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R. Illingworth,50 A. S. Ito,50 S. Jabeen,62 M. Jaffré,16 S. Jain,75 K. Jakobs,23 C. Jarvis,61 R. Jesik,43 K. Johns,45

C. Johnson,70 M. Johnson,50 D. Johnston,67 A. Jonckheere,50 P. Jonsson,43 A. Juste,50 E. Kajfasz,15 D. Karmanov,38

P. A. Kasper,50 I. Katsanos,70 V. Kaushik,78 R. Kehoe,79 S. Kermiche,15 N. Khalatyan,50 A. Khanov,76 A. Kharchilava,69

Y. N. Kharzheev,36 D. Khatidze,70 T. J. Kim,31 M.H. Kirby,53 M. Kirsch,21 B. Klima,50 J.M. Kohli,27 J.-P. Konrath,23

A.V. Kozelov,39 J. Kraus,65 T. Kuhl,24 A. Kumar,69 A. Kupco,11 T. Kurča,20 V. A. Kuzmin,38 J. Kvita,9 F. Lacroix,13
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13LPC, Université Blaise Pascal, CNRS/IN2P3, Clermont, France
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We search for the semi-inclusive process B0
s ! Dð�Þ

s Dð�Þ
s using 2:8 fb�1 of p �p collisions at

ffiffiffi
s

p ¼
1:96 TeV recorded by the D0 detector operating at the Fermilab Tevatron Collider. We observe 26:6� 8:4

signal events with a significance above background of 3.2 standard deviations yielding a branching ratio of

BðB0
s ! Dð�Þ

s Dð�Þ
s Þ ¼ 0:035� 0:010ðstat:Þ � 0:011ðsyst:Þ. Under certain theoretical assumptions, these

double-charm final states saturate CP-even eigenstates in the B0
s decays resulting in a width difference

of ��CP
s =�s ¼ 0:072� 0:021ðstat:Þ � 0:022ðsyst:Þ.

DOI: 10.1103/PhysRevLett.102.091801 PACS numbers: 13.25.Hw, 11.30.Er, 12.15.Ff, 14.40.Nd

PRL 102, 091801 (2009) P HY S I CA L R EV I EW LE T T E R S
week ending

6 MARCH 2009

091801-3

http://dx.doi.org/10.1103/PhysRevLett.102.091801


The phenomenon of CP violation is believed to be
intimately tied to explaining the matter dominance in the
present-day Universe [1].CP violation is expected to occur
in the evolution of neutral particles that can mix between
different eigenbases. For the B0

s system, the flavor eigen-
states can be decomposed into heavy (H) and light (L)
states based on mass or into even and odd states based on
CP. The width differences between these eigenstates are
defined by ��s ¼ �L � �H and ��CP

s ¼ �even
s � �odd

s , re-
spectively. These two quantities are connected with the
possible presence of new physics (NP) by ��s ¼
��CP

s cos�s, where �s is the CP violating mixing phase
which constrains models of NP.

In the standard model (SM) a mixing parameter �12,
determining the size of the width difference between CP
eigenstates, stems from the decays into final states com-
mon to both B and �B. Since this quantity is dominated by
Cabibbo-Kobayashi-Maskawa (CKM)-favored tree-level
decays, it is practically insensitive to NP. Because of the
hierarchy of the quark mixing matrix [2], the width differ-
ence is governed by the partial widths of B0

s decays into
final CP eigenstates through the b ! c �cs quark-level tran-
sition, such as B0

s ! Dþ
s D

�
s or B0

s ! J=c�. Topo-
logically, the former type of decay mode is a color-allowed
spectator, while the latter type is suppressed by the effec-
tive color factor. Thus, the semi-inclusive decay modes

B0
s ! Dð�Þ

s Dð�Þ
s , where Dð�Þ

s denotes either D�
s or D��

s , are
interesting because they give the largest contribution to the
difference between the widths of the heavy and light states.
The other decay modes are estimated to contribute less
than 0.01 to the projected �0:15 value of ��s=�s [3],
where �sð¼ 1=�sÞ � ð�L þ �HÞ=2.

