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Why Yukawa sector?

No principle at present.

Lots of parameters: 9 masses, 3 angles, and a phase.
Determined with some precision.
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CKM and B PHYSICS
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CKM行列の構造
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VCKM =




Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb





=




c12c13 s12c13 s13e−iδ13

−s12c23 − c12s23s13eiδ13 c12c23 − s12s23s13eiδ13 s23c13

s12s23 − c12c23s13eiδ13 −c12s23 − s12c23s13eiδ13 c23c13





cij = cos θij , sij = sin θij

PDG parameterization

LCC =
g2√
2
W+

µ ūLγµ VCKM dL + h.c.
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Wolfenstein parametrization

実験: 1� |Vus|� |Vcb|� |Vub|

s12 = λ � 0.22, s23 = λ2A, s13e
−iδ13 = λ3A(ρ− iη)




1− λ2

2 λ λ3A(ρ− iη)
−λ 1− λ2

2 λ2A

λ3A(1− ρ− iη) −λ2A 1



 + O(λ4)
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Lepton Photon 2009 Expt. Status of the CKM Matrix (S.Prell)

CKM Matrix Element Magnitudes
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V ∗
ubVud + V ∗

cbVcd + V ∗
tbVtd = 0

ρ̄ = ρ(1− λ2/2 + · · · )
η̄ = η(1− λ2/2 + · · · )

ρ̄

η̄

0 1
V ∗

cbVcd

V ∗

tbVtdV ∗

ubVud

φ3 φ1

φ2

1

B中間子とUnitarity Triangle
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1

∆mdB → Xulν
B → (ρ,π)lν

B → D∗lν
B → Xclν

B → ππ

B → DK

B → J/ψKS
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             混合
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topの寄与が支配的
M12(Bd) ∝ (VtbV

∗
td)

2

M12(Bs) ∝ (VtbV
∗
ts)

2

B0–B̄0

box diagram
i = u, c, t

W W

j = ū, c̄, t̄
q̄

b

b̄

q
Vib

V ∗
iq

VjbV ∗
jq

B̄0
q B0

q
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質量差
∆mq � 2|M12(Bq)| (q = d, s)
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ξ = 1.23± 0.02± 0.03 lattice QCD

∆md

∆ms
=

����
Vtd

Vts

����
2

ξ2 ξ : SU(3)の破れ

����
Vtd

Vts

���� = 0.209± 0.001± 0.006

∆ms = 17.77± 0.10± 0.07 ps−1
実験値: ∆md = 0.507± 0.004 ps−1
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Mixing probability

probability to observe an initial M0 as M0 or M0 after time t

Pnon−mix(t) = |�M0(t)|M0�|2 = 1
2e

−Γt [cosh(yΓt) + cos(xΓt)]

Pmix(t) = |�M0(t)|M0�|2 = 1
2e

−Γt [cosh(yΓt)− cos(xΓt)]

time integrated mixing rate

RM =
� ∞
0 Pmix(t)dt� ∞

0 Pnon−mix(t)dt
= x2+y2

2+x2−y2

M0 x y RM

K 0 0.946 0.997 0.994

B0
d 0.776 < 0.01 0.23

B0
s 26.1 0.15 0.997

D0 0.01 0.01 10−4

1 out of 104 D0 mesons oscillates before it decays
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CP非対称性
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Γ(B0(t)→ f) ∝ 1 + |λf |2 + (1− |λf |2) cos∆m t

+ 2 Imλf sin∆m t

Γ(B̄0(t)→ f) ∝ 1 + |λf |2 − (1− |λf |2) cos∆m t

− 2 Imλf sin∆m t

λf =
q

p

�f |B̄0�
�f |B0� � M∗

12

|M12|
�f |B̄0�
�f |B0�

Af =
Γ(B̄0(t)→ f)− Γ(B0(t)→ f)
Γ(B̄0(t)→ f) + Γ(B0(t)→ f)

= Sf sin∆m t− Cf cos∆m t
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Cf =
1− |λf |2

1 + |λf |2

Mixing-induced CPV Sf = − 2 Imλf

1 + |λf |2

B0

B̄0

f

Direct CPV

B f
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(CP odd)f = J/ψ KS

SJ/ψKS
= sin 2φ1 CJ/ψKS

= 0

λJ/ψKS
=

M∗
12

|M12| =
V ∗

tbVtd

VtbV ∗
td

= e−2iφ1

実験値
sin 2φ1 = 0.676± 0.020
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Good in 
~10% accuracy

3

3

2

2

dm
K

K

sm & dm

SLubV

 ubV

1
sin 2

(excl. at CL > 0.95)
 < 0

1
sol. w/ cos 2

excluded at CL > 0.95

2

13
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NEW PHYSICS?
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B → τν

W−

ū

b

ν̄

τ

Γ =
G2

F mBm2
τ

8π

�
1− m2

τ

m2
B

�2

f2
B |Vub|2

Exp.
B = (1.64± 0.34)× 10−4

Theory
fB = 190± 13 MeV (HPQCD)

|Vub| = (3.4 ± 0.4)× 10−3

B = (0.80± 0.20)× 10−4
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Charged Higgs in B → τν

22

H
−

ū

b

ν̄

τ

mτ tan β

mb tanβ

Type-II 2HDM  (SUSY)

W−

ū

b

ν̄

τ

+

tanβ

mH±
< 0.11 GeV−1, 0.24 GeV−1 <

tanβ

mH±
< 0.31GeV−1

Negative interference!

B2HDM = BSM

�
1− tan2 β

m2

B

m2

H

�2
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Charged Higgs in B → Dτν 

23

H
−

b

τ
ν̄
c

mτ tan β

mb tanβ

[7]. As for the 1=mQ corrections, we take them from

Ref. [45] and use !" ¼ 0:48 GeV for the mass difference
between a heavy meson and its constituent heavy quark.

Since the MS scheme is employed in the calculation of
the QCD corrections, we should use the same scheme for
the quark masses in Eq. (36). Thus, using the MS masses
!mb;cð!Þ, rm ¼ !mcð!Þ= !mbð!Þ. Note that rm is independent
of the renormalization scale! as it should be. We use rm ¼
0:21 in the following numerical calculations [47].

The analytic formula of #ðwÞ is rather cumbersome and
a detailed discussion on it is beyond the scope of this work.
We only present an approximate expression

#ðwÞ ¼ $0:019þ 0:041ðw$ 1Þ $ 0:015ðw$ 1Þ2; (42)

which is as good as 3% in the physical range of w. In the
following numerical results, we assume &100% error in
the estimation of #ðwÞ, that is, we replace #ðwÞ by a#ðwÞ
and vary the uncertainty factor a from 0 to 2.

B. Decay rate

Although the effect of charged Higgs on the decay rate is
well studied in the literature, we present our numerical
result to summarize the present status. It is convenient to
introduce a normalized decay rate for each value of "#,

R"#
¼ $"#

$‘
; (43)

where $‘ ¼ $$jm#¼0 is the decay rate of !B ! D‘ !$. We
expect that several uncertainties (both theoretical and ex-
perimental) tend to cancel by taking the ratio of the decay
rates. In particular, the uncertainty in jVcbjV1ð1Þ disappears
in the theoretical calculation. The branching-fraction ratio
defined in Eq. (4) is given by R ¼ Rþ þ R$.

In Fig. 1, we show the branching-fraction ratio R as a
function of t%=mH& , the control parameter of the charged
Higgs effect. Hereafter, we take t% to be real and positive.
The dark shaded (magenta) band represents the theoretical
prediction with the uncertainties in &2

1 and a. The present
experimental bounds corresponding to Eq. (4) are also
shown in the figure by the light shaded (light blue) hori-
zontal regions. A few comments are in order:
(1) The SM prediction is RjSM ¼ 0:302& 0:015, which

does not contradict with those in the literature
[18,20].

(2) The present experimental result is consistent with
the SM, but it seems slightly larger than the SM
prediction.

(3) The allowed regions of t%=mH& are given as
t%=mH& < 0:14 GeV$1 and 0:42 GeV$1 <
t%=mH& < 0:50 GeV$1. The latter region, in which
the charged Higgs contribution dominates over the
W boson contribution, is practically excluded if
combined with B$ ! # !$.

C. Polarization

In Fig. 2, the # longitudinal polarization in the q rest
frame is presented as a function of t%=mH& . The width of
the band shows the uncertainty in the theoretical calcula-
tion corresponding to &2

1 and a. The SM prediction turns
out to be PL ¼ 0:325& 0:009. The theoretical uncertainty
is remarkably small and dominated by the a factor. The
expected statistical uncertainty in the super B factory is
'PL ' 0:04 and larger than the uncertainty in the SM
prediction.

