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20IPNL, Université Lyon 1, CNRS/IN2P3, Villeurbanne, France and Université de Lyon, Lyon, France
21III. Physikalisches Institut A, RWTH Aachen University, Aachen, Germany

22Physikalisches Institut, Universität Bonn, Bonn, Germany
23Physikalisches Institut, Universität Freiburg, Freiburg, Germany

24II. Physikalisches Institut, Georg-August-Universität Göttingen, Göttingen, Germany
25Institut für Physik, Universität Mainz, Mainz, Germany

26Ludwig-Maximilians-Universität München, München, Germany
27Fachbereich Physik, University of Wuppertal, Wuppertal, Germany

28Panjab University, Chandigarh, India
29Delhi University, Delhi, India

30Tata Institute of Fundamental Research, Mumbai, India
31University College Dublin, Dublin, Ireland

32Korea Detector Laboratory, Korea University, Seoul, Korea
33SungKyunKwan University, Suwon, Korea

34CINVESTAV, Mexico City, Mexico
35FOM-Institute NIKHEF and University of Amsterdam/NIKHEF, Amsterdam, The Netherlands

36Radboud University Nijmegen/NIKHEF, Nijmegen, The Netherlands
37Joint Institute for Nuclear Research, Dubna, Russia

PRL 103, 132001 (2009) P HY S I CA L R EV I EW LE T T E R S
week ending

25 SEPTEMBER 2009

132001-2



38Institute for Theoretical and Experimental Physics, Moscow, Russia
39Moscow State University, Moscow, Russia

40Institute for High Energy Physics, Protvino, Russia
41Petersburg Nuclear Physics Institute, St. Petersburg, Russia

42Stockholm University, Stockholm, Sweden, and Uppsala University, Uppsala, Sweden
43Lancaster University, Lancaster, United Kingdom

44Imperial College, London, United Kingdom
45University of Manchester, Manchester, United Kingdom

46University of Arizona, Tucson, Arizona 85721, USA
47California State University, Fresno, California 93740, USA
48University of California, Riverside, California 92521, USA
49Florida State University, Tallahassee, Florida 32306, USA

50Fermi National Accelerator Laboratory, Batavia, Illinois 60510, USA
51University of Illinois at Chicago, Chicago, Illinois 60607, USA

52Northern Illinois University, DeKalb, Illinois 60115, USA
53Northwestern University, Evanston, Illinois 60208, USA
54Indiana University, Bloomington, Indiana 47405, USA

55University of Notre Dame, Notre Dame, Indiana 46556, USA
56Purdue University Calumet, Hammond, Indiana 46323, USA

57Iowa State University, Ames, Iowa 50011, USA
58University of Kansas, Lawrence, Kansas 66045, USA

59Kansas State University, Manhattan, Kansas 66506, USA
60Louisiana Tech University, Ruston, Louisiana 71272, USA

61University of Maryland, College Park, Maryland 20742, USA
62Boston University, Boston, Massachusetts 02215, USA

63Northeastern University, Boston, Massachusetts 02115, USA
64University of Michigan, Ann Arbor, Michigan 48109, USA

65Michigan State University, East Lansing, Michigan 48824, USA
66University of Mississippi, University, Mississippi 38677, USA

67University of Nebraska, Lincoln, Nebraska 68588, USA
68Princeton University, Princeton, New Jersey 08544, USA

69State University of New York, Buffalo, New York 14260, USA
70Columbia University, New York, New York 10027, USA

71University of Rochester, Rochester, New York 14627, USA
72State University of New York, Stony Brook, New York 11794, USA
73Brookhaven National Laboratory, Upton, New York 11973, USA

74Langston University, Langston, Oklahoma 73050, USA
75University of Oklahoma, Norman, Oklahoma 73019, USA

76Oklahoma State University, Stillwater, Oklahoma 74078, USA
77Brown University, Providence, Rhode Island 02912, USA

78University of Texas, Arlington, Texas 76019, USA
79Southern Methodist University, Dallas, Texas 75275, USA

80Rice University, Houston, Texas 77005, USA
81University of Virginia, Charlottesville, Virginia 22901, USA
82University of Washington, Seattle, Washington 98195, USA

(Received 5 June 2009; published 21 September 2009)

We present a measurement of the mass difference between t and �t quarks in leptonþ jets final states of

t�t events in 1 fb�1 of data collected with the D0 detector from Fermilab Tevatron Collider p �p collisions atffiffiffi
s

p ¼ 1:96 TeV. The measured mass difference of 3:8� 3:7 GeV is consistent with the equality of t and �t

masses. This is the first direct measurement of a mass difference between a quark and its antiquark partner.

