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The B0
s meson is a bound state of b and s type quark. A CP violation parameter, βs, of that system is the

analogue of the parameter β measured precisely at the B factories in B0 decays. The standard model predicts,
robustly and precisely, a value of βs which is very close to zero. The CDF and D0 experiments now have about
2000 fully reconstructed and flavor-tagged B0

s → J/ψφ decays each, with which they set new experimental
bounds on βs. A combination of results from CDF and D0 is consistent with the standard model at only the
2.2 σ level. If the discrepancy is not a statistical fluctuation, it would indicate new sources of CP violation.

1. Introduction

For many years, the neutral kaon system was the
only place in which the violation of CP symmetry was
observed[1]. The last decade has witnessed an inten-
sive effort to record and interpret as many cases of CP
violation in neutral and charged b mesons as possible.
The CDF and D0 experiments now, for the first time,
are able to extend the search for CP violation to the
neutral B0

s meson. This system combines observable
fast particle-antiparticle oscillations familiar from the
B0 system, with an observable separation into distinct
lifetime states best known from the neutral kaon sys-
tem. CP violation in the B0

s system, the subject of
this paper, contains some elements resembling CP vi-
olation in the kaon system, and others that resemble
CP violation in the B0 system.

One of the manifestations of the large CP violation
in the neutral B0 is the CP asymmetry in certain
decays such as B0 → J/ψK0

s . This CP asymmetry is
characterized by the angle

β = arg
(
−VcdV

∗
cb

VtdV ∗tb

)
(1)

of the unitarity triangle, shown in Fig. 1. The ground-
breaking measurements[2, 3] of the angle β stand out
from the other dozen or so other measurements of
CP violation[4], because the measurement is exper-
imentally clean and the prediction is largely free from
theoretical uncertainties. In the neutral B0

s system,
the same comments apply to the decay B0

s → J/ψφ,
where one can measure the quantity

βs = arg
(
− VtsV

∗
tb

VcsV ∗cb

)
, (2)

an angle of the “squashed” (bs) unitarity triangle
(Fig. 2), whose standard model value is λ2η = 0.019 ±
0.001, where λ=0.2257+0.0009

−0.0010 and η =0.349+0.015
−0.017 are

parameters of the CKM matrix[5]. It is measurable[6]
in the decay B0

s → J/ψφ, through the interference of
mixing and decay. The measurement is sensitive to
new physics, particularly if it affects the t→ s transi-
tion. One such scenario is discussed in reference [7].
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Figure 1: The usual (bd) unitarity triangle, showing the
angle β, measured precisely in decays like B0 → J/ψK0
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Figure 2: The “squashed” (bs) unitarity triangle showing
βs, the angle at the most acute vertex of the triangle. This
triangle has two sides of length O(λ2) and a third side of
length O(λ4). For comparison the (bd) unitarity triangle
is drawn, to scale, in light gray.

2. The decay B0
s → J/ψφ

It is useful to think of the CP -mixed J/ψφ as three
distinct final states, characterized either by the or-
bital angular momentum of the two vector mesons
J/ψ and φ, or by their relative polarization {0, ‖,⊥},
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where the first symbol indicates longitudinal polar-
ization vectors, the second indicates transverse polar-
ization vectors which are mutually parallel, and the
third indicates transverse polarization vectors which
are mutually perpendicular. We designate the three
states as P0, P‖ and P⊥ the first two being CP -even
and the third CP -odd. It is also useful to think of the
B0
s as two distinct initial states, the longlived “heavy”

and shortlived “light” mesons:

|BHs 〉 = p |B0
s 〉 − q |B̄0

s 〉, |BLs 〉 = p |B0
s 〉+ q |B̄0

s 〉.

CP violation in this system presents itself in two
ways. If [H,CP ] 6= 0 then the long-and-shortlived
mass eigenstates are not CP eigenstates and may de-
cay to both CP even or CP odd final states. This is
reminiscent of the neutral kaon system. Additionally,
the expectation value 〈CP 〉 from an initially pure B0

s

or B̄0
s evolves with time: d〈CP 〉/dt 6= 0. The time

evolution is an oscillation with B0
s mixing frequency

of ∆ms=17.77 ± 0.10 ± 0.07 ps−1[8]. The time-
dependent CP expectation reflects itself in a time-
dependent polarization of the two vector mesons, and
finally in a time variation of the angular distributions
of their decay products. This is similar to the situation
in the B0 system, particularly in the B → V V decay
B0 → J/ψK0∗. The CDF and D0 analyses, which fit
the differential rate of B0

s → J/ψφ → µ+µ−K+K−,
have simultaneous sensitivity to both effects.

