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1957: L. D. Landau

KS → ππ, KL → πππ
中性K中間子崩壊におけるCP保存

1964: J. W. Cronin, V. L. Fitch, ... (ノーベル賞1980)
中性K中間子崩壊におけるCPの破れ
KL → π+π−

1961: S. L. Glashow (ノーベル賞1979)

1967: S. Weinberg
1968: A. Salam

(ノーベル賞1979)
(ノーベル賞1979)

1970: S.L.Glashow, J. Iliopoulos, L. Maiani
FCNCに基づくチャームクォークの予言

歴史
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1971: G. ’t Hooft (ノーベル賞1999)
ゲージ理論の繰り込み

1973: M. Kobayashi, T. Maskawa (ノーベル賞2008)
6クォーク模型

1974: S.Ting, B. Richter (ノーベル賞1976)
J/Ψの発見

1975: M. L. Perl (ノーベル賞1995)
タウの発見

1977: L. Lederman
ボトムの発見
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1994: CDF, D0
トップの発見

2002: Belle, BaBar
B中間子崩壊におけるCPの破れの確立

1987: ARGUS
B0–B̄0混合の発見

1989: CLEO
b→ u遷移の発見
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Experiments
Energy frontier

CDF, D0 (Tevatron)
ATLAS, CMS (LHC)

Flavor dedicated
BELLE (KEKB), BaBar (PEP II), MEG

LHCb (LHC)
Super KEKB, Super B factory (Rome)
Super c-τ (Russia)
KOTO, TREK (JPARC), .....

CLEOc (CESRc), BESII (BEPC)
KTeV, KLOE, ISTRA+, NA48

Complementarity
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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
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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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B中間子とUT
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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
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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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ubV

1
!sin 2

(excl. at CL > 0.95)
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Moriond 09

CKM
&'(')')'*'+

Moriond 2009

Good in 
∼10% accuracy
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|Vud|

A sprious Z-dependence.

0.972

0.974

0.976

0.978

0.98

0.982

0.984

0 5 10 15 20 25 30

|Vud|

Z (the charge of the daughter nucleus)

|Vud| from nuclear and neutron beta decays

!

!
!

!
!

! !
! !

M. TANAKA, 1992

Superallowed (               ) nuclear β decays.0+ → 0+
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t : partial half-life
f : phase space statistical decay rate factor

radiative and other corrections

Z-dependentuniversal

Ft = ft(1 + δouter)

should be universal.

|Vud|2 =
π3 ln 2

ftG2
µm5

e(1 + δ)

δ :

δ = δinner + δouter
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J. C. HARDY AND I. S. TOWNER PHYSICAL REVIEW C 79, 055502 (2009)
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FIG. 3. The uncorrected experimental f t values as a function of
the charge on the daughter nucleus (top panel) and the corresponding
F t values (bottom panel); the latter differ from the f t values by the
inclusion of the correction terms δ′

R, δNS, and δC . The horizontal gray
band in the bottom panel gives one standard deviation around the
average F t value.

operators, then |i〉 and |f 〉 are exact isospin analogs of each
other, 〈π |bα|i〉 =〈 f |a†

α|π〉∗, and the symmetry-limit matrix
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FIG. 4. Summary histogram of the fractional uncertainties at-
tributable to each experimental and theoretical input factor that con-
tributes to the final F t values for the “traditional nine” superallowed
transitions.
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FIG. 5. Summary histogram of the fractional uncertainties at-
tributable to each experimental and theoretical input factor that
contributes to the final F t values for the 11 other superallowed
transitions. Where the error is shown as exceeding 60 parts in 104, no
useful experimental measurement has been made.

element is

M0 =
∑

α,π

|〈f |a†
α|π〉|2. (5)

If isospin is not an exact symmetry, then |i〉 and |f 〉 are not
isospin analogs and a correction to M0 needs to be evaluated.
This is the isospin-symmetry-breaking correction, δC , we seek
to determine. It is defined by

M2
F = M2

0 (1 − δC). (6)

Ideally, to obtain δC one would compute Eq. (4) using the shell
model and introduce Coulomb and other charge-dependent
terms into the shell-model Hamiltonian. However, because the
Coulomb force is long range, the shell-model space would
have to be huge to include all the potential states with which
the Coulomb interaction might connect. Currently, this is not
a practical proposition.

To proceed with a manageable calculation, we have devel-
oped a model approach [7,178,179] in which δC is divided into
two parts:

δC = δC1 + δC2. (7)

For δC1, we compute
∑

α,π

〈f̄ |a†
α|π〉〈π |bα|ı〉 = M0(1 − δC1)1/2, (8)

055502-12

Hardy and Towner,
Phys. Rev. C79, 055502 (2009)

Z-dependence 
disappeared!

|Vud| = 0.97425 ± 0.00022



|Vus|
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Vus from Kl3 decay rates 

!(Kl3(")) =!
CK

2 GF
2MK

5!

192#3!
SEW |Vus|

2
 | f+      (0)|2 IKl($) (1+2%K

SU(2) +2%Kl
EM )&

with  K = K+, K0; l = e, µ    and    CK
2 = 1/2 for K+, 1 for K0!

K0#!&

Inputs from experiment: 

!(Kl3("))  &

IKl($)&

Branching ratios with 

well determined 

treatment of radiative 

decays; lifetimes 

Phase space integral: $s  

parameterize form factor 

dependence on t :  

Ke3 : only !+  (or  !+"  !+"" ) 

Kµ3 : need  !+  and !0 

Inputs from theory: 

SEW!
Universal short distance   

EW correction (1.0232) 

 f+      (0)!K0#!&

%K
SU(2)!

%Kl
EM!