DOI: 10.1103/PhysRevLett.103.132001 PACS numbers: 14.65.Ha, 11.30.Er, 12.15.Ff

The CPT theorem [1], which is fundamental to any local
Lorentz-invariant quantum field theory, requires that the
mass of a particle and that of its antiparticle be identical.
Tests of CPT invariance for many of the elementary par-
ticles accommodated within the standard model (SM) are
available in the literature [2]. Despite the fact that no

violations have ever been observed, it is important to
search for the possibility of CPT violation in all sectors
of the standard model. Because quarks carry color, they
cannot be observed directly, but must first evolve through
quantum chromodynamic (QCD) interactions into jets of
colorless particles. These jet remnants reflect the character-
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istics of the initially produced quarks, such as their
charges, spin states, and masses. If the lifetimes of quarks
are much longer than the time scale for QCD processes, the
quarks form hadrons before they emerge from collisions,
and decay from within bound hadronic states. This makes
it difficult to measure a q� �q mass difference because of
the model dependence of QCD binding and evolution
processes. However, since the lifetime of the top quark is
far shorter than the time scale for QCD interactions, the
top-quark sector provides a way to measure the mass
difference less ambiguously [3].

In this Letter, we report a measurement of the difference
between the mass of the top quark (t) and that of its anti-
particle (�t) produced in p �p collisions at

ffiffiffi
s

p ¼ 1:96 TeV.
Our measurement is based on data corresponding to
�1 fb�1 of integrated luminosity collected with the D0 de-
tector [4] during run II of the Fermilab Tevatron Collider.
The events used in this analysis, identical to those in
Ref. [5], are top-quark pair (t�t) events in the leptonþ jets
channel (‘þ jets) where each top quark is assumed to
always decay into a W boson and a b quark. One of the
W bosons decays via W ! ‘� into two leptons, and the
other one through W ! q �q0 into two quarks, and all four
quarks (q �q0b �b) evolve into jets.

We select events having one isolated electron (muon)
with transverse momentum pT > 20 GeV and j�j< 1:1
(j�j< 2), missing transverse momentum p6 T > 20 GeV,
and exactly four jets with pT > 20 GeV and j�j< 2:5,
where the pseudorapidity � ¼ � ln½tanð�=2Þ�, and � is
the polar angle with respect to the proton beam direction.
At least one of the jets is required to be identified as a b-jet
candidate. A minimum azimuthal separation is required
between lepton pT and p6 T vectors to further reduce multi-
jet background arising from lepton or jet energy mismea-
surements. The positively (negatively) charged leptons are
used to tag the t (�t) in each event. To reduce instrumental
effects that can cause charge dependent asymmetries in
lepton energy scale and resolution, solenoid and toroid
magnetic field polarities are routinely reversed.

The selected data sample consists of 110 eþ jets and
110 �þ jets events. TheWþ (W�) boson decays into had-
rons in 105 (115) events and into leptons in 115 (105)
events, consistent with invariance under charge conjuga-
tion. The fraction of t�t events in this sample is estimated to
be 74%. The background consists ofW þ jets and multijet
events, with the latter comprising 12% of the entire
background.

This analysis uses the matrix element (ME) method
which relies on the extraction of the properties of the top
quark (e.g., the mass) through a likelihood technique based
on probability densities (PD) for each event, calculated
from the ME for the two major processes (t�t and W þ jets
production) that contribute to the selected ‘þ jets sample.
In calculating the PD for t�t production, we include only the
leading-order (LO) ME from q �q ! t�t production [6]. We

assume SM-like t�t production and decay, where identical
particle and antiparticle masses are assumed for b quarks
and W bosons but not for top quarks. For W þ jets pro-
duction, we use the ME provided in VECBOS [7]. The PD
for each event is given in terms of the fraction of signal (f)
and of background (1� f) in the data and the masses of the
t (mt) and the �t (m�t):

Pevt ¼ AðxÞ½fPsigðx;mt;m�tÞ þ ð1� fÞPbkgðxÞ�; (1)

where x denotes the measured jet and lepton energies and
angles, AðxÞ is a function only of x and accounts for the
geometrical acceptance and efficiencies, and Psig and Pbkg

represent the PD for t�t and W þ jets production, respec-
tively. Multijet events are also represented by Pbkg since

Pbkg � Psig for such events [8].

