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We describe the study of Bd and Bs oscillations at the DØ experiment.

1. Introduction

Bd mixing was observed in 1987 by the ARGUS
Collaboration [1], and gave first indication that
the top quark was heavy which was discovered in
1995 at Tevatron [2,3], 8 years later. Following
the observation of mixing, precise measurements
of the Bd mixing parameter χd came from AR-
GUS [4] and CLEO [5] collaborations in 1992 and
1993 respectively.

The main motivation for performing the BB̄
mixing measurement lies in the determination of
the CKM matrix element Vtd, that provides one
of the constraints on the unitarity triangle. Vtd

is accessible experimentally through the box dia-
grams in Fig. 1, by measuring the mass difference
∆md in Bd mixing. The relation between ∆md

and Vtd can be seen in Eq. 1.

∆md =
G2

F

6π2
mbm

2
t F (

m2
t

m2
W

)ηBBd
f2

Bd
| V ∗

tbVtd |2 (1)

While ∆md is measured with very good preci-
sion, the determination of Vtd is limited by the-
oretical uncertainties in the decay constant fBd

and the bag factor BBd
. However, in the ratio

∆ms/∆md, most hadronic uncertainties cancel.
With | Vts |≈| Vcb |, a precise measurement of
both ∆md and ∆ms provides a strong constraint
on Vtd. This underlines the importance of the Bs

mixing measurements, as reviewed in number of
papers [6,7].

Babar at SLAC and BELLE experiment at
KEK, are producing a wealth of B physics studies
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Figure 1. lowest-order Feynman diagrams de-
scribing Bd,s mixing.

and currently providing the most precise numbers
on the Bd mixing. However, before the turn on of
the Large Hadron Collider (LHC) at CERN, the
Tevatron is the only place where we can study Bs

mixing since all species of B hadrons are produced
in pp̄ collisions.

We present here results on Bd mixing using an
integrated luminosity of 200 pb−1 and Bs mixing
using an integrated luminosity of 460 pb−1.

2. Detector and DØB Physics Trigger

We use mainly the central tracker and muon
system to identify B decays. The central tracker
consists of the silicon tracker (SMT) and the cen-
tral fiber tracker (CFT). The CFT consists of
eight thin coaxial barrels, each supporting two
doublets of overlapping scintillating fibers pro-
viding measurement in z and r − φ. Details can
be found in [8]. The muon system consists of a
layer of tracking detectors and scintillation trig-
ger counters before 1.8 T toroids, followed by two
additional layers after the toroids. Tracking at
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| η |< 1 relies on 10 cm wide drift tubes, while 1
cm wide mini drift tubes are used at 1 <| η |< 2.
A detailed description of the muon system can be
found in [9,10]. We use a single inclusive muon
trigger for B mixing studies. The trigger requires
a good muon identified by the muon chamber
with a matching track in the central tracker in
the pseudorapidity range of | η |< 2.0. We use
triggers with pT cuts of 3−5 GeV/c and the trig-
ger is prescaled or turned off depending on the
luminosity.

3. Bd Mixing

3.1. Semileptonic sample selection
We use the inclusive muon trigger to construct

a sample of B0 → D∗−µ+νµX , where D∗− →
D̄0π− and D̄0 → K+π−. B+ → D̄0µ+νµX de-
cays contaminate the sample and in order to take
into account the cross talk between the two chan-
nels, we do a simultaneous fit to the asymme-
try obtained from each sample. The D̄0 candi-
date was constructed from two oppositely charged
displaced tracks (impact parameter significance√

(dT /σ(dT ))2 + (dL/σ(dL))2 > 2), which should
be in the same jet as the reconstructed muon.
The two tracks were required to have pT > 0.7
GeV/c and |η| < 2.0. The two track vertex was
required to have mass between 1.4 < M(K+π−)
< 2.2 and a good vertex fit. The D̄0 candidate is
then vertexed with a muon. The D̄0 and the B
candidate vertex are required to be displaced.

If 1.75 < MD0 < 1.95 GeV/c2 , we look for an
additional soft pion (π∗), with momentum > 0.2
GeV/c . The three tracks are then vertex con-
strained to form the D∗ candidate. The recon-
structed D∗ candidate is then vertexed with the
muon.

The fit to the D0 invariant mass distribution
gives 92429 ± 815 signal events. Figure 2 shows
the mass difference distribution of D̄0 and D∗

candidates. We find a total of 20133 ± 173 D∗

signal events.

