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Outline

Like-sign dimuon charge asymmetry at the D0

Experimental constraints including LHCb 1fb⁻¹ result
   - Mass difference ΔMs

      - Decay width difference ΔΓs

      - Phase in the indirect CP asymmetry 
   - Model dependent bounds : b → sυυ, B → J/ψKS 

The upper limit of the coupling in the Z’ model

Conclusions
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Like-sign dimuon charge asymmetry at D0

Ab
s� =

N++ −N−−

N++ +N−−

N⁺⁺ : # of events μ⁺μ⁺
N⁻⁻ : # of events μ⁻μ⁻ 

 Asl ≠ 0 : CP in the mixing

Asymmetry in the number N⁺⁺ and N⁻⁻

 from the semi-leptonic decays of Bd,s meson



Ab
s� = −(9.52± 2.51± 1.46)× 10−3

First observation 2010 at 6.1fb⁻¹ D0 

3.2σ deviation from the SM value 

(Ab
s�)

SM = (−2.8+0.5
−0.6)× 10−4

Need additional CP violation source in Bd,s mixing

Second observation 2011 at 9.0fb⁻¹ D0 

Ab
s� = −(7.87± 1.72(stat.)± 0.93(syst.))× 10−3

3.9σ deviation (error reduced)



Obtain      from Bd mixing + Bs mixingAb
s�

ads� ≡ Γ(Bd → µ+X)− Γ(Bd → µ−X)

Γ(Bd → µ+X) + Γ(Bd → µ−X)

ass� ≡ Γ(Bs → µ+X)− Γ(Bs → µ−X)

Γ(Bs → µ+X) + Γ(Bs → µ−X)

2010 result
Ab

s� = (0.506± 0.043)ads� + (0.494± 0.043)ass�

At 1.96 TeV

2011 result
Ab

s� = (0.594± 0.043)ads� + (0.406± 0.043)ass�



IP > 120μm : reduce background (less data)

2011 result of 3.9σ 

1.7σ

< 1σ 2-3σ

ass� = −(18.1± 10.6)× 10−3

ads� = −(1.2± 5.2)× 10−3

separately reading the asymm.

(ass�)
SM = (1.9± 0.3)× 10−5

(ads�)
SM = −(4.1± 0.6)× 10−4



Bs,d - Bs,d mixing

i
d

dt

� |B0�
|B 0�

�
=

�
M − i

Γ

2

�� |B0�
|B 0�

�

M and Γ : 2×2 hermitian mass and decay matrices

Mixing via off-shell (dispersive) intermediate states
and on-shell (absorptive) intermediate states

∆Mq = 2|Mq
12| ∆Γq = 2|Γq

12| cosφq

φq = Arg.

�
−Mq

12

Γq
12

�

φSM
s = (3.8± 1.1)× 10−3

φSM
d = (−7.5± 2.4)× 10−2



aqs� = Im
Γq
12

Mq
12

=
|Γq

12|
|Mq

12|
sinφq =

∆Γq

∆Mq
tanφq

(LH
Cb 

0.3
4 f

b⁻¹
)

If              onlyΓs
12 = Γs, SM

12 even with

ΓqNP
12

Γq SM
12

≡ h̃qe
i2σ̃q ,

MqNP
12

Mq SM
12

≡ hqe
i2σq

For convenience, let’s define

NP contribution to Γs
12 &  No large to ΓBs

∆Ms = 17.725± 0.041(stat.)± 0.026(syst.) ps−1

(∆Ms)
SM = (17.3± 2.6) ps−1

Impossible to obtain the central value of  ass�

sinφs = −1



New Physics

Sizable contribution to Γ12ˢ
① Light new particles which Bs can decay into
      (one of which < mBs)       
                or
② New interactions to the light SM particles
      (without new Z2 parity)

              Otherwise, the new contribution : loop suppressed

Very small contribution to ΓBs

① Constrained by the new particle mass bound
              

② Constrained by the Br. (Bs → particles) 
τ⁺τ⁻

ST
RA

TEG
Y



Br.(B̄s → τ+τ−) < 5%

Br.(B̄ → Xsτ
+τ−) < 5%

Not so severe constraints
O(1)h̃s

Bauer & Dunn, Phys. Lett. B696, 362 (2011)