Hadronic matrix element  

at zero momentum transfer (t=0)  

Form factor correction for  SU(2) 

breaking  

Long distance EM effects  

6/9/09 11 Matteo Palutan, SM test with kaons 

K → π"ν̄
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|Vus|f+(0) from Kl3 data  

Average: |Vus| f+(0) = 0.21660(47)      !2/ndf = 3.03/4 (55%) 

% err BR "# $# Int 

 KLe3! 0.21652(56) 0.25 0.11 0.20 0.11 0.10 

KLµ3 0.21746(69) 0.32 0.17 0.19 0.11 0.15 

 KSe3 0.21572(132) 0.61 0.60 0.03 0.11 0.10 

 K±e3! 0.21624(113) 0.52 0.31 0.06 0.41 0.09 

 K±µ3! 0.21676(141) 0.65 0.48 0.06 0.41 0.15 

Approx. contrib. to % err from: |Vus| f+(0) 

6/9/09 36 Matteo Palutan, SM test with kaons 
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Evaluations of f
+
(0) 

39 

Compilations: L. Lellouch, Lattice ’08 

Many evaluations available, 

analytic and lattice-based 

ChPT results tend to give 
higher values for f

+
(0) 

Trend is to use lattice 

results, but which ones? 

FlaviaNet Lattice Averaging 

Group (FLAG) has promised 
to make a recommendation 

Provisional coding (Lellouch), similar to FLAG scheme 

Quark model 

ChPT + QM 

ChPT + disp 

ChPT + 1/N
C 

N
f
 = 0 

2 Wilson 

2 DWF 

2 Stag+Wilson 

(2+1) DWF 

f+(0)!

f
+
(0) = 0.9644(49) 

RBC/UKQCD ’07 

For now use: 

dominates the error.f+(0)
M.Palutan, KAON’09
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V
us

 from K
l3

 data and CKM unitarity!

Kl3 average: |Vus| f+(0) = 0.21660(47) 

Using |Vud| = 0.97424(22) from average 0+ ! 0+ " decays (Towner-Hardy ‘09) 

Vud
2 + Vus

2 - 1  = -0.0004(7)   

Compatibility with unitarity -0.6#$

With  f+(0) = 0.9644(49) from lattice QCD:  

Kl3 average: |Vus| = 0.2246(12) 

was 0.2167 at Kaon’07  

6/9/09 40 Matteo Palutan, SM test with kaons 

was 0031(15) in PDG04 

#(V
ud

2)!0.0004 #(V
us

2)!0.0005 
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Lepton Photon 2009 Expt. Status of the CKM Matrix (S.Prell)

              CKM matrix unitarity check

18

From Vcb and Vts

Magnitudes of CKM 
matrix elements 

fulfill unitarity well

δ|Vud| ∼ O(10−5)Prospect ultimate test
including Vubδ|Vus| ∼ O(10−4)



TENSIONS, ANOMALIES
and NEW PHYSICS
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|Vus| from τ decays
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Exclusive: BR(τ → Kν)
BR(τ → πν)

|Vus| = 0.2255(23)

Inclusive:

|Vus| = 0.2159(30exp)(5th)

τ → νXs

V
us

 from K
l3

 data and CKM unitarity!

Kl3 average: |Vus| f+(0) = 0.21660(47) 

Using |Vud| = 0.97424(22) from average 0+ ! 0+ " decays (Towner-Hardy ‘09) 

Vud
2 + Vus

2 - 1  = -0.0004(7)   

Compatibility with unitarity -0.6#$

With  f+(0) = 0.9644(49) from lattice QCD:  

Kl3 average: |Vus| = 0.2246(12) 

was 0.2167 at Kaon’07  

6/9/09 40 Matteo Palutan, SM test with kaons 

was 0031(15) in PDG04 

#(V
ud

2)!0.0004 #(V
us

2)!0.0005 

(BaBar, 2008)

2σ or more difference from
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,!
e !
!

!+e+,
s

W+
+

K

u

s

l
~

e
+

!
~

" 13

B
~+

K

u
!
#

H
+

(Slepton)

(Sneutrino)

(Bino)
(Higgs)

RK =
Σi Γ(K → eνi)
Σi Γ(K → µνi)

" ΓSM (K → eνe) + Γ(K → eντ )
ΓSM (K → µνµ)

Lepton Flavor Universality: Γ(Ke2)/Γ(Kµ2)
V-A couplings - helicity suppression
SM: (2.477±0.001)·10-5

SUSY 

LFV loopCirigliano, Rosell,  PRL99(2007)231801

experimentally 

the ! flavor is 

undetermined ...

RK beyond the SM

Supersymmetry - Tree level:
K+ → e+ν can proceed via exchange of

charged Higgs H+ instead of W+

→ ratio RK remains unchanged

Possible scenario in MSSM:
(Masiero, Paradisi, Petronzio, PRD 74, 2006)

’Loop effects are predicted to lead to lepton

flavour violating (LFV) couplings lH+ντ

Noticebly enhances only the K+ → e+ν rate

RLFV
K ≈ RSM

K

[

1 +

(

m4
K

M4

H±

)
(

m2
τ

M2
e

)

|∆13|
2tan6 β

]

A few percent effect possible in large (not

extreme) tan β regime with relatively massive

charged Higgs

Example:

∆13 = 5×10−4,MH = 500 GeV, tan β = 40:

RLFV
K ≈ RSM

K (1 + 0.013)

,!
e µ
!

