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mixing

Ab
CP ∝ Ab

SL = CdA
d
SL + CsA

s
SL

A
d,s
SL : Semileptonic asymmetries from Bd and Bs .

Cd,s : Production-detection coefficients.
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CP violation in interference

Let f a final state common to the decay of Bd and B̄d

Γ(Bd → f ) 6= Γ(B̄d → f )
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This result triggered a lot of interest from the flavor physics community
because

The SM source of CP violation is not enough to explain the
imbalance between matter and antimatter in the universe

Some theoretical studies claim up to 10 orders of magnitude deficit of
the CP violation provided by the SM

New sources of CP violation are required to explain the matter
dominance
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A bit about mixing

i
d

dt

(

|Bd 〉
∣

∣B̄d

〉

)

= Σd

(

|Bd〉
∣

∣B̄d

〉

)
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Mq and Γq are hermitian matrices.
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Mq and Γq are hermitian matrices.

In the diagonal case

Σ =

(

M11 − i
2Γ11 0

0 M22 − i
2Γ22

)

|Bd 〉 = e−i(M11−
i
2
Γ11)t |Bd〉
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A bit about mixing
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A bit about mixing

Eigenvalues of Σ

λL = ML −
i

2
ΓL

λH = MH − i

2
ΓH

Gilberto Tetlalmatzi, Ben Pecjak, Alexander Lenz,Christoph Bobeth,Ulrich Haisch (IPPP Durham)New Physics in ∆Γd January 26, 2014 8 / 41



A bit about mixing

Eigenvalues of Σ

λL = ML −
i

2
ΓL

λH = MH − i

2
ΓH

Eigenvectors of Σ

|BL〉 = p |B〉+ q
∣

∣B̄
〉

|BH〉 = p |B〉 − q
∣

∣B̄
〉

Gilberto Tetlalmatzi, Ben Pecjak, Alexander Lenz,Christoph Bobeth,Ulrich Haisch (IPPP Durham)New Physics in ∆Γd January 26, 2014 8 / 41



A bit about mixing

Eigenvalues of Σ

λL = ML −
i

2
ΓL

λH = MH − i

2
ΓH

Eigenvectors of Σ

|BL〉 = p |B〉+ q
∣

∣B̄
〉

|BH〉 = p |B〉 − q
∣

∣B̄
〉

|BL,H(t)〉 = e−i(MH,L−i
ΓH,L
2

)t |BL,H〉

Gilberto Tetlalmatzi, Ben Pecjak, Alexander Lenz,Christoph Bobeth,Ulrich Haisch (IPPP Durham)New Physics in ∆Γd January 26, 2014 8 / 41



A bit about mixing

Eigenvalues of Σ

λL = ML −
i

2
ΓL

λH = MH − i

2
ΓH

Eigenvectors of Σ

|BL〉 = p |B〉+ q
∣

∣B̄
〉

|BH〉 = p |B〉 − q
∣

∣B̄
〉

|BL,H(t)〉 = e−i(MH,L−i
ΓH,L
2

)t |BL,H〉
∣

∣B0(t)
〉

= g+(t)
∣

∣B0
〉

+
q

p
g−(t)

∣

∣B̄0
〉

∣

∣B̄0(t)
〉

=
p

q
g−(t)

∣

∣B0
〉

+ g+(t)
∣

∣B̄0
〉

Gilberto Tetlalmatzi, Ben Pecjak, Alexander Lenz,Christoph Bobeth,Ulrich Haisch (IPPP Durham)New Physics in ∆Γd January 26, 2014 8 / 41



A bit about mixing

∆M = MH −ML

∆Γ = ΓL − ΓH
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4
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A bit about mixing

Theory Vs Experiment ∆Γs :

(∆Γs)SM = (0.087 ± 0.021)ps−1.

(∆Γs)exp = (0.081 ± 0.011)ps−1 .

Gilberto Tetlalmatzi, Ben Pecjak, Alexander Lenz,Christoph Bobeth,Ulrich Haisch (IPPP Durham)New Physics in ∆Γd January 26, 2014 10 / 41



A bit about mixing

Theory Vs Experiment ∆Γs :

(∆Γs)SM = (0.087 ± 0.021)ps−1.

(∆Γs)exp = (0.081 ± 0.011)ps−1 .

Theory Vs Experiment ∆Γd :

(
∆Γd
Γd

)SM = (0.42 ± 0.08)% ,

(
∆Γd
Γd

)exp = (1.5 ± 1.8)% ,
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+ CΓs

∆Γs
Γs

However the contribution from ∆Γs is suppressed in comparison with the
one from ∆Γd mainly because CΓs << CΓd

In october 2013 a new analysis by D0 for ACP was released.