(b̄s)(τ̄ τ)V,A is the only nonzero NP interactionIf
safe from b → sγ

My work with Jihn E. Kim and M.-S. Seo, 
Phys. Rev. D83, 036003 (2010)

Bobeth & Haisch, arXiv:1109.1826

Alok, Baek, London, 
JHEP 07, 111 (2011)
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Interference of NP with the SM through charm 

My work in progress with R. Dermisek, H.D. Kim, S.G. Kim

Alok, Baek, London, JHEP 07, 111 (2011)

NP

because Γ12ˢ ∝	 NP coupling linearly
small to avoid ex. constraints
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r w
ay 
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The analysis in this work

Analyze the various recent experimental 
results (e.g., LHCb 1fb⁻¹) which can constrain 
the NP models explaining the dimuon charge 
asymmetry

See what extent the NP parameter can be 
constrained by them : Z’ model

Scenario with Z’ to tau pair

Scenario with Z’ to charm quark pair

When the sizable NP in the Bs mixing



Experimental constraints

Mass difference ΔMs

Decay width difference ΔΓs

2βs

Model dependent experimental constraints
 b → sυυ, B → J/ψKS 



Every experimental result : 

To see the magnitude of coupling, we can fix MZ’

For simplicity, analyze the case when MZ’ ≈ MZ   

Z’ model to analyze the possible parameter region

gLsb : Z �s̄LbL gRsb : Z �s̄RbR

Z’ : 6 real free parameters
gLττ : Z �τ̄LτL gRττ : Z �τ̄RτR

or charmcomplex off-diagonal

���(gL,R
ψχ /g1)(MZ/MZ�)

���

g1 = g/ cos θW g : SU(2)

Ab
FB Phys. Rev. D84, 035006 (2011) by Dermisek, Kim, Raval 

gL(R)
sb ≡ |gL(R)

sb |eiθL(R)



Mass difference ΔMs

LHC
b 0

.34
 fb
⁻¹

∆Ms = 17.725± 0.041(stat.)± 0.026(syst.) ps−1

(∆Ms)
SM = (17.3± 2.6) ps−1

No significant deviation

NP contribution is highly 
constrained!

In terms of general parameters

hs<2.3

MsNP
12

Ms SM
12

≡ hse
2iσs



necessary condition
for ΔMs

On the asymptotic lines 

Fine tuning

Natural |gsb| < 10⁻³ 

If |gsb| > 10⁻³ 

In terms of Z’ model parameters

If one of gsb = 0 Remaining |gsb| < 10⁻³ 

gRsb ≈ 0.1944753gLsb

gRsb ≈ 5.1420416gLsb

The diagonal couplings should be larger > 1

gLsb & gRsbWe need both of

Tree level FCNC



J/ψφ
J/ψφ

J/ψφ J/ψφ

b → scc̄

ΔΓs  &        from Bs → J/ψφφJ/ψ φ
s



Approach to the SM prediction



Without new phase contribution in Bs → J/ψφ
(The new contribution is only from the mixing, e.g., Z’τ⁺τ⁻ )

hs < 0.3

φJ/ψ φ
s

MsNP
12

Ms SM
12

≡ hse
2iσs



With new phase contribution in Bs → J/ψφ
(e.g., Z’cc )

additional contribution in φJ/ψ φ
s

When the contribution from the mixing is small 
: hs << 1

|gRsbg
L,R
cc sin θR| < O(10−5)

|gLsbg
L,R
cc sin θL| < 2× 10−4

In the scenario with Z’cc

Z’cc is (almost) axial vector-like

or the coupling is very small



when hs << 1

1109.1826, Bobeth & Haisch

No constraint 
from ΔMs

1σ

1.51σ

90%
90%

less enhancement : 
about 100 times the SM

(1σ : about 395 times 
central : 953 times)

marginally consistent

ΔΓs  

ΓsNP
12

Γs SM
12

= h̃se
2iσ̃s



Model dependent experimental constraints

①  NP with τL is constrained by b → sυυ

θL = θR = π/4

θL,R = Arg.(gL,R
sb )

|gLττgsb| < 10−3

Br.(B → K∗νν̄) < 8× 10−5

Br.(B → Kνν̄) < 1.3× 10−5

Br.(B → Xsνν̄) < 6.4× 10−4



θL = θR = π/4

For the scenario with Z’τ⁺τ⁻

−ass�/(a
s
s�)

