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S. Lammers,70 G. Landsberg,77 P. Lebrun,20 W.M. Lee,50 A. Leflat,38 J. Lellouch,17 J. Leveque,45 J. Li,78 L. Li,48

Q. Z. Li,50 S.M. Lietti,5 J. G. R. Lima,52 D. Lincoln,50 J. Linnemann,65 V.V. Lipaev,39 R. Lipton,50 Y. Liu,7 Z. Liu,6

A. Lobodenko,40 M. Lokajicek,11 P. Love,42 H. J. Lubatti,82 R. Luna,3 A. L. Lyon,50 A. K.A. Maciel,2 D. Mackin,80

R. J. Madaras,46 P. Mättig,26 C. Magass,21 A. Magerkurth,64 P. K. Mal,82 H. B. Malbouisson,3 S. Malik,67 V. L. Malyshev,36

H. S. Mao,50 Y. Maravin,59 B. Martin,14 R. McCarthy,72 A. Melnitchouk,66 L. Mendoza,8 P. G. Mercadante,5 M. Merkin,38

K.W. Merritt,50 A. Meyer,21 J. Meyer,22,x T. Millet,20 J. Mitrevski,70 R. K. Mommsen,44 N.K. Mondal,29 R.W. Moore,6

T. Moulik,58 G. S. Muanza,20 M. Mulhearn,70 O. Mundal,22 L. Mundim,3 E. Nagy,15 M. Naimuddin,50 M. Narain,77

N. A. Naumann,35 H.A. Neal,64 J. P. Negret,8 P. Neustroev,40 H. Nilsen,23 H. Nogima,3 S. F. Novaes,5 T. Nunnemann,25

V. O’Dell,50 D. C. O’Neil,6 G. Obrant,40 C. Ochando,16 D. Onoprienko,59 N. Oshima,50 N. Osman,43 J. Osta,55 R. Otec,10

G. J. Otero y Garzón,50 M. Owen,44 P. Padley,80 M. Pangilinan,77 N. Parashar,56 S.-J. Park,22,x S.K. Park,31 J. Parsons,70

R. Partridge,77 N. Parua,54 A. Patwa,73 G. Pawloski,80 B. Penning,23 M. Perfilov,38 K. Peters,44 Y. Peters,26 P. Pétroff,16

M. Petteni,43 R. Piegaia,1 J. Piper,65 M.-A. Pleier,22 P. L.M. Podesta-Lerma,33,‡ V.M. Podstavkov,50 Y. Pogorelov,55

M.-E. Pol,2 P. Polozov,37 B.G. Pope,65 A.V. Popov,39 C. Potter,6 W. L. Prado da Silva,3 H. B. Prosper,49 S. Protopopescu,73

J. Qian,64 A. Quadt,22,x B. Quinn,66 A. Rakitine,42 M. S. Rangel,2 K. Ranjan,28 P. N. Ratoff,42 P. Renkel,79 S. Reucroft,63

P. Rich,44 J. Rieger,54 M. Rijssenbeek,72 I. Ripp-Baudot,19 F. Rizatdinova,76 S. Robinson,43 R. F. Rodrigues,3

PRL 102, 092001 (2009) P HY S I CA L R EV I EW LE T T E R S
week ending

6 MARCH 2009

0031-9007=09=102(9)=092001(7) 092001-1 � 2009 The American Physical Society



M. Rominsky,75 C. Royon,18 P. Rubinov,50 R. Ruchti,55 G. Safronov,37 G. Sajot,14 A. Sánchez-Hernández,33

M. P. Sanders,17 B. Sanghi,50 A. Santoro,3 G. Savage,50 L. Sawyer,60 T. Scanlon,43 D. Schaile,25 R.D. Schamberger,72

Y. Scheglov,40 H. Schellman,53 T. Schliephake,26 C. Schwanenberger,44 A. Schwartzman,68 R. Schwienhorst,65

J. Sekaric,49 H. Severini,75 E. Shabalina,51 M. Shamim,59 V. Shary,18 A.A. Shchukin,39 R.K. Shivpuri,28 V. Siccardi,19

V. Simak,10 V. Sirotenko,50 P. Skubic,75 P. Slattery,71 D. Smirnov,55 G. R. Snow,67 J. Snow,74 S. Snyder,73
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Using approximately 1:3 fb�1 of data collected by the D0 detector between 2002 and 2006, we measure