D. Relation between R and PL

The decay rate and the # longitudinal polarization are
independent observables in general. However, as men-
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0.2

0.4
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FIG. 1 (color online). The branching-fraction ratio R ¼
Bð !B ! D#$ !$#Þ=Bð !B ! D‘$ !$‘Þ as a function of t%=mH& .
The dark shaded (magenta) band represents the theoretical
prediction, including the uncertainties due to &2

1 and a. The light
shaded (light blue) horizontal regions show the present experi-
mental bounds at 1( and 2(.
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FIG. 2 (color online). The # longitudinal polarization PL as a
function of t%=mH& . The narrow shaded (magenta) band repre-
sents the theoretical prediction with the uncertainties due to &2

1
and a.
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BR and tau pol.
B τ

/B
�

tioned in the last paragraph of Sec. III, they are related in
the case of the charged Higgs because of the specific chiral
structure of its interaction. It is straightforward to find

Rð1" PLÞ ¼ 2R" ¼ 0:204% 0:008; (44)

where R" is determined only by the standard W boson
contribution as seen in Eq. (38). We present this relation in
Fig. 3 as the dark shaded (magenta) band with the error.
The light shaded (light blue) horizontal regions show the
present experimental bounds on R at 1! and 2!. The
present experimental result on R implies 0:15< PL <
0:64. The theoretical predictions on R and PL for several
values of t"=mH% including the SM (t"=mH% ¼ 0) are also
indicated by the (blue) crosses. The leftmost cross is the
turning point regarding the curve as a trajectory parame-
terized by t"=mH% . Incidentally, the two-fold ambiguity in
t"=mH% apparently remains. But, it can be solved combin-
ing with B ! # !$.

Equation (44) provides a crucial test for the charged
Higgs ansatz. If a set of R and PL is found out of the
dark shaded (magenta) band in Fig. 3, it immediately
signifies the existence of new physics other than the
charged Higgs. On the other hand, if one finds it within
the band, but away from the SM prediction, it means that
the new physics contributes to "þ and not to "", and
strongly suggests the charged Higgs.

V. CONCLUSIONS

We have studied the # longitudinal polarization in the q
rest frame in !B ! D# !$. The # polarization is measured
through the distribution of subsequent # decays. The ex-
pected statistical uncertainty at the super B factory is
%PL ' 0:04ð0:08Þ for # ! &$ (# ! ‘ !$$).
Then, we have examined the effects of the charged

Higgs boson to the decay rate and the # polarization in !B !
D# !$. It turns out that the allowed ranges of the charged
Higgs parameter for the present value of the branching
fraction are t"=mH% < 0:14 GeV"1 and 0:42 GeV"1 <
t"=mH% < 0:50 GeV"1, and the uncertainty in the theo-
retical calculation of the # polarizations is notably small.
Furthermore, we have found that the # longitudinal

polarization PL is uniquely related to the branching-
fraction ratio R in the presence of the charged Higgs
effects. This relation reflects the specific feature of the
charged Higgs interaction. The present experimental result
R ¼ 0:40% 0:08 implies 0:15<PL < 0:64. If a deviation
from the SM is found in R, the # longitudinal polarization
will provide us an important information on the new
physics.

ACKNOWLEDGMENTS

The work of M. T. is supported in part by the Grant-in-
Aid for Science Research, Ministry of Education, Culture,
Sports, Science and Technology, Japan, under Grant
No. 20244037.

[1] B. Aubert et al. (BABAR Collaboration), Phys. Rev. D 81,
051101(R) (2010).

[2] I. Adachi et al. (Belle Collaboration), arXiv:0809.3834.
[3] The Heavy Flavor Averaging Group, http://www.slac.

stanford.edu/xorg/hfag/.
[4] W. S. Hou, Phys. Rev. D 48, 2342 (1993).
[5] N. Cabibbo, Phys. Rev. Lett. 10, 531 (1963).
[6] M. Kobayashi and T. Maskawa, Prog. Theor. Phys. 49, 652

(1973).
[7] C. Amsler et al. (Particle Data Group), Phys. Lett. B 667, 1

(2008); See also http://pdg.lbl.gov/.

[8] E. Gámiz et al. (HPQCD Collaboration), Phys. Rev. D 81,
051101(R) (2010).

[9] M. Tanaka, Z. Phys. C 67, 321 (1995).
[10] B. Grzadkowski and W. S. Hou, Phys. Lett. B 283, 427

(1992).
[11] R. Garisto, Phys. Rev. D 51, 1107 (1995).
[12] Y. S. Tsai, Nucl. Phys. B, Proc. Suppl. 55, 293 (1997).
[13] G.-H. Wu, K. Kiers, and J. N. Ng, Phys. Rev. D 56, 5413

(1997).
[14] K. Kiers and A. Soni, Phys. Rev. D 56, 5786 (1997).
[15] T. Miura and M. Tanaka, arXiv:hep-ph/0109244.

0.4 0.2 0.0 0.2 0.4 0.6
0.1

0.2

0.3

0.4

0.5

0.6

0.7

.

FIG. 3 (color online). The relation between the branching-
fraction ratio R and the # longitudinal polarization PL. The
dark shaded (magenta) band represents the relation in Eq. (44)
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Like-Sign Dimuon Charge Asymmetry
pp̄→ bb̄X → µ±µ±X �

Charge asymmetry

tions for !Mq and !"q. With this convention, !"q is
positive in the standard model. A violation of the CP
symmetry is caused by a nonzero value of the phase

!q ! arg
!
"M12

q

"12
q

"
: (A4)

The observable quantities are Mq, "q, !Mq, !"q, and
!q, with

!Mq ¼ 2jM12
q j; !"q ¼ 2j"12

q j cos!q: (A5)

The charge asymmetry aqsl for ‘‘wrong-charge’’ semi-
leptonic B0

q-meson decay induced by oscillations is defined
as

aqsl ¼
"ð #B0

qðtÞ ! "þXÞ " "ðB0
qðtÞ ! ""XÞ

"ð #B0
qðtÞ ! "þXÞ þ "ðB0

qðtÞ ! ""XÞ : (A6)

This quantity is independent of the decay time t, and can be
expressed as

aqsl ¼
j"12

q j
jM12

q j sin!q ¼ !"q

!Mq
tan!q: (A7)

The like-sign dimuon charge asymmetry Ab
sl for semi-

leptonic decays of b hadrons produced in proton-
antiproton (p #p) collisions is defined as

Ab
sl !

Nþþ
b " N""

b

Nþþ
b þ N""

b

; (A8)

where Nþþ
b and N""

b are the numbers of events containing
two b hadrons that decay semileptonically, producing two
positive or two negative muons, respectively, with only the
direct semileptonic decays b ! "X considered in the defi-
nition of Nþþ

b and N""
b . The asymmetry Ab

sl can be ex-
pressed [12] as

Ab
sl ¼

fdZda
d
sl þ fsZsa

s
sl

fdZd þ fsZs
; (A9)

where

Zq !
1

1" y2q
" 1

1þ x2q
; (A10)

yq ! !"q

2"q
; (A11)

xq ! !Mq

"q
; (A12)

with q ¼ d, s. The quantities fd and fs are the production
fractions for #b ! B0

d and #b ! B0
s , respectively. These

fractions have been measured for p #p collisions at the
Tevatron [2]:

fd ¼ 0:323' 0:037; fs ¼ 0:118' 0:015: (A13)

All other parameters in (A9) are also taken from Ref. [2]:

xd ¼ 0:774' 0:008; yd ¼ 0;

xs ¼ 26:2' 0:5; ys ¼ 0:046' 0:027:
(A14)

Substituting these values in Eq. (A9), we obtain

Ab
sl ¼ ð0:506' 0:043Þadsl þ ð0:494' 0:043Þassl: (A15)

Using the values of adsl, a
s
sl from Ref. [1],

adslðSMÞ ¼ ð"4:8þ1:0
"1:2Þ ( 10"4

asslðSMÞ ¼ ð2:1' 0:6Þ ( 10"5;
(A16)

the predicted value of Ab
sl in the standard model is

Ab
slðSMÞ ¼ ð"2:3þ0:5

"0:6Þ ( 10"4: (A17)

The current experimental values of the two semileptonic
asymmetries are adsl ¼ "0:0047' 0:0046 [24] and assl ¼
"0:0017' 0:0091 [25].
It can be concluded from Eq. (A17) that the standard

model predicts a small negative value of Ab
sl with rather

small uncertainty. Any significant deviation of Ab
sl from the

SM prediction on a scale larger than that of the uncertainty
on Ab

sl would be an unambiguous signal of new physics.
The asymmetry Ab

sl is also equivalent to the charge
asymmetry of semileptonic decays of b hadrons to
wrong-charge muons that are induced by oscillations
[12], i.e.,

absl !
"ð #B ! "þXÞ " "ðB ! ""XÞ
"ð #B ! "þXÞ þ "ðB ! ""XÞ ¼ Ab

sl: (A18)

Without initial flavor tagging it is impossible to correctly
select the decays producing a muon of wrong charge from a
sample of semileptonic decays of b quarks. The charge
asymmetry of semileptonic b hadron decays, contrary to
the charge asymmetry of like-sign dimuons, is therefore
reduced by the contribution of decays producing a muon
with ‘‘correct’’ charge, and is consequently less sensitive to
the asymmetry Ab

sl.
New physical phenomena can change the phase and

magnitude of the standard model M12;SM
s to

M12
s ! M12;SM

s )!s ¼ M12;SM
s ) j!sjei!

!
s ; (A19)

where

!s ¼ !SM
s þ!!

s ; !SM
s ¼ 0:0042' 0:0014: (A20)

Other changes expected as a result of new sources of CP
violation [1] are

!Ms ¼ !MSM
s ) j!sj ¼ ð19:30' 6:74Þ ps"1 ) j!sj;

(A21)

!"s ¼ 2j"12
s j cos!s ¼ ð0:096' 0:039Þ ps"1 ) cos!s;

(A22)
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tions for !Mq and !"q. With this convention, !"q is
positive in the standard model. A violation of the CP
symmetry is caused by a nonzero value of the phase

!q ! arg
!
"M12

q

"12
q

"
: (A4)

The observable quantities are Mq, "q, !Mq, !"q, and
!q, with

!Mq ¼ 2jM12
q j; !"q ¼ 2j"12

q j cos!q: (A5)

The charge asymmetry aqsl for ‘‘wrong-charge’’ semi-
leptonic B0

q-meson decay induced by oscillations is defined
as

aqsl ¼
"ð #B0

qðtÞ ! "þXÞ " "ðB0
qðtÞ ! ""XÞ

"ð #B0
qðtÞ ! "þXÞ þ "ðB0

qðtÞ ! ""XÞ : (A6)

This quantity is independent of the decay time t, and can be
expressed as

aqsl ¼
j"12

q j
jM12

q j sin!q ¼ !"q

!Mq
tan!q: (A7)

The like-sign dimuon charge asymmetry Ab
sl for semi-

leptonic decays of b hadrons produced in proton-
antiproton (p #p) collisions is defined as

Ab
sl !