3.2. Flavor Tagging
The tagging algorithms which are used for

this analysis are soft muon tagger, opposite jet-
charge tagger(JETQ) and soft pion tagger (same-

)2 (GeV/c+π-K - M+π +π-K M
0.14 0.16 0.18 0.2

)2
 E

ve
n

ts
 / 

(1
.0

0 
M

eV
/c

0

2000

4000

6000

 Run II∅D

preliminary

-1
 data - 200 pbµsingle-

 173± = 20133 µ+*DN

Figure 2. Mass difference between D0 and D∗

candidate.

side tagger (SST)). The dilution of the tag is
defined as D = (NWS − NRS)/(NWS + NRS),
where NWS is wrong sign tags and NRS is number
of right sign tags. The efficiency of the tag is the
ratio of the number of tagged events to the total
number of reconstructed events ε = Ntag/Ntotal.
The taggers are calibrated using a sample of
B+ → J/ψK+ and optimized to maximize the
flavor tagging merit εD2.

The Soft muon tagger uses the fact that in a
semileptonic (muonic) decay of a B hadron the
muon charge correlates with the charge of the
B hadron. A negative opposite-side muon cor-
responds to a b̄ quark for the reconstructed B
meson (i.e., Bd, B+) and vice versa. However,
mixing in the case of neutral B mesons, fakes
and sequential decays give a wrong correlation be-
tween the B meson and the tag muon, and gives
wrong sign tag, that contributes to the dilution of
the tag and is taken into account in the asymme-
try fit. The muon candidate is required to have
pT > 2.2 GeV/c and should be well separated
from the reconstructed B meson (∆φ > 2.2rad).
The muon tag efficiency is found to be (5.0±0.2)%
with a dilution of (44.8 ± 5.1)% giving an εD2 of
(1.0 ± 0.1)%.

For the opposite-side jet-charge tagger, we
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make a list of tracks lying in a cone and which
are well separated from the reconstructed B me-
son (∆φ > 1.2rad) and pT > 0.5 GeV/c . The jet
charge defined as the pT weighted average charge∑

pi
T qi∑
pi

T

, correlates with the charge of the B me-
son.

For the same-side tagger, we consider tracks
within a cone of ∆R < 0.7 centered around the re-
constructed B candidate. Each track should have
pT > 0.25 GeV/c , have at least 3 hits in silicon
tracker and 4 hits in the central tracker and not
be identified as a muon. A positive pion corre-
sponds to a b̄ quark if the reconstructed B meson
is neutral (B0), while to a b quark if its charged
(B−).

The combined jetQ-SST algorithm has an effi-
ciency of (68.3 ± 0.9)% and a dilution of (14.9 ±
1.5)% giving an εD2 = (1.5 ± 0.5)%.

3.3. Asymmetry Fit
The fit values of ∆md, and dilutions in D* (D0)

and D0 (D+) were determined from the minimiza-
tion of χ2(∆md,D0,D+), defined in Eq. 2.

χ2 =
∑

i

(Ai − Ae
i (∆md,D0,D+)2

σ2(Ai)
(2)

where Ai is the measured asymmetry and Ae
i is

the expected asymmetry and index i corresponds
to the i-th bin in VPDL (Visible Proper Decay
Length), which is defined as cτB = LB

XY

(βγ)B
T

=

LB
XY · MB

pB
T

. LB
XY is the transverse decay length of

the B candidate vertex. The measured asymme-
try is simply the ratio of the difference in opposite
sign B’s (non-oscillated) and same sign B’s (os-
cillated) where the sign of the reconstructed B is
given by the muon on one hand and by the flavor
tag for the other B candidate.

3.3.1. Expected Asymmetry
The number of ideal non-oscillated and os-

cillated events for the B0 meson is given
as, nnosc

d (x) = K
cτBd

exp(− Kx
cτBd

) · 0.5 · (1 +

(2D0 − 1) cos(∆md · Kx/c)) and nosc
d (x) =

K
cτBd

exp(− Kx
cτBd

) · 0.5 · (1 − (2D0 − 1) cos(∆md ·
Kx/c)). Similar expressions can be written for
the B+ which will not have the oscillatory term

and for the Bs meson, where we assume the os-
cillation frequency is infinite, so that the cosine
term effectively disappears.

K = pµD0

T /pB
T is a correction factor called the

K-factor which is obtained from simulation and
x is the visible proper decay length (VPDL).

Transition to the measured number of events
as a function of measured VPDL, xM is achieved
by integration over K-factors and resolution func-
tion:

Nosc, nosc
(d,u,s), j (xM ) =

∫
dx Resj(x − xM ) · εR

j (x)
∫

dK Dj(K) · θ(x) · nosc, nosc
(d,u,s), j(x, K) (3)

Here Resj(x − xM ) is the detector resolution
of the VPDL and εR

j (x) is the reconstruction ef-
ficiency for a given decay channel j of a B meson
which contributes to the same final state. The
step function θ(x) takes into account that only
positive values of x are possible (xM can have
negative values due to resolution effects). The
function Dj(K) gives the normalized distribution
of the K-factor in a given channel j.

