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The first model-independent sensitivity to CPT violation in the top-quark sector is extracted from
ATLAS and CMS measurements of the top and antitop kinematical mass difference. We find that the
temporal component of a CPT-violating background field interacting with the top-quark vector current is
restricted within the interval ½−0.13; 0.29� GeV at 95% confidence level.
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CPT invariance is the symmetry under the simultaneous
transformations of charge conjugation (C), parity trans-
formation (P), and time reversal (T). It is observed to be an
exact symmetry of nature at the moment. According to the
well-known CPT theorem [1], a local, unitary, and
Lorentz invariant quantum field theory in Minkowski
spacetime is CPT invariant. The CPT symmetry ensures
that physical observables, including masses, lifetimes,
magnetic moments, and cross sections of any particle
and its antiparticle are the same. It should also be stressed
that the violation of Lorentz invariance does not neces-
sarily imply the violation of CPT invariance.
Connecting theoretical predictions of CPT invariance

violation to particle-antiparticle CPT tests has been carried
out for all particle species of the standard model (SM) with
exception of the top quark. This Letter addresses this gap,
establishing the first sensitivity to top-sector CPT violation
from top and antitop mass reconstructions in ATLAS and
CMS Collaboration measurements.
Kostelecký and Potting demonstrated that spontaneous

CPT violation in string theory may result in remnant
observables (likely suppressed by the energy scale of this
violation) which can be possibly tested in current experi-
ments [2]. The subsequent development of effective field
theory descriptions [3], now referred to as the standard
model extension (SME), generated intense interest in testing
CPT and Lorentz invariance across a variety of systems [4].
Within the SME framework, CPT violation necessarily

implies Lorentz violation, while the converse does not
necessarily hold. Lorentz- and CPT-violating coefficients
described by the SME can be viewed as generalized tensor
background fields. In view of the discovery of the Higgs
boson [5,6] described by a homogeneous and isotropic
scalar background with SUð2Þ × Uð1Þ quantum numbers,
searching for new physics in the form of additional back-
grounds is well motivated.
In this Letter, our focus is on CPT-violating SME

operators involving top-quark fields. We suggest using
measurements of the kinematically reconstructed top and
antitop mass difference Δmkin

tt̄ , an observable which is
uniquely sensitive to CPT violation, to extract the first
constraints on various coefficients responsible for it in the
top-quark sector of the SME. Dedicated measurements of
the kinematically reconstructed mass difference have been
performed by DØ [7], CDF [8], ATLAS [9], and CMS
[10,11] Collaborations. (In Ref. [12], earlier DØ and CDF
top mass measurements [13,14] were used to place a
conservative upper limit on the top and antitop mass
difference.) All results are consistent with SM expectations
within the experimental uncertainties, and may be trans-
lated into constraints on top-quark coefficients for CPT
violation. We emphasize this approach is conceptually
different from tests of Lorentz violation in the top sector
[15,16], which are insensitive to (leading-order) signatures
of CPT violation [17].
In our Letter, we aim to test gauge invariant and

renormalizable CPT-violating SME operators of the
form [3,17]

LCPT− ¼ −ðaQÞμABQ̄Aγ
μQB − ðaUÞμABŪAγ

μUB

− ðaDÞμABD̄Aγ
μDB: ð1Þ
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The odd number of operator Lorentz indices implies a
change of sign under a CPT transformation. Therefore,
LCPT− is odd under CPT, which is reflected in its super-
script. We are interested in probing operators involving the
third generation (A ¼ B ¼ 3), where

Q3 ¼
�

t

b

�
L

; U3 ¼ tR; D3 ¼ bR: ð2Þ

The relevant coefficients for CPT-violating operators are
therefore ðaQÞμ33, ðaUÞμ33, and ðaDÞμ33. Note that the
Lagrangian mass parameter mt remains identical for top
and antitop quarks in the presence of CPT violation, in
accordance with Greenberg’s theorem [18].
A reduction of the number of independent coefficients in

