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B0
s − B̄0

s oscillations were searched for in a large semileptonic sample corresponding to approxi-
mately 460 pb−1 of integrated luminosity accumulated with the DØ Detector in Run II at Fermilab
(Tevatron). The flavor of the final state of the B0

s meson was determined using the muon charge
from the partially reconstructed decay B0

s → µ+D−

s X, D−

s → φπ−, φ → K+K−. The opposite-side
muon tagging method was used for the initial-state flavor determination. A 95% confidence level
limit on the oscillation frequency ∆ms > 5.0 ps−1 was obtained.
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I. INTRODUCTION

One of the most interesting topics in B physics is B0
s mixing and measurement of ∆ms. Combining ∆ms and

∆md would allow to reduce the theoretical uncertainty on Vtd. Currently the Tevatron is the only place in the world
where B0

s mixing can be measured. No measurement of B0
s mixing exists, and the current limit is ∆ms > 14.9 ps−1

at the 95% CL [1]. Global fits to the unitarity triangle give ∆ms = 18.3 ± 1.7 ps−1 which is in the range (15.6 –
22.2) ps−1 at the 95% CL if the current experimental limits on ∆ms are taken into account. Otherwise, global fits
give ∆ms = 20.6± 3.5 ps−1 which is in the range (14.2 – 28.1) ps−1 at the 95% CL [1].

II. DETECTOR DESCRIPTION

The following main elements of the DØ detector are essential for this analysis:

• A magnetic central-tracking system, which consists of a silicon microstrip tracker (SMT) and a central fiber
tracker (CFT), both located within a 2 T superconducting solenoidal magnet;

• A muon system located beyond the calorimetry.

The SMT has ≈ 800, 000 individual strips, with typical pitch of 50 − 80 µm, and a design optimized for tracking
and vertexing capability at |η| < 3, where η = − ln(tan(θ/2)). The system has a six-barrel longitudinal structure,
each with a set of four layers arranged axially around the beam pipe, and 16 radial disks. The CFT has eight thin
coaxial barrels, each supporting two doublets of overlapping scintillating fibers of 0.835 mm diameter, one doublet
being parallel to the collision axis, and the other alternating by ±3◦ relative to the axis. Light signals are transferred
via clear light fibers to solid-state photon counters (VLPC) that have ≈ 80% quantum efficiency.

The muon system consists of a layer of tracking detectors and scintillation trigger counters before 1.8 T toroids,
followed by two additional layers after the toroids. Tracking at |η| < 1 relies on 10 cm wide drift tubes, while 1 cm
mini-drift tubes are used at 1 < |η| < 2.

III. DATA SAMPLE

This analysis uses a B → µ+D−
s X data sample selected with an offline filter from all data taken before September

2004 with no trigger requirement.
The selections for the offline filter are described below.
For this analysis muons were required to have a reconstructed track segment in at least one chamber outside the

toroid, to have an associated track in the central tracking system with hits in both SMT and CFT present and to
have transverse momentum pµ

T > 1.5 GeV/c, pseudo-rapidity |ηµ| < 2 and total momentum pµ > 3 GeV/c.
All charged particles in the event were clustered into jets using the DURHAM clustering algorithm [2] with a Pt

cut-off parameter set at 15 GeV/c [3].
The D−

s candidate was constructed from 3 particles included in the same jet as the reconstructed muon. Two
of them should give the φ meson mass after assigning them kaon masses: 1.006 < MKK < 1.030 GeV. The third
one should have a charge opposite to the muon charge. All three particles should have hits in the SMT and CFT,
transverse momentum pT > 0.7 GeV/c and pseudo-rapidity |η| < 2. They should form a common Ds-vertex with
χ2

D < 16 of the vertex fit. The vertexing algorithm is described in detail in [4]. For each particle, the axial εT and
stereo εL projections of the track impact parameter with respect to the primary vertex together with the corresponding
errors (σ(εT ), σ(εL)) were computed. The combined significance (εT /σ(εT ))2 +(εL/σ(εL))2 was required to be greater
than 2 for the pion and at least one of the kaons should have a significance greater than 4. The distance dD

T between
the primary and D vertices in the axial plane was required to exceed 4 standard deviations: dD

T /σ(dD
T ) > 4. The

angle αD
T between the D−

s momentum and the direction from the primary to D−
s vertex in the axial plane should

satisfy the condition: cos(αD
T ) > 0.9.