The free parameters in Eq. (1) are determined from a
likelihood Lðx;mt;m�t; fÞ constructed from the product of
the Pevt for all events. Jet energies are scaled by an overall
jet energy scale (JES) calibration factor derived by con-
straining the reconstructed mass of the two jets from W !
q �q0 decays in t�t events to 80.4 GeV [2,5]. The likelihood is
maximized as a function of f for each (mt, m�t) hypothesis
to determine fbest. An integration of the likelihood for f ¼
fbest over the sum msum ¼ ðmt þm�tÞ=2 results in a one-
dimensional likelihood Lðx; �Þ as a function of mass dif-
ference � ¼ mt �m�t. This is used to extract the mean
value of � and its uncertainty. A similar procedure involv-
ing an integration over � gives Lðx;msumÞ which is used to
extract the mean value of msum and its uncertainty.
The variables in any ME refer to nascent produced

particles (leptons and partons), but the measured quantities
correspond to physical leptons and jets. This difference is
taken into account in the calculation of the event probabil-
ity by convoluting over phase space a transfer function,
Wðy; xÞ, that provides the resolution for the lepton in
question or a mapping of the observed jet variables in an
event (x) to their progenitor parton variables (y):

Psig ¼ 1

�t�t
norm

�
Z X

d�ðy;mt;m�tÞdq1dq2Fðq1ÞFðq2ÞWðy; xÞ;

(2)

where d�ðy;mt;m�tÞ is the leading-order partonic differen-
tial cross section, q1 and q2 are the momentum fractions of
the colliding partons (assumed to be massless) within the
incident p and �p, and the sum runs over all possible
combinations of initial-state parton flavors, jet-to-parton
assignments, and allW ! ‘� neutrino solutions [9]. In the
sum over jet-to-parton assignments in Psig, each permuta-

tion of jets carries a weight wi, which is the normalized
product of probabilities for tagging any jet under a given
parton flavor hypothesis [5]. The FðqiÞ include the proba-
bility densities for finding a parton of given flavor and
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longitudinal momentum fraction in the p or �p assuming the
CTEQ6L1 [10] distribution functions (PDF), as well as the
probability densities for the transverse components of the
qi obtained from the LO event generator PYTHIA [11]. The
normalization term �t�t

norm is described below.
The overall detection efficiency for t�t depends on the

values of both mt and m�t. This is taken into account
through the normalization by the observed cross section
�t�t

norm ¼ R
AðxÞPsigdx ¼ �t�tðmt;m�tÞhAðmt;m�tÞi, where

�t�tðmt;m�tÞ is the total cross section calculated by integrat-
ing the partonic cross section �t�t

q �q [12], corresponding to

the specific ME used in the analysis, over initial and final
parton distributions and summing over initial parton fla-
vors. hAðmt;m�tÞi is the mean acceptance determined from
the generated t�t events. The expressions for Pbkg are simi-

lar, except that the probability does not depend onmt orm�t.
Samples of t�tMC events with different values of mt and

m�t are required to simulate t�t production and decay in order
to calibrate the results of the analysis. These events are
generated with a version of the PYTHIA generator [11]
modified to provide independent values of mt and m�t.
The specific values chosen for (mt, m�t) form a square
grid spaced at 5 GeV intervals between (165, 165) and
(180, 180), excluding the two extreme points at (165, 180)
and (180, 165). The MC events for equal values of mt and
m�t are generated with the default version of PYTHIA.

Approximations made in formulating the likelihood can
bias the final result. This issue is examined by comparing
the measured and input values of � in pseudo experiments
composed of MC t�t andW þ jets events. The calibration is
shown in Fig. 1 in terms of the measured mean � as a
function of its input value (�in), separately for the eþ jets
and�þ jets MC samples, for all MC samples generated at
the input reference points on the (mt, m�t) grid. There are 2,
3, 4, 3, and 2 different (mt, m�t) points with a common �in

of �10, �5, 0, þ5, and þ10 GeV, respectively. The
dispersions in the measured values of mean � for different
(mt, m�t) points, but with same values of �in, are consistent
with expected statistical fluctuations, as can be observed in