Nþþ
b " N""

b

Nþþ
b þ N""

b

; (A8)

where Nþþ
b and N""

b are the numbers of events containing
two b hadrons that decay semileptonically, producing two
positive or two negative muons, respectively, with only the
direct semileptonic decays b ! "X considered in the defi-
nition of Nþþ

b and N""
b . The asymmetry Ab

sl can be ex-
pressed [12] as

Ab
sl ¼

fdZda
d
sl þ fsZsa

s
sl

fdZd þ fsZs
; (A9)

where

Zq !
1

1" y2q
" 1

1þ x2q
; (A10)

yq ! !"q

2"q
; (A11)

xq ! !Mq

"q
; (A12)

with q ¼ d, s. The quantities fd and fs are the production
fractions for #b ! B0

d and #b ! B0
s , respectively. These

fractions have been measured for p #p collisions at the
Tevatron [2]:

fd ¼ 0:323' 0:037; fs ¼ 0:118' 0:015: (A13)

All other parameters in (A9) are also taken from Ref. [2]:

xd ¼ 0:774' 0:008; yd ¼ 0;

xs ¼ 26:2' 0:5; ys ¼ 0:046' 0:027:
(A14)

Substituting these values in Eq. (A9), we obtain

Ab
sl ¼ ð0:506' 0:043Þadsl þ ð0:494' 0:043Þassl: (A15)

Using the values of adsl, a
s
sl from Ref. [1],

adslðSMÞ ¼ ð"4:8þ1:0
"1:2Þ ( 10"4

asslðSMÞ ¼ ð2:1' 0:6Þ ( 10"5;
(A16)

the predicted value of Ab
sl in the standard model is

Ab
slðSMÞ ¼ ð"2:3þ0:5

"0:6Þ ( 10"4: (A17)

The current experimental values of the two semileptonic
asymmetries are adsl ¼ "0:0047' 0:0046 [24] and assl ¼
"0:0017' 0:0091 [25].
It can be concluded from Eq. (A17) that the standard

model predicts a small negative value of Ab
sl with rather

small uncertainty. Any significant deviation of Ab
sl from the

SM prediction on a scale larger than that of the uncertainty
on Ab

sl would be an unambiguous signal of new physics.
The asymmetry Ab

sl is also equivalent to the charge
asymmetry of semileptonic decays of b hadrons to
wrong-charge muons that are induced by oscillations
[12], i.e.,

absl !
"ð #B ! "þXÞ " "ðB ! ""XÞ
"ð #B ! "þXÞ þ "ðB ! ""XÞ ¼ Ab

sl: (A18)

Without initial flavor tagging it is impossible to correctly
select the decays producing a muon of wrong charge from a
sample of semileptonic decays of b quarks. The charge
asymmetry of semileptonic b hadron decays, contrary to
the charge asymmetry of like-sign dimuons, is therefore
reduced by the contribution of decays producing a muon
with ‘‘correct’’ charge, and is consequently less sensitive to
the asymmetry Ab

sl.
New physical phenomena can change the phase and

magnitude of the standard model M12;SM
s to

M12
s ! M12;SM

s )!s ¼ M12;SM
s ) j!sjei!

!
s ; (A19)

where

!s ¼ !SM
s þ!!

s ; !SM
s ¼ 0:0042' 0:0014: (A20)

Other changes expected as a result of new sources of CP
violation [1] are

!Ms ¼ !MSM
s ) j!sj ¼ ð19:30' 6:74Þ ps"1 ) j!sj;

(A21)

!"s ¼ 2j"12
s j cos!s ¼ ð0:096' 0:039Þ ps"1 ) cos!s;

(A22)
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tions for !Mq and !"q. With this convention, !"q is
positive in the standard model. A violation of the CP
symmetry is caused by a nonzero value of the phase

!q ! arg
!
"M12

q

"12
q

"
: (A4)

The observable quantities are Mq, "q, !Mq, !"q, and
!q, with

!Mq ¼ 2jM12
q j; !"q ¼ 2j"12

q j cos!q: (A5)

The charge asymmetry aqsl for ‘‘wrong-charge’’ semi-
leptonic B0

q-meson decay induced by oscillations is defined
as

aqsl ¼
"ð #B0

qðtÞ ! "þXÞ " "ðB0
qðtÞ ! ""XÞ

"ð #B0
qðtÞ ! "þXÞ þ "ðB0

qðtÞ ! ""XÞ : (A6)

This quantity is independent of the decay time t, and can be
expressed as

aqsl ¼
j"12

q j
jM12

q j sin!q ¼ !"q

!Mq
tan!q: (A7)

The like-sign dimuon charge asymmetry Ab
sl for semi-

leptonic decays of b hadrons produced in proton-
antiproton (p #p) collisions is defined as

Ab
sl !

Nþþ
b " N""

b

Nþþ
b þ N""

b

; (A8)

where Nþþ
b and N""

b are the numbers of events containing
two b hadrons that decay semileptonically, producing two
positive or two negative muons, respectively, with only the
direct semileptonic decays b ! "X considered in the defi-
nition of Nþþ

b and N""
b . The asymmetry Ab

sl can be ex-
pressed [12] as

Ab
sl ¼

fdZda
d
sl þ fsZsa

s
sl

fdZd þ fsZs
; (A9)

where

Zq !
1

1" y2q
" 1

1þ x2q
; (A10)

yq ! !"q

2"q
; (A11)

xq ! !Mq

"q
; (A12)

with q ¼ d, s. The quantities fd and fs are the production
fractions for #b ! B0

d and #b ! B0
s , respectively. These

fractions have been measured for p #p collisions at the
Tevatron [2]:

fd ¼ 0:323' 0:037; fs ¼ 0:118' 0:015: (A13)

All other parameters in (A9) are also taken from Ref. [2]:

xd ¼ 0:774' 0:008; yd ¼ 0;

xs ¼ 26:2' 0:5; ys ¼ 0:046' 0:027:
(A14)

Substituting these values in Eq. (A9), we obtain

Ab
sl ¼ ð0:506' 0:043Þadsl þ ð0:494' 0:043Þassl: (A15)

Using the values of adsl, a
s
sl from Ref. [1],

adslðSMÞ ¼ ð"4:8þ1:0
"1:2Þ ( 10"4

asslðSMÞ ¼ ð2:1' 0:6Þ ( 10"5;
(A16)

the predicted value of Ab
sl in the standard model is

Ab
slðSMÞ ¼ ð"2:3þ0:5

"0:6Þ ( 10"4: (A17)

The current experimental values of the two semileptonic
asymmetries are adsl ¼ "0:0047' 0:0046 [24] and assl ¼
"0:0017' 0:0091 [25].
It can be concluded from Eq. (A17) that the standard

model predicts a small negative value of Ab
sl with rather

small uncertainty. Any significant deviation of Ab
sl from the

SM prediction on a scale larger than that of the uncertainty
on Ab

sl would be an unambiguous signal of new physics.
The asymmetry Ab

sl is also equivalent to the charge
asymmetry of semileptonic decays of b hadrons to
wrong-charge muons that are induced by oscillations
[12], i.e.,

absl !
"ð #B ! "þXÞ " "ðB ! ""XÞ
"ð #B ! "þXÞ þ "ðB ! ""XÞ ¼ Ab

sl: (A18)

Without initial flavor tagging it is impossible to correctly
select the decays producing a muon of wrong charge from a
sample of semileptonic decays of b quarks. The charge
asymmetry of semileptonic b hadron decays, contrary to
the charge asymmetry of like-sign dimuons, is therefore
reduced by the contribution of decays producing a muon
with ‘‘correct’’ charge, and is consequently less sensitive to
the asymmetry Ab

sl.
New physical phenomena can change the phase and

magnitude of the standard model M12;SM
s to

M12
s ! M12;SM

s )!s ¼ M12;SM
s ) j!sjei!