The tracks of the muon and D−
s candidate should produce a common B-vertex with χ2

B < 9 of vertex fit. The

transverse momentum of a B0
s -hadron P

µD−

s

T was defined as the vector sum of transverse momenta of muon and D−
s .

The mass of the (µ+D−
s ) system should be within the limits: 1.5 < M(µ+D−

s ) < 5.5 GeV/c2. The transverse decay
length of a B0

s -hadron dB
T was defined as the distance in the axial plane between the primary vertex and the vertex

produced by the muon and D−
s . The distance dB

T was allowed to be greater than dD
T , provided that the distance

between the B and D vertices dBD
T was less than 3 · σ(dBD

T ).
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FIG. 1: All Bs candidates for the untagged sample for
−0.01 < V PDL < 0.06 cm.
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FIG. 2: All Bs candidates for the tagged sample for −0.01 <
V PDL < 0.06 cm.

The measured visible proper decay length (VPDL or xM ) is defined as:

xM = (dB
T ·P

µD−

s

xy )/(P
µD−

s

T )2 · MB (1)

The total number of D−
s candidates in the mass peak is 13339±277, while the number of D± candidates is 5019±292.

For the B0
s mixing measurement we use only B0

s candidates with small visible proper decay lengths (see Figures 1
and 2). The number of B0

s candidates with VPDL in range from −0.01 cm to 0.06 cm is 7037± 208 and 376± 31 of
them have an identified initial state flavor from the opposite-side µ tag.

IV. INITIAL STATE TAGGING

The opposite-side tagging (OST) of the initial flavor of the B meson exploits the fact that in the bb̄ pair production
there are always two particles in the final state containing b-quarks. Typically those are two jet events with two B
mesons in two back-to-back jets, but the final state could also contain a B baryon and/or have more than two jets.
In addition if the two b-jets originated from the flavor excitation or gluon splitting processes, the angle between the
jets is not necessarily close to 180 degrees but varies over a wide range.

Purity, dilution and efficiency of the tagging are three useful parameters to describe the tagging performance.
The purity of the tagging method was defined as η = Ncorrectly tagged events/Ntotal tagged events. The dilution
is related to the purity with the simple formula D = 2η − 1. Finally the tagging efficiency is defined as
ε = Ntotal tagged events/Ntotal events.

A. Tagging procedure

A combination of information from identified muons and reconstructed secondary vertices is used to construct the
flavor tagging of Bs.

The tagging of the initial flavor of the B hadron is done with the likelihood ratio method. It is assumed that different
discriminating variables x1, ..., xn are constructed for a given event. For an initial b-quark flavor, the probability density
function for a given variable xi is denoted as f b

i (xi), while for an initial anti-b quark it is denoted as f b̄
i (xi). The

combined tagging variable y is defined as:

y =

n
∏

i=1

yi; yi =
f b̄

i (xi)

f b
i (xi)

. (2)
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If for given event the value of xi is not defined, yi is set to 1. The initial flavor is tagged as a b quark if y < 1 and as
an anti-b quark if y > 1.

In practice, it is more convenient to define the tagging variable as: d = (1 − y)/(1 + y). The d changes between -1
and 1. d > 0 tags the initial B flavor as a b quark and d < 0 tags the initial flavor as an anti-b quark. For uncorrelated
variables x1, ..., xn, d gives the best possible tagging performance and its absolute value gives a dilution of given event.