In the Shifman-Voloshin (SV) limit [4], given by mb �
2mc ! 0withNc ! 1 (whereNc is the number of colors),

��CP
s is saturated by �ðB0

s ! Dð�Þ
s Dð�Þ

s Þ. Then the width
difference can be related to the branching ratio of B0

s

mesons to this inclusive double-charm final state by [5,6]

2BðBs ! Dð�Þ
s Dð�Þ

s Þ ’ ��CP
s

� 1
1�2xf

þ cos�s

2�L

þ
1

1�2xf
� cos�s

2�H

�
; (1)

where xf is the fraction of the CP-odd component of the

decay �odd
s =�even

s ¼ xf=ð1� xfÞ. Therefore, given the CP

structure of the final state,��CP
s can be measured using the

information from branching ratios without lifetime fits.
The irreducible theoretical uncertainty of this approach
stems from the omission of CKM-suppressed decays
through the b ! u �us transition which is of order
2jVubVus=VcbVcsj � 3%–5%.

In this Letter, we report the first evidence for the decay

B0
s ! Dð�Þ

s Dð�Þ
s . The study uses a data sample of p �p colli-

sions at
ffiffiffi
s

p ¼ 1:96 TeV corresponding to an integrated
luminosity of 2:8 fb�1 recorded by the D0 detector oper-

ating at the Fermilab Tevatron Collider during 2002–2007.
This supersedes our previous study of the same final state
based on 1:3 fb�1 [7]. A similar study based on events
containing two�mesons has been reported by the ALEPH
Collaboration at the CERN LEP Collider [8].

This analysis considers the B0
s decay into two Dð�Þ

s

mesons. No attempt is made to identify the photon or �0

emanating from the D�
s decay. We search for one hadronic

Ds decay to �� and one semileptonic Ds decay to ���,
where both � mesons decay to KþK�. The branching

fraction is extracted by normalizing the B0
s ! Dð�Þ

s Dð�Þ
s

decay to the B0
s ! Dð�Þ

s �� decay.
D0 is a general purpose detector [9] consisting of a

central tracking system, uranium/liquid-argon calorime-
ters, and an iron toroid muon spectrometer. The central
tracking system allows charged particles to be recon-
structed. This system is composed of a silicon microstrip
tracker (SMT) and a central fiber tracker (CFT) embedded
in a 2 T solenoidal magnetic field. Muons are identified and
reconstructed with a magnetic spectrometer located out-
side of the calorimeter. The spectrometer contains magne-
tized iron toroids and three superlayers of proportional
drift tubes along with scintillation trigger counters. Infor-
mation from the muon and tracking systems is used to form
muon triggers. For the events used by this analysis, the
muon from the semileptonic Ds decay satisfies the inclu-
sive single-muon triggers.
Muons are identified by requiring segments recon-

structed in at least two out of the three superlayers in the
muon system and associated with a trajectory recon-
structed with hits in both the SMT and the CFT. We se-
lect muon candidates with transverse momentum pT >
2:0 GeV=c and total momentum p > 3:0 GeV=c.
� mesons are formed from two opposite sign charged

particles with pT > 0:7 GeV=c in the event assuming a
kaon mass hypothesis. We require at least one kaon to
have an impact parameter clearly separated from the p �p
interaction point (primary vertex) with at a minimum
4 standard deviations significance. The two-kaon systems
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FIG. 1 (color online). Invariant mass distribution of the ��

system for the B0
s ! Dð�Þ

s �� sample. The two peaks correspond
to the D� candidates (lower masses) and Ds candidates (higher
masses).
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satisfying pTðKKÞ> 2:0 GeV=c and 1:010<mðKKÞ<
1:030 GeV=c2 are selected as � candidates.

The hadronic Ds meson is reconstructed by combining
the � candidate with a third track with pT > 0:5 GeV=c
which is assigned the pion mass. The pion is required to
have charge opposite to that of the muon. The three parti-
cles must form a well reconstructed vertex displaced from
the primary vertex [10]. We require the cosine of the angle
between the Ds momentum and the direction from the
primary vertex to the Ds vertex to be greater than 0.9.
For the signal decay chain of a pseudoscalar to a vector
plus pseudoscalar, followed by the decay of the vector to
two pseudoscalars, cos�� is distributed quadratically,

where �� is the decay angle of a kaon in the � rest frame

with respect to the direction of the Ds meson, and hence a
constraint j cos��j> 0:3 is imposed.

The B0
s ! Dð�Þ

s �� decay vertex is reconstructed based
on the momentum and direction of the reconstructed had-
ronic Ds candidate and its intersection with the track of an
oppositely charged muon. This vertex is required to be
located between the primary vertex and the Ds vertex,
whereby the individual Bs and Ds vertex displacements
are consistent with a p �p ! Bs ! Ds decay chain. The
invariant mass of the B0

s candidate is required to be less
than 5:2 GeV=c2. We require the daughter particles of the
B0
s meson to be well isolated from other tracks.

