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We suppose that there is new physics (NP) in �b ! �s transitions and examine its effect on the angular

distribution of B0
q ! V1V2 (q ¼ d, s), where V1;2 are vector mesons. We find that, in the presence of such

NP, the formulas relating the parameters of the untagged, time-integrated angular distribution to certain

observables (polarization fractions, CP-violating triple-product asymmetries, CP-conserving interference

term) must be modified from their standard model forms. This modification is due in part to a nonzero

B0
q- �B

0
q width difference, which is significant only for B0

s decays. We reanalyze the B0
s ! �� data to see

the effect of these modifications. As ��s=2�s � 10%, there are Oð10%Þ changes in the derived

observables. These are not large but may be important given that one is looking for signals of NP. In

addition, if the NP contributes to the �b ! �s decay, the measurement of the untagged time-dependent

angular distribution provides enough information to extract all the NP parameters.
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I. INTRODUCTION

As recently as a year ago, there were several hints of
physics beyond the standard model (SM) in �b ! �s transi-
tions. For example, the CDF [1] and D0 [2] Collaborations
measured the CP asymmetry in B0

s ! J=c�, and found a
hint for indirect (mixing-induced) CP violation. This is
counter to the expectation of the SM, which predicts this
CP violation to be ’ 0. In general, this result was inter-
preted as evidence for a nonzero value of the weak phase of
B0
s- �B

0
s mixing (2�s), and the contributions of various new

physics (NP) models to the Bs mixing phase were explored
[3–9]. It was also pointed out that NP in the decay �b ! �sc �c
could also play an important role [10]. In addition, the SM
predicts that the measured indirect CP asymmetry in
�b ! �ss �s penguin decays should generally be equal to
that found in charmonium decays such as B0

d ! J=cKS.

However, it was found that these two quantities were not
identical for several decays [11]. As a third example,
the CDF Collaboration reported the measurement of
BðB0

s ! �þ��Þ ¼ ð1:8þ1:1
�0:9Þ � 10�8 [12]. This is larger

than the SM prediction for this branching ratio, which is
BðB0

s ! �þ��Þ ¼ ð3:35� 0:32Þ � 10�9 [13]. There
were a number of other effects—in all cases, the disagree-
ment with the SM was not large, � 2�. Still, it was
intriguing that all appear in �b ! �s transitions.

In addition, the D0 Collaboration reported an anoma-
lously large CP-violating like-sign dimuon charge asym-
metry in the B system. In Ref. [14], the asymmetry was
found to be

Ab
sl ¼ �ð9:57� 2:51� 1:46Þ � 10�3; (1)

which is a 3:2� deviation from the SM prediction, Ab;SM
sl ¼

ð�2:3þ0:5
�0:6Þ � 10�4 [15]. In fact, the updated measurement

[16] exhibits an even larger discrepancy:

Ab
sl ¼ �ð7:87� 1:72� 0:93Þ � 10�3; (2)

a 3:9� deviation. This suggests NP in B0
d-

�B0
d and/or B

0
s- �B

0
s

mixing.
This was quantified in Ref. [17]. Here, NP only in B0

q- �B
0
q

(q ¼ d, s) mixing was considered (i.e., in Mq
12); NP in the

decay was excluded. Three different NP scenarios were
examined. In all cases a fit was performed to all data that
is affected by NP in B0

q- �B
0
q mixing. This includes

BRðB ! ��Þ, whose measured value disagrees with the
SM fit prediction [18], and possibly points to NP in B0

d-
�B0
d

mixing. The details of the conclusions depend on the NP
scenario, but a NP contribution to B0

q- �B
0
q mixing of up to

40% is possible. We therefore see that, at this time, NP in
�b ! �s transitions was entirely conceivable.
However, with recent measurements, many of the NP

hints have largely disappeared, or at least been reduced.
First, LHCb has measured the indirect CP asymmetry in
B0
s ! J=c� and finds �c �cs

s ’ 0, in agreement with the
SM1 [19]. Specifically, they measure �c �cs

s ¼ ð�0:06�
5:77ðstatÞ � 1:54ðsystÞÞ�. Still, the errors are large enough
that NP cannot be excluded. Second, with the latest indirect
CP asymmetry data, the Heavy Flavor Averaging Group
[20] finds that the B0

d-
�B0
d mixing phase sin2� is measured

to be (i) 0:68� 0:02 in charmonium decays, and
(ii) 0:64� 0:03 in �b ! �ss �s penguin decays. These num-
bers are quite similar, so that no real discrepancy can be
claimed. On the other hand, several of the �b ! �ss�s decays
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1�s � arg½�ðV�
tbVtsÞ=ðV�

cbVcsÞ	. For the measured B0
s- �B

0
s mix-

ing phase, it is common to use the symbol�c �cs
s , which is equal to

�2�s in the SM.
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have additional contributions with a different weak phase,
and so the Heavy Flavor Averaging Group urges that the
naive average in (ii) be used with extreme caution. Third,
the recent LHCb update does not confirm the CDF
B0
s ! �þ�� result [21]. They improve the present upper

bound to BðB0
s ! �þ��Þ � 4:5ð3:8Þ � 10�9 at 95% C.L.

(90% C.L.), in agreement with the SM. Most of the other
effects have similarly gone away, or are simply not large
enough to be compelling.

On the other hand, the D0 measurement of an anoma-
lously large Ab

sl is still present. However, there have been

direct measurements of the semileptonic charge asymme-
try in B0

s [22,23] and B0
d [24] decays. While these results

show no significant deviation from the SM predictions, the
errors are large enough that they are also not in contra-
diction with the D0 measurement.

Reference [25] presents an update of the analysis of
Ref. [17], including the latest LHCb results. It is found
that the SM is still disfavored, by 2:4�. However, in
contrast to Ref. [17], the problem cannot now be rectified

by NP in Md;s
12 alone. But if one also allows NP contribu-

tions to �d;s
12 (i.e., the width differences), the data can be

accommodated.
The bottom line is that, at present, the status of �b ! �s

NP is uncertain. The effect of such NP cannot be very
large, but a smaller effect is still possible. In this paper we
make the assumption that NP is present in �b ! �s transi-
tions. However, in addition to taking into account its effect
on Bs mixing, which is what is conventionally done, we
also consider its effect on �b ! �s decays. The main aim is to
examine the effect of �b ! �s NP on the angular distribution
of B0

q ! V1V2 (q ¼ d, s), where V1;2 are vector mesons. In

particular, we consider final states that are self-conjugate,
so that both B0

q and �B0
q can decay to V1V2, generating

indirect (mixing-induced) CP-violating effects.
There are three classes of B0

q decays that can be affected

by �b ! �s NP:
(1) B0

s decays with �b ! �s,
(2) B0

d decays with �b ! �s,
(3) B0

s decays with �b ! �d.

Our analysis is completely general and can be applied to
any of these classes. However, we also focus specifically
on B0

s ! ��. There are two reasons. First, this is a pure
�b ! �s penguin decay, and so there can well be NP con-
tributions to any of the loop-level penguin decay ampli-
tudes.2 Second, the untagged angular distribution of the
decay has already been measured by the CDF [27] and
LHCb [28] Collaborations, and so their results can be (re)
interpreted in the context of �b ! �s NP contributions.

The result of this analysis—and this is the main point of
the paper—is as follows. The parameters of the untagged,

time-integrated angular distribution can be measured ex-
perimentally. Certain observables can be derived from
these parameters. However, in the presence of NP, the
formulas that relate the observables and parameters are
modified compared to their SM forms. There are six terms
(i ¼ 1–6) in the angular distribution, and we correspond-
ingly find six observables for which the relation between
the experimental data and theoretical parameters must be
modified. For i ¼ 1–3 they are the polarization fractions,
for i ¼ 4, 6 they are the CP-violating triple-product asym-
metries, and i ¼ 5 corresponds to a CP-conserving observ-
able. The modifications for the polarization fractions are
particularly striking. Here there are corrections to the SM
formulas that are proportional to the width difference in the
B0
q- �B

0
q system. Now, the width difference �� is sizeable

only for B0
s decays.