the lifetime of the B�
c meson in the B�

c ! J=c�� þ X final state. A simultaneous unbinned likelihood fit

to the J=c þ� invariant mass and lifetime distributions yields a signal of 881� 80ðstatÞ candidates and a
lifetime measurement of �ðB�

c Þ ¼ 0:448þ0:038
�0:036ðstatÞ � 0:032ðsystÞ ps.
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One of the most interesting mesons that can be studied at
the Tevatron is the B�

c . Unlike most b hadrons, the B�
c

meson comprises two heavy quarks (b and c) that can
each decay with significant contribution to the decay
rate, or they can participate in an annihilation mode. The
B�
c meson is therefore predicted [1,2] to have a lifetime

of only one-third that of the other Bmesons, the shortest of
all weakly-decaying b hadrons. Examples of final states
where the c quark acts as a spectator while the b quark
decays weakly are B�

c ! J=c��, B�
c ! J=cD�

s , and
B�
c ! J=c ‘��.
In this Letter we present a measurement of the lifetime

of the B�
c meson in the B�

c ! J=c�� þ X final state with
J=c ! �þ��, using approximately 1:3 fb�1 [3] of data
collected with the D0 detector [4] at the Fermilab Tevatron
collider. The detector components most important to this
analysis are the central fiber tracker (CFT), the silicon
microstrip tracker (SMT), and the muon system [5]. A
sample satisfying inclusive muon triggers is used. The
invariant mass of the resulting trimuon system is used to
help separate the signal and background components and
determine their normalizations.

The decay length distribution used to extract the B�
c

lifetime is determined from the distance measured for
each signal candidate between the reconstructed primary
p �p interaction vertex and the secondary vertex formed by
the J=c and the third muon. The presence and behavior of
the B�

c signal are demonstrated using mass fits following
decay length requirements. We construct models of the
lifetime distributions of signal and various background
components and then perform a simultaneous fit to the
trimuon invariant mass and lifetime distributions to mea-
sure the lifetime of the B�

c meson.
To simulate B�

c properties in this final state and to
determine appropriate selection criteria, Monte Carlo
(MC) signal samples of B�

c ! J=c ð! �þ��Þ��� are
generated using the PYTHIA event generator [6] interfaced
with the EVTGEN decay package [7], and followed by full
GEANT [8] modeling of the detector response and event

reconstruction. For the simulated signal samples, the semi-
leptonic decay model of Ref. [9] for B�

c is used. A separate
sample using a phase-space decay model is generated for
systematic studies. Another possible decay of the B�

c is
B�
c ! c ð2SÞ�� þ X where c ð2SÞ ! J=c�þ��, and a

sample of this mode is generated as well. To model one of
the backgrounds, a large MC sample of inclusive J=c
events, including b production via gluon splitting (g !
b �b where the b and �b tend to be close in angle rather than
back-to-back) and flavor excitation, is used.

We begin by selecting a subsample of events containing
at least one J=c ! �þ�� candidate with at least two
muons of opposite charge reconstructed in the CFT,
SMT, and the muon system. Each muon candidate track
must have transverse momentum pT > 1:5 GeV, and
match hits in the muon system, or it must have pT >

1:0 GeV and an energy deposit in the uranium-liquid-
argon calorimeter [4] that is consistent with that of a
minimum-ionizing particle.
For at least one of the muons, hits are required in all

three layers of the muon detector, and each must have at
least two hits in the CFT and at least one hit in the SMT.
The signal region is defined in terms of the dimuon mass to
be 2:90<Mð�þ��Þ< 3:26 GeV. The muon momenta
are adjusted according to a mass-constrained fit to the
known J=c mass [10].
Once a J=c is found, an additional third track that