In this analysis, all discriminating variables were built for events with an additional muon opposite (cosφ(pµ,pB) <
0.8) the reconstructed B hadron.

If there are several muons satisfying this condition, then the muon with the largest number of hit layers in the
muon system is chosen. If the muons have the same number of the hit layers, then maximal PT is the next measure.
For each such muon, the following discriminating variables were defined:

• charge of jet containing the muon: QJ =
∑

i qipi
T /

∑

i pi
T , where the sum is taken over all charged particles,

including the muon, with ∆R =
√

(∆φ)2 + (∆η)2 with respect to the muon satisfying the condition ∆R < 0.5.

• transverse momentum of the muon relative to the nearest jet multiplied by its charge, prel
T · qµ.

In addition, a secondary vertex corresponding to the decay of a B hadron was searched for using all charged particles
in the event. The muon was not required explicitly to be included in the secondary vertex. The secondary vertex
should contain at least 2 particles with axial impact parameter significance greater than 3. The distance lxy from
the primary to the secondary vertex should satisfy the condition: lxy > 4σ(lxy). The details of the secondary vertex
search can be found in [4].

The momentum of the secondary vertex pSV was defined as the sum of all momenta of particles included in the
secondary vertex. A secondary vertex with cosφ(pSV ,pB) < 0.8 was included in the flavor tagging, and the secondary
vertex charge QSV was defined as the third discriminating variable: QSV =

∑

i(q
ipi

T )0.6/
∑

i(p
i
T )0.6 where the sum

was taken over all particles included in the secondary vertex. Particles from B → µDsX decay were explicitly excluded
from the sum.

The probability density functions for all discriminating variables were constructed using a B → µ+νD∗− data
sample with small decay lengths. In this sample, the non-oscillating decays B0 → µ+νD∗− dominate. The ratios
f b̄

i (xi)/f b
i (xi) were computed separately for medium and tight-quality muons.

The analysis assumes that the tagging purity is the same for all B mesons because the opposite-side tagging
information has little correlation with the reconstructed B meson candidate. This means that the results for the
opposite-side tagger determined from Bd and Bu decays can be directly applied to the Bs. This assumption has been
checked comparing dilutions obtained for semileptonic Bd and Bu samples as described in the next section.

B. Dilutions for Bd and Bu

Bd and Bu mesons were selected using their semileptonic decays B → µ+νD̄0X and were classified into two exclusive
groups: “D∗” sample, containing all events with reconstructed D∗− → D̄0π− decays, and “D0” sample, containing all
remaining events. Exploiting that semileptonic B decays are saturated by decays to D, D∗ and D∗∗ , and the isotopic
invariance, it was determined from simulation and available experimental results that the B0

d ( 85%) and B+ ( 15%)
decays give the main contributions to the “D∗” sample. The D0 sample correspondingly has a 85% contribution
from B+ and 15% contribution from B0

d which causes the tiny oscillation in Figure 3.
We have repeated the ∆md measurement described in DØ note 4330 [5] with increased statistics of the samples and

a cut on transverse momentum of the D meson P D
T > 5 GeV to be consistent with the PT spectrum of D−

s meson.
Figures 3, 4 show the results of this measurement. The VPDL bins from −0.01 cm to 0.05 cm have the same bin
width as was used for the Bs mixing measurement.

The Bd meson oscillation frequency was measured with the Opposite-Side Tagging algorithm to be equal to:

∆md = 0.558± 0.048 (stat.) ps−1 (3)

ηd = 0.724± 0.021 (stat.)

ηu = 0.734± 0.015 (stat.)

This result is in good agreement with the world average of ∆md = 0.502± 0.007 ps−1.
One of the purposes of this measurement is to extract the dilutions for reconstructed Bd and Bu mesons. The

purities ηd and ηu are consistent within the statistical error. As an input to the Bs mixing measurement procedure
we used purity value ηu = 0.734 since the tagging algorithm was optimized using Bd sample.

The hypothesis that the dilution is independent on the B meson type has also been checked in Monte Carlo (MC).