3 Thus, the formulas’ modifications due
to NP are important only for class-(1) and class-(3) decays,
which include B0

s ! ��. ��s=2�s � 10%, so that the
modifications lead to Oð10%Þ changes in the derived ob-
servables. These are not large but may be important given
that one is looking for signals of NP.
Another result is that, if the untagged, time-dependent

angular distribution can be measured, 12 observables can
be obtained. If the NP contributes to the �b ! �s decay, there
are fewer than 12 unknown NP parameters. Thus, all of
these parameters can be extracted from the angular distri-
bution. This may allow the identification of the NP.
We begin in Sec. II by presenting the most general

B0
d;s ! V1V2 angular distribution, allowing for NP in the

mixing and/or the decay. We consider the angular distri-
bution for several different scenarios: at t ¼ 0 (Sec. II B 1),
time dependent (Sec. II B 2), untagged time dependent
(Sec. II C), untagged time integrated (Sec. II D). In
Sec. III we examine the untagged time-dependent and
time-integrated distributions for B0

s ! �� within the
SM. The study of B0

s ! �� is extended to the SMþ NP
in Sec. IV. We discuss observables such as the polarization
fractions, CP-violating triple-product asymmetries, and
the CP-conserving interference term, and note the changes
in the formulas used for their extraction necessitated by the
inclusion of �b ! �s NP. We also show that all the unknown
NP parameters in the �b ! �s decay can be determined from
the measurement of the untagged, time-dependent angular
distribution. In Sec. V we present a numerical reanalysis of
the B0

s ! �� data allowing for the possibility of �b ! �sNP
contributions in the decay. We conclude in Sec. VI.

II. B ! V1V2 ANGULAR DISTRIBUTION

A. Generalities

The most general Lorentz-covariant amplitude for the
decay BðpÞ ! V1ðk1; "1Þ þ V2ðk2; "2Þ is given by [31,32]

2B0
s ! �� and B0

s ! J=c� were examined in Ref. [26], but
only NP in B0

s - �B
0
s mixing was considered, not NP in the decay.

3There are many theoretical methods that rely on a sizeable
��s. Two recent examples are given by Refs. [29,30].
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M ¼ a"�1 
 "�2 þ
b

m2
B

ðp 
 "�1Þðp 
 "�2Þ

þ i
c

m2
B

�����p
�q�"

��
1 "��2 ; (3)

where q � k1 � k2. The quantities a, b, and c are complex
and contain in general both CP-conserving strong phases
and CP-violating weak phases. In B ! V1V2 decays, the
final state can have total spin 0, 1, or 2, which correspond
to the V1 and V2 having relative orbital angular momentum
l ¼ 0 (s wave), l ¼ 1 (p wave), or l ¼ 2 (d wave), respec-
tively. The a and b terms correspond to combinations of the
parity-even s- and d-wave amplitudes, while the c term
corresponds to the parity-odd p-wave amplitude.

In order to obtain the angular distribution for B ! V1V2,
one uses the linear polarization basis. Here, one decom-
poses the decay amplitude into components in which the
polarizations of the final-state vector mesons are either
longitudinal (A0), or transverse to their directions of mo-
tion and parallel (Ak) or perpendicular (A?) to one another.
The transversity amplitudes Ah (h ¼ 0, k , ? ) are related
to a, b, and c of Eq. (3) via [32]

Ak ¼
ffiffiffi
2

p
a; A0 ¼ �ax�m1m2

m2
B

bðx2 � 1Þ;

A? ¼ 2
ffiffiffi
2

p m1m2

m2
B

c
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 � 1

p
; (4)

where x ¼ k1 
 k2=ðm1m2Þ (m1 andm2 are the masses of V1

and V2, respectively).
The amplitude for �BðpÞ ! �V1ðk1; "1Þ þ �V2ðk2; "2Þ can

be obtained by operating on Eq. (3) with CP. This yields

�M ¼ �a"�1 
 "�2 þ
�b

m2
B

ðp 
 "�1Þðp 
 "�2Þ

� i
�c

m2
B

�����p
�q�"

��
1 "��2 ; (5)

in which �a, �b, and �c are equal to a, b, and c, respectively,
except that the weak phases are of opposite sign. The above
equation can be obtained from Eq. (3) by changing a ! �a,
b ! �b, and c ! � �c. Similarly, one defines �A0, �Ak, and �A?,
which are equal to A0, Ak, and A?, respectively, but with
weak phases of opposite sign.

B. B0
d;s ! V1V2

As mentioned in the Introduction, we are interested in
the decays B0

q ! V1V2 (q ¼ d, s), in which both B0
q and �B0

q

can decay to V1V2. Because of B0
q- �B

0
q mixing, the ampli-

tude is time dependent. Assuming that V1;2 both decay into

two pseudoscalars, i.e., V1 ! P1P
0
1, V2 ! P2P

0
2, the an-

gular distribution is given in terms of the vector ~! ¼
ðcos	1; cos	2;�Þ [33,34]:

d4�ðtÞ
dtd ~!

¼ 9

32


X6
i¼1

KiðtÞfið ~!Þ: (6)

Here, 	1 (	2) is the angle between the directions of motion
of the P1 (P2) in the V1 (V2) rest frame and the V1 (V2) in
the B rest frame, and� is the angle between the normals to
the planes defined by P1P

0
1 and P2P

0
2 in the B rest frame.

The angular-dependent terms are given by

f1ð ~!Þ ¼ 4cos2	1cos
2	2;

f2ð ~!Þ ¼ 2sin2	1sin
2	2cos

2�;

f3ð ~!Þ ¼ 2sin2	1sin
2	2sin

2�;

f4ð ~!Þ ¼ �2sin2	1sin
2	2 sin2�;

f5ð ~!Þ ¼ ffiffiffi
2

p
sin2	1 sin2	2 cos�;

f6ð ~!Þ ¼ � ffiffiffi
2

p
sin2	1 sin2	2 sin�:

(7)

1. t ¼ 0

At t ¼ 0, the Ki are

K1¼jA0j2; K2¼jAkj2; K3¼jA?j2;
K4¼ ImðA?A�

kÞ; K5¼ReðAkA�
0Þ; K6¼ ImðA?A�

0Þ:
(8)

The angular distribution for the CP-conjugate decay �B0
q !

V1V2 is the same as that given above with the replacements
Ki ! �Ki and Ah ! �Ah.
The quantities K4 and K6 are particularly interesting.

They are related to the �����p
�q�"��1 "��2 term of Eq. (3),

which is proportional to ~q 
 ð ~"1 � ~"2Þ in the rest frame of
the B. This is the triple product (TP). The TP is odd under
both parity and time reversal and thus constitutes a poten-
tial signal of CP violation. However, here one has to be a
bit careful. As noted above, the Ah possess both weak
(CP-odd) and strong (CP-even) phases. Thus, K4 and/or
K6 can be nonzero even if the weak phases vanish. In order
to obtain a true signal of CP violation, one has to compare
the B and �B decays. Now, �K4 is the same as K4, except that
(i) the weak phases change sign, and (ii) there is an overall
relative minus sign due to the presence of �A?=A?, and
similarly for �K6 and K6. This implies that the true
(CP-violating) TP’s are given by the untagged observables
K4 þ �K4 and K6 þ �K6. There are also fake
(CP-conserving) TP’s, due only to strong phases of the
Ah’s, given by K4 � �K4 and K6 � �K6.

2. Time dependence

In order to calculate the KiðtÞ, one proceeds as follows.
Because of B0

q- �B
0
q mixing, the time evolution of the states

jB0
qðtÞi and j �B0

qðtÞi can be described by the relations [35]

jB0
qðtÞi ¼ gþðtÞjB0

qi þ q

p
g�ðtÞj �B0

qi;

j �B0
qðtÞi ¼ p

q
g�ðtÞjB0

qi þ gþðtÞj �B0
qi;

(9)
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where q=p ¼ e�i�q . Here, �q is the phase of B0
q- �B

0
q mix-

ing. In the SM, we have �d ¼ 2� ¼ ð42:8� 1:6Þ� from
charmonium decays [20]. Also, assuming no NP in the
decay, the LHCb Collaboration measures �s ¼ ð�0:06�
5:77ðstatÞ � 1:54ðsystÞÞ� in B0

s ! J=c� [19]. Although
this agrees with the SM prediction of �s ’ 0, the errors
are still large enough that NP in the decay and/or mixing
cannot be excluded.