SM

Numbers :

On the asymptotic line

|gRsb| ≈ 5.1420416 |gLsb|

gLττ < 0.1gRττ

1σ : about 395times the SM
central : 953 times the SM



Model dependent experimental constraints

②  NP with c is constrained by B → J/ψKS
sin2β

sin 2βmeas = 0.668± 0.028

sin(2β)fit = 0.731± 0.038

In the scenario with Z’cc

|(gLcc + gRcc)(g
L
sb + gRsb) sinϕ| < 2.0× 10−4



Another approach in sin2β

|Vub|excl = (31.2± 2.6)× 10−4

|Vub|incl = (43.4± 1.6+1.5
−2.2)× 10−4 large difference

Remove from the input

�K ,∆Ms/∆Md,

γ,Br(B → τν)

instead, use sin(2β)fit = 0.867± 0.048

Lunghi & Soni, 1104.2117, 1010.6069

more than 3σ

1.8× 10−4 < |(gLcc + gRcc)(g
L
sb + gRsb) sinϕ| < 6.0× 10−4

Z’cc



|gRsbg
R
ττ | ∼ O(10−2)Consistent region : at least

|gRττ | < 1 |gRsb| � 10−3 Fine-tuning from ΔMs

Z’ scenario with τ  couplings

① hs << 1 
ΔMs & φJ/ψ φ

s

gLττ < 0.1gRττ②



φJ/ψφ
s b → scc

Favors (almost) 
axial vector-like 
Z’cc interaction 

Z’ scenario with c-­‐‑quark  couplings

Numbers : 

gLcc = 0

−ass�/(a
s
s�)

SM

1σ : about 395times the SM
central : 953 times the SM



What extent Z’cc is axial-vector like 

δc ≡ (gLcc + gRcc)/g
R
cc

Discrepancy from the 
axial vector interaction

|gLsb| ≈ 5.1420416 |gRsb|
The case

Consistent region : at least |gccgsb| ∼ O(10−3)

Fine tuning from 
ΔMs is loosen

δc < 5× 10−2



Less Fine-tuning from ΔMs compared to the τ case

To satisfy the recent LHCb result of 1fb⁻¹, 
Z’cc interaction is almost axial vector-like
        sizable gᴸcc       sizable gᴸss
 
Cannot easily avoid the constraints (fine tuning + α)

Z’ scenario with c-­‐‑quark  couplings

Consistent |gccgsb| ∼ O(10−3)

gLbd , gLds , gLuc , gLuu , gLdd , · · ·

B0
d − B̄0

d , K0 − K̄0 , D0 − D̄0 , π production , · · ·



The like-sign dimuon charge asymmetry 
 : observed at the D0 since 2010 and now has 
about 3.9σ deviation

The sizable CP violating effect in Bd,s mixing
(Γ12 is large but ΓBd,s must be small)

Recent experimental constraints are analyzed.
 (LHCb result heads to the SM prediction)
 

ΔMs , ΔΓs ,                 ,  b → sυυ, B → J/ψKS

Obtain the limit of the Z’ parameters from the 
experimental bounds.

Conclusions

φJ/ψφ
s



New off-diagonal interaction Z’bs provides 
the enough contribution with Z’τ  τ coupling
or Z’cc coupling.

However, not free from the fine tuning from 
various experiments.

ΔMs &         

For Z’cc : almost axial vector-like
            (model construction very hard)

NP in the Bd mixing ?? 
 : need only about 10 times the SM
   although the experimental bounds strong

φJ/ψ φ
s

Conclusions



Thank	 you!!



Back-up slides from now on



2010 

2011 



2010 result of 3.2σ 

From the B factories

ads� = −(4.7± 4.6)× 10−3

CDF result of 1.6 fb⁻¹
+

From the D0 result
ass�

(ass�)ave = −(12.7± 5.0)× 10−3

2.5σ from (ass�)
SM = (1.9± 0.3)× 10−5



2011 result of 3.9σ 

The deviation increased and the most interesting 
change in the 2011 data is...........