Eq. (1) is possible under suitable approximations. In the
limit of a zero bottom quark mass mb (in comparison with
mt), the phases of D3 and Q3 fields can be independently
changed. Thus, the position-dependent field redefinition
D3 → exp½−iðaDÞμ33xμ�D3 can be used to remove the last
term in Eq. (1). An analogous redefinition of Q3 and U3

with the same phase exp½−iðaQÞμ33xμ� allows us to elimi-
nate the term withQ3 and shifts the coefficient ðaQÞμ33 into
the U3 term, such that ðaUÞμ33 → ðaUÞμ33 − ðaQÞμ33. This
transformation preserves the structure of all SM terms and
yields an equivalent Lagrangian density expressed in the
mass eigenstate basis:

LCPT−
top ¼ bμt̄RγμtR; ð3Þ

where bμ ≡ ½ðaQÞμ33 − ðaUÞμ33� and only tR fields appear.
Under these field redefinitions, CPT violation is isolated to
the top-quark sector and quantified through the differential
propagation of tR relative to tL. One could have chosen
exp½−iðaUÞμ33xμ� as phase shift for both Q3 and U3, which
would lead to

L0CPT−
top ¼ b0μt̄LγμtL; ð4Þ

with b0μ ≡ ½ðaUÞμ33 − ðaQÞμ33� ¼ −bμ and only tL fields
involved. For this equivalent formulation the experimental
limits on bμ will be identical to those for Eq. (3).
Performing the variational procedure including the con-

ventional top kinetic terms results in a modified Dirac
equation:

�
i=∂þ 1

2
ð1 − γ5Þ=b −mt

�
t ¼ 0: ð5Þ

Plane-wave solutions imply a quartic equation in pμ ¼
ðEt; p⃗Þ with four distinct solutions linear in bμ:

p2 ¼
(
m2

t −p · b� ½ðp · bÞ2 −m2
t b2�1=2 ðtopÞ

m2
t þp · b� ½ðp · bÞ2 −m2

t b2�1=2 ðantitopÞ; ð6Þ

neglecting higher-order terms in bμ. The first and second
unconventional terms in each row are associated with the
vector and pseudovector pieces of Eq. (3), respectively, and
the � signs denote states of opposite helicities. The differ-
ence between particle and antiparticle solutions is obtained
by bμ → −bμ, reflecting the CPT-odd property of Eq. (3)
and the effect of CPT conjugation on the plane-wave
solutions. Note that potential CPT-violating corrections
to top and antitop decay widths are suppressed relative to
free-propagation effects (6) by the square of the weak
coupling constant and are neglected.
The presence of bμ implies both charge- and helicity-

dependent energy eigenvalues. Top p and antitop p̄ mo-
menta and kinematical masses mkin

t ≡ ffiffiffiffiffi
p2

p
, mkin

t̄ ≡ ffiffiffiffiffi
p̄2

p
are reconstructed through the charge and four-momentum
conservation of final-state decay products. In the conven-
tional CPT-invariant case, mkin

t ¼ mkin
t̄ ¼ mt. The kin-

ematical mass difference,

Δmkin
tt̄ ðp; λp; p̄; λp̄; mt; bÞ≡mkin

t −mkin
t̄ ; ð7Þ

parametrizes a CPT-violating asymmetry, where λp (λp̄) are
the top (antitop) helicities. In principle, measurements of
Δmkin

tt̄ could be used to extract bμ. However, this is
generically nontrivial because Δmkin

tt̄ is time dependent.
Implicit time dependence enters via event-by-event recon-
structions of the top and antitop four-momenta. Explicit
time dependence enters through bμ directly since the
relevant experiments are performed in noninertial Earth-
based laboratories. As a result, the coefficient bμ is
modulated as a function of the laboratory velocity and
rotation rate [19]. It is convenient and standard practice to
introduce the approximately inertial sun-centered frame
(SCF) where the coefficients for CPT violation carry
indices μ ¼ fT; X; Y; Zg and may be approximated as
constants [20]. In this setting, the leading laboratory
signatures are given by single harmonics of Earth’s sidereal
rotation frequency ω⊕ ≈ 2π=ð23 h 56 minÞ. Despite these
complications, we demonstrate that suitably averaged
observables permit analyses of the set fbT; bX; bY; bZg.
The ATLAS and CMS Collaborations have reported

measurements of hΔmkin
tt̄ i [9–11], where hi indicates aver-

aging over all events. ATLAS Collaboration used a sample
of tt̄ events in the single charged leptonþ jets decay mode,
selected from 4.7 fb−1 of pp collisions at