In the above, we have

gþðtÞ ¼ 1

2
ðe�ðiMLþ�L=2Þt þ e�ðiMHþ�H=2ÞtÞ;

g�ðtÞ ¼ 1

2
ðe�ðiMLþ�L=2Þt � e�ðiMHþ�H=2ÞtÞ;

(10)

where L and H indicate the light and heavy states, respec-
tively. The average mass and width, and the mass and
width differences of the B-meson eigenstates are defined
by

m ¼ MH þML

2
; � ¼ �L þ �H

2
;

�m ¼ MH �ML; �� ¼ �L � �H:
(11)

�m is positive by definition. For B0
d mesons, �L ’ �H, so

that ��d ¼ 0. However, for B0
s mesons, ��s is reasonably

large: j��sj¼0:116�0:018ðstatÞ�0:006ðsystÞps�1 [19].
In our convention the SM prediction for ��s is positive,
and it has been recently confirmed experimentally that
��s > 0 [36].
The time dependence of the transversity amplitudesAh is

due toB0
q- �B

0
q mixing. For the decay to a final state fwe have

AhðtÞ ¼ hfjB0
qðtÞih ¼ ½gþðtÞAh þ �hq=pg�ðtÞ �Ah	;

�AhðtÞ ¼ hfj �B0
qðtÞih ¼ ½p=qg�ðtÞAh þ �hgþðtÞ �Ah	;

(12)

where Ah ¼ hfjB0
qih, �Ah ¼ hfj �B0

qih, and �0;k ¼ 1, �? ¼
�1. In calculating the KiðtÞ, the following relations are
useful:

jg�ðtÞj2 ¼ 1

2
e��tðcoshð��=2Þt� cos�mtÞ;

g�þðtÞg�ðtÞ ¼
1

2
e��tð� sinhð��=2Þtþ i sin�mtÞ:

(13)

The expressions for the time-dependent functions KiðtÞ
are given by

K1ðtÞ ¼ jA0ðtÞj2 ¼ 1

2
e��t½ðjA0j2 þ j �A0j2Þ coshð��=2Þtþ ðjA0j2 � j �A0j2Þ cos�mt

� 2ReðA�
0
�A0Þðcos�q sinhð��=2Þt� sin�q sin�mtÞ � 2 ImðA�

0
�A0Þðcos�q sin�mtþ sin�q sinhð��=2ÞtÞ	;

K2ðtÞ ¼ jAkðtÞj2 ¼ 1

2
e��t½ðjAkj2 þ j �Akj2Þ coshð��=2Þtþ ðjAkj2 � j �Akj2Þ cos�mt

� 2ReðA�
k �AkÞðcos�q sinhð��=2Þt� sin�q sin�mtÞ � 2 ImðA�

k �AkÞðcos�q sin�mtþ sin�q sinhð��=2ÞtÞ	;

K3ðtÞ ¼ jA?ðtÞj2 ¼ 1

2
e��t½ðjA?j2 þ j �A?j2Þ coshð��=2Þtþ ðjA?j2 � j �A?j2Þ cos�mt

þ 2ReðA�
? �A?Þðcos�q sinhð��=2Þt� sin�q sin�mtÞ þ 2 ImðA�

? �A?Þðcos�q sin�mtþ sin�q sinhð��=2ÞtÞ	;
K4ðtÞ ¼ ImðA?ðtÞA�

kðtÞÞ ¼
1

2
e��t½ðImðA?A�

kÞ � Imð �A? �A�
kÞÞ coshð��=2Þtþ ðImðA?A�

kÞ þ Imð �A? �A�
kÞÞ cos�mt

þ ðImðA? �A�
kÞ � Imð �A?A�

kÞÞð� sinhð��=2Þt cos�q þ sin�mt sin�qÞ þ ðReðA? �A�
kÞ

þ Reð �A?A�
kÞÞð� sinhð��=2Þt sin�q � sin�mt cos�qÞ	;

K5ðtÞ ¼ ReðAkðtÞA�
0ðtÞÞ ¼

1

2
e��t½ðReðAkA�

0Þ þ Reð �Ak �A�
0ÞÞ coshð��=2Þtþ ðReðAkA�

0Þ � Reð �Ak �A�
0ÞÞ cos�mt

þ ðReðAk �A�
0Þ þ Reð �AkA�

0ÞÞð� sinhð��=2Þt cos�q þ sin�mt sin�qÞ þ ðImðAk �A�
0Þ

� Imð �AkA�
0ÞÞðsinhð��=2Þt sin�q þ sin�mt cos�qÞ	;

K6ðtÞ ¼ ImðA?ðtÞA�
0ðtÞÞ ¼

1

2
e��t½ðImðA?A�

0Þ � Imð �A? �A�
0ÞÞ coshð��=2Þtþ ðImðA?A�

0Þ þ Imð �A? �A�
0ÞÞ cos�mt

þ ðImðA? �A�
0Þ � Imð �A?A�

0ÞÞð� sinhð��=2Þt cos�q þ sin�mt sin�qÞ þ ðReðA? �A�
0Þ

þ Reð �A?A�
0ÞÞð� sinhð��=2Þt sin�q � sin�mt cos�qÞ	: (14)
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The expressions for the time-dependent �KiðtÞ’s can be
obtained from the KiðtÞ’s by changing the sign of the weak
phases in both the decay (Ah $ �h

�Ah) and the mixing
(�q ! ��q).

C. Untagged decays

In the previous subsections, we presented the angular
distribution for the case in which the initial decay meson is
tagged, so that one can distinguish the B0

q and �B0
q decays. In

practice, however, tagging is difficult. Thus, as a first step,

experiments will examine the untagged decay, and this is
considered here.
The untagged time-dependent angular distribution is

given by

d4ð�Bq þ �
�BqÞ

dtd ~!
¼ 9

32


X6
i¼1

ðKiðtÞ þ �KiðtÞÞfið ~!Þ; (15)

where the untagged observables can be found using
Eq. (14):

K1ðtÞ þ �K1ðtÞ ¼ e��t½ðjA0j2 þ j �A0j2Þ coshð��=2Þt� 2ðReðA�
0
�A0Þ cos�q þ ImðA�

0
�A0Þ sin�qÞ sinhð��=2Þt	;

K2ðtÞ þ �K2ðtÞ ¼ e��t½ðjAkj2 þ j �Akj2Þ coshð��=2Þt� 2ðReðA�
k �AkÞ cos�q þ ImðA�

k �AkÞ sin�qÞ sinhð��=2Þt	;
K3ðtÞ þ �K3ðtÞ ¼ e��t½ðjA?j2 þ j �A?j2Þ coshð��=2Þtþ 2ðReðA�

? �A?Þ cos�q þ ImðA�
? �A?Þ sin�qÞ sinhð��=2Þt	;

K4ðtÞ þ �K4ðtÞ ¼ e��t½ðImðA?A�
kÞ � Imð �A? �A�

kÞÞ coshð��=2Þt� ððImðA? �A�
kÞ � Imð �A?A�

kÞÞ cos�q

þ ðReðA? �A�
kÞ þ Reð �A?A�

kÞÞ sin�qÞ sinhð��=2Þt	;
K5ðtÞ þ �K5ðtÞ ¼ e��t½ðReðAkA�

0Þ þ Reð �Ak �A�
0ÞÞ coshð��=2Þt� ððReðAk �A�

0Þ þ Reð �AkA�
0ÞÞ cos�q

� ðImðAk �A�
0Þ � Imð �AkA�

0Þ	 sin�qÞ sinhð��=2Þt	;
K6ðtÞ þ �K6ðtÞ ¼ e��t½ðImðA?A�

0Þ � Imð �A? �A�
0ÞÞ coshð��=2Þt� ððImðA? �A�

0Þ � Imð �A?A�
0ÞÞ cos�q

þ ðReðA? �A�
0Þ þ Reð �A?A�

0ÞÞ sin�qÞ sinhð��=2Þt	: (16)

Note that the CP properties of all the terms are respected.
For example, theKiðtÞ þ �KiðtÞ (i ¼ 1, 2, 3, 5) are supposed
to be CP even. But they contain terms proportional to
sin�q, which is CP odd. This is accounted for because,
in all cases, sin�q is multiplied by a term involving the
helicity amplitudes which is also CP odd. Similarly, cos�q

(CP even) is multiplied by a helicity-amplitude term that is
also CP even. The upshot is that the KiðtÞ þ �KiðtÞ (i ¼ 1,
2, 3, 5) are indeed CP even. And it is straightforward to
verify that the KiðtÞ þ �KiðtÞ (i ¼ 4, 6) are CP odd.