The time-dependent rates for initially pure B0
s and

B̄0
s are

PB(n̂, ψ, t) =
9

16π
|A(ψ, t)× n̂|2

PB̄(n̂, ψ, t) =
9

16π
|Ā(ψ, t)× n̂|2 (3)

[9] where n̂ is the direction of the µ+ in the rest frame
of the J/ψ, ψ is the helicity angle in the φ decay,
and A(ψ, t) and Ā(ψ, t) are complex vectors1, de-
scribed below, reflecting the time-dependent polar-
ization. A coordinate system is needed to express
the vectors n̂, A, and Ā: two common choices are
the transversity basis, and the helicity basis. The
transversity basis has the x-axis along the φ direc-
tion in the rest frame of the B, the y-axis lying in
the decay plane of the φ such that Py(K+) >0, and
ẑ = x̂ × ŷ. The helicity basis is a cyclic permutation
of the axes in the transversity basis: x̂T = ẑH , etc.
CDF and D0 employ the transversity basis, in which
n̂ = (sin θT cosφT , sin θT sinφT , cos θT ) and

A(ψ, t) = (A0(t) cosψ,−
A‖(t) sinψ
√

2
, i
A⊥(t) sinψ√

2
)

Ā(ψ, t) = (Ā0(t) cosψ,−
Ā‖(t) sinψ
√

2
, i
Ā⊥(t) sinψ√

2
)

1Complex conjugation is implied in the square magnitude.

where the time dependence is contained in the term

Ai(t) = Ai(0)
[
E+(t)± e2iβsE−(t)

]
,

Āi(t) = Ai(0)
[
±E+(t) + e−2iβsE−(t),

]
(4)

where:

E±(t) ≡ 1
2

[
e+(−∆Γs

4 +i∆m
2 )t ± e−(−∆Γs

4 +i∆m
2 )t

]
.

Two strategies can be pursued. One can measure the
differential rates given in Eq. 3, without attempting
to distinguish B0

s from B̄0
s , effectively summing the

rates over both species. Or, one can try to measure
the differential rates for B0

s and B̄0
s separately, using

a technique called flavor tagging.
Eq. 3 contains a lot of hidden richness, includ-

ing a measurable width difference between two mass
eigenstates, CP asymmetries that are measurable in
a flavor-tagged analysis, with simultaneous sensitivity
to both sin 2βs and cos 2βs. Even without flavor tag-
ging, a residual sensitivity to CP violation is present.
This arises partly due to the ability to detect the decay
of the shortlived, nominally CP -even mass eigenstate
to the CP -odd polarization states (and vice-versa),
which was historically the basis of the first observation
of CP violation. And partly it arises from the inter-
ference between the even and odd polarization states
of the vector mesons, which are, in fact “intermedi-
ate”, not “final” states. Even in case [H,CP ] = 0,
the differential rates in Eq. 3 have a sensitivity to B0

s -
B̄0
s oscillations, though neither experiment can exploit

it with present statistics.

3. Detector Effects and their Impact

In each event one measures, in addition to the
proper decay time t, the kinematic quantities cosψ,
cos θT , and φT . Three significant detector effects al-
ter the theoretical model (Eq. 3). First, measurement
uncertainty smears significantly the oscillatory time
dependence of the rates. Second, the flavor tagging
algorithms in use at the Tevatron give very limited
discrimination between B0

s and B̄0
s mesons. Third, the

detector acceptance alters the angular distributions in
Eq. 3. The first two effects limit the measurements,
while the second does not have a significant impact if
properly accounted for.

Flavor tagging is an essential ingredient for many
studies of B mixing and CP violation. Flavor tagging
endeavors to determine, from the tracks lying near to,
or opposite from, a reconstructed meson, the flavor of
that meson (B0 or B̄0, B0

s or B̄0
s ) at production. In

a decay of a neutral b-meson to a flavor-specific final
state, the flavor at production could be different from
the flavor at decay, while, in a decay to a CP eigen-
state like J/ψφ, the flavor at decay is undetermined.
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Figure 3: Data samples for the CDF tagged analysis of B0
s → J/ψφ. The CDF experiment reports 2019±73 events while

the D0 experiment reports 1967 ± 65 events.

