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We present several mixing and CP violation measurements utilizing up to 2.8 fb−1 of proton-antiproton collisions
collected by the D0 experiment at the Fermilab Tevatron. The achieved precision of some of these measurements
is of the same level as the expected deviation predicted by some extensions of the Standard Model. One result
suggests a tantalizing hint of new physics.

1. Introduction

A basic motivation for the study of the mix-
ing quantities is to determine the standard model
(SM) parameters and the search for new physics.
For the former, the measurement of the B0

s − B̄0
s

oscillation frequency ∆Ms and the decay width
difference ∆Γs are crucial for the determination
of some elements of the CKM matrix [1]. For the
latter, the CP-violating mixing phase φs is one of
the most important parameters in the search of
new physics, since the SM predicts a small value
for this parameter [2], but recent measurements of
this parameter suggests a hint of physics beyond
the SM. Besides the B0

s system, the study of the
decay B+ → J/ψK+ can also give us information
about CP violation in this decay. The analyses re-
ported in this proceedings were based on approx-
imately 2.8 fb−1 of data recorded with the D0
detector [3] in pp̄ collisions at

√
s = 1.96 TeV. All

the D0 Conference Notes referred to in this doc-
ument can be found in [4]. Unless it is explicitly
stated, the appearance of a specific charge state
will also imply its charge conjugate throughout.

2. B0
s mixing

2.1. Flavor tagging
A necessary step in the B0

s oscillation analy-
sis is the determination of the B0

s/B̄
0
s initial-

and final-state flavors. The flavor of the
B0

s at production is determined using both
opposite- and same-side flavor tagging tech-
niques. Some of the important parameters for

describe the tagging performance are the purity
(ηs = Ncorrectly tagged events/Ntotal tagged events),
the dilution (D = 2ηs − 1), the tagging efficiency
(ε = Ntotal tagged events/Ntotal events), and the tag-
ging variable dtag which is positive (negative)
when an event is tagged as a b (b̄) quark (see
Ref. [5] for more details).

The opposite-side tagging (OST) of the initial
flavor of the B0

s meson, which exploits the pres-
ence of a muon or an electron and/or a secondary
vertex on the opposite side, is described else-
where [6,7]. The same-side tagging (SST) tech-
nique uses the properties of the particles pro-
duced in association with the reconstructed B0

s

meson. A combined OST+SST tagger is also
used. The combination is done as follows [6,7]:
For the events where OST is not defined, we
add an opposite-side flavor tagger and combine
it with SST. If both an OST and a SST are
present, we combine them assuming they are in-
dependent. The total combined tagging power is
εD2 = (4.49± 0.088) %. This is larger than the
individual tagging powers of SST and OST.

2.2. The Flavor Oscillation Frequency of
B0

s Mesons.
Neutral B0

s mesons mix with their antiparticles
leading to oscillations between the flavor eigen-
states. These oscillations are governed by the
Schrödinger equation [2]

i
d

dt

(
|B0

s (t)〉
|B̄0

s (t)〉

)
=

(
M− i

2
Γ

) (
|B0

s (t)〉
|B̄0

s (t)〉

)
, (1)
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where M and Γ are the mass and decay matri-
ces, respectively. The flavor oscillation frequency
∆Ms of the B0

s − B̄0
s system is related with the

elements of the mass matrix by means of the ex-
pression ∆Ms = MH −ML = 2|M12|. ML and
MH are the masses of the physical light (L) and
heavy (H) eigenstates |BL

s 〉 and |BH
s 〉. Since the

matrix element M12 is related some elements of
the CKM matrix, the measurement of ∆Ms can
be used as an important test of the SM, which
predicts a value for the oscillation frequency to
be (19.3± 6.7) ps−1 [2]. Currently, the Tevatron
is currently the only place where it is possible to
make this measurement [5,8].

The final states for the B0
s mesons considered

in this analysis and the total number ofD−s candi-
dates after we apply the cuts [7] are summarized
in Table 1.

Table 1
Signal candidates for the decays under study.