5

VPDL (cm)

0 0.05 0.1 0.15 0.2 0.25

A
sy

m
m

et
ry

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1
X Sample

0
D +µ 

DØ Run II Preliminary

FIG. 3: The asymmetries in the µD0 sample as a function of
the visible proper decay length.
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FIG. 4: The asymmetries in the µD∗ sample as a function of
the visible proper decay length.

V. TAGGED Bs SAMPLE

Figure 1 shows all Bs candidates for the untagged sample for −0.01 < V PDL < 0.06 cm.

A. Mass Fitting Procedure

The number of Bs candidates in the untagged sample is quite large and allows us to fit a large statistics sample.
However, once the data is flavor tagged into mixed and unmixed samples and the data separated into bins of VPDL
the statistics in each bin are very much reduced. To improve on the fitting, we first fit the full untagged sample
(−0.01 < V PDL < 0.06 cm) and then fix the mass and width of the Ds from that sample when the flavor tagged
samples are fit. For fitting the untagged sample, single Gaussians are used to describe the D±

s → φπ and D± → φπ
decays, and the background is modeled by an exponential.

VI. EXPERIMENTAL OBSERVABLES Ai

Events were divided into 7 groups according to the measured VPDL. Intervals of VPDL for those groups are defined
in Table I. The number of µ+D−

s events with positive and negative tags, N osc
i and Nnon−osc

i , in each interval i were
determined from a fit of the D−

s peak in the mass M(D−
s ) distribution.

The number of “non-oscillated” and “oscillated” events in each VPDL bin is given in Table I together with the
corresponding errors derived from the fit.

bin VPDL range, cm Nnon−osc

i
σ(Nnon−osc

i
) Nosc

i σ(Nosc

i ) Ai σ(Ai)
1 −0.01 − 0 12.17 5.24 11.19 5.35 0.042 0.321
2 0 − 0.01 23.39 7.30 26.21 6.86 -0.057 0.203
3 0.01 − 0.02 24.79 8.62 34.28 8.25 -0.161 0.206
4 0.02 − 0.03 43.83 8.24 30.87 7.88 0.174 0.154
5 0.03 − 0.04 23.09 7.50 20.29 8.87 0.065 0.271
6 0.04 − 0.05 37.49 8.89 26.85 7.69 0.165 0.181
7 0.05 − 0.06 23.81 8.19 19.85 7.16 0.091 0.247

TABLE I: µ+Ds sample. Definition of 7 intervals in VPDL. For each interval this table lists the measured number of Ds for
the opposite sign and same sign as the tag Nnon−osc

i
, Nosc

i , and their statistical errors σ(Nnon−osc

i
), σ(Nosc

i ), all determined
from the fits of corresponding mass MDs

distributions. Also listed are the measured asymmetries Ai and their errors σ(Ai).
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The experimental observables, asymmetry Ai in each VPDL bin, for this measurement were defined as:

Ai =
Nnon−osc

i − Nosc
i

Nnon−osc
i + Nosc

i

; (4)

where Nnon−osc
i is the number of events tagged as “non-oscillated” and N osc

i is the number of events tagged as
“oscillated”. Figure 5 shows the asymmetry defined above as a function of the visible proper decay length.
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FIG. 5: The asymmetry in the Ds sample as a function of the visible proper decay length (VPDL).

VII. FITTING PROCEDURE

The D−
s sample is composed mostly of B0

s mesons with some contributions from Bu and Bd mesons. The small
contributions from b-baryons are neglected. The different species of B mesons behave differently with respect to
oscillations. Neutral B0

d and Bs mesons oscillate while charged Bumesons do not, so we must take into account the
different frequencies of oscillations during the fitting procedure.