Background is further suppressed using a likelihood ratio
technique [11] that combines information from the invari-
ant masses and momenta of the reconstructed particles,
vertex quality, and the � helicity angle.

The �� invariant mass distribution for B0
s ! Dð�Þ

s ��
candidates is shown in Fig. 1. Maxima corresponding to the
Ds ! �� decay and the D� ! �� decay are clearly
observed. The Ds signal originates from �90% semilep-
tonic B0

s decays and �10% decays of the type B ! DsD
followed by semileptonic D decay. These fractions are
determined from Monte Carlo (MC) simulation using the
known or estimated branching fractions from the Particle
Data Group (PDG) [12] or EVTGEN [13]. Approximately

2% of the events are due to direct charm production p �p !
DD, determined by using full simulation and reconstruc-
tion ofDD� candidates. The overall sample composition is
verified using studies of the B lifetime and mixing parame-
ters [14,15].
For the second � candidate, we search for an additional

pair of oppositely charged particles in the event imposing
the same criteria as for the first � meson. The two kaon
tracks are combined with the muon track to produce a
common vertex for the semileptonic Ds candidate. We
require the Ds candidate to originate from a common

vertex to the hadronic Ds candidate to complete the B0
s !

Dð�Þ
s Dð�Þ

s decay. This approach is justified since the average
transverse decay length of the Ds meson relative to the B0

s

meson decay vertex is �1:0 mm with an uncertainty of
�0:6 mm. By applying the same selection criteria as in the

normalization B0
s ! Dð�Þ

s �� decay sample, many detector
related systematic effects cancel. The total invariant mass
is required to lie between 4.30 and 5:20 GeV=c2.
Correlated production of this double-charm decay,

where both Ds mesons originate from the same parent B0
s

meson, is then determined by examining the two-
dimensional distribution of mð��Þ from hadronic Ds can-
didates versus mðKKÞ from semileptonic candidates. We
perform a maximum likelihood fit to this distribution with
four components: The correlatedDsDs component is mod-
eled as the product of signal terms in both dimensions, the
uncorrelated components are modeled as the product of the
signal term in one dimension and the background term in
the other dimension, and the background correlation is
modeled as the combination of the background terms in
both dimensions. Signal and background models are ex-

pected to be identical with those for the B0
s ! Dð�Þ

s ��
sample, from which the parameters of the signal models
are determined. Projections of the two-dimensional like-
lihood fit onto both axes are displayed in Fig. 2. The fit
returns a yield of 31:0� 9:4 correlated events.
Three possible sources of background are considered in

the correlated sample. Direct charm production from p �p is
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FIG. 2 (color online). Projections of the two-dimensional maximum likelihood fit onto invariant mass spectra of the (a) �� system
from hadronic Ds decays and (b) KK system from semileptonic Ds decays. The peaks in both distributions are explored to search for
the correlation between the two systems.
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estimated based on the fraction of prompt charm measured

directly in the inclusive Dð�Þ
s �� sample [ð10:3� 2:5Þ%]

along with the decay fraction of the second charm quark to
a Ds meson and the reconstruction efficiency for this
decay. Because of a shorter decay length of the charm
decay, the lifetime requirement reduces its contribution
significantly leading to an estimate of ð1:9� 0:5Þ%.

The second background source arises from the semi-

leptonic B0
s ! Dð�Þ

s ��� decay. This can be extracted by

studying the mð��Þ spectrum. In this variable, B0
s !

Dð�Þ
s Dð�Þ

s events tend towards lower values, while B0
s !

Dð�Þ
s ��� events tend towards higher values.

The third source consists of B�;0 ! Dð�Þ
s Dð�Þ

s KX events.
This background can be extracted by studying the visible
mass of all reconstructed daughter particlesmðDs��Þ. The
mass tends to have higher values for B0

s ! Dð�Þ
s Dð�Þ

s than

for B�;0 ! Dð�Þ
s Dð�Þ

s KX.
These backgrounds are estimated with MC samples by

repeating the fit in three separate regions chosen so that
mainly one source contributes to each region in the
mð��Þ �mðDs��Þ plane. The separate components, the
signal and the two latter backgrounds, are then extracted
based on the expected distribution over the three regions of
the three components. We find a signal yield of 26:6� 8:4

events originating from the B0
s ! Dð�Þ

s Dð�Þ
s process after

subtracting the correlated background events.