!
s ; (A19)

where

!s ¼ !SM
s þ!!

s ; !SM
s ¼ 0:0042' 0:0014: (A20)

Other changes expected as a result of new sources of CP
violation [1] are

!Ms ¼ !MSM
s ) j!sj ¼ ð19:30' 6:74Þ ps"1 ) j!sj;

(A21)

!"s ¼ 2j"12
s j cos!s ¼ ð0:096' 0:039Þ ps"1 ) cos!s;

(A22)
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Charge asymmetry in wrong-sign decays

aq
sl ≡ Γ(B̄q(t)→ �+X)− Γ(Bq(t)→ �−X)

Γ(B̄q(t)→ �+X) + Γ(Bq(t)→ �−X)

=
∆Γq

∆mq
tanφq

in the SM
φs = 0.0042± 0.0014
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The SM prediction

tions for !Mq and !"q. With this convention, !"q is
positive in the standard model. A violation of the CP
symmetry is caused by a nonzero value of the phase

!q ! arg
!
"M12

q

"12
q

"
: (A4)

The observable quantities are Mq, "q, !Mq, !"q, and
!q, with

!Mq ¼ 2jM12
q j; !"q ¼ 2j"12

q j cos!q: (A5)

The charge asymmetry aqsl for ‘‘wrong-charge’’ semi-
leptonic B0

q-meson decay induced by oscillations is defined
as

aqsl ¼
"ð #B0

qðtÞ ! "þXÞ " "ðB0
qðtÞ ! ""XÞ

"ð #B0
qðtÞ ! "þXÞ þ "ðB0

qðtÞ ! ""XÞ : (A6)

This quantity is independent of the decay time t, and can be
expressed as

aqsl ¼
j"12

q j
jM12

q j sin!q ¼ !"q

!Mq
tan!q: (A7)

The like-sign dimuon charge asymmetry Ab
sl for semi-

leptonic decays of b hadrons produced in proton-
antiproton (p #p) collisions is defined as

Ab
sl !

Nþþ
b " N""

b

Nþþ
b þ N""

b

; (A8)

where Nþþ
b and N""

b are the numbers of events containing
two b hadrons that decay semileptonically, producing two
positive or two negative muons, respectively, with only the
direct semileptonic decays b ! "X considered in the defi-
nition of Nþþ

b and N""
b . The asymmetry Ab

sl can be ex-
pressed [12] as

Ab
sl ¼

fdZda
d
sl þ fsZsa

s
sl

fdZd þ fsZs
; (A9)

where

Zq !
1

1" y2q
" 1

1þ x2q
; (A10)

yq ! !"q

2"q
; (A11)

xq ! !Mq

"q
; (A12)

with q ¼ d, s. The quantities fd and fs are the production
fractions for #b ! B0

d and #b ! B0
s , respectively. These

fractions have been measured for p #p collisions at the
Tevatron [2]:

fd ¼ 0:323' 0:037; fs ¼ 0:118' 0:015: (A13)

All other parameters in (A9) are also taken from Ref. [2]:

xd ¼ 0:774' 0:008; yd ¼ 0;

xs ¼ 26:2' 0:5; ys ¼ 0:046' 0:027:
(A14)

Substituting these values in Eq. (A9), we obtain

Ab
sl ¼ ð0:506' 0:043Þadsl þ ð0:494' 0:043Þassl: (A15)

Using the values of adsl, a
s
sl from Ref. [1],

adslðSMÞ ¼ ð"4:8þ1:0
"1:2Þ ( 10"4

asslðSMÞ ¼ ð2:1' 0:6Þ ( 10"5;
(A16)

the predicted value of Ab
sl in the standard model is

Ab
slðSMÞ ¼ ð"2:3þ0:5

"0:6Þ ( 10"4: (A17)

The current experimental values of the two semileptonic
asymmetries are adsl ¼ "0:0047' 0:0046 [24] and assl ¼
"0:0017' 0:0091 [25].
It can be concluded from Eq. (A17) that the standard

model predicts a small negative value of Ab
sl with rather

small uncertainty. Any significant deviation of Ab
sl from the

SM prediction on a scale larger than that of the uncertainty
on Ab

sl would be an unambiguous signal of new physics.
The asymmetry Ab

sl is also equivalent to the charge
asymmetry of semileptonic decays of b hadrons to
wrong-charge muons that are induced by oscillations
[12], i.e.,

absl !
"ð #B ! "þXÞ " "ðB ! ""XÞ
"ð #B ! "þXÞ þ "ðB ! ""XÞ ¼ Ab

sl: (A18)

Without initial flavor tagging it is impossible to correctly
select the decays producing a muon of wrong charge from a
sample of semileptonic decays of b quarks. The charge
asymmetry of semileptonic b hadron decays, contrary to
the charge asymmetry of like-sign dimuons, is therefore
reduced by the contribution of decays producing a muon
with ‘‘correct’’ charge, and is consequently less sensitive to
the asymmetry Ab

sl.
New physical phenomena can change the phase and

magnitude of the standard model M12;SM
s to

M12
s ! M12;SM

s )!s ¼ M12;SM
s ) j!sjei!

!
s ; (A19)

where

!s ¼ !SM
s þ!!

s ; !SM
s ¼ 0:0042' 0:0014: (A20)

Other changes expected as a result of new sources of CP
violation [1] are

!Ms ¼ !MSM
s ) j!sj ¼ ð19:30' 6:74Þ ps"1 ) j!sj;

(A21)

!"s ¼ 2j"12
s j cos!s ¼ ð0:096' 0:039Þ ps"1 ) cos!s;

(A22)
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tions for !Mq and !"q. With this convention, !"q is
positive in the standard model. A violation of the CP
symmetry is caused by a nonzero value of the phase

!q ! arg
!
"M12

q

"12
q

"
: (A4)

The observable quantities are Mq, "q, !Mq, !"q, and
!q, with

!Mq ¼ 2jM12
q j; !"q ¼ 2j"12

q j cos!q: (A5)

The charge asymmetry aqsl for ‘‘wrong-charge’’ semi-
leptonic B0

q-meson decay induced by oscillations is defined
as

aqsl ¼
"ð #B0

qðtÞ ! "þXÞ " "ðB0
qðtÞ ! ""XÞ

"ð #B0
qðtÞ ! "þXÞ þ "ðB0

qðtÞ ! ""XÞ : (A6)

This quantity is independent of the decay time t, and can be
expressed as

aqsl ¼
j"12

q j
jM12

q j sin!q ¼ !"q

!Mq
tan!q: (A7)

The like-sign dimuon charge asymmetry Ab
sl for semi-

leptonic decays of b hadrons produced in proton-
antiproton (p #p) collisions is defined as

Ab
sl !

Nþþ
b " N""

b

Nþþ
b þ N""

b

; (A8)

where Nþþ
b and N""

b are the numbers of events containing
two b hadrons that decay semileptonically, producing two
positive or two negative muons, respectively, with only the
direct semileptonic decays b ! "X considered in the defi-
nition of Nþþ

b and N""
b . The asymmetry Ab

sl can be ex-
pressed [12] as

Ab
sl ¼

fdZda
d
sl þ fsZsa

s
sl

fdZd þ fsZs
; (A9)

where

Zq !
1

1" y2q
" 1

1þ x2q
; (A10)

yq ! !"q

2"q
; (A11)

xq ! !Mq

"q
; (A12)

with q ¼ d, s. The quantities fd and fs are the production
fractions for #b ! B0

d and #b ! B0
s , respectively. These

fractions have been measured for p #p collisions at the
Tevatron [2]:

fd ¼ 0:323' 0:037; fs ¼ 0:118' 0:015: (A13)

All other parameters in (A9) are also taken from Ref. [2]:

xd ¼ 0:774' 0:008; yd ¼ 0;

xs ¼ 26:2' 0:5; ys ¼ 0:046' 0:027:
(A14)

Substituting these values in Eq. (A9), we obtain

Ab
sl ¼ ð0:506' 0:043Þadsl þ ð0:494' 0:043Þassl: (A15)

Using the values of adsl, a
s
sl from Ref. [1],

adslðSMÞ ¼ ð"4:8þ1:0
"1:2Þ ( 10"4

asslðSMÞ ¼ ð2:1' 0:6Þ ( 10"5;
(A16)

the predicted value of Ab
sl in the standard model is

Ab
slðSMÞ ¼ ð"2:3þ0:5

"0:6Þ ( 10"4: (A17)

The current experimental values of the two semileptonic
asymmetries are adsl ¼ "0:0047' 0:0046 [24] and assl ¼
"0:0017' 0:0091 [25].
It can be concluded from Eq. (A17) that the standard

model predicts a small negative value of Ab
sl with rather

small uncertainty. Any significant deviation of Ab
sl from the

SM prediction on a scale larger than that of the uncertainty
on Ab

sl would be an unambiguous signal of new physics.
The asymmetry Ab

sl is also equivalent to the charge
asymmetry of semileptonic decays of b hadrons to
wrong-charge muons that are induced by oscillations
[12], i.e.,

absl !
"ð #B ! "þXÞ " "ðB ! ""XÞ
"ð #B ! "þXÞ þ "ðB ! ""XÞ ¼ Ab

sl: (A18)

Without initial flavor tagging it is impossible to correctly
select the decays producing a muon of wrong charge from a
sample of semileptonic decays of b quarks. The charge
asymmetry of semileptonic b hadron decays, contrary to
the charge asymmetry of like-sign dimuons, is therefore
reduced by the contribution of decays producing a muon
with ‘‘correct’’ charge, and is consequently less sensitive to
the asymmetry Ab

sl.
New physical phenomena can change the phase and

magnitude of the standard model M12;SM
s to

M12
s ! M12;SM

s )!s ¼ M12;SM
s ) j!sjei!

!
s ; (A19)

where

!s ¼ !SM
s þ!!

s ; !SM
s ¼ 0:0042' 0:0014: (A20)

Other changes expected as a result of new sources of CP
violation [1] are

!Ms ¼ !MSM
s ) j!sj ¼ ð19:30' 6:74Þ ps"1 ) j!sj;

(A21)

!"s ¼ 2j"12
s j cos!s ¼ ð0:096' 0:039Þ ps"1 ) cos!s;

(A22)
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Experiments

ad
sl = −0.0047± 0.0046

as
sl = −0.0017± 0.0091

D0

the background, and the contribution from Ab
sl should be

strongly suppressed by the small factor of cb ¼ 0:070"
0:006.