It compares theory and experiment for:Ab
SL and ∆Γd

Γd

The new deviation is 3.0σ.

Main Goal: To calculate how big the enhancement in ∆Γd can be without
violate other experimental constraints.
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∆Γd vs ∆Γs

New Physics (NP) effects in ∆Γs are strongly constrained in comparison
with ∆Γd because:

∆Γd triggered by b → cc̄d

∆Γs triggered by b → cc̄s

Br(b → cc̄d) = (1.31 ± 0.07)%

Br(b → cc̄s) = (23.7 ± 1.3)%

=⇒ 100% enhancement on Γ(b → cc̄s)

leads to sizable effect on Γtot

=⇒ 100% enhancement on Γ(b → cc̄d) can

be hidden within the hadronic uncertainties.
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Sources of enhancement for ∆Γd

Enhancements in ∆Γd arise from:
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Sources of enhancement for ∆Γd

Enhancements in ∆Γd arise from:

1 Unitarity violations.

2 New Physics in tree level decays.

3 (d̄b)(τ̄ τ) operators.
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New Physics in ∆Γd

NP contributions on ∆Γd can be introduced through unitarity violations of
the CKM matrix

Gilberto Tetlalmatzi, Ben Pecjak, Alexander Lenz,Christoph Bobeth,Ulrich Haisch (IPPP Durham)New Physics in ∆Γd January 26, 2014 14 / 41



New Physics in ∆Γd

NP contributions on ∆Γd can be introduced through unitarity violations of
the CKM matrix

let λu = V ∗

udVub, λc = V ∗

cdVcb, λt = V ∗

tdVtb.
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the CKM matrix

let λu = V ∗

udVub, λc = V ∗

cdVcb, λt = V ∗

tdVtb.

λu + λc + λt + δCKM = 0

As a very rough estimate

δdCKM
λd
t

= O (1)

δsCKM
λd
t

= O (λ)

λ ≈ 0.23
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the CKM matrix

let λu = V ∗

udVub, λc = V ∗

cdVcb, λt = V ∗

tdVtb.

λu + λc + λt + δCKM = 0

As a very rough estimate

δdCKM
λd
t

= O (1)

δsCKM
λd
t

= O (λ)

λ ≈ 0.23

=⇒ enhancement by a factor of 4 in ∆Γd

=⇒ enhancement by a factor of 1.4 in ∆Γs .
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Current-Current Operators
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Current-Current Operators

An effective approach is followed

(

g2

2
√
2

)2 1

k2 −M2
W

≈ −
(

g2

2
√
2

)2 1

M2
W

≡ GF√
2
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Current-Current Operators

After integrating out the W boson we get the following effective operators
at tree level in the SM:
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Current-Current Operators

After integrating out the W boson we get the following effective operators
at tree level in the SM:

Q
qq′

1 =
(

d̄jγµPLqi
) (

q̄′iγ
µPLbj

)

Q
qq′

2 =
(

d̄iγµPLqi
) (

q̄′jγ
µPLbj

)

with q, q′ = u, c .
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d̄jγµPLqi
) (

q̄′iγ
µPLbj

)

Q
qq′

2 =
(

d̄iγµPLqi
) (

q̄′jγ
µPLbj

)

with q, q′ = u, c .

The effective Hamiltonian is

Heff =
4GF√

2

∑

q,q′=u,c

λqq′

∑

i=1,2

C
q,q′

i (MW , µ)Qqq′

i + h.c .
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4GF√

2

∑

q,q′=u,c

λqq′

∑

i=1,2

C
q,q′

i (MW , µ)Qqq′

i + h.c .

with
λqq′ = V ∗

qdVq′b.
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Calculation of Γ12

b

d̄

d

b̄

W− W+

c , u

c̄ , ū

=⇒
b

d̄

d

b̄

c , u

c̄ , ū
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∆Γd ≈ 2|Γq12|cos(φd )
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b̄

c , u

c̄ , ū
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1

2MBd

< B̄d |Im
(

i

∫

d4xT̂ [Heff (x)Heff (0)]

)

|Bd >
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(
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The effects of new physics can be calculated by considering a shift over the
Wilson Coefficients C1,2 → C1,2 +∆C1,2
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ΓSM12 (C1,C2) → Γ12 = ΓSM12 (C1 +∆C1,C2 +∆C2)

(

Γ12

ΓSM12
− 1

)

= (0.61− 0.84i)

[

(∆C cc
2 )