The signal is normalized to the total B0
s ! Dð�Þ

s �� yield
taking into account the composition of the sample as dis-
cussed earlier. The reconstruction efficiency ratio between
the two samples is estimated from MC calculations to be
0:082� 0:015. This small value results from the softer
muon momentum spectrum in charm decays as compared
to bottom decays. The systematic uncertainty in the ratio
contains uncertainties from the modeling of the B0

s mo-
mentum spectrum, the decay form factors and sample
composition, and the trigger and reconstruction efficien-
cies. Our efficiency model is verified by comparing the

expected and measured Ds yield and the relative B0
s !

Dð�Þ
s Dð�Þ

s to B0
s ! Dð�Þ

s �� yields as a function of muon pT .
Using all of the above inputs, the branching ratio is

measured as

BðB0
s ! Dð�Þ

s Dð�Þ
s Þ ¼ 0:035� 0:010ðstat:Þ

� 0:008ðexp :syst:Þ � 0:007ðext:Þ;

where the ‘‘ext.’’ uncertainty arises from the external input
branching ratios taken from the PDG [12]. This uncertainty
contributes �45% to the total systematic uncertainty
( exp :syst:

L
ext:), which leaves room for further im-

provements in the result. The experimental systematic
uncertainty accounts for the rest of the total systematic
uncertainty, containing a 37% component from the recon-
struction efficiency ratio, 11% from the background esti-

mation, and 4% from the fitting procedure. All other
uncertainties are � 1%.
The probability that the total background would fluctu-

ate to the measured event yield or higher is evaluated to be
1:2� 10�3 through pseudoexperiments including system-
atic uncertainties. This corresponds to a significance of
3.2 standard deviations.
Information on the mixing-induced CP asymmetry in

the B0
s system can be extracted from the branching fraction

measurement through Eq. (1). Since theCP structure of the
decay is presently not accessible in either theory or experi-
ment, several scenarios for different xf values can be

considered. In the heavy quark hypothesis [3] along with
the SV limit, theCP-odd component of the decay vanishes,
leaving the inclusive final state to be CP-even, i.e., xf ¼ 0,

with a theoretical uncertainty of �5% [16]. This scenario
is illustrated in Fig. 3, presenting the constraint in the
��s ��s plane from this measurement assuming the
relation ��s ¼ ��CP

s cos�s. Confidence-level (C.L.) con-
tours from the flavor-tagged decay B0

s ! J=c� at D0 [17]
are superimposed. We take the mean lifetime of B0

s meson
from Ref. [12].
Furthermore, within the SM framework, the mass eigen-

states coincide with the CP eigenstates, and the expression
used in the previous studies [7,8] is recovered. Our mea-
surement gives

��CP
s

�s

’ 2BðB0
s ! Dð�Þ

s Dð�Þ
s Þ

1�BðB0
s ! Dð�Þ

s Dð�Þ
s Þ

¼ 0:072� 0:021ðstat:Þ � 0:022ðsyst:Þ:

This result is consistent with the SM prediction [18] as well
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FIG. 3 (color online). Constraints in the ��s ��s plane. The
solid line represents our measurement under the theoretical
assumptions stated in the text and with xf ¼ 0. Two pairs of

lines are 68% (dashed) and 90% (dotted) C.L. intervals of ��s

for a given assumed value of�s. Contours from the B0
s ! J=c�

decay are the equivalent C.L. regions of (��s, �s) when
measuring simultaneously both parameters. No theoretical un-
certainties are reflected in the plot. The SM prediction is repre-
sented by the thick vertical line.
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as with the current world average value [16]. Therefore, if
the CP structure of the final state can be disentangled and
the theoretical errors can be controlled, this approach can
provide a powerful constraint on mixing and CP violation
in the B0

s system.
In summary, we performed a study of B0

s decays into the
semi-inclusive double-charm final state using an integrated
luminosity of 2:8 fb�1 at the D0 experiment. We see
evidence of this process and measure the branching ratio

as BðB0
s !Dð�Þ

s Dð�Þ
s Þ¼0:035�0:010ðstat:Þ�0:011ðsyst:Þ.

Based on this measurement and under certain theoretical
assumptions, mixing and CP violation information in the
B0
s meson system are extracted. This is the first single

measurement that demonstrates a nonzero width differ-
ence in the B0

s system at greater than 3� significance. In
particular, in the absence of NP, the fractional width dif-
ference is derived as ��CP

s =�s ¼ 0:072� 0:021ðstat:Þ �
0:022ðsyst:Þ.
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