Decay mode Nsig

B0
s → µνDs(φπ)X 44, 777± 415

B0
s → eνDs(φπ)X 1, 663± 102

B0
s → µνDs(K∗0K)X 18, 098± 903
B0

s → πDs(φπ)X 249± 17
B0

s → µνDs(K0
sK)X 593± 67

In order to take into account the effects of
undetected neutrinos present in the semileptonic
decays and the non-reconstructed charged par-
ticles in the partially reconstructed hadronic-
and semileptonic decays, we scale the measured
momentum of the B candidate by a factor
K = pT (l(π)Ds) /pT (B), estimated from MC
simulation, where pT denotes the perpendicular
momentum to the beam. Fig. 1 shows the K fac-
tor distributions for the semi-muonic decays of
the B0

s meson.
For both the semileptonic and hadronic de-

cays, the probability density functions are de-
scribed in detail in Ref. [7]. To obtain the fi-
nal D0 measurement for the oscillation frequency,
we combine the individual amplitude scans for
each of the modes in Table 1 into a single ampli-

Figure 1. K factor distributions for the semi-
muonic decays of the B0

s meson

tude scan. After this, the scan is translated to
a likelihood using the relationship between the
fitted amplitude at a scan point ∆Ms, its er-
ror, and the difference between the log-likelihood
at that point and the log-likelihood at infinity:
∆L = (1/2−Afit(∆Ms))/σ2

A. Both the combined
amplitude and the likelihood scans are shown in
Fig. 2. The systematic uncertainties that con-
tribute in a significant way for most of the chan-
nels reported in Table 1 are the OST dilution un-
certainty, the K−factor resolution, and the sam-
ple composition [7].

The D0 measurement for the oscillation fre-
quency is

∆Ms = 18.53± 0.93 (stat)± 0.30 (syst) ps−1. (2)

This value is consistent with the theoret-
ical prediction [2] and the CDF measure-
ment [8]. The significance of this measurement,
Sig(σ) =

√
−2∆ lnL, including systematic un-

certainties is 2.9σ.

3. CP violation in the decay B0
s → J/ψφ

The other two important parameters related
with the eq. (1) are the CP-violating mixing
phase φs and the decay width difference ∆Γs ≡
ΓL−ΓH = 2|Γ12| cosφs, where ΓL and ΓH are the



Mixing and CP Violation at D0 3

Figure 2. Left: The combined amplitude scan for the channels reported in Table 1. Right: The combined
likelihood scan derived from the combined amplitude fit values. Values of ∆ lnL using both statistical
(small points) and total uncertainties (large points) are shown as is the parabolic fit.

decay rates for the same eigenstates as in subsec-
tion 2.2. In the SM, the phase φs and the de-
cay width ∆Γs are predicted to be −0.04 ± 0.01
rad and 0.088 ± 0.017 ps−1 respectively. Previ-
ously [9], D0 reported a measurement of this CP-
violating phase on the decay chain B0

s → J/ψφ,
J/ψ → µ+µ−, φ → K+K−. Here we present
recent D0 results [10] on the CP-violating phase
and the decay width difference in the same decay
channel by including information on the B0

s fla-
vor at the production time using the techniques
reported in subsection 2.1 in order to improve the
precision of the measurement.

After all the cuts [9,10] are applied, we perform
an unbinned maximum likelihood to fit the proper
decay time, the three decay angles characterizing
the final state in the transversity basis [11], and
the mass of the 48,047 candidates, whose invari-
ant mass distribution is shown in Fig. 3.

The likelihood function L is given by

L =
N∏

i=1

[
fsigF i

sig + (1− fsig)F i
bkg

]
, (3)

where N is the total number of events and fsig
is the fraction of the signal in the sample. The
function F i

sig(F i
bkg) describes the distribution of

the signal (background) in the mass, proper de-

Figure 3. Invariant mass distribution of the B0
s

system. The curves correspond to the projections
of the maximum likelihood fit. The fit assigns
1, 967± 65 (stat) events to the B0

s decay.

cay time, and decay angles [10]. The time evolu-
tion of the angular distribution of the decay prod-
ucts in the transversity basis and its dependence
on ∆Ms, φs,∆Γs, the relative strong phases δ1
and δ2, and the magnitudes of the amplitudes
|A0|, |A‖|, and |A⊥| is given in Ref. [10,11]. The
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amplitudes correspond to the longitudinal, paral-
lel, and perpendicular components, respectively,
to the linear polarization states of the vector
mesons J/ψ and φ.