ffiffiffi
s

p ¼ 7 TeV [9].
The data were regularly collected over several months in
2011 [21]. The kinematical mass difference hΔmkin

tt̄ i was
determined from a maximum likelihood fit to the per-event
top and antitop candidate mass difference, reconstructed in
the ATLAS detector frame. The reported result,
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hΔmkin
tt̄ iATLAS ¼ 0.67� 0.61stat � 0.41syst GeV; ð8Þ

is consistent with zero within uncertainties. The measure-
ment involved averaging over several sidereal days and
sampling of the full tt̄ phase space. This measurement
therefore has negligible sensitivity to the top polarizations
and spatial components of bμ. The invariance of the
temporal component b0 under the rotation connecting the
ATLAS detector and SCF frames implies b0 ¼ bT , and
Eq. (7) takes the form

hΔmkin
tt̄ iATLAS ≈ −

bT
mt

hEt þ Et̄i
2

; ð9Þ

where hEt þ Et̄i is the average over the phase space of the
sum of top and antitop energies characteristic to the dataset.
To leading order in bμ the energies Et; Et̄ are the conven-
tional eigenenergies.
The CMS analyses also selected events where one W

boson decays hadronically and the other leptonically. The
data were split into lþ and l− samples. Using the ideogram
likelihood method [22], mkin

t and mkin
t̄ were reconstructed

from the two samples, respectively, in the CMS collider
frame, from which their difference was obtained. The 2017
analysis used a data sample [23] corresponding to pp
collisions at

ffiffiffi
s

p ¼ 8 TeV and an integrated luminosity of
19.6� 0.5 fb−1. The data were collected over several
months in 2012, yielding [24]

hΔmkin
tt̄ iCMS ¼ −0.15� 0.19stat � 0.09syst GeV: ð10Þ

Since the tops and antitops were selected from different
events, CMS is sensitive to a sum of the averages,
hEti þ hEt̄i, and, therefore,

hΔmkin
tt̄ iCMS ≈ −

bT
mt

hEti þ hEt̄i
2

: ð11Þ

In order to extract an upper bound on bT , we need to
calculate the average hEt þ Et̄i for tt̄ events in the fiducial
region considered by the two experiments. For the same set
of cuts, however, there will be no difference between the
sum of the averages hEti þ hEt̄i and average of the sum
hEt þ Et̄i. The evaluation of hEt þ Et̄i for tt̄ events at
various center-of-mass energies is performed with the aid
of the Monte Carlo (MC) generator CALCHEP [25] and
cross-checked using MADGRAPH [26] (interfaced with
PYTHIA8 [27] and the detector simulator DELPHES [28]).
The results we find are summarized in Table I.
The value of bT including uncertainty reads

bT ¼ −
2hΔmkin

tt̄ imt

hEt þ Et̄i

×

2
41�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
δhΔmkin

tt̄ i
hΔmkin

tt̄ i
�

2

þ
�
δhEt þ Et̄i
hEt þ Et̄i

�
2

s 3
5: ð12Þ

We estimate the uncertainty δhEt þ Et̄i on the predicted
value hEt þ Et̄i from our MC simulations by varying the
factorization scale within mt=2 and 2mt, as well as using
different parton distribution function (PDF) sets. We find it
to be below 5% for each uncertainty. We have also
evaluated the effect of the top-quark width on the hEt þ
Et̄i value by comparing the results for 2 → 2 versus 2 → 6
processes at parton level (the second versus the third
column in Table I) and find an increase of only about
þ0.5% on hEt þ Et̄i when the width is taken into account,
which is simply related to a kinematical effect. A more
detailed analysis of these uncertainties is not relevant for
this Letter since the uncertainty on bT is completely
dominated by the experimental uncertainty on δhΔmkin

tt̄ i,
which is of order 100%. Therefore, even a very
conservative value of δhEt þ Et̄i of order 10% will affect
the overall uncertainty for bT determination at the level of
only 1%, as one can see from Eq. (12).
Combining experimental statistical and systematic

uncertainties in quadrature and using Eq. (12), we find
the following exclusion limits on bT :

bT ∈

(
½−1.10; 0.41� GeV ATLAS at 7 TeV

½−0.13; 0.29� GeV CMS at 8 TeV:
ð13Þ

Outside of these intervals bT is excluded at 95% con-
fidence level.
The spatial components bX;Y;Z can be constrained with

the same dataset but require dedicated analyses. To good
approximation, the laboratory-frame coefficients for both
ATLAS and CMS are related to the SCF coefficients via the
rotation