The consistency of Ab
sl with zero in Eq. (64) and the good

description of the charge asymmetry a for different values
of the muon pT shown in Fig. 14 constitute important tests
of the validity of the background model and of the analysis
method discussed in this article.

The second measurement of the asymmetry Ab
sl, obtained

from the uncorrected asymmetry A of the like-sign dimuon
sample using Eqs. (13), (52), and (53), is

Ab
sl ¼ #0:007 36" 0:002 66 ðstatÞ " 0:003 05 ðsystÞ:

(65)

Here we take into account that both aS and AS in Eq. (13)
are proportional to Ab

sl and that FSSCb þ FSLcb ¼ 0:342"

0:028. The contributions to the uncertainty on Ab
sl for this

measurement are also listed in Table XIII.
The results (64) and (65) represent two different mea-

surements of Ab
sl. The uncertainties in Eq. (64) are much

larger because the asymmetry as is divided by the small
coefficient cb. Since the same background processes con-
tribute to the uncorrected asymmetries a and A, their
uncertainties in Eqs. (64) and (65) are strongly correlated.
We take advantage of this correlation to obtain a single
optimized value of Ab

sl, with higher precision, using a linear
combination of the uncorrected asymmetries

A0 ' A# !a; (66)

and choosing the coefficient ! in order to minimize the
total uncertainty on the value of Ab

sl.
It is shown in Secs. V, VI, VII, VIII, IX, X, XI, and XII

that the contributions from background sources in Eqs. (9)
and (13) are of the same order of magnitude. On the other
hand, the dependence of A and a on the asymmetry Ab

sl,
according to Eqs. (55) and (60), is significantly different,
with Cb ( cb. As a result, we can expect a reduction of
background uncertainties in (66) for ! ) 1 with a limited
reduction of the statistical sensitivity on Ab

sl. Figure 15
shows the statistical, systematic, and total uncertainties
on Ab

sl as a function of the parameter !. The total uncer-
tainty on Ab

sl has a minimum for ! ¼ 0:959, and the
corresponding value of the asymmetry Ab

sl is

Ab
sl ¼ #0:009 57" 0:002 51 ðstatÞ " 0:001 46 ðsystÞ:

(67)

This value is our final result for Ab
sl. It differs by 3.2 stan-

dard deviations from the standard model prediction of Ab
sl

given in Eq. (4). The different contributions to the total
uncertainty of Ab

sl in Eq. (67) are listed in Table XIII.

XV. CONSISTENCY CHECKS

To check the stability of the result, we repeat this mea-
surement with modified selections, or with subsets of the
available data sample. Changes are implemented in a
variety of tests:
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FIG. 14 (color online). (a) The asymmetry abkg (points with
error bars) as expected from our measurements of the fractions
and asymmetries of the background processes is compared to the
measured asymmetry a of the inclusive muon sample (shown as
histogram, since the statistical uncertainties are negligible). The
asymmetry from CP violation is negligible compared to the
background in the inclusive muon sample; (b) the difference a#
abkg. The horizontal dashed line shows the mean value of this

difference.

TABLE XIV. The measured asymmetry a and the expected
background asymmetry abkg in the inclusive muon sample for

different pT bins. For the background asymmetry, the first
uncertainty is statistical, and the second is systematic.

Bin a* 102 abkg * 102

0 0:324" 0:036 0:693" 0:379" 0:632
1 0:582" 0:007 0:611" 0:109" 0:072
2 0:978" 0:003 0:865" 0:054" 0:088
3 1:193" 0:008 1:405" 0:159" 0:168
4 1:339" 0:011 1:438" 0:206" 0:408
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while it essentially disappears for the measured Ab
sl value

corresponding to Eq. (67). It can also be seen that the
observed asymmetry changes as a function of the dimuon
invariant mass, and that the expected asymmetry reprodu-
ces this effect when Ab

sl ¼ "0:009 57. This dependence of
the asymmetry on the invariant mass of the muon pair is a
complex function of the production mechanism, of the
mass of the particles being produced, and of their decays.
The agreement between the observed and expected asym-
metries indicates that the physics leading to the observed
asymmetry is well described by the contributions from the
backgrounds and from decaying b hadrons.

We conclude that our method of analysis provides a
consistent description of the dimuon charge asymmetry
for a wide range of input parameters, even for significantly
modified selection criteria.

In addition to the described consistency checks, we
perform other studies to verify the validity of the analysis
method. These tests are described in Appendixes C, D, and
E. We determine the asymmetry of track reconstruction
and the asymmetry of trigger selection. We also measure

the ratio FK=fK using an alternative fitting procedure.
These studies do not show any bias in the extracted value
of Ab

sl.

XVI. COMPARISON WITH EXISTING
MEASUREMENTS

The measured value of Ab
sl places a constraint on the

charge asymmetries of semileptonic decays of B0
d and B0

s

mesons, and theCP-violating phases of the B0
d andB

0
s mass

mixing matrices. Calculating the coefficients in Eq. (A9)
assuming the current PDG values [2] for all parameters
(details are given in Appendix A), we obtain

Ab
sl ¼ ð0:506$ 0:043Þadsl þ ð0:494$ 0:043Þassl: (68)

Figure 17 presents this measurement in the adsl " assl plane,
together with the existing direct measurements of adsl from
the B factories [24] and of our independent measurement
of assl in B

0
s ! Ds!X decays [25]. Using Eqs. (67) and (68)

and the current experimental value of adsl ¼ "0:0047$
0:0046 [24], we obtain

assl ¼ "0:0146$ 0:0075: (69)
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FIG. 16 (color online). The observed and expected like-sign
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The expected asymmetry is shown for (a) Ab

sl ¼ 0:0 and
(b) Ab
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FIG. 17 (color online). Comparison of Ab
sl in data with the

standard model prediction for adsl and assl. Also shown are the
existing measurements of adsl [24] and assl [25]. The error bands
represent the $1 standard deviation uncertainties on each indi-
vidual measurement.

TABLE XVI. Measured asymmetry Ab
sl with reference selections (column Ref.) and variations I–Q.

Ref I J K L M N O P Q

Nð!!Þ ' 10"6 3.731 2.569 2.208 1.884 1.909 2.534 2.122 2.002 1.772 2.723
a' 102 þ0:955 þ0:896 þ1:002 þ0:984 þ1:098 þ0:679 þ1:097 þ0:968 þ0:968 þ0:979
A' 102 þ0:564 þ0:407 þ0:648 þ0:576 þ0:630 þ0:353 þ0:748 þ0:722 þ0:692 þ0:643
" 0.959 0.975 0.913 0.895 0.877 0.940 0.949 0.983 0.934 0.934
½ð2" FbkgÞ!" "fS#) ' 102 "0:065 "0:101 "0:079 "0:125 "0:142 "0:081 "0:019 "0:046 "0:044 "0:059
Fbkg 0.409 0.439 0.412 0.363 0.365 0.412 0.452 0.419 0.398 0.420
Ab
sl ' 102 "0:957 "1:295 "0:710 "0:851 "0:801 "0:759 "1:102 "0:897 "0:833 "0:860

$ðAb
slÞ ' 102 (stat) 0.251 0.314 0.320 0.320 0.383 0.275 0.344 0.346 0.349 0.302

Significance 1.798 1.241 0.482 0.539 1.317 0.622 0.240 0.485 0.577
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∆mq
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CPV in Bs mixing

ad
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while it essentially disappears for the measured Ab
sl value

corresponding to Eq. (67). It can also be seen that the
observed asymmetry changes as a function of the dimuon
invariant mass, and that the expected asymmetry reprodu-
ces this effect when Ab

sl ¼ "0:009 57. This dependence of
the asymmetry on the invariant mass of the muon pair is a
complex function of the production mechanism, of the
mass of the particles being produced, and of their decays.
The agreement between the observed and expected asym-
metries indicates that the physics leading to the observed
asymmetry is well described by the contributions from the
backgrounds and from decaying b hadrons.

We conclude that our method of analysis provides a
consistent description of the dimuon charge asymmetry
for a wide range of input parameters, even for significantly
modified selection criteria.

In addition to the described consistency checks, we
perform other studies to verify the validity of the analysis
method. These tests are described in Appendixes C, D, and
E. We determine the asymmetry of track reconstruction
and the asymmetry of trigger selection. We also measure

the ratio FK=fK using an alternative fitting procedure.
These studies do not show any bias in the extracted value
of Ab

sl.

XVI. COMPARISON WITH EXISTING
MEASUREMENTS

The measured value of Ab
sl places a constraint on the

charge asymmetries of semileptonic decays of B0
d and B0

s

mesons, and theCP-violating phases of the B0
d andB

0
s mass

mixing matrices. Calculating the coefficients in Eq. (A9)
assuming the current PDG values [2] for all parameters
(details are given in Appendix A), we obtain

Ab
sl ¼ ð0:506$ 0:043Þadsl þ ð0:494$ 0:043Þassl: (68)

Figure 17 presents this measurement in the adsl " assl plane,
together with the existing direct measurements of adsl from
the B factories [24] and of our independent measurement
of assl in B

0
s ! Ds!X decays [25]. Using Eqs. (67) and (68)

and the current experimental value of adsl ¼ "0:0047$
0:0046 [24], we obtain

assl ¼ "0:0146$ 0:0075: (69)
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vidual measurement.