can be associated with the J=c vertex is sought. The
following cuts are applied to the resulting J=c þ track
candidate: the third track must have at least two hits in
the SMT, the extrapolation of the three-track momen-
tum must be consistent with coming from the primary
vertex, pTðthird trackÞ> 3 GeV, pðthird trackÞ> 4 GeV,
pTðJ=c þ trackÞ> 5 GeV, the �2 probability to form a
common vertex is greater than 1%, the angle between the
J=c and third track <1 rad, and cos� < 0:99 where � is
the three-dimensional angle between any two muons. If
more than one J=c þ track candidate is present in an
event, the candidate with the lowest �2 of the J=c þ
track vertex is selected. The third track must be identified
as a muon: it must have hits in all three layers of the muon
detector and have timing signals in the muon scintillator
detectors consistent within 10 ns of the beam crossing to
reduce contamination from cosmic rays. The mass of the
J=c þ� candidate is required to be in the range 3<
MðJ=c�Þ< 10 GeV, resulting in a sample containing
14 753 events.
The invariant mass of the J=c þ� can be used to

characterize and separate each of the components that
contribute to the J=c þ� candidate sample. There are
six contributions (one signal, and five backgrounds): B�

c

signal (SI); a real J=c associated with a ‘‘fake’’ muon due
to a track (JT); fake J=c mesons from the combinatorial
background (CB); a real muon forming a vertex with a real
J=c where neither is from a B�

c decay (JM); Bþ !
J=cKþ followed by the decay in flight of Kþ ! �þ�;
and a c �c contribution, where a prompt J=c is associated
with a muon (PR). Each component and its mass parame-
terization are described below.
The signal mass parameterization is determined from the

signal MC sample. Theoretical estimates predict the B�
c !

J=c�� þ X branching fraction to be approximately 5 to
100 times larger than that of B�

c ! c ð2SÞ�� þ X [1,11].
This difference gives a 0%–13% feed-down contribution so
we assume a 6.5% contribution with a systematic uncer-
tainty of �6:5%.
The invariant mass of the J=c þ track combinations in

data is used to model the JT component. The rate of what
are denoted fake muons is small and primarily due to
decays in flight of �� ! ��� and K� ! ���. The
Bþ ! J=cKþ decay is used to measure the contribution
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of this component. Fits are made to the Bþ mass peak in the
J=c þ� sample and the J=c þ track sample, and the
ratio of the number of Bþ events in the two samples is
taken as the fraction of events that are due to a real J=c but
a fake �. Contributions due to Bþ ! J=c�þ or Bþ

c !
J=c�þ are estimated to be negligible.

To describe the CB component, a normalized mass
parameterization is formed from events in the J=c mass
sidebands. The sideband regions are defined to be events
with Mð�þ��Þ in the range 2.62–2.80 GeV or 3.40–
3.58 GeV. The normalization is taken from the fitted num-
ber of background events in the signal region under the
J=c mass peak.

The JM component represents a significant background
that is dominated by b �b backgrounds, where one long-lived
b hadron decays to J=c þ X and the other decays semi-
leptonically to a muon (or via a cascade decay b ! c !
�). The requirement that the J=c and � be close in angle
increases the acceptance for b �b production via gluon split-
ting relative to q �q or gg ! b �b. To model this background,
the J=c QCDMC sample is used with the requirement that
the parent of the J=c does not arise from a prompt B�

c

meson, B�, or c �c (the latter two components are estimated
using the data and described below).

For the Bþ component, a fit is made to the mass peak of
the Bþ in the J=c þ� data sample. This fitted distribution
is then used as a mass parameterization for the Bþ compo-
nent, thus reducing the uncertainty in the modeling of the
width of the mass peak.

The transverse decay length Lxy is defined as the dis-

placement of the J=c þ� vertex from the primary vertex
[12] projected onto the direction of the transverse momen-
tum vector of the J=c þ� system, signed by the dot
product of the two vectors. Candidates with Lxy < 0 are

used to estimate the mass parameterization of the PR
component.