2
+ 0.064∆C cc

2 ∆C cc
1 + 2.1∆C cc

2

− 0.26∆C cc
1 + 0.77 (∆C cc

1 )
2

]

+ (0.21− 0.052i)

[

(∆C uu
2 )

2
+ 0.35∆C uu

1 ∆C uu
2 + 2.0∆C uu

2

− 0.16∆C uu
1 + 1.3 (∆C uu

1 )
2

]

+ (0.53 + 0.79i)

[

∆C cu
2 ∆C uc

2 + 1.05∆C cu
1 ∆C uc

1

+ 0.11(∆C uc
1 ∆C cu

2 +∆C cu
1 ∆C uc

2 )

+ 1.0(∆C cu
2 +∆C uc

2 )− 0.10(∆C cu
1 +∆C uc

1 )

]
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To calculate the room available for New Physics we use different
observables.
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To calculate the room available for New Physics we use different
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The theoretical result

O(CSM
1 ,CSM

2 )± σSM
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1 ,CSM

2 ) −→ O(CSM
1 +∆C1,C
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2 +∆C2)
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is compared against the experimental one

Oexp ± σexp

taking into account a shift in C1,2

O(CSM
1 ,CSM

2 ) −→ O(CSM
1 +∆C1,C

SM
2 +∆C2)

|O(CSM
1 +∆C1,C

SM
2 +∆C2)−Oexp | < 1.64

√

(σexp)2 + (σSM)2
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Criteria to pick the observables for Γcc , Γuc , Γuu
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Criteria to pick the observables for Γcc , Γuc , Γuu

Must contain the operator we are interested in:
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Criteria to pick the observables for Γcc , Γuc , Γuu

Must contain the operator we are interested in:

Γcc → (d̄γµPLc)(c̄γ
µPLb)

Γuu → (d̄γµPLu)(ūγ
µPLb)

Γuc → (d̄γµPLu)(c̄γ
µPLb)

Gilberto Tetlalmatzi, Ben Pecjak, Alexander Lenz,Christoph Bobeth,Ulrich Haisch (IPPP Durham)New Physics in ∆Γd January 26, 2014 20 / 41
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Must contain the operator we are interested in:

Γcc → (d̄γµPLc)(c̄γ
µPLb)

Γuu → (d̄γµPLu)(ūγ
µPLb)

Γuc → (d̄γµPLu)(c̄γ
µPLb)

The operators must have a non-negligible contribution.
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Criteria to pick the observables for Γcc , Γuc , Γuu

Must contain the operator we are interested in:

Γcc → (d̄γµPLc)(c̄γ
µPLb)

Γuu → (d̄γµPLu)(ūγ
µPLb)

Γuc → (d̄γµPLu)(c̄γ
µPLb)

The operators must have a non-negligible contribution.

Experimental information must be available.
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Bounds from Γuu,d12
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Bounds from Γuu,d12

B
−

→ π
−

π
0
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Bounds from Γuu,d12

B
−

→ π
−

π
0

R
π−π0 =

Γ(B− → π−π0)

dΓ(B̄0 → π+ l−ν̄l )/dq
2
∣

∣

q2=0
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%

C
π+π−

is suppressed by powers of 1/αs or 1/mb in QCD so it is difficult to predict quantitatively.
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Bounds from Γuu,d12

Constrictions for ∆C1 and ∆C2
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Bounds from Γuu,d12

Enhancement on Γuu,d12
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Bounds from Γuc ,d12

Constrictions for ∆C1 and ∆C2
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Channels taken into account: B̄0 → D∗+π− and τBd
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Bounds from Γuc ,d12
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Bounds from Γcc ,d12

Constrictions and enhancement for Γcc,d12
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(

bd̄
)

(τ̄ τ) Operators

The contributions from NP on ∆Γd can be estimated by analyzing
effective operators not generated in the SM.
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Including all possible Dirac structures, one has the following set
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Including all possible Dirac structures, one has the following set

QS,AB =
(

d̄ PA b
)

(τ̄ PB τ) ,

QV ,AB =
(

d̄ γµPA b
)

(τ̄ γµPB τ) ,

QT ,A =
(

d̄ σµνPA b
)

(τ̄ σµνPA τ) ,
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QS,AB =
(

d̄ PA b
)

(τ̄ PB τ) ,

QV ,AB =
(

d̄ γµPA b
)

(τ̄ γµPB τ) ,

QT ,A =
(

d̄ σµνPA b
)

(τ̄ σµνPA τ) ,

The effective Lagrangian involving these operators is written as

Heff =
∑

i

4GF√
2
V ∗

tdVtbCi(µ)Qi
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Bounds on the operators
(

bd̄
)