Fig. 1. The fit �2=d:o:f. for the points in Figs. 1(a) and 1(b)
are 1.8 and 0.84, respectively. The parameterizations
shown in Fig. 1 are used to calibrate Lðx; �Þ for the
selected data sample.
We define the pull as ð�� h�iÞ=�ð�Þ where � is the

measured mass difference for a given pseudo experiment,
h�i is the mean measured mass difference for all pseudo
experiments, and �ð�Þ is the uncertainty of the measured
mass difference for the given pseudo experiment. The
mean widths of the pull distributions for all samples used
in Fig. 1 are 1.2 and 1.1 for eþ jets and �þ jets, respec-
tively. The deviations of these widths from 1 are used to
correct the measured uncertainties in data.
Fitted two-dimensional Gaussian contours of equal

probability (in terms of the standard deviation sd) for
Lðx;mt;m�tÞ are shown for the electron and muon data
samples in Figs. 2(a) and 2(b), respectively. The corre-
sponding Lðx; �Þ for both channels are given in Figs. 3(a)
and 3(b). The two sets of data are consistent within
their respective uncertainties, and the small correlations
(�eþjets ¼ �0:05, ��þjets ¼ �0:01) extracted from the fits
in Fig. 2 betweenmt andm�t are not statistically significant,
nor are the shifts in the projections shown in Fig. 3.
Results from the two channels are combined through a

weighted average of the separate electron and muon values.
This has the advantage of using their respective pulls to
adjust the uncertainties of each measurement before com-
bining the two results. Using this averaging process, we
quote the final combined means and their statistical un-
certainties as � ¼ 3:8� 3:4ðstatÞ GeV and msum ¼
170:9� 1:5ðstatÞ GeV. The latter is consistent with the
previous measurement of Ref. [5] (see also Ref. [13]).
The systematic uncertainties are summarized in Table I.

The first category, physics modeling, comprises the uncer-
tainties in MC modeling of t�t and W þ jets events. The
second category, detector modeling, addresses uncertain-
ties in the calibration of jet energy and simulation of
detector response. The last category, Method, addresses
uncertainties in the calibration and possible systematic

 [GeV]in∆
-15 -10 -5 0 5 10 15

 [
G

eV
]

∆

-15

-10

-5

0

5

10

15

in∆× = 0.97 ∆
+ 0.34 GeV

(a)
  e+jets

 [GeV]in∆
-15 -10 -5 0 5 10 15

 [
G

eV
]

∆

-15

-10

-5

0

5

10

15

in∆× = 0.99 ∆
+ 0.15 GeV

+jetsµ
(b)

FIG. 1. Values of the measured mean � from MC pseudo
experiments as a function of �in, parameterized by straight lines
for (a) eþ jets and (b) �þ jets MC events. Dotted lines
represent complete equality between measured and input values.
Results from pseudo experiments with same �in but different
msum correspond to the extra points for fixed �in (see text).
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effects due to assumptions made in the analysis. Except for
two, all systematic uncertainties are identical to those
described previously [5]. Many of these uncertainties
(e.g., uncertainties in JES, PDF, jet resolution, multijet
contamination) are expected to partially cancel in the
measurement of the mass difference, but are often domi-
nated by the statistics of the samples used to evaluate them.
The two new contributions address the possibilities of
(i) reconstructing leptons with the wrong charge, and
(ii) uncertainties frommodeling differences in the response
of the calorimeter to b and �b jets [14], which can affect the
measurement of the mass difference. These were evaluated
for (i) by estimating the effect of an increase in charge
misidentification in MC simuulations that would match
that found in data (�1% for both e and �). For (ii), studies
were performed on MC samples and on data seeking any

difference in detector response to b and �b quarks beyond
expectations from interactions of their decay products,
which are accommodated in the MC simulations. The
observed differences were limited by the statistics of
both samples. The total systematic uncertainty is
1.2 GeV. Combining the systematic and statistical uncer-
tainties of the measurement in quadrature yields � ¼
3:8� 3:7 GeV, a value consistent with CPT invariance.
In summary, we have measured the t and �t mass differ-

ence in �1 fb�1 of data in ‘þ jets t�t events and find the
mass difference to be mt �m�t ¼ 3:8� 3:7 GeV, corre-
sponding to a relative mass difference of�=msum ¼ ð2:2�
2:2Þ%. This is the first direct measurement of a mass
difference between a quark and its antiquark partner.
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