µ+e+,
s

H+
K

u

+

(Higgs)

s

l
~

e+

!
~

" 13

B
~+

K

u
!
#

H
+

(Slepton)

(Sneutrino)

(Bino)
(Higgs)

NB: Analogous SUSY effects in pion decay are

suppressed by a factor (mπ/MK)4 ≈ 6×10−3

Test of lepton universality inK → lν decays by NA62 – p. 5

Deviations between  10-2 ~ 10-3  

are studied in

Masiero, Paradisi, Petronzio,  JHEP0811(2008)042

suppressed

effective 

e-" coupling 

constant

SUSY in K!2



|Vcb|: exclusive vs inclusive
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Lepton Photon 2009 Expt. Status of the CKM Matrix 
(S.Prell)

       Vcb  from B ! D(*)l! decays  

 Experiments fit differential B ! D(*)l! 
decay rate for |Vcb|F(1) and |Vcb|G(1) 

using HQET-based form factor 
parameterizations

– B ! D(*) form factor normalizations 
from lattice calculations

– Preliminary result from Belle with     B! 

!D*0l"  (Dungel @ EPS’09, not       yet 
included in average):

11

B !D*l" results

PRD79, 012002 (2009)

PRL100, 231803 (2008)

PRD77, 032002 (2008)

arXiv:0810.1657
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Lepton Photon 2009 Expt. Status of the CKM Matrix 
(S.Prell)

             Vcb from inclusive B ! Xcl" decays 

• Inclusive rate #(B ! Xcl") can be 

described by expansion in powers of 
1/mb (HQET, OPE)

• Non-perturbative corrections up to 
O(1/mb

3) are determined from 

inclusive distributions in B decays 
(Elep and mhad in B ! Xcl" and E$ in 

B ! Xs$ decays)

12

(~2.3! larger than Vcb from excl. decays)

BaBar, arXiv:0908.0415

p*l > 0.8 GeV

mhad in 

B " Xcl#

My average (S = 2.3)

HFAG, Winter 2009

2.3σ



|Vub|: exclusive vs inclusive
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Lepton Photon 2009 Expt. Status of the CKM Matrix 
(S.Prell)

Vub from B ! " l ! decays

• Experiments determine |Vub||f+(q
2)| 

from measured B ! " l ! rate

– |f+(q
2)| calculated from theory 

(LQCD (LCSR) at high (low) q2)

13

PRL101, 081801 (2008)

PLB648, 139 (2007)

arXiv:0812:1414

PRL101, 081801 (2008)

arXiv:0812:1414

PRL99, 041802 (2007)

PRL98, 091801 (2007)

arXiv:0812:1414

Error dominated by f+(0) calculation

FNAL/MILC + BaBar data  (prelim., 
arXiv:0811.3640): 3.38 ± 0.36
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1∼2σ

Lepton Photon 2009 Expt. Status of the CKM Matrix 
(S.Prell)

arXiv:0907.0379

PRL100, 171802 (2008)

PRL100, 171802 (2008)

PRL100, 171802 (2008)

         Vub from incl. B!Xu l " decays

• Challenges

– mb
5-dependence of #(B!Xul") 

– b !c background: #(B!Xcl")/ #(B!Xul")~50

• Select B!Xul" enhanced region in PS

– use shape function from B!Xs$ E$-spectrum 

and theory to extrapolate rate to full PS

• New Belle multivariate analysis

– Reconstruct other B in hadronic mode

– Covers about 90% of B!Xul" PS

14

arXiv:0907.0379

Vub (B!"l#)

I can’t average theories,will use 
|Vub|incl = (4.20 ±0.28)x10-3 (BLNP) 

 Vub from incl. B!Xul" syst. higher 

(~1-2%) than from B!&l" decays

My average
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|Vub| and B → τν

W−

ū

b

ν̄

τ

Γ =
G2

F mBm2
τ

8π

(
1− m2

τ

m2
B

)2

f2
B |Vub|2

!"! #" ν
!

" −
−
!

# −
$ ν

! "#$%#&'()*'+,-.//0'1#2'"'2&&#%#32$#-&4

! " ! " ! "%& % ' %& % %& %ν µ ν τ ν→ → →" "5/3#.#$6 78++,/77#-&

9/$/,:#&2$#-&'-;';<=>8?=

! " ! " ! "µ
@ABCAA @ABCD

5/3#.#$6 78++,/77#-&

#! " !$%&' '%&(" $'()%& τν −= ± ×
$)' $*%* )'+= ± 5EFG9*

BHBI4AJAK1I

5LMN*!#%*& '%$+ '%&)" $'!+
−= ± ± ×

O

PG5QEBJ
!#%*& '%$+ '%&)" $'$!+ ± ±

(/&7#$#1/'237-'$-'RE'S.%2,T/0'5#TT7'U

Exp. (Belle, BaBar)
!"#$%&'(#%)"#)!*'&+,-).(++$

τν ± × !"#$% & '()*+, -*,./ )- [ ]τν × !"
01#$ % & ' )*2-3-*2. )-

/'01,)2"&3-)'1,&'+,

4 - 54 5 .67!8 - 9: 9 5

!"#$%&'(#% "# ;*'&+,- .(++$

<55,;%)"5)!*'&+,-).(++$

=>)."?@)6*A$>)B,1>)8CD@)EFCE)GHIIFJ

4'$,-)"#)54 5&"K).67!8)'#-)9:?L9)5&"K)

.MNO)G4P/6@)Q!.<6RDJ

SAT,UQQ)E.8V)

!"#$%&'(#%)"#);*'&+,-).(++$

!
! !

!

"

#$% &
&'

!

"

!

#$
%

&
%

"% "%

β

= ×

! "
= # $

44

AT
!

(

&
& #$%

!

!

%
& ε β# $+% &

#$% '

(

)

)
β = WXWY)P""T);"&&,;%("#

εRZR)5"&)SAT,UQQ)E.8V)

I[\!P),];3?-,-

(

I

T.Iijima, LP2009
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3
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!