For a given type of B-hadron (i.e. d, u, s), the distribution of the visible proper decay length, x, is given by:

nnon−osc/osc
s (x) =

K

cτBs

exp(−
Kx

cτBs

) · 0.5 · (1 ± (2η − 1) cos(∆ms · Kx/c)) (5)

nnon−osc
DsDs (x) = nosc

DsDs(x) =
K

cτBs

exp(−
Kx

cτBs

) · 0.5 (6)

nnon−osc
u (x) =

K

cτBu

exp(−
Kx

cτBu

) · (1 − η) (7)

nosc
u (x) =

K

cτBu

exp(−
Kx

cτBu

) · η

n
non−osc/osc
d (x) =

K

cτBd

exp(−
Kx

cτBd

) · 0.5 · (1 ∓ (2η − 1) cos(∆md · Kx/c)) (8)

where K = P
µD−

s

T /P B
T is a K-factor reflecting the difference between the observable and true momentum of the B-

hadron (for more on the K-factor see Section VIII), and τ is the lifetime of B-hadrons taken from the PDG [7]. The
D±

s charge has different correlations with the b-quark flavor in the Bu or Bd decays with respect to the Bs semileptonic
decays. The equations 7 and 8 take this into account.
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The transition to the measured VPDL, xM , is achieved by the integration over the K-factors and resolution
functions:

Nosc, non−osc
(d,u,s), j (xM ) =

∫

dx Resj(x − xM , x) · Effj(x)

∫

dK Dj(K) · θ(x) · nosc, non−osc
(d,u,s), j (x, K). (9)

Resj(x−xM , x) is the detector resolution of the VPDL and Effj(x) is the reconstruction efficiency for a given decay
channel j of this type of B meson. Both are determined from the MC simulation.

The expected number of oscillated/non-oscillated events in the i-th bin of VPDL is equal to

N
e,osc/non−osc
i =

∫

i

dxM (
∑

f=u,d,s

∑

j

(Brj · N
osc/non−osc
f, j (xM )) (10)

The integration
∫

i
dxM is taken over a given interval i, the sum

∑

j is taken over all decay channels B → µ+νD∗−X

and Brj is the branching ratio of a given channel j. The latest PDG values [7] were used for the B decay branching
fractions.

Finally, the expected value Ae
i for interval i of the measured VPDL is given by formula (4) with Nnon−osc

i and Nosc
i

substituted by N e,non−osc
i and Ne,osc

i .
In order to set a limit on the value of ∆ms, we chose to use a technique called the amplitude fit method [8]. This

technique requires us to modify equation (5) to the following form

nnon−osc/osc
s (x) =

K

cτBs

exp(−
Kx

cτBs

) · 0.5 · (1 ± (2η − 1) cos(∆ms · Kx/c) · A) (11)

where A is now the only fit parameter.
The fitted values of A as a function of ∆ms were determined from the minimization of a χ2(A) defined as:

χ2(A) =
∑

i

(Ai − Ae
i (A))2

σ2(Ai)
(12)

The values of ∆ms were changed from 1 ps−1 to 10 ps−1 with a step size of 1 ps−1. For each value of ∆ms the fitted
value of A and its error were determined.

VIII. INPUTS TO Ae

i

We have used the measured parameters for B mesons from the PDG [7] as inputs for the fitting procedure: cτB+ =
501µm, cτB0 = 460µm, cτBs

= 438µm, and ∆md = 0.502 ps−1.
The latest PDG values were also used to determine the branching fractions of decays contributing to the D−

s sample.
We use the event generator EvtGen [9] since this code was developed specifically for the simulation of B decays. For
those branching fractions not given in the PDG, we used the values provided by EvtGen. Taking into account the
corresponding branching rates and reconstruction efficiencies, we determined the following contributions to our signal
region from the various processes:

• B0
s → µ+νD−

s : 20.6%;

• B0
s → µ+νD−

s
∗
→ µ+νD−

s : 57.2%;

• B0
s → µ+νD∗−

s0 → µ+νD−
s : 1.4%;

• B0
s → µ+νD

′
−

s1 → µ+νD−
s : 2.9%;

• B0
s → D+

s D−
s X ; D−

s → µνX : 11.3%;

• B+ → DD−
s X ; D → µνX : 3.2%;

• B0 → DD−
s X ; D → µνX : 3.4%;
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FIG. 6: Efficiency as function of VPDL(cm) for Bs →
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FIG. 7: K-factors for B0
s → µ+νD−
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s
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→
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s ; B0
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s ; B0
s → µ+νD

′
−

s1 →

µ+νD−

s processes.