Three independent flavor-tagging algorithms are cur-
rently in use at CDF and D0; these are categorized as
same-side tagging or opposite-side tagging algorithms.
Same-side tagging establishes[10], on a statistical ba-
sis, the b-hadron flavor through its correlation with
the charge of nearby fragmentation tracks. Two va-
rieties of opposite side tagging establish the flavor of
the b-hadron on the away side, from which one infers
the flavor of the near side b-meson. Opposite side lep-
ton tagging uses a soft lepton on the away side, while
opposite side jet charge tagging uses the charge of a
jet on the away side. The efficiency ε of any tagging
algorithm is the fraction of the events to which it can
be applied.

The tagging algorithm also estimates its uncer-
tainty. The tag decision being a discrete variable,
the uncertainty is quantified by the dilution D =
(R−W )/(R+W ) where R is the frequency of a right
decision and W is the frequency of a wrong decision.
The effective tagging efficiency, εD2, is the figure-
of-merit for a tagging algorithm and can be related
directly[11] to the expected uncertainty in mixing and
CP asymmetry measurements2. Despite rather differ-
ent tracking and particle identification technologies,
CDF and D0 both report very similar effective tag-
ging efficiencies, εD2 ≈ 4.7% in D0 and εD2 ≈ 4.8%
in CDF.

Another important feature of the detector systems
used in the analysis is their proper time resolution. In
a mixing or CP measurement, proper time resolution

2However, since the analyses we describe are not purely mea-
surements of a CP asymmetry, one cannot use the formula

δ(Acp) =
√

2/εD2N , developed for that purpose.

further degrades the uncertainty on CP asymmetries
by the factor3 exp (−(∆msσt)2/2). Both CDF and D0
now employ low-mass, small-radius silicon detectors
called “Layer 00”, mounted directly on the beampipe,
to achieve the best possible resolution, under 25 µm
in both experiments. This is discussed more fully in
reference[12].

The differential rates in Eq. 3 are sensitive to the
CP phase βs, the decay width difference ∆Γs, the
mean lifetime τ̄s = 2/(ΓH + ΓL), and the amplitudes
A⊥(0), A‖(0), and A0(0), with phases δ⊥, δ‖, and zero,
normalized such that |A0(0)|2 + |A‖(0)|2 + |A⊥(0)|2 =
1. An expansion of Eq. 3 is convolved with event-
by-event proper time resolution, adjusted for detec-
tor acceptance and re-normalized according to one of
several schemes. In the tagged analyses, event-per-
event dilutions are also incorporated into the proba-
bility densities.

The simultaneous transformation βs → π/2 − βs,
∆Γs → −∆Γs, δ‖ → 2π − δ‖, and δ⊥ → π − δ⊥, is
an exact symmetry of the differential rates, so, de-
cays of B0

s → J/ψφ alone cannot resolve the cor-
responding ambiguity. This symmetry is an experi-
mental headache, and has a significant impact on re-
sults from the experiments, particularly since, with
presently available statistics, the two solutions are not
well separated. Untagged analyses possess an even
a higher degree of symmetry, since the simultaneous
transformation δ⊥ → π + δ⊥, βs → −βs is also an
exact symmetry.

3As before, the formula is not directly applicable in these
analyses.
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Figure 4: Confidence regions in the space of parameters ∆Γs and βs, from 1.7 fb−1 of untagged data (left) and 1.35 fb−1

of flavor tagged data (right). The green band corresponds to new physics models, as described in the text.