2
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d
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K
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K
#

sm" & dm"
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V

$ %ub
V

1
!sin 2

(excl. at CL > 0.95)

 < 0
1
!sol. w/ cos 2

e
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t C
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 >
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'
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!"#

!"$

excluded area has CL > 0.95

Moriond 09

CKM
&'(')')'*'+

tension
sin 2φ1

εK

|Vub|
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!"#$%&'(")*+"*!,-*.'+

τν ± × !"#$% & '()*+, -*,./ )-

/%012*3"&45*%12&%62

! "τν ×# $
0-*)+1 !"
!-*-2,3456789#$% & ' -*+2: )-

78+$8+*".*%*!,-*.'+*3'+9"8+*'):485')6*

;!τν ')*+92*.'+**<!,-*.'++2&=*>!?@ABCD# $

EB

F92*#2%(8&25*;&*'(*GHI*σ 9'692&*+9%)*+92*1%482*
$&25':+25*JK*+92*!,-*.'+H

T.Iijima, LP20092.4σ



Charged Higgs in B → τν and B → Dτν 
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H−

ū

b

ν̄

τ

H−

b

τ
ν̄
c

mτ tan β

mb tanβ

Type-II 2HDM  (SUSY)
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*+$,%-.($/.(&%0(
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! "
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!" ! # ν
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→ !

12345&%635$23$17%&0(8$96004 :+;(<==$>9"*$

%%! " ! & & "% ! &' ( ) )!" ! # * ( + % % ,τν τ→ =
?@A1B$(CD)E8(8

F+$!!τν

G2&H$G%D52&4
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)

-

.
,

.
β= ?@A1B$(CD)E8(8

F+$!!"τν
I:+;(<==$>9"*J

9K$=527L$MK$N2H63( %38$OK$PQ%8%L

R:R SST SU? I>VV@J 7 7WV@VXS>T

SY

R:R$SSTL$SU?$I>VV@JL$7(;<;7WV@VXS>TK

"$)$ν G2&H$G%D52&$&(;2&5(8$F+$!%!%&Z
%&[6.#$V\VUKT?U\L$V\V?KV\>\
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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"!#0 t , Ci!mW"!0 ! i!1,3–6 ", !3.5"

where 0 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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B → Kπ

ACP (K±π∓) ≡ Γ(B̄0 → K−π+)− Γ(B0 → K+π−)
Γ(B̄0 → K−π+) + Γ(B0 → K+π−)

ACP (K±π0) ≡ Γ(B− → K−π0)− Γ(B+ → K+π0)
Γ(B− → K−π0) + Γ(B+ → K+π0)

ACP (K±π0) = 0.007± 0.03± 0.01
ACP (K±π∓) = −0.094± 0.018± 0.08Belle:

Kπ puzzle: ∆ACP ≡ ACP (K±π0)−ACP (K±π∓)
= 0.164± 0.037

Naive isospin sym. ∆ACP ! 0
4.4σ

QCD?
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i = u, c, t

W W

j = ū, c̄, t̄
s̄

b

b̄

s
Vib V ∗

is

VjbV ∗
js

∼M12 −
i

2
Γ12

φs ≡ arg(−M12Γ∗
12)

|M12|! |Γ12| : ∆m ! 2|M12|, ∆Γ ! 2|Γ12| cos φs

φs ∼ O(λ2) ∼ O(10−2)In the SM,

CDF ∆ms = 17.77± 0.12 ps−1
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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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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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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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modeled as a Gaussian function centered at zero, and a
nonprompt component. The nonprompt component is
modeled as a superposition of one exponential for t < 0
and two exponentials for t > 0, with free slopes and nor-
malizations. The distributions of the backgrounds in mass,
cos!, ’, and cosc are parametrized by low-order poly-
nomials. We also allow for a background term analogous to
the interference term of the A0 and Ak waves, with one free
coefficient. For each of the above background functions we
use two separate sets of free parameters for the prompt and
nonprompt components.

In the following, we fix !Ms to 17:77! 0:12 ps"1, as
measured in Ref. [12]. The phases analogous to "i have
been measured for the decay B0

d ! J=cK# at the B facto-
ries. We allow the phases "i to vary around the world-
average values [13] for the B0

d ! J=cK# decay, "1 ¼
"0:46 and "2 ¼ 2:92, under a Gaussian constraint. The
width of the Gaussian, chosen to be #=5, allows for some
degree of violation of the SUð3Þ symmetry relating the two
decay processes, while still effectively constraining the
signs of cos"i to agree with those of Ref. [13]. The mirror
solution with cos"1 < 0 is disfavored on theoretical [14]
and experimental [15] grounds.

Results of the fit are presented in Table I. The fit yields a
likelihood maximum at $s ¼ "0:57þ0:24

"0:30 and !"s ¼
0:19! 0:07 ps"1, where the errors are statistical only.
Confidence-level contours in the $s " !"s plane are
shown in Fig. 2. Studies using pseudoexperiments with
similar statistical sensitivity indicate an expected statistical
uncertainty in$s of 0.33 and no significant biases. The test
finds allowed ranges at the 90% CL of"1:20<$s < 0:06
and 0:06<!"s < 0:30 ps"1. To quantify the level of
agreement with the SM, we use pseudoexperiments
with the ‘‘true’’ value of the parameter $s set to $s ¼
"2%sð¼ "0:04Þ predicted by the SM. We find the proba-
bility of 6.6% to obtain a fitted value of $s lower than
"0:57. With this input $s, we obtain !"s ¼ 0:14!
0:07 ps"1. This is consistent with the theoretical prediction
of 0:088! 0:017 ps"1 [1].