For a given event, the decay rate is the sum
of the B0

s and B̄0
s rates weighted by P(B0

s ) and
1-P(B0

s ), respectively, and by the detector accep-
tance. P(B0

s ) is the related probability of having
a pure state B0

s at t = 0.
Due to the high degree of correlation between

∆Ms, φs, δ1, and δ2 we cannot obtain stable fits
when all the parameters of the fit are allowed to
float. In the following, we fix ∆Ms to 17.77 ±
0.12 ps−1, as measured in Ref. [8] and allow the
phases δi to vary around the world-average val-
ues [12] for the B0

d → J/ψK∗0 decay, δ1 = −0.46
and δ2 = 2.92, under a Gaussian constraint with
a width of π/5. This is to allow some degree of
violation of the SU(3) symmetry relating the two
processes.

We have no evidence of significant bias from
the studies using pseudo-experiments with similar
statistical sensitivity. We estimate the systematic
uncertainties due to the flavor-tagging purity by
varying its parametrization within uncertainties.
An interference term is introduced in the back-
ground model. The difference between fits with
and without this term is considered as the system-
atic uncertainty associated with the background
model. Confidence level contours in the φs−∆Γs

plane and the likelihood profile as a function of φs

are shown in Fig. 4. The final results are reported
in Table 2.

Table 2
Final measurements for the angular and time pa-
rameters of the decay B0

s → J/ψφ. The first un-
certainty is statistical and the second systematic.

Parameter Measurement
τ̄s (ps) 1.52± 0.06± 0.01

∆Γs (ps−1) 0.19± 0.07+0.02
−0.01

A⊥(0) 0.41± 0.04+0.01
−0.02

|A0(0)|2 − |A‖(0)|2 0.34± 0.05± 0.03
φs (rad) −0.57+0.24+0.07

−0.30−0.02

∆Ms (ps−1) ≡ 17.77

These results supersede the previous measure-
ments [9] that were based on the untagged decay
B0

s → J/ψφ and a smaller data sample.

4. ∆Γs from Br(B0
s → D

(∗)
s D

(∗)
s )

As pointed out in section 3 in the SM the
B0

s − B̄0
s mixing phase φs is expected to be small.

However, in the presence of new physics, the CP -
violating phase φs can be large and ∆Γs is dimin-
ished by a factor of cosφs; ∆Γs = ∆ΓCP

s cosφs,
where ∆ΓCP

s = Γeven
s − Γodd

s . A value for this
parameter can be extracted by measuring the
Br(B0

s → D
(∗)
s D

(∗)
s ) under some theoretical as-

sumptions where the decay B0
s → D

(∗)
s D

(∗)
s be-

comes CP-even to within 5% [13]. The relation
between the branching ratio and ∆ΓCP

s is the fol-
lowing

2Br(B0
s → D(∗)

s D(∗)
s ) ' ∆ΓCP

s

[
1 + cosφs

2ΓL

+
1− cosφs

2ΓH

]
. (4)

If we assume no new physics ∆ΓCP
s ≡ ∆Γs.

