass difference is not allowed to elementary particles within 

local quantum field theories, such as the SME 
- Can be allowed in non-local theories with CPT breaking

- Compatible with the SM 
- This measurement has not been interpreted in the context of a given BSM model
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Search for CPT violation in B(s) oscillations at LHCb

- B and Bs mesons oscillation to their antiparticle is 
sensitive to CP and CPT symmetry 

- Interferometry: searching for variations of the B and 
Bs particle / antiparticle mass difference with 
sidereal time:

where Df = 2Re(�f )/(1+ |�f |2), Cf = (1� |�f |2)/(1+ |�f |2) and Sf = 2Im(�f )/(1+ |�f |2).
The parameter �f = (q/p)(Af/Af) is introduced for convenience, and A

mix = (1 �
|q/p|4)/(1 + |q/p|4) describes CP violation in mixing only. In the absence of CP violation
in mixing (i.e., |q/p| = 1), Cf is equivalent to A

dir. Only leading-order terms in �f and z

are retained in Eq. 6. Comparing Eqs. 4 and 6, it becomes apparent that flavour-specific
final states and CP eigenstates have di↵erent, complementary sensitivities to Re(z) and
Im(z). We will come back to this point later.

Up to now we have assumed that z is a constant of nature for each of the four neutral
meson systems. We will refer to this assumption as the classical approach. In the SME
Lagrangian, CPT -violating and Lorentz-violating terms are introduced for the fermions
with coupling coe�cients aµ [8]. The observable e↵ect is determined by the contributions
from the two valence quarks, q

1

and q

2

, in a meson as �aµ ' a

q1
µ � a

q2
µ , hereby ignoring

small e↵ects from binding and normalization. In the SME approach, the equations above
remain valid, but now z depends on the four-velocity �

µ = �(1, ~�) of the neutral meson as

z ' �

µ�aµ

�m� i��/2
. (7)

An overview of experimental bounds on �aµ and other SME parameters is given in Ref. [9].
In the SME, �aµ is required to be real [10], which implies �� = 0. The real and imaginary
parts of z then become connected through

Re(z)�� = 2Im(z)�m . (8)

As we will see later, this constraint has implications for CPT violation searches within the
SME framework.

In such a search, the four-velocity of the neutral mesons at any time needs to be
determined with respect to fixed stars. A useful reference frame is the Sun-centred frame
defined in Ref. [10]. In this frame, the Z-axis is directed North, following the rotation
axis of Earth, the X-axis points away from the Sun at the vernal equinox and the Y -axis
complements the right-handed coordinate system. For an experiment where the neutral
mesons are produced in a horizontal direction, fixed with respect to the Earth’s coordinate
system, the dependence on the four-velocity can be written as

�

µ�aµ = �[�a

0

+ ��aZ cos�+ � sin�(�aY sin⌦t̂+�aX cos⌦t̂ )] , (9)

where ⌦ is the sidereal frequency and cos� = cos ✓ cos� with ✓ the azimuth of the neutral
mesons and � the latitude. The time coordinate t̂ is chosen such that the boost direction
aligns with the X-axis at t̂ = 0 in the XY projection. We have used the same convention
as in Ref. [10], where the spatial coordinates of the �aµ field are defined such that
�a

X,Y,Z = ��aX,Y,Z . Equation 9 makes clear that z not only depends on the size of the
boost, but also that it has a constant component, independent of the sidereal phase, and
a component that exhibits a sidereal modulation. The sidereal variation is largest when
the experiment is oriented east-west or when it is close to the North Pole. For the LHCb
experiment, we determine the latitude � = 46.24�N and azimuth ✓ = 236.3� east of north,
which gives cos� = �0.38 and sin� = 0.92. This means that the constant component
scales with (�a

0

� 0.38�aZ) and that the sidereal variation at LHCb is close to maximal.