The fit results for the case of free "i are shown in the
second column in Table I. The maximum likelihood occurs
at two sets of phases "i. In addition, the signal probability
distribution is invariant under the simultaneous transfor-
mation (!"s ! "!"s, $s ! #"$s, "1 ! #" "1,

"2 ! #" "2). There are two allowed ranges of $s and
!"s at the 90% CL, ("1:22<$s <"0:08, 0:05<!"s <
0:33 ps"1), and ("3:06<$s <"1:92, "0:33<!"s <
"0:05 ps"1). For the SM hypothesis, we find a probability
of 8.5% to obtain a likelihood ratio higher than that ob-
served in the data.
The measurement uncertainties are dominated by the

limited statistics. Uncertainty in the acceptance as a func-
tion of the transversity angles is small, the largest effect is
on jA0ð0Þj2 " jAjjð0Þj2. Effects of the imperfect knowledge
of the flavor-tagging purity are estimated by varying the
flavor purity parametrization within uncertainties. The
likelihood definition does not include the differences be-
tween the distributions of the flavor-tagging probability for
various components of the sample. We find the effect of
adding this dependence small, and assign an appropriate
systematic uncertainty. The ‘‘interference’’ term in the
background model accounts for the collective effect of
various physics processes. However, its presence may be
partially due to detector acceptance effects. Therefore, we
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FIG. 2 (color online). Confidence-level contours in the !"s "
$s plane for the fit with the Gaussian constraint on the phases "1

and "2. The curves correspond to expected CL ¼ 68:3%
(dashed) and 90% (solid). The cross shows the best fit point
and one-dimensional uncertainties. Also shown is the SM pre-
diction, $s ¼ "2%s ¼ "0:04, !"SM

s ¼ 0:088! 0:017 ps"1 [1]
and the expected behavior [10] of possible deviations from SM,
!"s ¼ !"SM

s ( j cosð$sÞj.

TABLE II. Sources of systematic uncertainty in the results for the case of free $s.

Source #&s (ps) !"s (ps
"1) A?ð0Þ jA0ð0Þj2 " jAjjð0Þj2 $s

Acceptance !0:003 !0:003 !0:005 !0:03 !0:005
Signal mass model "0:01 þ0:006 "0:003 "0:001 "0:006
Flavor purity estimate !0:001 !0:001 !0:001 !0:001 !0:01
Flavor purity model þ0:003 þ0:003 <0:001 þ0:002 þ0:04
Background model þ0:003 þ0:02 "0:02 "0:01 þ0:02
!Ms input !0:01 !0:001 !0:001 !0:001 þ0:06, "0:01
Total !0:01 þ0:02, "0:01 þ0:01, "0:02 !0:03 þ0:08, "0:02
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These relations assume that there is no direct CP violation
in the system. The time dependence is convolved with a
Gaussian proper time resolution function with standard
deviation !t, which is adjusted by an overall calibration
factor determined from the fit using promptly decaying
background candidates. The average of the resolution
function is 0.08 ps, with a root-mean-square deviation of
0.04 ps.

We model the background lifetime PDF Pb!tj!t" with a
delta function at t # 0, one and two exponentials with
negative slope for t < 0 and t > 0, respectively, all of
which are convolved with the Gaussian resolution function.
The background angular PDFs are factorized, Pb! ~"" #
Pb!cos#T"Pb!’T"Pb!cos T", and are obtained using B0

s
mass sidebands events.

Possible asymmetries between the tagging rate and di-
lution of B0

s and !B0
s mesons have been studied with control

samples and found to be statistically insignificant. We
allow important sources of systematic uncertainty, such
as the determination of overall calibration factors associ-
ated with the proper decay time resolution and the dilu-
tions, to float in the fit. The mixing frequency
"ms # 17:77$ 0:12 ps%1 is constrained in the fit within
the experimental uncertainties [6]. Systematic uncertain-
ties coming from alignment, detector sculpting, back-
ground angular distributions, decays from other B
mesons, the modeling of signal and background are found
to have a negligible effect on the determination of both "#
and $s relative to statistical uncertainties.

The signal probability distribution is invariant under the
simultaneous transformation (2$s ! %% 2$s, "# !
%"#, &k ! 2%% &k, and &? ! %% &?), causing the
likelihood function to have two minima. This symmetry
can be removed by restricting any of the above parameters
within appropriate ranges. However, even after removal of
the exact symmetry, approximate symmetries remain, pro-
ducing local minima. Since the log-likelihood function is
nonparabolic, we cannot meaningfully quote point esti-
mates. Instead we choose to construct a confidence region
in the 2$s % "# plane.

We use the Feldman-Cousins likelihood ratio ordering
[20] to determine the confidence level (CL) for a 20& 40
grid evenly spaced in 2$s 2 '%%=2; 3%=2( and "# 2
'%0:7; 0:7(. The other parameters in the fit are treated as
nuisance parameters (e.g., B0

s mean width, transversity
amplitudes, strong phases) [21]. To ensure that the ob-
tained confidence regions provide the quoted coverage
against deviations of the nuisance parameters from their
values measured in our fit to data, we perform pseudoex-
periments by randomly sampling the nuisance parameter
space within $5! of the fit values and confirm coverage of
the 68% and 95% confidence regions shown in Fig. 2. The
solution centered in 0 ) 2$s ) %=2 and "#> 0 corre-
sponds to cos!&?"< 0 and cos!&? % &k"> 0, while the
opposite is true for the solution centered in %=2 ) $s ) %

and "#< 0. Assuming the standard model predicted val-
ues of 2$s # 0:04 and "# # 0:096 ps%1 [9], the proba-
bility to observe a likelihood ratio equal to or higher than
what is observed in data is 15%. Additionally, we present a
Feldman-Cousins confidence interval of 2$s, where "# is
treated as a nuisance parameter, and find that 2$s 2
'0:32; 2:82( at the 68% confidence level. The CP phase
2$s, "#, #, and the linear polarization amplitudes are
consistent with those measured in Ref. [10]. We also ex-
ploit current experimental and theoretical information to
extract tighter bounds on the CP-violating phase. Applying
the constraint j#12j # 0:048$ 0:018 [9] in the relation
"# # 2j#12j cos!2$s", we obtain 2$s 2 '0:24; 1:36( [
'1:78; 2:90( at the 68% C.L.