In the above numbers, the reconstruction efficiency does not include any lifetime cuts. We determined the efficiency
of the lifetime selections for the sample as a function of VPDL as shown in Figure 6 for the decay Bs → µ+νD−

s X .
The background due to cc̄ pairs originating from gluon splitting is an important contributor to the sample compo-

sition since they can produce the µDs signature. For this to happen one c-quark must fragment to a Ds meson and
the other c-quark must decay semileptonically. The OST used for this analysis requires a muon on the opposite side
and therefore should suppress much of the cc̄ contribution.

We estimate the cc̄ contribution to the µDs sample by using our estimate of this contribution to the µD0 sample
used for the lifetime ratio analysis [6]. The cc̄ contribution was determined to be 3.5± 2.5% after flavor tagging. The
VPDL distribution for cc̄ events was determined from MC.

Semileptonic B decays necessarily have a neutrino present in the decay chain making a precise determination of
the kinematics for the B meson impossible. In addition other neutrals or non-reconstructed charged particles can be
present in the decay chain of the B meson. This leads to a bias towards smaller values of the B momentum calculated
using the reconstructed particles. A common practice to correct this bias is to scale the measured momentum of the
B by a K-factor, which takes into account the effects of neutrinos and other lost (or not used) particles. The K-factor
was estimated from the MC simulation. For this analysis it was defined as:

K = pT (µD−
s )/pT (B), (13)

where pT denotes the absolute value of transverse momentum.
In determining the K-factor, generator level information was used for the computation of pT . Following the

definition used in (13), the K-factors for all considered decays were calculated. Figure 7 shows the distributions of

the K-factors for the semileptonic decays of the Bs. As expected, the K-factors for D−
s
∗
, D∗−

s0 and D
′
−

s1 have lower
mean values because more decay products are lost. Note that since the K-factors in (13) were defined as the ratio of
transverse momenta, they can exceed unity.

A. VPDL resolution

The decay length resolution for all samples was taken from the MC simulation and was parameterized by the sum
of three Gaussians in the case of semileptonic B0

sdecays and by two Gaussians in all other cases.

B. Tuning procedure for VPDL resolution

One of the most important issues for Bs mixing is the proper time resolution. We use MC simulation to determine
the resolution, however this assumes the uncertainties on the tracks are properly modeled in MC. A procedure for
reconstruction and propagation of the tracks assigns an error matrix to each track. An element in this matrix which
corresponds to the impact parameter (IP) error is the most important one for the secondary vertex reconstruction.
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A technique to determine the IP errors with better accuracy was developed at DELPHI [10]. The IP error, σIP ,
depends on the number of the SMT hits on the track, geometrical location of the hit silicon sensors, the cluster width
of the SMT hits, and the track momentum p and polar angle θ. We used the following functional form to fit this
dependence:

ln(σ2
IP )|V (p,θ)>c = a + b · (V (p, θ) − c)2,

ln(σ2
IP )|V (p,θ)<c = a (14)

where V (p, θ) = − ln(p2 sin3 θ). The parameters a, b and c depend on the number of SMT hits, and their configuration
and cluster width.