To check the validity of the modeling of the MðJ=c�Þ
distribution, a fit is first made on the mass distribution of
the J=c þ� sample using the parameterizations of the six
contributions described above. Separate fits are made as
the requirement on Lxy is raised to increasingly suppress

the background. Good agreement of the fitted mass com-
ponents is observed at all Lxy values. To further check for

the presence of the B�
c signal, a requirement is placed on

the transverse decay length significance: Lxy=�ðLxyÞ> 4,

where �ðLxyÞ is the uncertainty on Lxy. Figure 1 shows the

fit to the mass distribution after subtracting the J=c side-
band and Bþ components. In this sample, the statistical
significance of the B�

c signal component is 6:4�.
The lifetime of the B�

c , �, is related to the transverse

decay length by Lxy ¼ c� pT ðB�
c Þ

mðB�
c Þ , where pT and m are the

transverse momentum and rest mass of the B�
c , respec-

tively. When the B�
c meson decays semileptonically, it

cannot be fully reconstructed due to the escaping neutrino,
and thus pTðB�

c Þ cannot be determined. The pT of the

J=c þ� system is used instead as an approximation. A
correction factor, K ¼ pTðJ=c�Þ=pTðB�

c Þ, determined
using signal MC calculations, is introduced to estimate
pTðB�

c Þ. To obtain the B�
c lifetime, the visible-proper

decay length (VPDL) is measured, defined as

Lxy
mðB�

c Þ
pT ðJ=c�Þ ¼ c�

K .

The K-factor distribution is applied statistically by
smearing the exponential decay distribution when extract-
ing c�ðB�

c Þ from the VPDL distribution in the lifetime fit.
The mass of the B�

c is taken from [13]. To take advantage
of events with better resolution, the K factor is applied in
the analysis in six bins of MðJ=c�Þ.
An unbinned likelihood fit is used to measure the aver-

age lifetime, maximizing L over all i candidates, where

L ¼ Y
i

½fJTF i
JT þ ð1� fJTÞðfCBF i

CB þ ð1� fCBÞ

� ffSIF i
SI þ fJMF i

JM þ fBþF i
Bþ

þ ð1� fSI � fJM � fBþÞF i
PRgÞ�: (1)

Each componentF consists of a combination of a mass-
shape parameterization and a lifetime functional model,
each described below, to allow for a simultaneous fit of the
fraction components and �ðB�

c Þ. The fractions f of each
component have been described earlier. The fraction fJT ¼
0:034� 0:002 is taken from fits to the Bþ peak and fCB ¼
0:667� 0:004, is found from J=c mass sideband fits. The
lifetime component of F SI is an exponential function with
decay constant proportional to �ðBcÞ convoluted with a
Gaussian resolution function and smeared with normalized
K-factor distributions. The width of the Gaussian resolu-
tion function uses the event-by-event uncertainty �ð�iÞ on
the VPDL, multiplied by a floating scale factor s to take
into account any systematic underestimate of �ð�iÞ due to
tracking systematic uncertainties. A double Gaussian func-
tion, centered at VPDL ¼ 0, is used to model F PR. The
width of the inner Gaussian is given by s � �ð�iÞ, and the
multiplicative factor for the width of the outer Gaussian is
determined using MC samples and data candidates with
negative decay length. Fits are made to the respective
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FIG. 1 (color online). Fit to the mass of the J=c þ� vertex
with J=c mass sideband (CB) and Bþ components subtracted
and decay length significance Lxy=�ðLxyÞ> 4 required.
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VPDL distributions to obtain F JT and F CB. Empirical
functional forms are used for both as fixed shapes, and
the normalizations via the fractions fJT and fCB are al-
lowed to float in the fit within Gaussian constraints given
by their uncertainties. TheF JM term consists of a negative-
slope exponential and two positive-slope exponentials. The
normalization of the negative-slope exponential, along
with the normalization and slope of one of the positive-
slope exponentials are constrained by the values estimated
in the inclusive J=c MC sample. The slope of the
negative-slope and second positive-slope exponential are
allowed to float in the final fit. F Bþ is a single exponential
function with the slope constrained to the world-average
value [10] convolved with the same Gaussian resolution
function as for the signal lifetime model.

Before examining the fit to the data, possible lifetime
biases are studied. Signal MC samples mixed with back-
ground are generated with different lifetimes. Fits to these
samples and ensemble tests indicate no significant bias
and demonstrate the validity of the extracted statistical
uncertainty.