The key point here is the following. The individual Ki’s
and �Ki’s [Eq. (14)] depend on four functions of time:
e��t cos�mt, e��t sin�mt, e��t coshð��=2Þt, and
e��t sinhð��=2Þt. However, in the expressions above, the
dependence on the functions e��t cos�mt and e��t sin�mt
cancels, so that the untagged observables depend only on
e��t coshð��=2Þt and e��t sinhð��=2Þt. For B0

d mesons,

�� ¼ 0, so that the untagged observables are equal to
e��t � simple sums of functions of the Ai and �Ai. On
the other hand, since �� � 0 for B0

s mesons, the untagged
observables are now complicated functions of the Ai

and �Ai.
In addition, we have

e��t coshð��=2Þt ¼ 1

2
ðe��Lt þ e��HtÞ;

e��t sinhð��=2Þt ¼ 1

2
ðe��Lt � e��HtÞ:

(17)

If the e��Lt=2 and e��Ht=2 terms can be distinguished
experimentally, which is doable for B0

s decays, the un-
tagged time-dependent angular distribution provides 12
observables, 2 for each KiðtÞ þ �KiðtÞ. Thus, B0

s ! V1V2

decays are particularly interesting.

D. Time-integrated untagged distribution

As noted in the previous subsection, because�� � 0 for
B0
s mesons, B0

s decays can be treated without tagging. The
time-integrated untagged angular distribution can be ob-
tained by integrating the KiðtÞ þ �KiðtÞ observables over
time:

d3h�ðB0
s ! fÞi

d ~!
¼ 9

32


X6
i¼1

hKiifið ~!Þ; (18)

where

h�ðB0
s ! fÞi ¼ 1

2

Z 1

0
dtð�Bs þ �

�BsÞ;

hKii ¼ 1

2

Z 1

0
dtðKiðtÞ þ �KiðtÞÞ:

(19)

One can obtain the hKii’s from Eq. (16):
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hK1i ¼
�Bs

2ð1� y2sÞ
½ðjA0j2 þ j �A0j2Þ � 2ðReðA�

0
�A0Þ cos�s þ ImðA�

0
�A0Þ sin�sÞys	;

hK2i ¼
�Bs

2ð1� y2sÞ
½ðjAkj2 þ j �Akj2Þ � 2ðReðA�

k �AkÞ cos�s þ ImðA�
k �AkÞ sin�sÞys	;

hK3i ¼
�Bs

2ð1� y2sÞ
½ðjA?j2 þ j �A?j2Þ þ 2ðReðA�

? �A?Þ cos�s þ ImðA�
? �A?Þ sin�sÞys	;

hK4i ¼
�Bs

2ð1� y2sÞ
½ðImðA?A�

kÞ � Imð �A? �A�
kÞÞ � ððImðA? �A�

kÞ � Imð �A?A�
kÞÞ cos�s þ ðReðA? �A�

kÞ þ Reð �A?A�
kÞÞ sin�sÞys	;

hK5i ¼
�Bs

2ð1� y2sÞ
½ðReðAkA�

0Þ þ Reð �Ak �A�
0ÞÞ � ððReðAk �A�

0Þ þ Reð �AkA�
0ÞÞ cos�s � ðImðAk �A�

0Þ � Imð �AkA�
0ÞÞ sin�sÞys	;

hK6i ¼
�Bs

2ð1� y2sÞ
½ðImðA?A�

0Þ � Imð �A? �A�
0ÞÞ � ððImðA? �A�

0Þ � Imð �A?A�
0ÞÞ cos�s þ ðReðA? �A�

0Þ þ Reð �A?A�
0ÞÞ sin�sÞys	;

(20)

where ys � ��s=2�s.
At this stage, one clearly sees the effect of a nonzero

��s (or ys). For B
0
d decays,��d ¼ 0, so there are no terms

proportional to yd � ��d=2�d in the hKii. Indeed, the hKii
take the same form as the ðKiðtÞ þ �KiðtÞÞjt¼0 [Eq. (8)].
However, this does not hold for B0

s decays. Because of
the nonzero ys, the hKii, which are time-integrated quan-
tities, take a different form than they did at t ¼ 0. And this
means that, if general �b ! �s NP is considered, the formu-
las relating certain observables to the hKiimust necessarily
include terms proportional to ys. As we will see, this holds
specifically for the polarization fractions, CP-violating
triple-product asymmetries, and the CP-conserving inter-
ference term.

E. Effective lifetime

In general, the expressions for KiðtÞ þ �KiðtÞ [Eq. (16)]
and hKii [Eq. (20)] have the form

KiðtÞ þ �KiðtÞ ¼ 2e��t½Ach
i coshð��=2Þt

þAsh
i sinhð��=2Þt	;

hKii ¼
�Bs

ð1� y2sÞ
½Ach

i þAsh
i ys	; (21)

where the experimental observables (dependent on the Ki)
are on the left-hand side, and the theoretical expressions
(dependent on Ach

i and Ash
i ) are on the right-hand side.

(We have implicitly assumed that�� � 0, which implies a
B0
s decay.)Ach

i andAsh
i can be related to the experimental

observables via the effective lifetime [29]:

�eff;iBs
¼

R1
0 tðKiðtÞ þ �KiðtÞÞdtR1
0 ðKiðtÞ þ �KiðtÞÞdt

¼ �Bs

ð1� y2sÞ
ð1þ 2Ai

��ys þ y2sÞ
ð1þAi

��ysÞ
;

(22)

where Ai
�� � Ash

i =A
ch
i .

Using Eqs. (21) and (22), one can relate the Ach
i to the

hKii:

Ach
i ¼ hKii

�Bs

0
@2� �eff;iBs

�Bs

ð1� y2sÞ
1
A: (23)

The Ash
i can be obtained from Ai

��.

III. B0
s ! ��� SM

The results of the previous section are completely gen-
eral. In this section we focus on the angular distribution of
the pure �b ! �s penguin decay B0

s ! �� within the SM.
In the SM, the amplitude for B0

s ! �� can be written

AðB0
s ! ��Þ ¼ �ðsÞ

t P0
t þ �ðsÞ

c P0
c þ �ðsÞ

u P0
u

¼ �ðsÞ
t P0

tc þ �ðsÞ
u P0

uc;
(24)

where �ðsÞ
q � V�

qbVqs. (As this is a �b ! �s transition, the

diagrams are written with primes.) In the second line, we
have used the unitarity of the Cabibbo-Kobayashi-

Maskawa matrix [�ðsÞ
u þ �ðsÞ

c þ �ðsÞ
t ¼ 0] to eliminate the

c-quark contribution: P0
tc � P0

t � P0
c, P

0
uc � P0

u � P0
c.

Now, j�ðsÞ
t j and j�ðsÞ

u j are Oð�2Þ and Oð�4Þ, respectively,
where � ¼ 0:23 is the sine of the Cabibbo angle. This

suggests that the �ðsÞ
u P0

uc term can be neglected compared

to �ðsÞ
t P0

tc. However, if one does this, one must be consis-

tent and neglect all Oð�4Þ terms. In particular, Imð�ðsÞ
t Þ is

Oð�4Þ, and so it too can be neglected. But since 2�s ¼
� argððq=pÞð �A=AÞÞ, one also has �s ¼ 0 because

ðq=pÞ ¼ ð �A=AÞ ¼ 1 in the limit where �ðsÞ
t is real.