In summary we present confidence bounds on the
CP-violation parameter 2$s and the width difference "#
from the first study of B0

s ! J= ' decays using flavor
tagging. Assuming the standard model predicted values of
2$s # 0:04 and "# # 0:096 ps%1, the probability of a
deviation as large as the level of the observed data is
15%, which corresponds to 1.5 Gaussian standard devia-
tions. Treating "# instead as a nuisance parameter and
fitting only for 2$s, we find that 2$s 2 '0:32; 2:82( at the
68% confidence level. The presented experimental bounds
restrict the knowledge of 2$s to two of the four solutions
allowed in measurements that do not use flavor tagging
[10,12] and improve the overall knowledge of this
parameter.
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FIG. 2. Feldman-Cousins confidence region in the 2$s % "#
plane, where the standard model favored point is shown with
error bars [9]. The intersection of the horizontal and vertical
dotted lines indicates the reflection symmetry in the 2$s % "#
plane.
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We combine all the available experimental information on Bs mixing, including the very recent
tagged analyses of Bs → J/Ψφ by the CDF and DØ collaborations. We find that the phase of
the Bs mixing amplitude deviates more than 3σ from the Standard Model prediction. While no
single measurement has a 3σ significance yet, all the constraints show a remarkable agreement with
the combined result. This is a first evidence of physics beyond the Standard Model. This result
disfavours New Physics models with Minimal Flavour Violation with the same significance.

In the Standard Model (SM), all flavour and CP vio-
lating phenomena in weak decays are described in terms
of quark masses and the four independent parameters
in the Cabibbo-Kobayashi-Maskawa (CKM) matrix [1].
In particular, there is only one source of CP violation,
which is connected to the area of the Unitarity Trian-
gle (UT). A peculiar prediction of the SM, due to the
hierarchy among CKM matrix elements, is that CP vio-
lation in Bs mixing should be tiny. This property is also
valid in models of Minimal Flavour Violation (MFV) [2],
where flavour and CP violation are still governed by the
CKM matrix. Therefore, the experimental observation of
sizable CP violation in Bs mixing is a clear (and clean)
signal of New Physics (NP) and a violation of the MFV
paradigm. In the past decade, B factories have collected
an impressive amount of data on Bd flavour- and CP-
violating processes. The CKM paradigm has passed un-
scathed all the tests performed at the B factories down
to an accuracy just below 10% [3, 4]. This has been
often considered as an indication pointing to the MFV
hypothesis, which has received considerable attention in
recent years. The only possible hint of non-MFV NP is
found in the penguin-dominated b → s non-leptonic de-
cays. Indeed, in the SM, the Sqq̄s coefficient of the time-
dependent CP asymmetry in these channels is equal to
the Scc̄s measured with b → cc̄s decays, up to hadronic
uncertainties related to subleading terms in the decay
amplitudes. Present data show a systematic, although
not statistically significant, downward shift of Sqq̄s with
respect to Scc̄s [5], while hadronic models predict a shift
in the opposite direction in many cases [6, 7].

From the theoretical point of view, the hierarchical
structure of quark masses and mixing angles of the SM
calls for an explanation in terms of flavour symmetries
or of other dynamical mechanisms, such as, for example,
fermion localization in models with extra dimensions. All

such explanations depart from the MFV paradigm, and
generically cause deviations from the SM in flavour vio-
lating processes. Models with localized fermions [8], and
more generally models of Next-to-Minimal Flavour Vio-
lation [9], tend to produce too large effects in εK [10, 11].
On the contrary, flavour models based on nonabelian
flavour symmetries, such as U(2) or SU(3), typically sup-
press NP contributions to s ↔ d and possibly also to
b ↔ d transitions, but easily produce large NP contribu-
tions to b ↔ s processes. This is due to the large flavour
symmetry breaking caused by the top quark Yukawa cou-
pling. Thus, if (nonabelian) flavour symmetry models are
relevant for the solution of the SM flavour problem, one
expects on general grounds NP contributions to b ↔ s
transitions. On the other hand, in the context of Grand
Unified Theories (GUTs), there is a connection between
leptonic and hadronic flavour violation. In particular, in
a broad class of GUTs, the large mixing angle observed
in neutrino oscillations corresponds to large NP contri-
butions to b ↔ s transitions [12].

In this Letter, we show that present data give evidence
of a Bs mixing phase much larger than expected in the
SM, with a significance of more than 3σ. This result is
obtained by combining all available experimental infor-
mation with the method used by our collaboration for
UT analyses and described in Ref. [13].