4. Results

CDF performs an analysis without flavor tagging
on a 1.7 fb−1 sample of data[13], and with flavor
tagging[14] on a 1.35 fb−1 sample. The former is
used for SM fits (βs = 0) and CP fits (βs 6= 0),
while the latter is used only for CP fits. D0 performs
both SM and CP fits to a 2.8 fb−1 sample of tagged
data[15]. Mass distributions of the signals from the
two experiments are shown in Fig. 3. In the CDF un-
tagged analysis, the SM fit obtains the results shown
in Table I. This set includes an important measure-
ment of ∆Γs, as well as an interesting measurement
τ̄s, consistent with the HQET expectation[16] that
τ̄s =(1.00±0.01)·τ0 where τ0=1.530± 0.009 ps is the
world average B0 lifetime. The amplitudes are consis-
tent with those measured[17, 18] in the related decay
B0 → J/ψK0∗. Point estimates are not obtained for
the strong phases, since the measurement is insensi-
tive to δ⊥ for βs = 0 while for δ‖ the likelihood is
nonparabolic (a result of the symmetries referred to
in section 3). CP fits in the untagged analysis, do not
yield point estimates for any of the physics parame-
ters. They do give, however, a Feldman-Cousins con-
fidence region[19] shown in Fig. 4 (left). One can see
that the bounds agree with the standard model (the
p-value is 22%, or 1.2 Gaussian standard deviations).
Also shown in Fig. 4 (left) is the “new physics” expec-
tation, based on the theoretical value of the decay ma-
trix element 2|Γs12| = 0.096± 0.039 ps −1[20], plus the
assumption of mixing-induced CP violation. The con-
fidence region is in good agreement with this assump-
tion, and cannot rule out any value of the CP phase.
The fourfold symmetry of the confidence region is ap-
parent. In the CDF tagged analysis, shown in Fig. 4
(right), this symmetry is broken quite strongly, and

about half of the parameter space for βs is ruled out.
The p-value for the standard model is 15%. Statis-
tical uncertainty dominates the measurement. A fre-
quentist incorporation of systematic uncertainties[21]
is included in the contour.

Table I Standard model fits in the CDF untagged analysis.

Parameter CDF Measurement (untagged)

τ̄s = 2/(ΓH + ΓL) 1.52 ± 0.04±0.02 ps

∆Γs = ΓH − ΓL 0.076 +0.059
−0.063±0.006 ps−1

|A0|2 0.531 ±0.020 ±0.007

|A⊥(0)|2 0.239 ±0.029 ±0.011

|A‖(0)|2 0.230 ±0.026 ±0.009

The D0 experiment employs a different strategy
for dealing with the twofold ambiguity in the tagged
analysis. They constrain the strong phases δ‖ and
δ⊥ to the world average values[22] in the related de-
cay B0 → J/ψK∗0, within a Gaussian uncertainty of
±π/5. Some recent theoretical work provides justifi-
cation for this approach: in reference [23] the phases in
the two systems are estimated to be equal within ten
degrees. Results of the constrained fits are shown in
Table II. Three types of fit are performed: a standard
model fit, a CP fit, and the new physics (NP) fit, using
the previously discussed NP constraint. The quanti-
ties τ̄s, and the decay amplitudes are consistent with
expectations and with CDF’s measurement. D0 uses
φ
J/ψφ
s , the equivalent to −2βs in Eq. 4 as their CP

violation parameter4. Likelihood profiles in the space

4The nomenclature φ
J/ψφ
s has recently been invented to des-
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of (φJ/ψφs ,∆Γs), as well as in φ
J/ψφ
s and ∆Γs sepa-

rately, are shown in Fig. 5. D0 gives point estimates
φ
J/ψφ
s = -0.57 +0.24

−0.30 (stat) +0.07
−0.02 (syst) and ∆Γs=0.19

± 0.07 (stat) +0.02
−0.01 (syst) ps−1, based upon their CP -

fit. Using simulation, D0 finds for the standard model
a p-value of 6.6%. The apparent discrepancy (or fluc-
tuation) goes in the same direction as CDF.

Figure 5: D0’s confidence regions in the ∆Γs − φ
J/ψφ
s

plane. Shown are the 68.3% C.L. (dashed) and 90%
C.L. contours, and the expectation from the standard
model (black vertical line) and mixing-induced CP vio-
lation from new physics sources (green band). Below are

one-dimensional likelihood profiles for φ
J/ψφ
s and ∆Γs.

Table II Results of fits to the B0
s → J/ψφ from the D0

collaboration. In the first column is the CP fit; in the
second column is the SM fit, and in the third column is
the NP fit. See the text for further explanation.