Background reduction 

2011 result of 3.9σ 

muon impact parameter cut

Charged Hadron produced 
at the primary vertex

( K⁺→μ⁺ & K⁻→μ⁻, ... )

Difference in the interaction with 
the detector material

Long-lived charged mother particles can mimic 
the track of muons → small IP

K±, π±, · · ·



Muon IP difference in B0
d, B

0
s

∆Ms � ∆Md Bs mixing time << Bd mixing time

Compare with the computational result



Without new contribution to Γ12ˢ

or

Suppressed by exp.

b s

s b

t̃ t̃

C̃

C̃

Low tanβ
Chargino and stop mass

CP violation source : CKM

Buras et al. hep-ph/0207241 PLB

or DP

Usual MSSM : M12  only

outside 1σ



∆Ms = 17.77± 0.10(stat.)± 0.07(sys.) ps−1

= (11.7± 0.07± 0.05)× 10−12 GeV

CDF measurement 1.6 fb⁻¹

LHCb



hs = 3.858×105

g2
1

×Abs.

�
(gLsb)

2 + (gRsb)
2 − 6 η−3/23gLsbg

R
sb

�
1
4 + 1

6

�
mBs

mb+ms

�2
�

+4
�
η−3/23 − η−30/23

�
gLsbg

R
sb

�
1
24 + 1

4

�
mBs

mb+ms

�2
��

η = αs(MZ�)/αs(mb)

Tree level mixing : M₁₂



If one of gsb = 0 

The diagonal couplings should be large

Γ12 : (gL,R
sb gL,R

ττ ) , (gL,R
sb gL,R

cc )

Too large coupling

gLsb & gRsbWe need both of



φJ/ψ φ
s = −0.001± 0.101(stat.)± 0.027(syst.)

φJ/ψ φ
sLHC

b 1
fb⁻
¹

(φJ/ψ φ
s )SM = −2βSM

s = −0.036± 0.002

0.3σ

Provides very strong constraint in the NP



LHC
b 1

fb⁻
¹ ΔΓs  

∆Γs = 0.116± 0.018(stat.)± 0.006(syst.) ps−1

(∆Γs)
SM = (0.087± 0.021)

1.2σ

Sign fixed : positive 



∆Γs

(∆Γs)SM
= 1√

1+h2
s+2hs cos 2σs

×
�
(1 + hs cos 2σs)(1 + h̃s cos 2σ̃s) + hsh̃s sin 2σs sin 2σ̃s

− tanφSM
s

�
hs sin 2σs(1 + h̃s cos 2σ̃s)− h̃s sin 2σ̃s(1 + hs cos 2σs)

��

−aqs�/(a
q
s�)

SM = 1
1+h2

q+2hq cos 2σq

×
��

h̃q sin 2σ̃q(1 + hq cos 2σq)− hq sin 2σq(1 + h̃q cos 2σ̃q)
�
cotφSM

q

−
�
(1 + h̃q cos 2σ̃q)(1 + hq cos 2σq) + hqh̃q sin 2σq sin 2σ̃q

� �

determines ΔΓs  

determines the asymm   

0.0038

263

near to 1

near to 1





Model dependent experimental constraints

②  gbb ≠ 0 or gss ≠ 0 is constrained by b → sγ

|gbbgsb| < O(10−2)

Br.(B → Xsγ)exp = (3.55± 0.24± 0.09)× 10−4

Br.(B → Xsγ)SM = (3.15± 0.23)× 10−4

Natural value





②  τ V,A is constrained by b → sll

Bobeth & Haisch, arXiv:1109.1826

����
Γs
12

(Γs
12)

SM

���� < 1.3



gLsb ≈ 0.1944753gRsb

δc < 10−2

Fine tuning is worse



Off-diagonal couplings : < O(10−4)

For D mesons : Giudice, Isidori, Paradici, 1201.6204 



Neu
ber

t, M
ori

ond
 20

12

gττ :  ΛUV 10 TeV gcc :  ΛUV 100 TeV
Our Z’ scenario





Fine-tuning from ΔMs  
      (Without fine-tuning, |gᴿττ| > 1)

|gᴸττ| << |gᴿττ| from b → sυυ

hs << 1 to satisfy ΔMs &         constraint

Z’ scenario with τ  couplings

Consistent |gsbg
R
ττ | ∼ O(10−2)

φJ/ψ φ
s