We perform a model-independent analysis of NP con-
tributions to Bs mixing using the following parametriza-
tion [14]:

CBs
e2iφBs =

ASM
s e−2iβs + ANP

s e2i(φNP

s
−βs)

ASM
s e−2iβs

=

=
〈Bs|H full

eff |B̄s〉

〈Bs|HSM
eff |B̄s〉

, (1)

where H full
eff is the effective Hamiltonian generated

MSM
12 + MNP

12

MSM
12

φs = 2φBs − 2βs

βs = arg(−VtsV
∗
tb/VcsV

∗
cb) ∼ O(λ2)
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2

by both SM and NP, while HSM
eff only contains SM

contributions. The angle βs is defined as βs =
arg(−(VtsV ∗

tb)/(VcsV ∗

cb)) and it equals 0.018 ± 0.001 in
the SM.1

∆ms [ps−1] 17.77 ± 0.12 [15]

As
SL × 102 2.45 ± 1.96 [16]

Aµµ
SL

× 103 -4.3 ± 3.0 [17, 18]

τFS
Bs

[ps] 1.461 ± 0.032 [19]

φs http://tinyurl.com/2f9rtl [20]

∆Γs http://tinyurl.com/2f9rtl [20]

φs [rad] 0.60 ± 0.27 [21]

∆Γs [ps−1] 0.19 ± 0.07 [21]

τBs
[ps] 1.52 ± 0.06 [21]

Cφs,∆Γs
= −0.042 Cφs,τBs

= −0.571 CτBs
,∆Γs

= 0.23

TABLE I: Input parameters used in the analysis. We also
show the correlation coefficients Cs of the measurements of
φs, ∆Γs and τBs

from ref. [21].

We use the following experimental input: the CDF
measurement of ∆ms [15], the semileptonic asymme-
try in Bs decays As

SL [16], the dimuon charge asymme-
try Aµµ

SL from DØ [17] and CDF [18], the measurement
of the Bs lifetime from flavour-specific final states [19],
the two-dimensional likelihood ratio for ∆Γs and φs =
2(βs−φBs

) from the time-dependent tagged angular anal-
ysis of Bs → J/ψφ decays by CDF [20] and the correlated
constraints on Γs, ∆Γs and φs from the same analysis
performed by DØ [21]. For the latter, since the com-
plete likelihood is not available yet, we start from the
results of the 7-variable fit in the free-φs case from Ta-
ble I of ref. [21]. We implement the 7 × 7 correlation
matrix and integrate over the strong phases and decay
amplitudes to obtain the reduced 3 × 3 correlation ma-
trix used in our analysis. In the DØ analysis, the twofold
ambiguity inherent in the measurement (φs → π − φs,
∆Γs → −∆Γs, cos δ1,2 → − cos δ1,2) for arbitrary strong
phases was removed using a value for cos δ1,2 derived from
the BaBar analysis of Bd → J/ΨK∗ using SU(3). How-
ever, the strong phases in Bd → J/ΨK∗ and Bs → J/Ψφ
cannot be exactly related in the SU(3) limit due to the
singlet component of φ. Although the sign of cos δ1,2 ob-
tained using SU(3) is consistent with the factorization es-
timate, to be conservative we reintroduce the ambiguity
in the DØ measurement. To this end, we take the errors
quoted by DØ as Gaussian and duplicate the likelihood
at the point obtained by applying the discrete ambigu-
ity. Indeed, looking at Fig. 2 of ref. [21], this seems
a reasonable procedure. Hopefully DØ will present re-
sults without assumptions on the strong phases in the

1 We are using the usual CKM phase convention in which VcsV ∗

cb
is real to a very good approximation.
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FIG. 1: From left to right and from top to bottom, 68%
(dark) and 95% (light) probability regions in the φBs

– CBs
,

ANP
s /ASM

s – φNP
s planes and p.d.f for CBs

, φBs
, ANP

s /ASM
s ,

φNP
s , Re ANP

s /ASM
s , Im ANP

s /ASM
s .

future, allowing for a more straightforward combination.
Finally, for the CKM parameters we perform the UT
analysis in the presence of arbitrary NP as described in
ref. [10], obtaining ρ = 0.140 ± 0.046, η = 0.384 ± 0.035
and sin 2βs = 0.0409 ± 0.0038. The new input param-
eters used in our analysis are summarized in Table I,
all the others are given in Ref. [10]. The relevant NLO
formulae for ∆Γs and for the semileptonic asymmetries
in the presence of NP have been already discussed in
refs. [10, 22, 23].

The results of our analysis are summarized in Table
II. We see that the phase φBs

deviates from zero at

2

by both SM and NP, while HSM
eff only contains SM

contributions. The angle βs is defined as βs =
arg(−(VtsV ∗

tb)/(VcsV ∗

cb)) and it equals 0.018 ± 0.001 in
the SM.1

∆ms [ps−1] 17.77 ± 0.12 [15]

As
SL × 102 2.45 ± 1.96 [16]

Aµµ
SL

× 103 -4.3 ± 3.0 [17, 18]

τFS
Bs

[ps] 1.461 ± 0.032 [19]

φs http://tinyurl.com/2f9rtl [20]

∆Γs http://tinyurl.com/2f9rtl [20]

φs [rad] 0.60 ± 0.27 [21]

∆Γs [ps−1] 0.19 ± 0.07 [21]

τBs
[ps] 1.52 ± 0.06 [21]

Cφs,∆Γs
= −0.042 Cφs,τBs

= −0.571 CτBs
,∆Γs

= 0.23

TABLE I: Input parameters used in the analysis. We also
show the correlation coefficients Cs of the measurements of
φs, ∆Γs and τBs

from ref. [21].

We use the following experimental input: the CDF
measurement of ∆ms [15], the semileptonic asymme-
try in Bs decays As

SL [16], the dimuon charge asymme-
try Aµµ

SL from DØ [17] and CDF [18], the measurement
of the Bs lifetime from flavour-specific final states [19],
the two-dimensional likelihood ratio for ∆Γs and φs =
2(βs−φBs