Parameter D0 CP D0 SM D0 NP

τ̄s (ps) 1.52 ± 0.06 1.53 ± 0.06 1.49 ± 0.05

∆Γs (ps)−1 0.19 ± 0.07 0.14 ± 0.07 0.083 ± 0.018

A⊥(0) 0.41 ± 0.04 0.44 ± 0.04 0.45 ± 0.03

|A0(0)|2 − |A‖(0)|2 0.34 ± 0.05 0.35 ± 0.04 0.33 ± 0.04

δ1 = δ⊥ − δ‖ -0.52 ± 0.42 -0.48 ± 0.45 -0.47 ± 0.42

δ2 = δ⊥ − δ0 3.17 ± 0.39 3.19 ± 0.43 3.21 ± 0.40

φ
J/ψφ
s -0.57+0.24

−0.30 ≡ -0.04 -0.46 ± 0.28

ignate this quantity, in order to distinguish it from the φs that
we soon define, and from −2βs which by definition does not
include new physics sources of mixing-induced CP violation.

5. Semileptonic Asymmetry

Models with extra sources of mixing-induced CP vi-
olation can have small amounts of CP violation in the
mixing (defined as |q/p| 6=1). An observable quantity
called the semileptonic asymmetry

AsSL =
dΓ/dt

[
B̄0
s → l+X

]
− dΓ/dt

[
B0
s → l−X

]
dΓ/dt

[
B̄0
s → l+X

]
+ dΓ/dt [B0

s → l−X]

related to |q/p| through the definition

AsSL =
1− |q/p|4

1 + |q/p|4

can be measured using semileptonic decays. In B0
s

mesons a phase φs = arg(M12/Γ12), where M12 is a
mass-matrix element and Γ12 is a width matrix ele-
ment, governs the size of the asymmetry through the
approximate relation (see Ref. [20])

AsSL =
∣∣∣∣ Γs12

M12

∣∣∣∣ sinφs.
The phase φs differs from φ

J/ψφ
s by a small shift, neg-

ligible compared to experimental resolution. Since∣∣∣∣ Γs12

Ms
12

∣∣∣∣ = (49.7± 9.4)× 10−4,

this asymmetry can hardly be more than about half
a percent. Disregarding any theoretical input to |Γs12|
while applying the relation ∆ms = 2|Ms

12| and the NP
constraint that ∆Γs = 2|Γs12| × cosφs one obtains

AsSL =
∆Γs
∆ms

tanφs.

In constraining such models, then, one can choose as
input either |Γs12|, or a measured value of AsSL, or
both. CDF, using dimuon pairs in 1.6 fb−1 of data,
measures Assl = 0.020± 0.028[24] while D0, using both
dimuon pairs and decays B0

s → µνDs with Ds →
φπ from 1.1 fb−1 of data, measures AsSL = 0.0001
± 0.0090[25]. At this level of precision, the theory
value of |Γs12| is a more powerful constraint than the
experimental value of AsSL, on new physics models.

6. Combined results

The analyses of B0
s → J/ψφ from CDF and D0 are

compatible with each other, and with the the stan-
dard model at only the 15% C.L. (CDF) and the 6.6%
C.L.(D0). Following a new analysis of the D0 data,
in which the strong phase constraints were dropped,
the HFAG group has combined the two analyses. De-
tails of the procedure can be found in Ref. [26]. The
combined contours are shown in Fig. 6. The p-value
for the combined result is 3.1%, corresponding to 2.2
Gaussian standard deviations.
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Figure 6: HFAG Combinations of the D0 tagged analysis and the CDF tagged analysis. The standard model is consistent
with this data at the 2.2 σ confidence level. The plot on the right makes use of the semileptonic asymmetry AsSL

7. Conclusion

Discrepancy? Or fluctuation? Today, the only
known source of CP violation in the physics of elemen-
tary particles is the CKM mechanism, arising from the
Higgs-Yukawa sector of the three-generation standard
model. A firmly established discrepancy between the
predicted value of βs and the standard model value
would imply new sources of CP violation, possibly
from heavier particles out of the reach of today’s ac-
celerators. It could have a broader impact as well, and
shed light on the baryon asymmetry of the universe.
Unfortunately, with the present uncertainty (statisti-
cal, mostly) and at the present significance (2.2 σ) the
question is not yet settled.
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