TABLE I. The values of hEt þ Et̄i in GeV at various LHC
energies for pp → tt̄ processes: pp → tt̄ (tt̄); pp → tt̄ →
lνjjbb̄ with no cuts applied (total); pp → tt̄ → lνjjbb̄ with
fiducial CMS cuts applied (fiducial). See further details in the
text. The events here are generated with CALCHEP.

tt̄
tt̄ → lνjjbb̄

total
tt̄ → lνjjbb̄

fiducial

hEt þ Et̄iat 7 TeV 706.3 708.9 658.4
hEt þ Et̄iat 8 TeV 738.9 742.2 674.4
hEt þ Et̄iat 13 TeV 878.8 883.7 725.2
hEt þ Et̄iat 13.6 TeV 892.5 898.7 729.1
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0
B@

b1
b2
b3

1
CA¼

0
B@

−bZ sinχ cosψ þ cosðω⊕T⊕ÞðbX cosχ cosψ þ bY sinψÞ þ sinðω⊕T⊕ÞðbY cos χ cosψ − bX sinψÞ
bZ cosχþ sinχ½bX cosðω⊕T⊕Þ þ bY sinðω⊕T⊕Þ�

−bZ sinχ sinψ þ cosðω⊕T⊕ÞðbX cosχ sinψ − bY cosψÞ þ sinðω⊕T⊕ÞðbY cosχ sinψ þ bX cosψÞ

1
CA; ð14Þ

where the colatitude is χ ¼ 43.7° and the beam line
orientation north of east is ψ ¼ −11.3°. The time T⊕ is
identified with the event time. Note that this choice of
laboratory frame is identical for ATLAS and CMS: the two-
axis points in the upward vertical direction and the one-axis

points toward (away from) the center of the LHC ring for
ATLAS (CMS).
The kinematical mass difference for single event in terms

of the SCF coefficients is given by

Δmkin
tt̄ ¼ −

1

2mt

�
bTΔT þ bZΔZ þ

X
A¼X;Y

bA
�
CA cosðω⊕T⊕Þ þ SA sinðω⊕T⊕Þ

��
; ð15Þ

ΔT ¼ Et þ Et̄; ð16Þ

ΔZ ¼ − sin χ cosψðp1 þ p̄1Þ þ cos χðp2 þ p̄2Þ − sin χ sinψðp3 þ p̄3Þ; ð17Þ

CX ¼ cos χ cosψðp1 þ p̄1Þ þ sin χðp2 þ p̄2Þ þ cos χ sinψðp3 þ p̄3Þ; ð18Þ

SX ¼ − sinψðp1 þ p̄1Þ þ cosψðp3 þ p̄3Þ; ð19Þ

CY ¼ −SX; ð20Þ
SY ¼ CX; ð21Þ

where pi (p̄i) are the top (antitop) three-momentum com-
ponents in the laboratory frame. Note that in Eq. (15), we
omit the helicity-dependent terms from Eq. (6) as they
vanish under phase-space and time averages. The symmetry
of the pp collisions guarantees hpi þ p̄ii ¼ 0, and hence
hΔmkin

tt̄ i ¼ −ðbT=2mtÞhEt þ Et̄i when averaging over the
total phase space. This means that the coefficients bX;Y;Z can
only be constrained by dedicated analyses. Moreover, note
that the coefficients bX and bY induce effects that vanish also
when averaged over time.
A strategy to build an observable sensitive exclusively to

bZ is to consider

hΔmkin
tt̄

0i ¼ hΔmkin
tt̄ sgn½ΔZ�i ¼ −

bZ
2mt

hjΔZji: ð22Þ

In fact, hΔTsgn½ΔZ�i ¼ 0 and time averaging eliminates
bX;Y . This quantity can be measured by first calculating
Δmkin