In this analysis, we considered B0
s decays into

two D
(∗)
s mesons, where D(∗)

s denotes either Ds

or D
(∗)
s , since we cannot distinguish between

them because of the undetected particles in the
D∗s → Dsγ/π

0 decay. We search for one D(∗)
s de-

caying to φπ (≡ φ1π) and the other decaying to
φµν (≡ φ2µν), where both φ’s decay to K+K−.
The branching ratio measurement is performed
by normalizing the B0

s → D
(∗)
s D

(∗)
s sample to the

B0
s → D

(∗)
s µν sample [14]:

R1 = 2Br(B0
s → D(∗)

s D(∗)
s )R2R3 (5)

where

R1 =
N(B0

s → D
(∗)
s D

(∗)
s )

N(Dsµ)f(B0
s → D

(∗)
s µν)

R2 =
Br(Ds → φµν)Br(φ→ KK)

Br(B0
s → D

(∗)
s µν)

R3 =
ε(B0

s → D
(∗)
s D

(∗)
s )

ε(B0
s → D

(∗)
s µν)

Here N is the number of events in each sample, f
is the fraction of events in the Dsµ sample origi-
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Figure 4. (a) Confidence-level contours in the ∆Γs − φs plane. The curves correspond to the expected
C.L.=68.3% (dashed) and 90% (solid). The cross shows the best fit point and one-dimensional uncer-
tainties. Also shown is the SM predictions φs = −0.04 rad and ∆Γs = 0.088±0.017 ps−1. (b) Likelihood
profile of φs.

nating from the B0
s → D

(∗)
s µν decay, and ε is the

reconstruction efficiency.
After all the cuts [14] are applied, we choose a

binned likelihood fit for the Dsµ sample. The
resulting Ds(φ1π) and φ1(KK) invariant mass
distributions are shown in Fig. 5. The fit gives
N(Dsµ) = 28, 680± 288 events. The reconstruc-
tion efficiency is estimated through a MC study.
The resulting estimate of the ratio of reconstruc-
tion efficiencies R3 is (8.7± 1.5)%. To obtain the
factor R2, we take the branching ratios from those
reported in literature [15].

The main systematic uncertainty arises from
the precision in the branching ratio measurements
from Ref. [15]. They are allowed to vary within
one standard deviation. Br(B0

s → D
(∗)
s µν) is the

dominant source which gives around a 50% con-
tribution to the total systematic uncertainty. Us-
ing all these inputs, we obtain the branching ratio
from Eq. (5).

Assuming Eq. (4) is valid and allowing no new
physics, we obtain

∆Γs

Γs
= 0.088± 0.030 (stat)± 0.036 (syst). (6)

This result is consistent with the theoreti-
cal prediction [2] and with previous measure-

ments [12,16].

5. Direct CP violation in the decay B+ →
J/ψK+

In the decay B± → J/ψK± the charge asym-
metry, defined as

ACP

(
B+ → J/ψK+

)
=

N (B− → J/ψK−)−N (B+ → J/ψK+)
N (B− → J/ψK−) +N (B+ → J/ψK+)

, (7)

is predicted to be small (∼ 0.3%) by the SM [17].
Thus, a charge asymmetry observed at 1% or
higher would indicate new physics.

The resulting invariant mass distribution, after
all the cuts [18] are applied, is shown in Fig. 6.

In order to measure the charge asymmetry A
between the J/ψK+ and J/ψK− final states and
to understood the possible differences between
the positive and negative kaon production, we
should take into account both physics and de-
tector effects. One physics asymmetry is direct
CP violation in the B+ → J/ψK+ decay. In
addition, forward-backward charge asymmetry of
events produced in the proton-antiproton colli-
sions can also be present. The detector can give
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Figure 5. Invariant mass distributions for the
Dsµ sample. (a) m(φ1π) spectrum from the KK
signal region. The two peaks represent the D± →
φπ (left) and the Ds → φπ (right). (b)m(KK)
spectrum from the m(φ1π) signal region.

rise to an artificial asymmetries too. The mag-
net polarity can introduce a bias on the recon-
struction efficiencies for the positive and negative
kaons if it remains always in the same direction.
So, all detector effects can be canceled by regu-
larly reversing of the magnet polarity. This im-
portant feature is characteristic of the D0 detec-
tor [3].