TABLE XVI. Measured asymmetry Ab
sl with reference selections (column Ref.) and variations I–Q.
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while it essentially disappears for the measured Ab
sl value

corresponding to Eq. (67). It can also be seen that the
observed asymmetry changes as a function of the dimuon
invariant mass, and that the expected asymmetry reprodu-
ces this effect when Ab

sl ¼ "0:009 57. This dependence of
the asymmetry on the invariant mass of the muon pair is a
complex function of the production mechanism, of the
mass of the particles being produced, and of their decays.
The agreement between the observed and expected asym-
metries indicates that the physics leading to the observed
asymmetry is well described by the contributions from the
backgrounds and from decaying b hadrons.

We conclude that our method of analysis provides a
consistent description of the dimuon charge asymmetry
for a wide range of input parameters, even for significantly
modified selection criteria.

In addition to the described consistency checks, we
perform other studies to verify the validity of the analysis
method. These tests are described in Appendixes C, D, and
E. We determine the asymmetry of track reconstruction
and the asymmetry of trigger selection. We also measure

the ratio FK=fK using an alternative fitting procedure.
These studies do not show any bias in the extracted value
of Ab

sl.

XVI. COMPARISON WITH EXISTING
MEASUREMENTS

The measured value of Ab
sl places a constraint on the

charge asymmetries of semileptonic decays of B0
d and B0

s

mesons, and theCP-violating phases of the B0
d andB

0
s mass

mixing matrices. Calculating the coefficients in Eq. (A9)
assuming the current PDG values [2] for all parameters
(details are given in Appendix A), we obtain

Ab
sl ¼ ð0:506$ 0:043Þadsl þ ð0:494$ 0:043Þassl: (68)

Figure 17 presents this measurement in the adsl " assl plane,
together with the existing direct measurements of adsl from
the B factories [24] and of our independent measurement
of assl in B

0
s ! Ds!X decays [25]. Using Eqs. (67) and (68)

and the current experimental value of adsl ¼ "0:0047$
0:0046 [24], we obtain

assl ¼ "0:0146$ 0:0075: (69)
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standard model prediction for adsl and assl. Also shown are the
existing measurements of adsl [24] and assl [25]. The error bands
represent the $1 standard deviation uncertainties on each indi-
vidual measurement.

TABLE XVI. Measured asymmetry Ab
sl with reference selections (column Ref.) and variations I–Q.

Ref I J K L M N O P Q

Nð!!Þ ' 10"6 3.731 2.569 2.208 1.884 1.909 2.534 2.122 2.002 1.772 2.723
a' 102 þ0:955 þ0:896 þ1:002 þ0:984 þ1:098 þ0:679 þ1:097 þ0:968 þ0:968 þ0:979
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!  LHCb will measure as
sl – ad

sl 
from difference in asymmetry in 
Bs!Ds(KK!)µ", B0→D+(KK!)µ". 

!  Orthogonal constraint to D0.  

Di-muon charge asymmetry measured by D0, giving hints of  
anomalous CPV in the mixing of  neutral B mesons. 

If  there is NP in Bs mixing it will be seen by LHCb also in the !s 
measurement 

LHCb expectation
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Figure 3. The B̄ → K̄∗l+l− distributions dB/dq2 (a), AFB (b) and FL (c) in the SM including
the theoretical uncertainties added in quadrature (shaded blue bands) versus the existing data from
Belle [12] (red), BaBar [10, 11] (gold) and CDF [13] (black). The experimental data for AFB have
their sign flipped to match the conventions used in this work. The isolated solid (black) line in the
AFB plot illustrates the case with C7 = −CSM

7 . The vertical shaded (grey) bands are defined as
in figure 2. The isolated dashed (black) lines between the c̄c-bands are theory extrapolations from
the low and large recoil region.

up to 1/EK∗ corrections by helicity conservation [34] for low dilepton masses, but is order
one for large ones. The size of A(2)

T at low q2 can be used as an indicator for the correctness

– 16 –
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Forward-Backward asymmetry in B → K∗��̄V�h1
0,h2

0����2��1
2��h1

0�2���2��2
2��h2

0�2

��B�h1
0h2
0�H.c.��

g2�g�2

8
� �h1

0�2��h2
0�2�2

�V loop , �2.5�

where V loop is the one-loop correction induced by the third-

generation fermions and sfermions �10�. The requirement of
the radiative electroweak symmetry-breaking determines the

magnitude of the SUSY Higgs mass parameter � and the soft
SUSY-breaking parameter B . The explicit forms of V loop and

the condition of the radiative electroweak symmetry break-

ing used in the present analysis are given in Appendix A. At

this stage, all MSSM parameters at the electroweak scale are

determined as functions of the input parameters �tan�, m0 ,

AX , MgX , sgn����.
With use of the low-energy SUSY parameters determined

by the procedure described above, we can calculate all the

SUSY particle masses and the mixing parameters. The 6�6
mass matrix of the up-type squark is written by

�L�� ũL* , ũR*�M ũ

2 � ũLũR�
�� ũLi* , ũRi* �� �mLL

2 � i j �mLR
2 � i j

�mRL
2 � i j �mRR

2 � i j
� � ũL jũR j

� , �2.6�

�mLL
2 � i j��MU

†MU� i j��mQ
2 � i j

�mZ
2cos�2��� 1

2
�
2

3
sin2�W� � i j , �2.7�

�mRR
2 � i j��MUMU

† � i j��mU
2 � i j�mZ

2cos�2��� 2
3
sin2�W� � i j ,

�2.8�

�mLR
2 � i j��mRL

2† � i j��� cot��MU
† � i j��AU

*� i jv sin� ,
�2.9�

where MU is the up-type quark mass matrix, i.e., MUi j

� f U jiv sin�, and ũL is the up-type component of the SU�2�
doublet q̃ . In this weak eigenstate, the mass matrix is not

diagonal at the electroweak scale. The physical mass eigen-

state is given by diagonalizing the mass matrix:

ũ I��ŨU�I
J� ũLũR � J , �2.10�

ŨU�M ũ

2 �ŨU
† �diagonal, �2.11�

where ũ I is the mass eigenstate. The unitary matrix ŨU in-

duces new flavor mixing in the up-type squark sector. In a

similar manner, we define the mixing matrices ŨD , Ũl for

the down-type squark and the slepton sectors.

III. b˜sl
�
l

�
DECAY

In this section, we describe the calculation of the branch-

ing ratio and the lepton forward-backward asymmetry for the

b→sl�l� (l�e ,�) process in the minimal SUGRA model.

We first introduce the effective Hamiltonian which is rel-

evant for the b→sl�l� process �13�:

Heff�
4GF

&
�
i�1

10

Ci�Q �Oi�Q �, �3.1�

where Q is the renormalization point. For the calculation of

the branching ratio, the following three operators are impor-

tant:

O7�
e

16�2 mb� s̄L����bR��F��, �3.2�

O9�
e2

16�2 � s̄L���bL��� l̄��l �, �3.3�

O10�
e2

16�2 � s̄L���bL��� l̄���5l �. �3.4�

The explicit forms of all the effective operators Oi(Q) are

given in Appendix B. Throughout this paper we neglect the

strange quark mass.

The coefficients C1(mW) –C10(mW) are determined by

matching the full theory with the effective theory at the

renormalization point Q�mW . The coefficients

C1(mW) –C6(mW) are given by

C2�mW���� t , Ci�mW��0 � i�1,3–6 �, �3.5�

where � t�VtbVts
* . Note that there is no SUSY contribution

to these values at the tree level. The coefficients

C7(mW) –C10(mW) are generated by one-loop diagrams. In

order to determine these coefficients at the mW scale, we

need to calculate photon penguin, Z penguin, and box dia-

grams taking account of new contributions in addition to the

SM diagrams. There are four classes of new contributions in

the SUSY model: charged Higgs boson �H�), up-type quark

FIG. 1. Feynman diagrams in the SM. �a� b→s� , �b� b→sg , �c�
the penguin diagram for b→sl�l�, �d� box diagram for

b→sl�l�. The SUSY contributions to these diagrams are obtained

by replacing the internal lines with SUSY particles.
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�2.9�

where MU is the up-type quark mass matrix, i.e., MUi j

� f U jiv sin�, and ũL is the up-type component of the SU�2�
doublet q̃ . In this weak eigenstate, the mass matrix is not

diagonal at the electroweak scale. The physical mass eigen-

state is given by diagonalizing the mass matrix:

ũ I��ŨU�I
J� ũLũR � J , �2.10�

ŨU�M ũ

2 �ŨU
† �diagonal, �2.11�

where ũ I is the mass eigenstate. The unitary matrix ŨU in-

duces new flavor mixing in the up-type squark sector. In a

similar manner, we define the mixing matrices ŨD , Ũl for

the down-type squark and the slepton sectors.

III. b˜sl
�
l

�
DECAY

In this section, we describe the calculation of the branch-

ing ratio and the lepton forward-backward asymmetry for the

b→sl�l� (l�e ,�) process in the minimal SUGRA model.

We first introduce the effective Hamiltonian which is rel-

evant for the b→sl�l� process �13�:

Heff�
4GF

&
�
i�1

10

Ci�Q �Oi�Q �, �3.1�

where Q is the renormalization point. For the calculation of

the branching ratio, the following three operators are impor-

tant:

O7�
e

16�2 mb� s̄L����bR��F��, �3.2�

O9�
e2

16�2 � s̄L���bL��� l̄��l �, �3.3�

O10�
e2

16�2 � s̄L���bL��� l̄���5l �. �3.4�

The explicit forms of all the effective operators Oi(Q) are

given in Appendix B. Throughout this paper we neglect the

strange quark mass.