One can then calculate the expected number of
“oscillated events” (Ne,osc

i ) and “non-oscillated”
(Ne,nosc

i ) events in the i-th bin of VPDL by
summing the contributions from each type of B
hadron and integrating over the measured VPDL
over the given interval i.

The expected value Ae
i for interval i of the mea-

sured VPDL is given by:

Ae
i (∆md, η) =

Ne,non−osc
i − Ne,osc

i

Ne,non−osc
i + Ne,osc

i

. (4)

3.3.2. Fit results
Doing a simultaneous asymmetry fit we get

∆md = 0.456 ± 0.034(stat.) ± 0.025(syst.)ps−1.
The asymmetries for the B+ and B0 candidates
can be see in Fig. 3.

4. Bs mixing

4.1. Improvement in flavor tagging algo-
rithm

Flavor tagging improvements have been made
for the Bs mixing measurement. Different vari-
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Figure 3. Asymmetry for B+ candidates (left)
and B0 candidates (right). a) corresponds to soft
muon tagger while b) corresponds to combined
jetQ+SST tagger.

ables can be used to discriminate between b or
b̄ to determine the flavor of the reconstructed b
hadron, and their combination into a single tag-
ging variable gives a significantly better result.
We obtain such a combination with the likelihood
ratio method described below.

Some of the variables considered are for ex-
ample, the muon jet charge defined as

∑
Qjpj

T∑
pj

T

,

where j runs over all tracks in a cone of 0.5 around
the muon, the prel

T which is the transverse mo-
mentum of the muon relative to the jet which
contains it, etc. A complete description of the
variables and figures can be found in [11]. For
the initial b quark, the probability density func-
tion (PDF.) for a given variable xi is denoted as
f b

i (xi), while for the initial b̄ 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)

fb
i
(xi)

. When
variable xi is undefined, the corresponding vari-
able yi is set to 1. For an oscillation analysis, it
is more convenient to define the tagging variable
d = (1 − y)/(1 + y). The variable d changes be-
tween −1 and 1. An event with d > 0 is tagged as
coming from a b quark and with d < 0 as coming
from b̄ quark and a larger |d| value corresponds

to a better tagging purity. For uncorrelated vari-
ables x1, ...xn, and perfect modeling in the PDF,
d gives the best possible tagging performance and
its absolute value gives a dilution of a given event.
For the subsequent Bs result, only soft muon tag-
ger is used, which has a dilution of 0.448± 0.042
and efficiency of 4.76 ± 0.19%. This dilution is
used as an input for the asymmetry fit in the Bs

sample.

4.2. Bs mixing limit
We use the decay mode B0

s → D−
s µ+νX ,

D−
s → φπ−, φ → K+K−. We first fit the un-

tagged sample in the VPDL bin −0.01 - 0.06 cm
and then fix the mass and width of the Ds for the
fits to the flavor-tagged sample. Figure 4 shows
the Ds mass distribution before flavor tagging.
The oscillated and non-oscillated candidates are
grouped into seven VPDL bins and fitted to deter-
mine the asymmetry in each bin. Reconstruction
efficiencies for the different channels contributing
to the final state are calculated from simulation
and variation of efficiency as a function of lifetime
cut (VPDL) is also taken into account. Simulated
events are used to determine the VPDL resolu-
tion. Tuning is applied to data and MC samples
and an overall multiplicative correction factor to
the resolution is found to be 1.095. The VPDL
resolution can be seen in Fig. 5.

Since we don’t observe significant asymmetry
we proceed to set a limit on ∆ms. The χ2 func-
tion is modified to the following equation:

χ2(A) =
∑

i

(Ai − Ae
i (A))2

σ2(Ai)
. (5)

The values of ∆ms were changed from 1 ps−1

to 10 ps−1 with a step size of 1 ps−1 and for each
value A and its error was determined. This can
be seen in Fig. 6. We expect the amplitude A, to
be equal to 1 at the true ∆ms and equal to 0 when
frequency not equal to true ∆ms. The smallest
value of ∆ms at which A + 1.645 σA = 1 gives a
95% C.L. limit on ∆ms. All values below this
are excluded. We obtain ∆ms > 5.0 ps−1 with a
sensitivity of 4.6 ps−1.
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Figure 4. All Bs candidates for the untagged sam-
ple for −0.01 <VPDL < 0.06 cm.
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