The σ2
IP assigned by the tracking can be compared with the “true” IP resolution determined from the impact

parameter distributions for the tracks coming from the primary vertex. We selected such tracks in events which
passed QCD triggers, and removed tracks from long lived particles such as Ks and Λ. The same tuning procedure
was applied to the MC tracks. Finally, we have four sets of the parameters a, b and c for each hit configuration:

• Assigned track errors for data: adata
track, bdata

track, cdata

• “True” track errors for data: adata
true , bdata

true , cdata

• Assigned track errors for MC: amc
track, bmc

track, cmc

• “True” track errors for MC: amc
true, bmc

true, cmc

The parameter c was determined from the assigned track errors and fixed to this value when we fit the “true” track
errors. We use these sets to scale the track errors for data and MC. In addition the MC tracks were smeared to have
the same “true” errors as the data ones. The dependence of the scale factors on hit configurations, track momentum
and polar angle is taken into account.

Signal MC was used to determine how the tuning procedure changes the VPDL resolution function. The fractions
and widths of the gaussians have been fixed to the values before tuning. The overall scale factor on the VPDL
resolution was found to be equal to SF = 1.095. Figure 8 shows the VPDL resolution before and after the tuning
procedure. The fit shows good agreement with the assumption that the scale factor is the same for all components.

Entries  36751

Mean   -0.0001737

RMS    0.007375
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FIG. 8: Distribution of (reconstructed VPDL - generated
VPDL) for decay Bs → µ+νD−

s X before and after the tuning
procedure.
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FIG. 9: The scale factor in the VPDL resolution increases as
a function of VPDL.

The VPDL resolutions have been found to depend on the VPDL. We describe this effect by using a variable scale
factor SF for the VPDL resolution (Fig. 9). This dependence was implemented in the asymmetry fitting procedure.
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IX. RESULTS

Figure 10 shows the dependence of the parameter A and its error on ∆ms. A 95% confidence level limit on the
oscillation frequency ∆ms > 5.2 ps−1 and a sensitivity 5.1 ps−1 were obtained with statistical error only.
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FIG. 10: B0
s oscillation amplitude with statistical and systematic errors.

X. SYSTEMATIC UNCERTAINTIES AND CROSS CHECKS

All studied contributions to the systematic uncertainty of the amplitude are listed in Table II. The resulting
systematic errors were obtained using the following formula [8]:

σsys
A

= ∆A + (1 −A)
∆σA

σA

(15)

and summed in quadrature. The result is shown in Figure 10.

XI. CONCLUSIONS

Using a signal of 13.3k B0
s → µ+νD−

s X decays where Ds → φπ, φ → KK and an opposite-side flavor tagging
algorithm, we performed a search for B0

s − B̄0
s oscillations. We obtain a 95% confidence level limit on the oscillation

frequency ∆ms > 5.0 ps−1 and a sensitivity 4.6 ps−1.
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TABLE II: Systematic uncertainties on the amplitude. The shifts of both the measured amplitude, ∆A, and its statistical uncertainty, ∆σ, are listed

Osc. frequency 1 ps−1 2 ps−1 3 ps−1 4 ps−1 5 ps−1 6 ps−1 7 ps−1 8 ps−1 9 ps−1 10 ps−1

Amplitude A 0.228 −0.432 −0.690 −0.286 −0.057 0.051 0.598 1.441 2.130 3.234
Stat. uncertainty σstat 0.349 0.386 0.457 0.479 0.572 0.860 1.043 1.189 1.466 2.465

ηs = 0.719 ∆A +0.010 -0.028 -0.043 -0.018 -0.003 +0.008 +0.044 +0.097 +0.142 +0.217
∆σ +0.024 +0.026 +0.031 +0.033 +0.039 +0.059 +0.071 +0.081 +0.113 +0.169

cc̄ : 6% ∆A +0.044 -0.042 -0.058 -0.012 +0.004 -0.018 +0.013 +0.114 +0.175 +0.471
∆σ +0.034 +0.022 +0.026 +0.027 +0.033 +0.068 +0.086 +0.097 +0.124 +0.270