Thus, in the approximation of neglecting all quantities of
Oð�4Þ, there are no nonzero weak phases in B0

s ! ��,
either in the mixing or in the decay.

A. Untagged distribution

In the approximation of neglecting all weak phases in
B0
s ! ��, the untagged observables [Eq. (16)] are
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ðK1ðtÞ þ �K1ðtÞÞSM ¼ e��t½2jA0j2ðcoshð��=2Þt
� sinhð��=2ÞtÞ	;

ðK2ðtÞ þ �K2ðtÞÞSM ¼ e��t½2jAkj2ðcoshð��=2Þt
� sinhð��=2ÞtÞ	;

ðK3ðtÞ þ �K3ðtÞÞSM ¼ e��t½2jA?j2ðcoshð��=2Þt
þ sinhð��=2ÞtÞ	;

ðK4ðtÞ þ �K4ðtÞÞSM ¼ 0;

ðK5ðtÞ þ �K5ðtÞÞSM ¼ e��t½2ReðAkA�
0Þðcoshð��=2Þt

� sinhð��=2ÞtÞ	;
ðK6ðtÞ þ �K6ðtÞÞSM ¼ 0: (25)

We haveAsh
i ¼ �Ach

i [Eq. (21)], where the minus sign is
for i ¼ 1, 2, 5, the plus sign for i ¼ 3, and both quantities
vanish when i ¼ 4, 6. The effective lifetimes are then
predicted to be

�eff;iBs;SM
¼ �Bs

ð1þ ysÞ ; i ¼ 1; 2; 5;

�eff;iBs;SM
¼ �Bs

ð1� ysÞ ; i ¼ 3:
(26)

If the measurement of an effective lifetime differs from the
SM prediction, this will be a sign for NP [29].

The SM untagged time-dependent angular distribution
for B0

s ! �� takes the form

d4ð�Bs þ �
�BsÞ

dtd ~!
¼ 9

32

½F Lðq2; ~!ÞKLðtÞ

þF Hðq2; ~!ÞKHðtÞ	; (27)

where the angular and time-dependent terms are

F Lð ~!Þ ¼ ½jA0j2f1ð ~!Þ þ jAkj2f2ð ~!Þ
þ jA0jjAkj cosðk � 0Þf5ð ~!Þ	;

FHð ~!Þ ¼ jA?j2;
KLðtÞ ¼ 2e��Lt ¼ 2e��tðcoshð��=2Þt� sinhð��=2ÞtÞ;
KHðtÞ ¼ 2e��Ht ¼ 2e��tðcoshð��=2Þtþ sinhð��=2ÞtÞ;

(28)

in which ðk � 0Þ ¼ argðAkA�
0Þ.

Thus, if the e��Lt=2 and e��Ht=2 terms in the time-
dependent angular distribution [see Eq. (17)] can be dis-
tinguished experimentally, the jAhj and cosðk � 0Þ can
be measured. However, as we will see in the next subsec-
tion, these observables can be obtained from time-
integrated measurements.

B. Untagged time-integrated distribution

In the SM, the observables in the time-integrated un-
tagged distribution are

hK1i ¼
�Bs

1þ ys
jA0j2; hK2i ¼

�Bs

1þ ys
jAkj2;

hK3i ¼
�Bs

1� ys
jA?j2; hK4i ¼ 0;

hK5i ¼
�Bs

1þ ys
jA0jjAkj cosðk � 0Þ; hK6i ¼ 0: (29)

We have ys ¼ 0:088 � 0:014 and ��1
Bs

¼ ð0:6580 �
0:0085Þ ps�1 [19,29]. With this knowledge, the jAhj and
cosðk � 0Þ can be extracted from the above measure-

ments. This is what CDF and LHCb have presented
[27,28].

C. Polarization fractions

With no weak phases in the decay, we have Ah ¼ �Ah,
and the jAhj2 can be measured in the untagged time-
integrated distribution [Eq. (29)]. The polarization frac-
tions are given by

f0¼ jA0j2
jA0j2þjAkj2þjA?j2

; fk ¼ jAkj2
jA0j2þjAkj2þjA?j2

;

f?¼ jA?j2
jA0j2þjAkj2þjA?j2

; (30)

with total polarization ftot ¼ f0 þ fk þ f? ¼ 1.
Now, in the presence of NP the distribution changes, and

so the experimental measurements have to be reinterpreted.
We address this issue in the next section.

IV. B0
s ! ��� SMþNP

In this section, we consider NP contributions to
B0
s ! ��, in the mixing and/or in the decay.

A. Polarization fractions

The polarization fractions can be written as

f0 ¼ jA0j2 þ j �A0j2
jA0j2 þ j �A0j2 þ jAkj2 þ j �Akj2 þ jA?j2 þ j �A?j2

¼ Ach
1P

i¼1;2;3 A
ch
i

;

fk ¼ jAkj2 þ j �Akj2
jA0j2 þ j �A0j2 þ jAkj2 þ j �Akj2 þ jA?j2 þ j �A?j2

¼ Ach
2P

i¼1;2;3 A
ch
i

;

f? ¼ jA?j2 þ j �A?j2
jA0j2 þ j �A0j2 þ jAkj2 þ j �Akj2 þ jA?j2 þ j �A?j2

¼ Ach
3P

i¼1;2;3 A
ch
i

: (31)

In the above, the fh are written in terms of the jAhj2
and j �Ahj2. However, as noted above, what is measured
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experimentally in the time-integrated untagged distribution
are the hKii. It is therefore necessary to express the fh in
terms of the hKii. This is done as follows. Using Eq. (23),
one can write

A ch
i ¼ hKii

�Bs

ð1þ �iysÞYi; i ¼ 1; 2; 3; (32)

where the quantity Yi is related to �eff;iBs
or Ai

��:

Yi ¼ 1

ð1þ �iysÞ

0
@2� �eff;iBs

�Bs

ð1� y2sÞ
1
A ¼ ð1� �iysÞ

ð1þAi
��ysÞ

;

(33)

with �1;2 ¼ 1, and �3 ¼ �1. From Eq. (20) we have

Ai
�� ¼ Ash

i =A
ch
i ¼

8>>><
>>>:

�2ðReðA�
0
�A0Þ cos�s þ ImðA�

0
�A0Þ sin�sÞ=ðjA0j2 þ j �A0j2Þ; i ¼ 1;

�2ðReðA�
k �AkÞ cos�s þ ImðA�

k �AkÞ sin�sÞ=ðjAkj2 þ j �Akj2Þ; i ¼ 2;

2ðReðA�
? �A?Þ cos�s þ ImðA�

? �A?Þ sin�sÞ=ðjA?j2 þ j �A?j2Þ; i ¼ 3:

(34)

In the SM, the weak phases of the Ah vanish and�s ¼ 0, so
that Ai

�� ¼ �1 (the minus sign is for i ¼ 1, 2, and the
plus sign is for i ¼ 3). This implies that Y1;2;3 ¼ 1, so that
the polarization fractions are

fSM0 ¼ hK1ið1þ ysÞ
hK1ið1þ ysÞþ hK2ið1þ ysÞþ hK3ið1� ysÞ ;

fSMk ¼ hK2ið1þ ysÞ
hK1ið1þ ysÞþ hK2ið1þ ysÞþ hK3ið1� ysÞ ;

fSM? ¼ hK3ið1� ysÞ
hK1ið1þ ysÞþ hK2ið1þ ysÞþ hK3ið1� ysÞ :

(35)

Note that these are consistent with Eq. (29). However, if
there is NP in the mixing and/or the decay, we have
Y1;2;3 � 1, so that the polarization fractions take the form

f0 ¼ hK1ið1þ ysÞY1

hK1ið1þ ysÞY1 þhK2ið1þ ysÞY2 þhK3ið1� ysÞY3

;

fk ¼ hK2ið1þ ysÞY2

hK1ið1þ ysÞY1 þhK2ið1þ ysÞY2 þhK3ið1� ysÞY3

;

f? ¼ hK3ið1� ysÞY3

hK1ið1þ ysÞY1 þhK2ið1þ ysÞY2 þhK3ið1� ysÞY3

:

(36)

The fh are expressed completely in terms of measured
quantities. The hKii’s are obtained from the untagged
angular distribution, and one can calculate the Yi using
the measured effective lifetimes. If the effective lifetimes
have not been measured, then Ai

�� can be varied within a
certain range to get a range for the Yi.