The coefficients C1(mW) –C10(mW) are determined by

matching the full theory with the effective theory at the

renormalization point Q�mW . The coefficients

C1(mW) –C6(mW) are given by

C2�mW���� t , Ci�mW��0 � i�1,3–6 �, �3.5�

where � t�VtbVts
* . Note that there is no SUSY contribution

to these values at the tree level. The coefficients

C7(mW) –C10(mW) are generated by one-loop diagrams. In

order to determine these coefficients at the mW scale, we

need to calculate photon penguin, Z penguin, and box dia-

grams taking account of new contributions in addition to the

SM diagrams. There are four classes of new contributions in

the SUSY model: charged Higgs boson �H�), up-type quark

FIG. 1. Feynman diagrams in the SM. �a� b→s� , �b� b→sg , �c�
the penguin diagram for b→sl�l�, �d� box diagram for

b→sl�l�. The SUSY contributions to these diagrams are obtained

by replacing the internal lines with SUSY particles.
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Figure 3. The B̄ → K̄∗l+l− distributions dB/dq2 (a), AFB (b) and FL (c) in the SM including
the theoretical uncertainties added in quadrature (shaded blue bands) versus the existing data from
Belle [12] (red), BaBar [10, 11] (gold) and CDF [13] (black). The experimental data for AFB have
their sign flipped to match the conventions used in this work. The isolated solid (black) line in the
AFB plot illustrates the case with C7 = −CSM

7 . The vertical shaded (grey) bands are defined as
in figure 2. The isolated dashed (black) lines between the c̄c-bands are theory extrapolations from
the low and large recoil region.

up to 1/EK∗ corrections by helicity conservation [34] for low dilepton masses, but is order
one for large ones. The size of A(2)

T at low q2 can be used as an indicator for the correctness
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Figure 5. The constraints on C9 and C10 from B̄ → K̄∗l+l− at large recoil and B̄ → Xsl+l− for
C7 = CSM

7 (a) and C7 = −CSM
7 (b) using Belle [12, 48], BaBar [49] and CDF [13] data at 68% CL

(red areas) and 95% CL (red and blue areas). The (green) square marks the SM value of (C9, C10).

(a) (b)

Figure 6. The constraints on C9 and C10 from B̄ → K̄∗l+l− low recoil data [12, 13] only for
C7 = CSM

7 (a) and C7 = −CSM
7 (b) at 68% CL (red areas) and 95% CL (red and blue areas). The

(green) square marks the SM value of (C9, C10).
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Flavor Structure of the Standard Model

33

Flavor symmetry of the SM gauge sector
(i.e. turning off the Yukawa couplings)

lLi, eRi, qLi, uRi, dRi (i = 1, 2, 3)

Turning on the Yukawa couplings,

GF −→ U(1)B ×U(1)L ×U(1)Y
LY

What about new physics at the TeV scale?

GF = U(3)5

= SU(3)5 ×U(1)B ×U(1)L ×U(1)Y ×U(1)PQ ×U(1)eR
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Minimal Flavor Violation

34

GF and CP are broken solely by Yukawa as in the SM.

All flavor and CP violations are controlled by Y.

Ex. MSSM with real and universal soft breakings
(minimal supergravity model)

Rather small deviations from the SM.

More precise measurements at
super B factory.
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Non-Minimal Flavor Violation

35

New sources of flavor and CP violation

Ex. SU(5) SUSY GUT with νR

Neutrino Yukawa breaks      .GF

U(2) flavor symmetry model
U(2) breakings in soft SUSY breakings

(U(2) ⊂ GF )

Larger deviations from the SM.

Rather restricted.
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FIG. 12 (color online). Correlation between !3 and !mBs
=!mBd

for the same parameter sets as those in Fig. 6.

FIG. 13 (color online). Correlations among b ! s observables and B!" ! #$".

GOTO, OKADA, SHINDOU, AND TANAKA PHYSICAL REVIEW D 77, 095010 (2008)

095010-20

φ3

∆mBs

∆mBd

mSUGRA SU(5)⊕ νR SU(5)⊕ νR SU(5)⊕ νR

SU(5)⊕ νR SU(5)⊕ νR U(2)

 φ3 vs ∆mBs/∆mBd
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FIG. 7 (color online). The mixing-induced CP asymmetry in Bd ! K!! as functions of m"~d1# for the same parameter sets as those
for Fig. 6.

FIG. 8 (color online). The direct CP asymmetry in b ! d! as functions of m"~d1# for the same parameter sets as those for Fig. 6.

PATTERNS OF FLAVOR SIGNALS IN SUPERSYMMETRIC . . . PHYSICAL REVIEW D 77, 095010 (2008)

095010-17

squark mass

mSUGRA

S

SU(5)⊕ νR SU(5)⊕ νR

SU(5)⊕ νR SU(5)⊕ νR

SU(5)⊕ νR

U(2)

Mixing-induced CPV in Bd → K∗γ
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Bs → J/ψ φ

matrix element is expected to be 0.01 rad level [12]. In the
degenerate !R with inverted hierarchical neutrinos
(D!R-IH) and the nondegenerate !R (I) with normal hier-
archical neutrinos (ND!R!I"-NH) cases of the SU(5) SUSY
GUT with right-handed neutrinos, the SUSY contributions
to mixing-induced CP asymmetries in Bs ! J= ", Bd !
K##, and Bd ! "KS can be significant. On the other hand,
in the nondegenerate !R (II) with normal hierarchical
neutrinos (ND!R!II"-NH) case of SU(5) SUSY GUT with
right-handed neutrinos, there is a significant SUSY con-
tribution to the b! d# decay amplitude, so that
SCP!Bd ! $#" can be as large as $0:1. Large SUSY
contributions can be found for almost all modes we analyze
in the U(2) model. Only the direct CP asymmetry in b!
d# does not show any significant deviation from the SM.

The correlation between "3 and !mBs=!mBd is shown
in Fig. 12. !mBs=!mBd is sensitive to the new physics
contributions to the Bd % "Bd and Bs % "Bs mixing matrix
elements unless the contributions cancel in the ratio. For
the mSUGRA case, the deviation is negligible and the plot
in this plane is the same as in the SM. The lower limit of "3
is determined by the constraint from "K. In the D!R-NH
and D!R-D cases of SU(5) SUSY GUT with right-handed
neutrinos, the deviation in the correlation is not so signifi-
cant. In the D!R-IH and the nondegenerate !R cases of

SU(5) SUSY GUT with right-handed neutrinos, as well as
the U(2) model, some deviations appear in the correlation
plots. In the D!R-IH and ND!R!I"-NH cases the deviation
comes from the SUSY contribution to the Bs % "Bs mixing
matrix element, while Bd % "Bd receive sizable SUSY cor-
rection in ND!R!II"-NH. In the U(2) model SUSY contri-
butions show up in both matrix elements. In order to
identify the deviation in the correlation in the future, it is
required that the evaluation of the % parameter by the
lattice QCD calculation is significantly improved and that
the "3 is precisely measured from tree-level dominant
processes.

In Fig. 13, we show the correlations among SCP!Bd !
K##", !SCP!Bd ! "KS", SCP!Bs ! J= "", and B!& !
'#" for D!R-IH and ND!R!I"-NH cases of the SU(5)
SUSY GUT with right-handed neutrinos, where these
quantities are significantly affected. We can see that large
deviations in b! s transitions occur in the region with
B!& ! '#" * 10%9. Also there is a positive correlation
between SCP!Bd ! K##" and !SCP!Bd ! "KS".

We also calculate the branching ratio and the forward-
backward asymmetry of b! sl&l%, which are sensitive to
the amplitudes from photon- and Z-penguin and box dia-
grams. In all the cases we consider here, we find the
deviations are negligible.

FIG. 11 (color online). Predicted value of the mixing-induced CP asymmetry in Bs ! J= " as a function of m!~d1" for the same
parameter sets as those for Fig. 6.

PATTERNS OF FLAVOR SIGNALS IN SUPERSYMMETRIC . . . PHYSICAL REVIEW D 77, 095010 (2008)

095010-19

squark mass

S

mSUGRA SU(5)⊕ νR SU(5)⊕ νR SU(5)⊕ νR

SU(5)⊕ νR SU(5)⊕ νR U(2)
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Bs → J/ψ φ

J/ψ → µ+µ−, φ→ K+K−

fraction of signal in the sample. The function F i
sig de-

scribes the distribution of the signal in mass, proper decay
time, and the decay angles. For the signal mass distribu-
tion, we use a Gaussian function with free mean and width.
The proper decay time distribution of the L or H compo-
nent of the signal is parametrized by an exponential con-
voluted with a Gaussian function. The width of the
Gaussian is taken from the event-by-event estimate of the
ct uncertainty !ðctÞ, scaled by an overall calibration factor
determined from the fit to the prompt component of the
background. F i

bck is the product of the background mass,
proper decay time, and angular probability density func-
tions. Background is divided into two categories.
‘‘Prompt’’ background is due to directly produced J=c
mesons accompanied by random tracks arising from ha-

dronization. This background is distinguished from ‘‘non-
prompt’’ background, where the J=c meson is a product of
a B-hadron decay while the tracks forming the" candidate
emanate from a multibody decay of a B hadron or from
hadronization.
The decay amplitude of the B0

s and !B0
s mesons is decom-

posed into three independent components corresponding to
linear polarization states of the vector mesons J=c and ",
which are either longitudinal (0) or transverse to their di-
rection of motion, and parallel (k) or perpendicular (? ) to
each other. The time evolution of the angular distribution
of the decay products, expressed in terms of the magni-
tudes jA0j, jAkj, and jA?j, and two relative strong phases
#1 ¼ $#jj þ #? and #2 ¼ $#0 þ #? of the amplitudes,
is given in Refs. [9,10]:

d4"

dtd cos$d’d cosc
/ 2cos2c ð1$ sin2$cos2’ÞjA0ðtÞj2 þ sin2c ð1$ sin2$sin2’ÞjAkðtÞj2 þ sin2c sin2$jA?ðtÞj2