DsDs : 21.6% ∆A +0.014 -0.045 -0.070 -0.032 -0.007 +0.015 +0.077 +0.156 +0.227 +0.342
∆σ +0.038 +0.044 +0.052 +0.054 +0.064 +0.095 +0.116 +0.130 +0.174 +0.269

cτBs
= 455µm ∆A +0.004 -0.004 -0.005 +0.001 +0.001 +0.000 +0.005 +0.014 +0.018 +0.040

∆σ +0.003 +0.002 +0.003 +0.002 +0.003 +0.007 +0.006 +0.008 +0.023 +0.034
same eff. dependence ∆A +0.011 -0.004 -0.011 -0.005 -0.003 -0.006 +0.000 +0.018 +0.028 +0.041

for signal and bkg ∆σ +0.004 +0.004 +0.005 +0.005 +0.006 +0.009 +0.011 +0.013 +0.028 +0.028
Resolution S.F. = 2 ∆A -0.005 +0.002 +0.007 +0.004 +0.003 +0.006 +0.003 -0.009 -0.015 -0.003

for background ∆σ -0.002 -0.002 -0.003 -0.003 -0.004 -0.006 -0.125 -0.010 +0.000 -0.011
Ds mass changed to ∆A -0.003 -0.004 +0.020 -0.003 +0.016 +0.023 -0.024 -0.016 -0.054 -0.124

1.9601 + 0.0007 ∆σ +0.006 +0.000 -0.005 +0.013 +0.017 -0.006 +0.000 +0.034 +0.053 +0.053
Ds sigma changed to ∆A -0.041 -0.034 -0.006 +0.010 +0.136 +0.186 -0.075 -0.114 +0.002 -0.009

0.02336 − 0.00076 ∆σ +0.014 +0.015 +0.010 +0.048 +0.025 +0.031 -0.002 +0.057 +0.101 +0.119
D+ mass changed to ∆A -0.040 -0.006 +0.023 +0.040 +0.062 +0.065 -0.015 -0.046 -0.063 -0.162

1.8641 − 0.0016 ∆σ +0.006 +0.001 +0.007 +0.019 +0.021 +0.002 +0.002 +0.035 +0.067 +0.071
Bkg. from ∆A -0.103 +0.008 +0.035 -0.020 -0.002 +0.066 -0.016 -0.227 -0.412 -0.756

wrong sign combination ∆σ -0.006 +0.002 +0.004 +0.016 +0.019 +0.003 +0.003 +0.022 +0.042 -0.041
Bkg. parametrized ∆A -0.028 +0.002 -0.044 -0.124 +0.033 +0.146 -0.080 -0.095 -0.014 -0.084

by straight line ∆σ +0.042 +0.023 +0.024 +0.070 +0.070 +0.115 +0.126 +0.215 +0.251 +0.276
mass bin ∆A -0.051 +0.023 +0.089 +0.002 -0.013 +0.151 +0.246 +0.021 -0.298 -0.471

smaller by 50% ∆σ -0.029 -0.010 -0.031 -0.030 -0.021 -0.120 -0.123 -0.116 -0.124 -0.194
∆Γ/Γ = 0.2 ∆A -0.000 -0.001 -0.001 -0.001 -0.001 +0.001 +0.002 +0.002 +0.002 +0.002

∆σ +0.000 +0.001 +0.001 +0.001 +0.001 +0.001 +0.001 +0.001 +0.014 +0.002
Resolution S.F. = 1.115 ∆A +0.006 -0.003 -0.021 -0.011 +0.002 +0.001 +0.038 +0.154 +0.247 +0.233

∆σ +0.001 +0.007 +0.013 +0.020 +0.030 +0.061 +0.100 +0.139 +0.198 +0.266
K-factor variation ∆A +0.009 +0.012 -0.000 -0.035 -0.011 -0.027 -0.095 -0.134 -0.096 -0.264

2% ∆σ -0.003 +0.003 -0.005 +0.002 -0.016 -0.037 -0.005 -0.028 -0.053 -0.290
Total σtot 0.427 0.424 0.490 0.541 0.655 0.951 1.084 1.254 1.577 2.636
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