) from the time-dependent tagged angular anal-
ysis of Bs → J/ψφ decays by CDF [20] and the correlated
constraints on Γs, ∆Γs and φs from the same analysis
performed by DØ [21]. For the latter, since the com-
plete likelihood is not available yet, we start from the
results of the 7-variable fit in the free-φs case from Ta-
ble I of ref. [21]. We implement the 7 × 7 correlation
matrix and integrate over the strong phases and decay
amplitudes to obtain the reduced 3 × 3 correlation ma-
trix used in our analysis. In the DØ analysis, the twofold
ambiguity inherent in the measurement (φs → π − φs,
∆Γs → −∆Γs, cos δ1,2 → − cos δ1,2) for arbitrary strong
phases was removed using a value for cos δ1,2 derived from
the BaBar analysis of Bd → J/ΨK∗ using SU(3). How-
ever, the strong phases in Bd → J/ΨK∗ and Bs → J/Ψφ
cannot be exactly related in the SU(3) limit due to the
singlet component of φ. Although the sign of cos δ1,2 ob-
tained using SU(3) is consistent with the factorization es-
timate, to be conservative we reintroduce the ambiguity
in the DØ measurement. To this end, we take the errors
quoted by DØ as Gaussian and duplicate the likelihood
at the point obtained by applying the discrete ambigu-
ity. Indeed, looking at Fig. 2 of ref. [21], this seems
a reasonable procedure. Hopefully DØ will present re-
sults without assumptions on the strong phases in the

1 We are using the usual CKM phase convention in which VcsV ∗

cb
is real to a very good approximation.
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future, allowing for a more straightforward combination.
Finally, for the CKM parameters we perform the UT
analysis in the presence of arbitrary NP as described in
ref. [10], obtaining ρ = 0.140 ± 0.046, η = 0.384 ± 0.035
and sin 2βs = 0.0409 ± 0.0038. The new input param-
eters used in our analysis are summarized in Table I,
all the others are given in Ref. [10]. The relevant NLO
formulae for ∆Γs and for the semileptonic asymmetries
in the presence of NP have been already discussed in
refs. [10, 22, 23].

The results of our analysis are summarized in Table
II. We see that the phase φBs

deviates from zero at

2

by both SM and NP, while HSM
eff only contains SM

contributions. The angle βs is defined as βs =
arg(−(VtsV ∗

tb)/(VcsV ∗

cb)) and it equals 0.018 ± 0.001 in
the SM.1

∆ms [ps−1] 17.77 ± 0.12 [15]

As
SL × 102 2.45 ± 1.96 [16]

Aµµ
SL

× 103 -4.3 ± 3.0 [17, 18]

τFS
Bs

[ps] 1.461 ± 0.032 [19]

φs http://tinyurl.com/2f9rtl [20]

∆Γs http://tinyurl.com/2f9rtl [20]

φs [rad] 0.60 ± 0.27 [21]

∆Γs [ps−1] 0.19 ± 0.07 [21]

τBs
[ps] 1.52 ± 0.06 [21]

Cφs,∆Γs
= −0.042 Cφs,τBs

= −0.571 CτBs
,∆Γs

= 0.23

TABLE I: Input parameters used in the analysis. We also
show the correlation coefficients Cs of the measurements of
φs, ∆Γs and τBs

from ref. [21].

We use the following experimental input: the CDF
measurement of ∆ms [15], the semileptonic asymme-
try in Bs decays As

SL [16], the dimuon charge asymme-
try Aµµ

SL from DØ [17] and CDF [18], the measurement
of the Bs lifetime from flavour-specific final states [19],
the two-dimensional likelihood ratio for ∆Γs and φs =
2(βs−φBs

) from the time-dependent tagged angular anal-
ysis of Bs → J/ψφ decays by CDF [20] and the correlated
constraints on Γs, ∆Γs and φs from the same analysis
performed by DØ [21]. For the latter, since the com-
plete likelihood is not available yet, we start from the
results of the 7-variable fit in the free-φs case from Ta-
ble I of ref. [21]. We implement the 7 × 7 correlation
matrix and integrate over the strong phases and decay
amplitudes to obtain the reduced 3 × 3 correlation ma-
trix used in our analysis. In the DØ analysis, the twofold
ambiguity inherent in the measurement (φs → π − φs,
∆Γs → −∆Γs, cos δ1,2 → − cos δ1,2) for arbitrary strong
phases was removed using a value for cos δ1,2 derived from
the BaBar analysis of Bd → J/ΨK∗ using SU(3). How-
ever, the strong phases in Bd → J/ΨK∗ and Bs → J/Ψφ
cannot be exactly related in the SU(3) limit due to the
singlet component of φ. Although the sign of cos δ1,2 ob-
tained using SU(3) is consistent with the factorization es-
timate, to be conservative we reintroduce the ambiguity
in the DØ measurement. To this end, we take the errors
quoted by DØ as Gaussian and duplicate the likelihood
at the point obtained by applying the discrete ambigu-
ity. Indeed, looking at Fig. 2 of ref. [21], this seems
a reasonable procedure. Hopefully DØ will present re-
sults without assumptions on the strong phases in the

1 We are using the usual CKM phase convention in which VcsV ∗

cb
is real to a very good approximation.
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future, allowing for a more straightforward combination.
Finally, for the CKM parameters we perform the UT
analysis in the presence of arbitrary NP as described in
ref. [10], obtaining ρ = 0.140 ± 0.046, η = 0.384 ± 0.035
and sin 2βs = 0.0409 ± 0.0038. The new input param-
eters used in our analysis are summarized in Table I,
all the others are given in Ref. [10]. The relevant NLO
formulae for ∆Γs and for the semileptonic asymmetries
in the presence of NP have been already discussed in
refs. [10, 22, 23].

The results of our analysis are summarized in Table
II. We see that the phase φBs

deviates from zero at

3.7σ:     Non-MFV NP?
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CKM scheme seems OK at ∼10% accuracy.

A few % new physics might be there.

Several inconsistencies exit.
NP? QCD? Exp.?
Need more statistics, lattice calculations,
phenomenological ideas, etc.

Interplay between LHC and flavor factories.

Super KEKB, JPARC K experiments,
LFV searches, EDM, neutrinos, etc.