The event sample of Fig. 6 is divided into eight
subsamples corresponding to all possible combi-
nations of the solenoid polarity β = ±1, the
sign of the pseudorapidity of the J/ψK system
γ = ±1, and the charge sign q = ±1 of the kaon
candidate. The number of events nβγ

q of each
subsample for the contributing channels B0

d →

Figure 6. Top: The J/ψK invariant mass distri-
bution. The curves correspond to the projections
of the unbinned likelihood fit. The B → J/ψK
signal contains 40, 222 ± 242 (stat) events. Bot-
tom: Dependence of the kaon asymmetry on the
kaon momentum pK . Errors are statistical.

J/ψK, J/ψπ, and J/ψK∗0 is obtained from a un-
binned likelihood fit to the mass distribution of
Fig. 6. The relation between nβγ

q and the charge
asymmetry A under study is the following [18]:

nβγ
q =

1
4
Nεβ (1 + qA) (1 + qγAfb) (1 + γAdet)

× (1 + qβγAqβγ) (1 + qβAqβ)
× (1 + βγAβγ) , (8)

where N is the total number of signal events; εβ is
the fraction of integrated luminosity with solenoid
polarity β (ε+ + ε− = 1); Afb accounts for possi-
ble forward-backward asymmetric B meson pro-
duction; Adet is the detector asymmetry for kaons
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emitted in the forward and backward direction;
Aqβγ accounts for the change in acceptance of
kaons of different sign bent by the solenoid in
different directions; Aqβ is the detector asymme-
try, which accounts for the change in the kaon re-
construction efficiency when the solenoid polarity
is reversed; and Aβγ accounts for any detector-
related forward-backward asymmetries that re-
main after the solenoid polarity flip. To extract
all the asymmetries, we perform a χ2 to Eq. 8.
The results are presented in Table 3.

Table 3
Physics and detector asymmetries for J/ψK.

Asymmetry Measurement
ε+ 0.506± 0.003
A −0.0070 + 0.0060
Afb 0.0013 + 0.0060
Adet −0.0033 + 0.0060
Aqβγ −0.005 + 0.006
Aqβ 0.0001 + 0.0060
Aβγ −0.0030 + 0.006

Another effect that should be taken into ac-
count is the difference in the interaction cross-
section of the positive and negative kaons with the
detector material [3,15]. The reaction K−N →
Y π (where Y are hyperons) has no K+N ana-
log arising in a kaon asymmetry that affects the
charge asymmetry A (B → J/ψK). This kaon
asymmetry is measured in different bins of kaon
momentum pK as shown in Fig. 6. The ob-
tained asymmetry is determined to be AK =
0.0145 ± 0.0010. The systematic uncertainty re-
lated with this asymmetry is found to be 0.0005.

The systematic uncertainty due to the shape of
the J/ψK∗0 contribution to the likelihood func-
tion (parameterized using the MC simulation) is
found to be 0.0025. To obtain the systematic un-
certainty from the unbinned fit of the mass dis-
tribution in Fig. 6 we vary the parameters fixed
during the fitting in the qβγ subsamples by ±1σ.
This uncertainty is found to be 0.002. The sys-
tematic uncertainty from the choice of the fitting
range is determined to be 0.004.

Finally, by taking into account the kaon asym-
metry and the systematic uncertainties added
in quadrature, the direct CP violation asym-
metry in B+ → J/ψK+ is measured to be
ACP (B+ → J/ψK+) = +0.0075±0.0061 (stat)±
0.0027 (syst), which is consistent with the world-
average value +0.015±0.017 [15], but has a factor
of two improvement in precision.

6. Conclusions

The D0 Collaboration has been reporting new
measurements and improving the existing ones in
its broad physics program, especially on mixing
and CP violation. In this proceedings, we report
only some of the analysis related with these top-
ics that are currently under study at D0. The
increasing of data samples, the improvements in
the detector, and the sophistication of the tech-
niques such as the flavor tagging for the B0

s sam-
ples, allow us to measure parameters that are
predicted by the SM such as the direct CP vi-
olation in the decay B+ → J/ψK+, the flavor
frequency oscillation ∆Ms and the ratio ∆Γs/Γs

of the B0
s − B̄0

s system. In the other hand, in this
system one of the measurements reported here,
the CP -violating mixing phase φs, suggests a tan-
talizing hint on new physics.
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