Thus, to obtain the correct polarization fractions in the
presence of NP, Eq. (36), which includes factors of Yi, must
be used. This is one of the main points of the paper.
However, experiments have used Eq. (35), so they have
effectively excluded NP. If this possibility is allowed, the
analysis must be redone and we discuss this in Sec. V.

The difference between Eqs. (35) and (36) is related to
the difference Yi � 1. One can see from Eq. (33) that
Yi � 1 ! 0 in the limit that ys ! 0. This indicates that
fh � fSMh ¼ OðysÞ. Since ys ¼ 0:088� 0:014, this corre-

sponds to a correction to the polarization fractions of
Oð10%Þ. This is not large, but it may be important given
that the measurements hope to identify the presence of NP.

B. Other observables

In Sec. II B, we noted that the angular distribution of the
decay B0

q ! V1V2 (q ¼ d, s) is proportional toP
6
i¼1 KiðtÞfið ~!Þ, where ~! ¼ ðcos	1; cos	2;�Þ [Eq. (6)].

In the previous subsection, we discussed polarization frac-
tions, observables that are dependent on hKii, i ¼ 1, 2, 3.
We now turn to i ¼ 4, 6.
In the present case, K4 and K6 are related to the triple

products in B0
s ! ��. The expressions for the untagged

observables in B0
d;s ! V1V2 are given in Eq. (16). For

convenience, KiðtÞ þ �KiðtÞ (i ¼ 4, 6) are repeated below:

K4ðtÞþ �K4ðtÞ¼e��st½ðImðA?A�
kÞ� Imð �A? �A�

kÞÞ
�coshð��s=2Þt�ððImðA? �A�

kÞ
� Imð �A?A�

kÞÞcos�sþðReðA? �A�
kÞ

þReð �A?A�
kÞÞsin�sÞsinhð��s=2Þt	;

K6ðtÞþ �K6ðtÞ¼e��st½ðImðA?A�
0Þ� Imð �A? �A�

0ÞÞ
�coshð��s=2Þt�ððImðA? �A�

0Þ
� Imð �A?A�

0ÞÞcos�sþðReðA? �A�
0Þ

þReð �A?A�
0ÞÞsin�sÞsinhð��s=2Þt	: (37)

Now, as discussed earlier, in the SM the weak phases in
B0
s ! ��, both in the mixing and in the decay, are all

approximately zero, so that K4ðtÞ þ �K4ðtÞ and K6ðtÞ þ
�K6ðtÞ vanish. Thus, if one finds evidence for a nonzero
TP, this is a clear sign of NP.
Suppose first that there is NP, with a nonzero weak

phase, only in the mixing. In this case, the first two terms
in each of KiðtÞ þ �KiðtÞ (i ¼ 4, 6) are zero, but the third is
nonzero. This is a particularly interesting situation, as it
corresponds to a TP generated through mixing. It arises
only because ��s is nonzero; mixing-induced TP’s cannot
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be produced in B0
d decays. And, although ��s � 0, it is

still not large, so that the associated TP is also rather small.
The second possibility is that there is NP, with a nonzero

weak phase, only in the decay. In this case, the first two
terms in each of KiðtÞ þ �KiðtÞ (i ¼ 4, 6), proportional to
coshð��s=2Þt and cos�s ¼ 1, are nonzero, but the third is
zero. And of course one can have NP in both the mixing
and the decay. If a TP is seen, its source can be determined
through its time dependence.

Both KiðtÞ þ �KiðtÞ (i ¼ 4, 6) are CP violating, so they
correspond to true TP’s. They can be nonzero only if there
are two interfering amplitudes with a relative weak phase.
If there is NP in the mixing, the amplitudes are
AðB0

s ! ��Þ and AðB0
s ! �B0

s ! ��Þ; if there is NP in
the decay, the amplitudes are AðB0

s ! ��ÞSM and AðB0
s !

��ÞNP. In addition, in order to produce a TP, the two
interfering amplitudes must be kinematically different
[32]. For the case of NP in the decay, this is satisfied
straightforwardly. But for NP in the mixing, how are
B0
s ! �� and B0

s ! �B0
s ! �� kinematically different?

The point is that mixing-induced TP’s are generated due
to a nonzero ��s. That is, although B

0
s ! �� is a penguin

decay, �B0
s ! �� occurs via a mechanism that contributes

to ��s. For example, one possibility is the B0
s ! �B0

s tran-
sition via the intermediate statesD�þ

s D��
s [37], with the �B0

s

decaying to ��. The B0
s and �B0

s decays are clearly kine-
matically different.

We now turn to the measurement of TP’s. Here we focus
on the time-integrated untagged observables, hKii. We
have hKii / Ach

i þAsh
i ys [Eq. (21)]. Specifically, the

hK4;6i are given in Eq. (20):

hK4i ¼
�Bs

2ð1� y2sÞ
½ðImðA?A�

kÞ � Imð �A? �A�
kÞÞ

� ððImðA? �A�
kÞ � Imð �A?A�

kÞÞ cos�s

þ ðReðA? �A�
kÞ þ Reð �A?A�

kÞÞ sin�sÞys	;
hK6i ¼

�Bs

2ð1� y2sÞ
½ðImðA?A�

0Þ � Imð �A? �A�
0ÞÞ

� ððImðA? �A�
0Þ � Imð �A?A�

0ÞÞ cos�s

þ ðReðA? �A�
0Þ þ Reð �A?A�

0ÞÞ sin�sÞys	:

(38)

The TP’s in the untagged distribution can be measured by
constructing asymmetries involving the angular variables.
We start by integrating Eq. (18) over 	1 and 	2 to obtain the
differential rate:

dh�ðB0
q!V1V2Þi
d�

¼ 1

2

½hK1iþ2hK2icos2�

þ2hK3isin2��2hK4isin2�	: (39)

Note that the time-integrated untagged decay rate can be
obtained by integrating out the azimuthal angle �:

h�ðB0
q ! V1V2Þi ¼ ½hK1i þ hK2i þ hK3i	: (40)

Following Ref. [26] we can define asymmetries to mea-
sure the TP’s. We begin with i ¼ 4, for which f4ð ~!Þ ¼
�2sin2	1sin

2	2 sin2�. We define u � sin2�. The TP
asymmetry between the number of decays involving posi-
tive and negative values of u is given by [26,32]

Au¼1

2

�h�ðB0
s!��Þ;u>0i�h�ðB0

s!��Þ;u<0i
h�ðB0

s!��Þ;u>0iþh�ðB0
s!��Þ;u<0i

�

¼� 2



½Að2Þ

T 	exp;

½Að2Þ
T 	exp¼ hK4i

h�ðB0
s!��Þi: (41)

As noted above, if Au � 0 is found, this would clearly
indicate NP. However, we would like to know the relation

between ½Að2Þ
T 	exp and the theoretical expression for the TP

in Eq. (40). The measured TP ½Að2Þ
T 	exp is related to

½Að2Þ
T 	theo via

½Að2Þ
T 	exp ¼ ½Að2Þ

T 	theo
�Bs

h�ðB0
s !��Þi

ð1þAð4Þ
��ysÞ

ð1� y2sÞ
; (42)

where Að4Þ
�� ¼ Ash

4 =A
ch
4 and

½Að2Þ
T 	theo ¼ Ach

4 ¼ 1

2
ðImðA?A�

kÞ � Imð �A? �A�
kÞÞ (43)

If we define the dimensionless theoretical TP as

TP 2 � ½Að2Þ
T 	theo

�Bs

h�ðB0
s ! ��Þi ; (44)

Eq. (42) details the corrections to the naive relation

½Að2Þ
T 	exp ¼ TP 2 due to a nonzero (NP) Ash

4 . (In the

SM, ½Að2Þ
T 	theo ¼ 0, so the relation is trivial.)

For i ¼ 6 we have f6ð ~!Þ ¼ � ffiffiffi
2

p
sin2	1 sin2	2 sin�.