tt̄ sgn½ΔZ� on an event-by-event basis (ΔZ is a simple
function of the top and antitop three-momenta) and
then studying its distribution. Since it is not possible to
simply convert the measured hΔmkin

tt̄ i distribution into the
corresponding hΔmkin

tt̄
0i distribution, a constraint on bZ

can only be obtained via a dedicated reanalysis of the
data. The bZ sensitivity of this analysis is straightforward

to assess because, in absence of a signal, we expect the
experimental hΔmkin

tt̄ i and hΔmkin
tt̄

0i distributions to be very
similar. In order to get an upper limit on bZ, one should
consider the statistical uncertainty of the 8 TeV CMS
analysis but adopt the larger ATLAS systematic uncer-
tainty, which has been calculated from a scheme where the
top and antitop masses are determined simultaneously on a
per-event basis, and center the distribution on zero:
hΔmkin

tt̄
0i ∼ ½0� 0.19� 0.41� GeV. Combining these sen-

sitivities with the MC results for hjΔZji presented in
Table II, we obtain the expected sensitivity:

jbZjexpected ≲ 4.6 GeV: ð23Þ

For the transverse components, bX and bY , the situation
is more complicated because a sidereal-time analysis is
required. A possible strategy is to divide the sidereal period
in a number N of bins. Focusing on the coefficient bX, the
kinematical mass difference for events in the nth bin is
given by

Δmkin
tt̄ ¼ −

bX
2mt

ΔðnÞ
X ; ð24Þ

PHYSICAL REVIEW LETTERS 133, 221601 (2024)

221601-4



ΔðnÞ
X ¼ CXhcosðω⊕T⊕Þin þ SXhsinðω⊕T⊕Þin; ð25Þ

where hin indicates the time average over bin n. For
each bin we can then proceed exactly as for bZ and
average over all events in the bin weighting Δmkin

tt̄ by

sgn½ΔðnÞ
X �. In order to obtain the sensitivity to the coef-

ficients bX and bY , we simply calculate the phase space
average ½hjCAji þ hjSAji�=

ffiffiffi
2

p
, where A ¼ X, Y, and the

factor 1=
ffiffiffi
2

p
is the root mean square of the sin and cos

functions. Following the same procedure as for the bZ case
(but using the appropriate averages from Table II), we find
the following expected sensitivity to bX;Y :

jbX;Y jexpected ≲ 0.8 GeV: ð26Þ

To summarize, we have established the first model-
independent sensitivity to CPT violation in the top-quark
sector using LHC measurements of the top and antitop
kinematical mass difference. The constraint on bT (13) is
about 2 orders of magnitude stronger than those expected
from single-top production [17]. We have also suggested
dedicated analyses which would lead to constraints on
jbZj (23) and jbX;Y j (26) of the same order. Note that,
although constraints on CPT-violating couplings involv-
ing b and light quarks from B-meson and related oscil-
lations are stringent, they do not directly constrain the
third-generation b-quark coupling for CPT violation,
which is proportional to ðaQ þ aDÞ33. For instance, in
B-meson oscillations, the observable is governed by the
difference Δa ¼ ðaQ þ aDÞ33 − ðaQ þ aDÞ22;11 across
generations [29], which could vanish if CPT violation
is flavor universal. While existing results provide valuable
indirect tests of CPT, our Letter offers a more direct
approach focused on the t-quark coupling.
Regarding prospects, one might expect LHCb could

offer complementary insights via tt̄ asymmetry enhance-
ments in the forward kinematic region. However, the quark-
antiquark versus gluon-initiated top pair production is not
relevant to the observable and analysis proposed in our
Letter, and LHCb cannot fully reconstruct the top-antitop
system for the mass difference determination. Therefore,

we do not expect complementary insights from LHCb top-
quark studies for this specific study. Let us note that an
analysis of the entire run-2 dataset (140 fb−1), assuming a
factor of 2 improvement on the systematic uncertainty and
taking into account the larger

ffiffiffi
s

p ¼ 13 TeV center-of-mass
energy, is expected to yield a sensitivity to bT at the
0.05 GeV level (with similar fractional improvements for
bX;Y;Z). Further accumulation of data will lead to a
systematically dominated total uncertainty.
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