(τ̄ τ)

Direct Bounds
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Case Bd → τ+τ−

The bounds are established using the experimental result

B(Bd → τ+τ−) < (4.1) × 10−3
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on the values that the Branching Ratio can take.
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Bounds on the operators
(

bd̄
)

(τ̄ τ)

Bounds for Br(B → Xdτ
+τ−) and Br(B → π0τ+τ−) are obtained by

comparing the Standard Model lifetimes with the Experimental ones
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+τ−) and Br(B → π0τ+τ−) are obtained by

comparing the Standard Model lifetimes with the Experimental ones
(

τ(Bs)

τ(Bd )
− 1

)SM

= −0.2% ± 0.2%

(

τ(Bs)

τ(Bd)
− 1

)Exp.

= −0.2% ± 0.9%
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Bounds for Br(B → Xdτ
+τ−) and Br(B → π0τ+τ−) are obtained by

comparing the Standard Model lifetimes with the Experimental ones
(

τ(Bs)

τ(Bd )
− 1

)SM

= −0.2% ± 0.2%

(

τ(Bs)

τ(Bd)
− 1

)Exp.

= −0.2% ± 0.9%

=⇒
ΓNP
d − ΓNP

s

Γd
= 0.0% ± 0.9%

Setting ΓNP
s = 0 gives an upper bound on (also invisible) new physics

contributions to Bd decays

Br(Bd → X ) < 0.0% + x · 0.9% =







0.9% 1σ
1.8% 2σ
2.7% 3σ
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(

bd̄
)

(τ̄ τ) Operators

The effects on ∆Γd are calculated through

|∆̃d | =
∆Γd cos(φd )

SM

∆ΓSMd cos(φd )
.
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The effects on ∆Γd are calculated through

|∆̃d | =
∆Γd cos(φd )
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∆ΓSMd cos(φd )
.

Dependence of ∆̃d on the Wilson coefficients

|∆̃d |S,AB < 1 + (0.4 ± 0.1)|CS,AB (mb)|2

|∆̃d |V ,AB < 1 + (0.4 ± 0.1)|CV ,AB (mb)|2

|∆̃d |T ,AB < 1 + (0.9± 0.2)|CT ,A(mb)|2
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(τ̄ τ) Operators

The effects on ∆Γd are calculated through

|∆̃d | =
∆Γd cos(φd )

SM

∆ΓSMd cos(φd )
.

Dependence of ∆̃d on the Wilson coefficients

|∆̃d |S,AB < 1 + (0.4 ± 0.1)|CS,AB (mb)|2

|∆̃d |V ,AB < 1 + (0.4 ± 0.1)|CV ,AB (mb)|2

|∆̃d |T ,AB < 1 + (0.9± 0.2)|CT ,A(mb)|2

The problem is reduced to the calculation of bounds for the Wilson
Coefficients CS,AB(mb), CV ,AB(mb) and CT ,A(mb) depending on different
experimental constraints.
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Direct bounds over the Wilson Coefficients

Process |CS(mb)| |CV (mb)| |CT (mb)|

Bd → τ+τ− 1.04 2.12

8.12 (Br = 0.9%) 4.06 (Br = 0.9%) 1.17 (Br = 0.9%)

B → Xdτ
+τ− 11.49 (Br = 1.8%) 5.74 (Br = 1.8%) 1.66 (Br = 1.8%)

14.07 (Br = 2.7%) 7.03 (Br = 1.8%) 2.03 (Br = 2.7%)

4.51 (Br = 0.9%) 4.50 (Br = 0.9%) 2.0 (Br = 0.9%)

B → π+τ+τ− 6.38 (Br = 1.8%) 6.36 (Br = 1.8%) 2.8 (Br = 1.8%)

7.81 (Br = 2.7%) 7.79 (Br = 2.7%) 3.5 (Br = 2.7%)

The most important constraints for the scalar and vector cases come from
the channel Bd → τ+τ−
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Indirect Bounds
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Indirect Bounds
The operators

(

bd̄
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Indirect Bounds
The operators

(

bd̄
)

(τ̄ τ) contribute through:

operator mixing

loop-level matrix elements

The channels used to impose bounds are:

Bd → γγ =⇒ b → dℓ+ℓ−

B+ → π+µ+µ− =⇒ b → dℓ+ℓ−

Bd → Xdγ =⇒ b → dγ

Gilberto Tetlalmatzi, Ben Pecjak, Alexander Lenz,Christoph Bobeth,Ulrich Haisch (IPPP Durham)New Physics in ∆Γd January 26, 2014 34 / 41