We define v � signðcos	1 cos	2Þ sin�, which has the fol-
lowing associated TP asymmetry [26]:

Av¼1

2

�h�ðB0
s!��Þ;v>0i�h�ðB0

s!��Þ;v<0i
h�ðB0

s!��Þ;v>0iþh�ðB0
s!��Þ;v<0i

�

¼�
ffiffiffi
2

p



½Að1Þ
T 	exp;

½Að1Þ
T 	exp¼ hK6i

h�ðB0
s!��Þi: (45)

Then

½Að1Þ
T 	exp ¼ ½Að1Þ

T 	theo
�Bs

h�ðB0
s !��Þi

ð1þAð6Þ
��ysÞ

ð1� y2sÞ
; (46)

where Að6Þ
�� ¼ Ash

6 =A
ch
6 and

½Að1Þ
T 	theo ¼ Ach

6 ¼ 1

2
ðImðA?A�

0Þ � Imð �A? �A�
0ÞÞ: (47)

We can again define the dimensionless theoretical TP as
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TP 1 � ½Að1Þ
T 	theo

�Bs

h�ðB0
s ! ��Þi : (48)

Equation (46) gives the corrections to the naive relation

½Að1Þ
T 	exp ¼ TP 1.

Finally, we turn to i ¼ 5, which corresponds to a
CP-conserving observable. From Eq. (20),

hK5i ¼
�Bs

2ð1� y2sÞ
½ðReðAkA�

0Þ þ Reð �Ak �A�
0ÞÞ

� ððReðAk �A�
0Þ þ Reð �AkA�

0ÞÞ cos�s

� ðImðAk �A�
0Þ � Imð �AkA�

0ÞÞ sin�sÞys	: (49)

We have f5ð ~!Þ ¼ ffiffiffi
2

p
sin2	1 sin2	2 cos�, so we define

w � signðcos	1 cos	2Þ cos�. The associated asymmetry is

Aw¼1

2

�h�ðB0
s !��Þ;w>0i�h�ðB0

s !��Þ;w<0i
h�ðB0

s !��Þ;w>0iþh�ðB0
s !��Þ;w<0i

�

¼
ffiffiffi
2

p



½Að5Þ	exp;
½Að5Þ	exp¼hK5i=h�ðB0

s !��Þi: (50)

We have

½Að5Þ	exp ¼ ½Að5Þ	theo
�Bs

h�ðB0
s ! ��Þi

ð1þ Að5Þ
��ysÞ

ð1� y2sÞ

¼ ½Að5Þ	theo
�Bs

h�ðB0
s ! ��Þi

0
@2� �eff;5Bs

�Bs

ð1� y2sÞ
1
A;

(51)

where Að5Þ
�� ¼ Ash

5 =A
ch
5 , the effective lifetime �eff;5Bs

is

defined in Eq. (22), and

½Að5Þ	theo ¼ Ach
5 ¼ 1

2
ðReðAkA�

0Þ þ Reð �Ak �A�
0ÞÞ: (52)

C. NP parameters

Twelve observables can be measured from the time-
dependent untagged angular distribution (Sec. II C). With
these, one can identify if NP is present in the mixing and/or
the decay. However, we will also want to identify its
properties. To be specific, if there is NP in the decay
amplitude, it will be important to measure the various NP
parameters. With this in mind, the question is, how many
theoretical unknowns are there in the most general SMþ
NPB0

s ! �� amplitude? If there are fewer than 12, then
we can extract all the unknowns.

In writing the SMþ NPB0
s ! �� amplitude, we have

the following points:
(i) The SM weak phases are ’ 0.
(ii) Assuming that the NP amplitudes satisfy jANP

h j<
jASM

h j, the NP strong phases are negligible [38].

This means that if there are many NP amplitudes,

they can all be combined into a single term with an
effective magnitude and weak phase.

(iii) In the heavy-quark limit, we haveASM
? ¼ �ASM

k
[39].

Taking these points into account, the most general SMþ
NPB0

s ! �� helicity amplitude can then be written

A h ¼ jASM
h jeiSM

h þ jANP
h jei�h : (53)

There are a total of 11 unknown theoretical parameters—5
magnitudes (2 SM, 3 NP), 2 SM strong phases, 3 NP weak
phases, and the mixing phase�s. In principle, these can all
be extracted from the 12 observables.
However, note that Eq. (53) includes a different NP

weak phase �h for each helicity amplitude. But in many
NP models the weak phases are helicity independent. In
this case there is only one NP weak phase �, and the
number of theoretical unknowns is reduced to 9. This is a
model-dependent result, but it is still very general.
Finally, if the NP is purely left handed or right handed,

then ANP
? ¼ �ANP

k [40], which further reduces the num-

ber of theoretical unknowns by 1.
In all cases, assuming the time-dependent untagged

angular distribution can be measured, there are more ob-
servables than unknowns, and so we will be able to extract
all the NP parameters in the decay. In this way, we may be
able to identify the type of NP that is present.

V. NUMERICAL ANALYSIS

Recently, the CDF and LHCb Collaborations have re-
ported measurements for the polarization amplitudes, the
strong-phase difference between Ak and A0, and the triple-

product asymmetries in B0
s ! ��. The LHCb results [28]

are summarized in Table I. The values are in good agree-
ment with those reported by the CDF Collaboration [27].
The experiments have measured the hKii and con-

structed the polarization fractions assuming the SM. As
discussed previously, if one allows for the possibility of NP
in �b ! �s transitions, this analysis must be modified. This is
done below.
We denote the measured value of ys as ys0. From

Eq. (29) we have

hK1i ¼
�Bs

1þ ys
jA0j2 ¼

�Bs

1þ ys0
jA0j2ys¼ys0 ;

hK2i ¼
�Bs

1þ ys
jAkj2 ¼

�Bs

1þ ys0
jAkj2ys¼ys0 ;

hK3i ¼
�Bs

1� ys
jA?j2 ¼

�Bs

1� ys0
jA?j2ys¼ys0 :

(54)

The experimental measurements in Table I are then
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jA0j2exp ¼
jA0j2ys¼ys0

jA0j2ys¼ys0 þ jAkj2ys¼ys0 þ jA?j2ys¼ys0

;

jAkj2exp ¼
jAkj2ys¼ys0

jA0j2ys¼ys0 þ jAkj2ys¼ys0 þ jA?j2ys¼ys0

;

jA?j2exp ¼
jA?j2ys¼ys0

jA0j2ys¼ys0 þ jAkj2ys¼ys0 þ jA?j2ys¼ys0

:

(55)

One can now calculate the polarization fractions in the SM
as a function of ys. Inputting the expressions for the hKii
from Eq. (54) into Eq. (35), and using Eq. (55), we obtain

fSM0 ¼ jA0j2exp 1þys
1þys0

jA0j2exp 1þys
1þys0

þ jAkj2exp 1þys
1þys0

þ jA?j2exp 1�ys
1�ys0

;

fSMk ¼ jAkj2exp 1þys
1þys0

jA0j2exp 1þys
1þys0

þ jAkj2exp 1þys
1þys0

þ jA?j2exp 1�ys
1�ys0

;

fSM? ¼ jA?j2exp 1�ys
1�ys0

jA0j2exp 1þys
1þys0

þ jAkj2exp 1þys
1þys0

þ jA?j2exp 1�ys
1�ys0

:

(56)

Hence the jAij2exp in Table I are just the fSMi defined in

Eq. (56) with ys ¼ ys0.
The true polarization fractions can then be obtained by

inputting the expressions for the hKii from Eq. (54) into
Eq. (36), and using Eq. (55):

f0 ¼
jA0j2exp 1þys

1þys0
Y1

jA0j2exp 1þys
1þys0

Y1 þ jAkj2exp 1þys
1þys0

Y2 þ jA?j2exp 1�ys
1�ys0

Y3

;

fk ¼
jAkj2exp 1þys

1þys0
Y2

jA0j2exp 1þys
1þys0

Y1 þ jAkj2exp 1þys
1þys0

Y2 þ jA?j2exp 1�ys
1�ys0

Y3

;

f? ¼ jA?j2exp 1�ys
1�ys0

Y3

jA0j2exp 1þys
1þys0

Y1 þ jAkj2exp 1þys
1þys0

Y2 þ jA?j2exp 1�ys
1�ys0

Y3

:

(57)

In Fig. 1 we plot the dependence of the polarization frac-
tions f0, fk, and f? as a function of ys. This figure is read
as follows. In all plots the horizontal region represents the
experimental result, in which ½jAj2

h¼0;k;?	exp is allowed to

vary by �1� (see Table I). Also, the vertical bands corre-
spond to ys, with �1� (green) or �3� (yellow) errors. In
the SM we have Yi ¼ 1, corresponding to (A1

�� ¼ �1,
A2
�� ¼ �1, A3

�� ¼ 1) [Eq. (34)]. In order to illustrate the

effect of NP, we take (A1
�� ¼ 1, A2

�� ¼ �1, A3
�� ¼ �1)

(red line) or (A1
�� ¼ �1, A2

�� ¼ 1, A2
�� ¼ 1) (blue line).