þ ð1=
ffiffiffi
2

p
Þ sin2c sin2$ sin2’ReðA&

0ðtÞAkðtÞÞþ ð1=
ffiffiffi
2

p
Þ sin2c sin2$ cos’ImðA&

0ðtÞA?ðtÞÞ
$ sin2c sin2$ sin’ImðA&

kðtÞA?ðtÞÞ: (2)

Polarization amplitudes for B0
s (upper sign) and !B0

s (lower sign) are given by the following equations:

jA0;kðtÞj2 ¼ jA0;kð0Þj2½T þ ( e$
!"tt sin"s sinð#MstÞ); jA?ðtÞj2 ¼ jA?ð0Þj2½T $ * e$

!"tt sin"s sinð#MstÞ);

Re ðA&
0ðtÞAkðtÞÞ ¼ jA0ð0ÞjjAkð0Þj cosð#2 $ #1Þ + ½T þ ( e$

!"tt sin"s sinð#MstÞ);

ImðA&
0ðtÞA?ðtÞÞ ¼ jA0ð0ÞjjA?ð0Þjj+ ½e$ !"tð( sin#2 cosð#MstÞ * cos#2 sinð#MstÞ cos"sÞ

$ ð1=2Þðe$"Ht $ e$"LtÞ sin"s cos#2);

ImðA&
kðtÞA?ðtÞÞ ¼ jAkð0ÞjjA?ð0Þj+ ½e$ !"tð( sin#1 cosð#MstÞ * cos#1 sinð#MstÞ cos"sÞ

$ ð1=2Þðe$"Ht $ e$"LtÞ sin"s cos#1);

where T (¼ð1=2Þ½ð1(cos"sÞe$"Ltþð1*cos"sÞe$"Ht)
For a given event, the decay rate is the sum of the B0

s and
!B0
s rates weighted by PðBsÞ and 1$ PðBsÞ, respectively,

and by the detector acceptance.
In the coordinate system of the J=c rest frame (where

the " meson moves in the x direction, the z axis is
perpendicular to the decay plane of " ! KþK$, and
pyðKþÞ , 0), the transversity polar and azimuthal angles
($, ’) describe the direction of the %þ, and c is the angle
between ~pðKþÞ and $ ~pðJ=c Þ in the " rest frame.

We model the acceptance and resolution of the three
angles by fits using polynomial functions, with parameters
determined using MC simulations. Events generated uni-
formly in the three-angle space were processed through the
standard GEANT-based [11] simulation of the D0 detector,
and reconstructed and selected as real data. Simulated
events were reweighted to match the kinematic distribu-
tions observed in the data.

The proper decay time distribution shape of the back-
ground is described as a sum of a prompt component,

TABLE I. Summary of the likelihood fit results. The first
column shows the results of the fit with a Gaussian constraint
on #i. The second column shows two solutions with #"s > 0
yielded by the fit with free #i. Each of the two solutions has a
mirror solution with #"s < 0 as explained in the text.

#i constrained #i free

!&s (ps) 1:52( 0:06 1:52( 0:06
#"s (ps

$1) 0:19( 0:07 0:20þ0:06
$0:08

A?ð0Þ 0:41( 0:04 0:41( 0:04
jA0ð0Þj2 $ jAjjð0Þj2 0:34( 0:05 0:34( 0:05

#1 $0:52( 0:42 $0:18( 0:90, 1:05( 0:59
#1 $ #2 2:59( 0:29 2:61( 0:28, $2:61( 0:29

"s $0:57þ0:24
$0:30 $0:59þ0:31

$0:28

#Ms (ps
$1) - 17:77 - 17:77
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Gaussian is taken from the event-by-event estimate of the
ct uncertainty !ðctÞ, scaled by an overall calibration factor
determined from the fit to the prompt component of the
background. F i

bck is the product of the background mass,
proper decay time, and angular probability density func-
tions. Background is divided into two categories.
‘‘Prompt’’ background is due to directly produced J=c
mesons accompanied by random tracks arising from ha-

dronization. This background is distinguished from ‘‘non-
prompt’’ background, where the J=c meson is a product of
a B-hadron decay while the tracks forming the" candidate
emanate from a multibody decay of a B hadron or from
hadronization.
The decay amplitude of the B0

s and !B0
s mesons is decom-

posed into three independent components corresponding to
linear polarization states of the vector mesons J=c and ",
which are either longitudinal (0) or transverse to their di-
rection of motion, and parallel (k) or perpendicular (? ) to
each other. The time evolution of the angular distribution
of the decay products, expressed in terms of the magni-
tudes jA0j, jAkj, and jA?j, and two relative strong phases
#1 ¼ $#jj þ #? and #2 ¼ $#0 þ #? of the amplitudes,
is given in Refs. [9,10]:

d4"

dtd cos$d’d cosc
/ 2cos2c ð1$ sin2$cos2’ÞjA0ðtÞj2 þ sin2c ð1$ sin2$sin2’ÞjAkðtÞj2 þ sin2c sin2$jA?ðtÞj2

þ ð1=
ffiffiffi
2

p
Þ sin2c sin2$ sin2’ReðA&

0ðtÞAkðtÞÞþ ð1=
ffiffiffi
2

p
Þ sin2c sin2$ cos’ImðA&

0ðtÞA?ðtÞÞ
$ sin2c sin2$ sin’ImðA&

kðtÞA?ðtÞÞ: (2)

Polarization amplitudes for B0
s (upper sign) and !B0

s (lower sign) are given by the following equations:

jA0;kðtÞj2 ¼ jA0;kð0Þj2½T þ ( e$
!"tt sin"s sinð#MstÞ); jA?ðtÞj2 ¼ jA?ð0Þj2½T $ * e$

!"tt sin"s sinð#MstÞ);

Re ðA&
0ðtÞAkðtÞÞ ¼ jA0ð0ÞjjAkð0Þj cosð#2 $ #1Þ + ½T þ ( e$

!"tt sin"s sinð#MstÞ);

ImðA&
0ðtÞA?ðtÞÞ ¼ jA0ð0ÞjjA?ð0Þjj+ ½e$ !"tð( sin#2 cosð#MstÞ * cos#2 sinð#MstÞ cos"sÞ

$ ð1=2Þðe$"Ht $ e$"LtÞ sin"s cos#2);

ImðA&
kðtÞA?ðtÞÞ ¼ jAkð0ÞjjA?ð0Þj+ ½e$ !"tð( sin#1 cosð#MstÞ * cos#1 sinð#MstÞ cos"sÞ

$ ð1=2Þðe$"Ht $ e$"LtÞ sin"s cos#1);

where T (¼ð1=2Þ½ð1(cos"sÞe$"Ltþð1*cos"sÞe$"Ht)
For a given event, the decay rate is the sum of the B0

s and
!B0
s rates weighted by PðBsÞ and 1$ PðBsÞ, respectively,

and by the detector acceptance.
In the coordinate system of the J=c rest frame (where

the " meson moves in the x direction, the z axis is
perpendicular to the decay plane of " ! KþK$, and
pyðKþÞ , 0), the transversity polar and azimuthal angles
($, ’) describe the direction of the %þ, and c is the angle
between ~pðKþÞ and $ ~pðJ=c Þ in the " rest frame.

We model the acceptance and resolution of the three
angles by fits using polynomial functions, with parameters
determined using MC simulations. Events generated uni-
formly in the three-angle space were processed through the
standard GEANT-based [11] simulation of the D0 detector,
and reconstructed and selected as real data. Simulated
events were reweighted to match the kinematic distribu-
tions observed in the data.

The proper decay time distribution shape of the back-
ground is described as a sum of a prompt component,

TABLE I. Summary of the likelihood fit results. The first
column shows the results of the fit with a Gaussian constraint
on #i. The second column shows two solutions with #"s > 0
yielded by the fit with free #i. Each of the two solutions has a
mirror solution with #"s < 0 as explained in the text.

#i constrained #i free

!&s (ps) 1:52( 0:06 1:52( 0:06
#"s (ps

$1) 0:19( 0:07 0:20þ0:06
$0:08

A?ð0Þ 0:41( 0:04 0:41( 0:04
jA0ð0Þj2 $ jAjjð0Þj2 0:34( 0:05 0:34( 0:05

#1 $0:52( 0:42 $0:18( 0:90, 1:05( 0:59
#1 $ #2 2:59( 0:29 2:61( 0:28, $2:61( 0:29

"s $0:57þ0:24
$0:30 $0:59þ0:31

$0:28

#Ms (ps
$1) - 17:77 - 17:77
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CKM scheme seems OK at ∼10% accuracy.

A few % new physics might be there.

Interplay between LHC and flavor factories.
Super KEKB, JPARC K experiments,
LFV searches, EDM, neutrinos, β decays, etc.

Yukawa sector, flavor structure
Key issue for new physics

MFV or Non-MFV
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Several other issues

Kπ puzzle, D mixing, tau LFV decays, ...

Thank you.
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