A simultaneous fit to the (J=c�) invariant mass and
VPDL distributions is performed using all the components
described above. The fitted lifetime of the B�

c meson is
found to be �ðB�

c Þ ¼ 0:448þ0:038
�0:036ðstatÞ with an estimated

signal sample of 881� 80ðstatÞ candidates. The fitted
value of the scale factor is s ¼ 1:35� 0:02. Figure 2 shows
the VPDL distribution of the J=c þ� sample with pro-
jections of the fit result overlaid.

Stability checks made by dividing the data in half based
on various selections show no significant lifetime varia-
tions. The systematic uncertainties considered are dis-
cussed in detail below and are summarized in Table I.

Variations of the B�
c mass within its measurement un-

certainties [13] make a negligible difference in the lifetime.
The B�

c signal modeling uncertainty is estimated from the
difference between the Ref. [9] model and phase-space
decay model. The uncertainty in pTðB�

c Þ is found by
reweighting the spectrum to correspond to varying the

factorization and renormalization scales �F ¼ �R ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2
TðbÞ þm2

b

q
by factors of a half and two [14]. To address

uncertainties on the predicted pTðbÞ for the signal and
background component distributions, a momentum
weighting factor that is applied to MC samples to improve
the simulation and include the effects of the triggers is
removed. In all of the above cases, both new signal mass
parameterizations and K-factor distributions are generated
and the analysis repeated. To assess the systematic uncer-
tainty due to the modeling of the inclusive J=c MC mass
distribution, contributions due to b �b production via gluon
splitting and then flavor excitation are entirely removed.
The shape of the mass parameterization for the prompt
component is varied within the statistical errors of its
determination, and the observed lifetime variation assigned
as a systematic error. All of the systematic uncertainties
described above are added in quadrature and summarized
in Table I under the category of mass model uncertainties.
To test the assumption that the modeling of the lifetime

of the J=c combinatoric background can be approximated
by taking the average of the upper and lower mass side-
bands, the fit is performed using only the high or the low
mass sideband, and a systematic uncertainty of one half the
resulting shifts in lifetime is assigned. The scale factor s is
varied over the range of values, 1.2–1.4, observed in other
lifetime analyses [15] as well as assigned a functional form
and the variation in lifetime assigned as a systematic
uncertainty. In the prompt lifetime model, a single
Gaussian function instead of a double Gaussian is used.
The shape parameters of the sideband lifetime model are
changed by varying the fit parameters within their uncer-
tainties. The parameters defining the J=c QCD MC
lifetime model are varied around their central values by
�1�. For the Bþ lifetime model, the central value is
changed by �1�. The Bþ lifetime is also allowed to float
as a systematic study on the B�

c lifetime as well as a check
of the Bþ lifetime, finding a value of 1:88� 0:19 ps,
consistent with the world-average value of 1:638�
0:011 ps [10]. All of the systematic uncertainties described
above are added in quadrature under the category of life-
time model uncertainties.
Smaller systematic uncertainties arise from the variation

of the fraction of the feed-down Bc ! c ð2SÞX signal
component between 0% and 13%, and from possible align-
ment effects, estimated using signal MC calculations with
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FIG. 2 (color online). VPDL distribution of the J=c� sample
with the projected components of the fit overlaid.

TABLE I. Summary of estimated systematic uncertainties.

Systematic source �� (ps)

Mass model uncertainty �0:021
Lifetime model uncertainty �0:022
Signal feed-down fraction �0:005
Alignment �0:006

Total �0:032
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a modified detector geometry within the alignment
tolerances.

In summary, using approximately 1:3 fb�1 of data, the
lifetime of the B�

c meson is measured in the B�
c !

J=c�� þ X final state. Using an unbinned likelihood
simultaneous fit to the J=c þ� invariant mass and life-
time distributions we measure

�ðB�
c Þ ¼ 0:448þ0:038

�0:036ðstatÞ � 0:032ðsystÞ ps:
This measurement is consistent with theoretical predic-

tions of 0:55� 0:15 ps in an operator product expansion
calculation [1] and 0:48� 0:05 ps using QCD sum rules
[2]. It is also consistent with, but more precise than, the
most recent result from the CDF collaboration [16],
�ðBcÞ ¼ 0:463þ0:073

�0:065 � 0:036 ps [16], and hence is the

most precise measurement of �ðB�
c Þ to date.
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