For these values of Ai
��, we have Yi � 1. Consider first f0.

In the SM the experimental measurement implies 0:33 �
f0 � 0:40. However, with NP, the value of f0 can lie out-
side this range—for example, on the red line it can be as
small as 0.29. The behavior is similar for fk and f?. This
shows explicitly that, in the presence of NP, the B0

s ! ��
polarization fractions can be changed from their SM values
by Oð10%Þ for the current value of ys.
The relation between Au and ½Að2Þ

T 	theo is given in

Eqs. (41) and (42); that between Av and ½Að1Þ
T 	theo is

given in Eqs. (45) and (46). These can be rewritten as

½Að2Þ
T 	theo

�Bs

h�ðB0
s !��Þi ¼�


2
Au

ð1� y2sÞ
ð1þAð4Þ

��ysÞ
;

½Að1Þ
T 	theo

�Bs

h�ðB0
s !��Þi ¼� 
ffiffiffi

2
p Av

ð1� y2sÞ
ð1þAð6Þ

��ysÞ
:

(58)

TABLE I. Measured polarization amplitudes, strong-phase dif-
ference, and triple-product asymmetries in B0

s ! �� [28]. The
sum of the jAhj2exp terms is constrained to unity.

Observable Measurement

jA0j2exp 0:365� 0:022ðstatÞ � 0:012ðsystÞ
jA?j2exp 0:291� 0:024ðstatÞ � 0:010ðsystÞ
jAkj2exp 0:344� 0:024ðstatÞ � 0:014ðsystÞ
cosðk � 0Þ �0:844� 0:068ðstatÞ � 0:029ðsystÞ
Au �0:055� 0:036ðstatÞ � 0:018ðsystÞ
Av 0:010� 0:036ðstatÞ � 0:018ðsystÞ

FIG. 1 (color online). The dependence of the theoretical polarization fractions f0, fk, and f? on the decay width parameter ys for
different values of A1;2;3

�� . The red line (dashed, pointing down, left to right) corresponds to (A1
�� ¼ 1, A2

�� ¼ �1, A3
�� ¼ �1), while

the blue line (dashed, pointing up, left to right) has (A1
�� ¼ �1, A2

�� ¼ 1, A2
�� ¼ 1). In all plots the experimental result ½jAj2

h¼0;k;?	exp
(horizontal region) is allowed to vary by �1� (see Table I). The vertical bands correspond to ys, with �1� green (inner) or �3�
yellow (outer) errors.
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In Fig. 2 we plot the dependence of the theoretical

TP’s ½Að2Þ
T 	theo�Bs

=h�ðB0
s ! ��Þi and ½Að1Þ

T 	theo�Bs
=

h�ðB0
s ! ��Þi as a function of ys. The dashed black lines

correspond to the central values of Au (left) and Av

(right) with A4ð6Þ
�� ¼ 0. The vertical bands correspond to

ys, with �1� (green) or �3� (yellow) errors. In the red

and blue regions, we take A4ð6Þ
�� ¼ �1, respectively, and

allow Au (left) and Av (right) to vary by �1� (see
Table I). It is clear from these figures that, in the presence
of NP, the values of the theoretical TP’s can differ signifi-
cantly from the measured asymmetries. (This is not sur-
prising since the TP’s vanish in the SM.)

Finally, for i ¼ 5, we have estimated the measured value
of the CP-conserving observable as follows:

½Að5Þ	exp ¼ jA0jexpjAkjexp cosðk � 0Þ
¼ �0:299� 0:030:

(59)

The relation between ½Að5Þ	exp and ½Að5Þ	theo is given by [see
Eq. (51)]

½Að5Þ	theo
�Bs

h�ðB0
s ! ��Þi ¼ ½Að5Þ	exp ð1� y2sÞ

ð1þ Að5Þ
��ysÞ

: (60)

In Fig. 3 we plot the dependence of ½Að5Þ	theo�Bs
=

h�ðB0
s ! ��Þi as a function of ys. As before, the value

of this quantity can differ from Eq. (59) by as much as
Oð10%Þ for the current value of ys.

VI. CONCLUSIONS

The main goal of studying the B system is to find
evidence for physics beyond the standard model. One
possibility is new physics in �b ! �s transitions. At present
its status is uncertain. It seems unlikely that the effect of
such NP can be very large, but a smaller effect is still
possible. In this paper, we consider �b ! �s NP. However,
in contrast to what is usually done, i.e., considering only
NP in B0

s- �B
0
s mixing, here we also allow NP in the decay. In

particular, we examine the effect of such NP on the angular
distribution of B0

q ! V1V2 (q ¼ d, s), where V1;2 are vec-

tor mesons.
Our principal result is the following. The parameters of

the untagged, time-integrated angular distribution can be
measured experimentally, and certain observables can be
derived from these parameters. However, in the presence of
NP, the formulas that relate the parameters to the observ-
ables must be modified from their SM forms. We find six
observables for which the relation between the experimental
data and theoretical parameters must be modified, corre-
sponding to the six terms (i ¼ 1–6) in the angular distribu-
tion. For i ¼ 1–3 they are the polarization fractions, for

FIG. 2 (color online). The dependence of the theoretical TP’s ½Að2Þ
T 	theo�Bs

=h�ðB0
s ! ��Þi (left) and ½Að1Þ

T 	theo�Bs
=h�ðB0

s ! ��Þi
(right) on ys for different values of A

4ð6Þ
�� . In the red (wider on left-hand side) and blue (narrower on left-hand side) regions, we take

A4ð6Þ
�� ¼ �1, respectively. Also,Au (left) andAv (right) are allowed to vary by�1� (see Table I). The dashed black lines correspond

to the central values ofAu (left) andAv (right) with A4ð6Þ
�� ¼ 0. The vertical bands correspond to ys, with�1� green (inner) or�3�

yellow (outer) errors.

FIG. 3 (color online). The dependence of ½Að5Þ
T 	theo�Bs

=
h�ðB0

s ! ��Þi on ys for different values of A5
��. In the red

(lower on left-hand side) and blue (upper on left-hand side)
regions, we take A5

�� ¼ �1, respectively. Also, ½Að5Þ	exp is

allowed to vary by �1� [see Eq. (59)]. The dashed black line
corresponds to the central value of ½Að5Þ	exp with A5

�� ¼ 0. The

vertical bands correspond to ys, with �1� green (inner) or �3�
yellow (outer) errors.
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i ¼ 4,6 they are the CP-violating triple-product asymme-
tries, and i ¼ 5 corresponds to a CP-conserving observable.
The modifications for the polarization fractions are most
interesting. These are due in part to the nonzero width
difference in the B0

q- �B
0
q system, and so are important only

for B0
s decays. In particular, there can be important effects

on the pure �b ! �s penguin decay B0
s ! ��.

In light of this, we reanalyze the B0
s ! �� data to see

the effect of these modifications. ��s=2�s � 10%, so that
the modifications of the formulas lead to Oð10%Þ changes
in the polarization fractions. These are not large, but may
be important given that one is looking for signals of NP.

Finally, if the NP contributes to the �b ! �s decay, we
show that the measurement of the untagged time-dependent

angular distribution provides enough information—12 ob-
servables—to extract all the NP parameters.
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