3

�� < 0 for the K

0, B0 and B

0

s systems, and �� > 0 for the D

0 system in the Standard
Model. The CPT -violating parameter in P

0-P 0 mixing can be written as

z =
�m� i��/2

�m� i��/2
, (2)

where �m ⌘ (M
11

�M

22

) and �� ⌘ (�
11

� �
22

) are the di↵erences of the diagonal mass
and decay rate matrix elements of H. This equation makes clear that z is sensitive to
small values of �m or �� due to the smallness of �m and �� in neutral meson systems.
By measuring the time-dependent decay rates of an initial P 0 or P 0 state to a final state
f or f , information on z can be obtained. For simplicity, we only consider CPT violation
in P

0-P 0 mixing. Direct CPT violation is experimentally di�cult to separate from direct
CP -violating e↵ects. In both cases, it causes a di↵erence in the instantaneous decay
amplitudes, i.e., Af 6= Af , where Af,f (Af,f) is the direct decay amplitude of a P

0 (P 0)

meson to a final state f or f . In the following, any direct CP -violating term implicitly
includes possible direct CPT violation. For a complete expression of the decay rates we
refer to Ref. [6]. Although those equations apply to the more general case of coherent
production of B0-B0 pairs, we will ignore this additional complication here and assume
incoherent production by setting the decay amplitude of the tagging particle to either zero
or one.

It is instructive to construct an observable CPT asymmetry

ACPT (t) ⌘
P f (t)� Pf (t)

P f (t) + Pf (t)
, (3)

where Pf (P f ) is the time-dependent decay probability of an initial P 0 (P 0) meson to a

final state f (f). For decays to pure flavour-specific final states (i.e., Af = Af = 0), this
asymmetry can be written as

ACPT (t) = A

dir +
2Re(z) sinh��t/2� 2Im(z) sin�mt

(1 + |z|2) cosh��t/2 + (1� |z|2) cos�mt

, (4)

where the direct CP asymmetry A

dir ⌘ (|Af |2 � |Af |2)/(|Af |2 + |Af |2) is assumed to be
small. On the other hand, the CP asymmetry, defined as

ACP (t) ⌘
P f (t)� Pf (t)

P f (t) + Pf (t)
, (5)

and the CPT asymmetry become equivalent for decays to CP eigenstates f = f , and their
e↵ects become automatically connected. The CPT or CP asymmetry can be written as

ACPT ,CP (t) =
⇥
A

mix

/2 +DfRe(z)
⇤
cosh��t/2� ⇥

Cf +DfRe(z)
⇤
cos�mt+

⇥
DfA

mix

/2 + Re(z)
⇤
sinh��t/2 +

⇥
Sf � Im(z)

⇤
sin�mt , (6)

2

LHCb Collaboration, Phys. Rev. Lett. 116, 241601 (2016)

B-meson velocity
CPT-odd SME 

coefficient

Mass difference of 
mass eigenstates

Width difference of 
mass eigenstates

N. Chanon - Collider tests of Lorentz Invariance -  20

0 4 8 12 16 20 24

)z
R

e(

0.4−
0.2−

0
0.2
0.4 LHCb0

SKψ/J→0B

]
sid

 [hrt
0 4 8 12 16 20 24

0.4−
0.2−

0
0.2
0.4 −K+Kψ/J→0sB

Figure 1: Values of Re(z) obtained from fits in bins of sidereal phase for (top) the B0 sample
and (bottom) the B0

s sample. The solid line shows the variation of Re(z) from the �aµ fits,
using the average B momentum.

and the corresponding numbers for B0
s mixing, using B0

s !J/ K+K� candidates, are

�a
B0

s
k = (�0.89± 1.41 (stat)± 0.36 (syst))⇥ 10�14 GeV ,

�a
B0

s
? = (�0.47± 0.39 (stat)± 0.08 (syst))⇥ 10�12 GeV ,

�a
B0

s
X = (+1.01± 2.08 (stat)± 0.71 (syst))⇥ 10�14 GeV ,

�a
B0

s
Y = (�3.83± 2.09 (stat)± 0.71 (syst))⇥ 10�14 GeV .

Figure 1 shows the result of fits of Re(z) in bins of the sidereal phase for both samples.
For the B0 sample, the external constraints on CJ/ K0

S
and SJ/ K0

S
are again used. No

sidereal variation is observed. Independently of any assumption of Lorentz violation, the
complex CPT -violating parameter z in the B0

s system is found to be

Re(zB
0
s ) = �0.022± 0.033 (stat)± 0.003 (syst) ,

Im(zB
0
s ) = 0.004± 0.011 (stat)± 0.002 (syst) .

Since the SME fits consider only one specific frequency, i.e. the sidereal frequency, a
wide range of frequencies is scanned by means of the periodogram method. A periodogram
gives the spectral power P (⌫) of a frequency ⌫ in a signal sampled at discrete, not
necessarily equidistant, times. In this analysis, the Lomb-Scargle periodogram [28] is used,
as in the BaBar measurement of �aB

0

µ [8].

7

- Limits down to the 10-14 GeV level 
- x100 improvement in limits relative to 

previous measurements