Indirect Bounds
The operators

(

bd̄
)

(τ̄ τ) contribute through:

operator mixing

loop-level matrix elements

The channels used to impose bounds are:

Bd → γγ =⇒ b → dℓ+ℓ−

B+ → π+µ+µ− =⇒ b → dℓ+ℓ−

Bd → Xdγ =⇒ b → dγ

The operators associated with the transitions b → dγ and b → dℓ+ℓ− are

Q7,A =
e

g2
s

mτ (d̄ σµνPA b)Fµν , Q9,A =
e2

g2
s

(d̄ γµPA b)(ℓ̄ γµ ℓ)

Gilberto Tetlalmatzi, Ben Pecjak, Alexander Lenz,Christoph Bobeth,Ulrich Haisch (IPPP Durham)New Physics in ∆Γd January 26, 2014 34 / 41



The operators Q7,A and Q9,A are related with CV ,A and CT ,A through
mixing: in general the Wilson coefficients depend on the energy scale µ
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mixing: in general the Wilson coefficients depend on the energy scale µ

dCi(µ)

dLn(µ)
= γijCj (µ)
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The operators Q7,A and Q9,A are related with CV ,A and CT ,A through
mixing: in general the Wilson coefficients depend on the energy scale µ

dCi(µ)

dLn(µ)
= γijCj (µ)

Ci(µ) = U(µ, µW )ijCj(µW )
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The operators Q7,A and Q9,A are related with CV ,A and CT ,A through
mixing: in general the Wilson coefficients depend on the energy scale µ

dCi(µ)

dLn(µ)
= γijCj (µ)

Ci(µ) = U(µ, µW )ijCj(µW )

C7,A(mb) = η
4/21
6

(

0.6 − η−1
6

)

CT ,A(Λ) ,

C9,A(mb) =
(

0.1 − 0.2 η−1
6

) (

CV ,AL(Λ) + CV ,AR(Λ)
)
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dCi(µ)

dLn(µ)
= γijCj (µ)

Ci(µ) = U(µ, µW )ijCj(µW )

C7,A(mb) = η
4/21
6

(

0.6 − η−1
6

)

CT ,A(Λ) ,

C9,A(mb) =
(

0.1 − 0.2 η−1
6

) (

CV ,AL(Λ) + CV ,AR(Λ)
)

with η6 =
αs(Λ)
αs(mb)

.
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Summary about Indirect constraints
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Summary about Indirect constraints

They are weaker than the direct bounds for the scalar and vector
coefficients.

Offer the strongest results for the tensor cases.

The most important channels are Bd → Xdγ and B+ → π+µ+µ−

Br(Bd → Xdγ)
exp < (1.41 ± 0.57) × 10−5
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(

bd̄
)

(τ̄ τ) Operators

The effects on ∆Γd are calculated through

|∆̃d | =
∆Γd cos(φd )

SM

∆ΓSMd cos(φd )
.
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(

bd̄
)

(τ̄ τ) Operators

The effects on ∆Γd are calculated through

|∆̃d | =
∆Γd cos(φd )

SM

∆ΓSMd cos(φd )
.

Dependence of ∆̃d on the Wilson coefficients

|∆̃d |S,AB < 1 + (0.4 ± 0.1)|CS,AB (mb)|2

|∆̃d |V ,AB < 1 + (0.4 ± 0.1)|CV ,AB (mb)|2

|∆̃d |T ,AB < 1 + (0.9± 0.2)|CT ,A(mb)|2
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|∆̃d | vs Br

Scalar contribution
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Τ
-

|∆̃d | = 1.4

Gilberto Tetlalmatzi, Ben Pecjak, Alexander Lenz,Christoph Bobeth,Ulrich Haisch (IPPP Durham)New Physics in ∆Γd January 26, 2014 38 / 41



|∆̃d | vs Br

Vector contribution
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|∆̃d | vs Br

Tensor contribution
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Conclusions

The discrepancy between theory and experiment for the dimuon
asymmetry can be explained by a new contribution proportional to
∆Γd .
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Conclusions

The discrepancy between theory and experiment for the dimuon
asymmetry can be explained by a new contribution proportional to
∆Γd .

Unitarity violations allow a factor of 4 enhancement in ∆Γd .

An enhancement of 1.44 is allowed by tree level operators.

Operators (d̄b)(τ̄ τ) allow a factor of 3 enhancement in ∆Γd .

The next step is to study new effects over ∆Γd within a specific
beyond SM scenario.
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