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Outline

• CPV in the B and Bs systems: First hints of new (flavor) CPV physics?

• Implications for rare ΔB=1 FCNC and helicity suppressed processes

• Probing the unexpected with rare B→K(*) Emiss decays



Recent developments in the Bs system

• During the last three years increasing experimental 
hints of sizable CPV in Bs sector

• Hints of large (mixing-induced) CP Violation in  
Bs → J/ψ ϕ decays

• Evidence for an anomalous like-sign dimuon 
charge asymmetry (b-inclusive)
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The DØ Collaboration reported a 3.2σ deviation from the standard model prediction in the like-
sign dimuon asymmetry. Assuming that new physics contributes only to Bd,s mixing, we show
that the data can be analyzed without using the theoretical calculation of ∆Γs, allowing for robust
interpretations. We find that this framework gives a good fit to all measurements, including the
recent CDF Sψφ result. The data allow universal new physics with similar contributions relative
to the SM in the Bd and Bs systems, but favors a larger deviation in Bs than in Bd mixing. The
general minimal flavor violation framework with flavor diagonal CP violating phases can account for
the former and remarkably even for the latter case. This observation makes it simpler to speculate
about which extensions with general flavor structure may also fit the data.

In the last decade an immense amount of measure-

ments determined that the standard model (SM) is re-

sponsible for the dominant part of flavor and CP vio-

lation in meson decays. However, in some processes,

mainly related to Bs decays, possible new physics (NP)

contributions are still poorly constrained, and motivated

NP scenarios predict sizable deviations from the SM. Re-

cently the DØ Collaboration reported a measurement of

the like-sign dimuon charge asymmetry in semileptonic b
decay with improved precision [1],

abSL ≡
N++

b
−N−−

b

N++
b

+N−−
b

= −(9.57±2.51±1.46)×10
−3, (1)

where N++
b

is the number of bb̄ → µ+µ+X events (and

similarly for N−−
b

). This result is 3.2σ from the quoted

SM prediction,
�
abSL

�SM
= (−2.3+0.5

−0.6)× 10
−4

[2]. At the

Tevatron both B0
d
and B0

s
are produced, and hence abSL

is a linear combination of the two asymmetries [1]

abSL = (0.506± 0.043) adSL + (0.494± 0.043) asSL . (2)

The above result should be interpreted in conjunc-

tion with three other measurements: (i) the Bd semilep-

tonic asymmetry, measured by the B factories, adSL =

−(4.7± 4.6)× 10
−3

[3]; (ii) the flavor specific asymmetry

measured from time dependence of B0
s
→ µ+D−

s
X decay

and its CP conjugate, asfs = −(1.7± 9.1± 1.5)× 10
−3

[4];

and (iii) the measurements of ∆Γs and Sψφ (the CP

asymmetry in the CP-even part of the ψφ final state in

Bs decay) [5–8]. Here ∆Γs = ΓL − ΓH , is the width

difference of the heavy and light Bs mass eigenstates. If

CP violation is negligible in the relevant tree-level decays,

then asfs = asSL. The SM predictions for the asymmetries

adSL and asSL are negligibly small, beyond the reach of the

Tevatron experiments [9–11]. If the evidence for the siz-

able dimuon charge asymmetry in Eq. (1) is confirmed,

it would unequivocally point to CP violation beyond the

CKM mechanism of the SM.

The present experimental uncertainties of adSL and asSL
seperately are larger than that of their combination, abSL.
Thus, from Eq. (1) alone it is not clear if the tension with

the SM is in the Bd or in the Bs system. Bounds from

other observables imply (see below) that new physics con-

tributions in Bd mixing with a generic weak phase cannot

exceed roughly 20% of the SM, while in Bs mixing much

larger NP contributions are still allowed.

We focus on interpreting the data assuming that the

above measurements are associated with new CP violat-

ing physics which contributes to Bd,s mixing, while its

contribution to CP violation in tree-level decay ampli-

tudes is negligible. Under this assumption the DØ result

in Eq. (1) is correlated with the Tevatron measurements

of Sψφ [12] (and∆Γs). These measurements provide non-

trivial tests of our hypothesis. Neglecting the small SM

contribution to Sψφ, the following relation holds between

experimentally measurable quantities [13]

asSL = − |∆Γs|

∆ms

Sψφ

��
1− S2

ψφ , (3)

where ∆ms ≡ mH −mL. Using the new measurement in

Eq. (1) together with Eq. (2), the above relation implies

|∆Γs| � −∆ms

�
2.0 abSL − 1.0 adSL

��
1− S2

ψφ

�
Sψφ . (4)

For simplicity we do not display the O (10%) uncertain-

ties of the two numerical factors. The CDF and DØ

time-dependent Bs → ψφ analyses provide a measure-

ment of ∆Γs vs. Sψφ. Hence all quantities in Eq. (4) are

constrained, and our analysis can be performed without

the theoretical prediction of ∆Γs [14], using its determi-

nation from data instead.

Using the measured values of ∆ms and ab,dSL , we find

|∆Γs| ∼
�
(0.28± 0.15) ps−1

��
1− S2

ψφ

�
Sψφ . (5)

ar
X

iv
:1

00
6.

04
32

v1
  [

he
p-

ph
]  

2 
Ju

n 
20

10

βs =
1
2
ArgλfCP

Recent developments in the Bs system
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hints of sizable CPV in Bs sector

• Hints of large (mixing-induced) CP Violation in  
Bs → J/ψ ϕ decays

• Evidence for an anomalous like-sign dimuon 
charge asymmetry (b-inclusive)
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The DØ Collaboration reported a 3.2σ deviation from the standard model prediction in the like-
sign dimuon asymmetry. Assuming that new physics contributes only to Bd,s mixing, we show
that the data can be analyzed without using the theoretical calculation of ∆Γs, allowing for robust
interpretations. We find that this framework gives a good fit to all measurements, including the
recent CDF Sψφ result. The data allow universal new physics with similar contributions relative
to the SM in the Bd and Bs systems, but favors a larger deviation in Bs than in Bd mixing. The
general minimal flavor violation framework with flavor diagonal CP violating phases can account for
the former and remarkably even for the latter case. This observation makes it simpler to speculate
about which extensions with general flavor structure may also fit the data.
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ments determined that the standard model (SM) is re-

sponsible for the dominant part of flavor and CP vio-

lation in meson decays. However, in some processes,

mainly related to Bs decays, possible new physics (NP)

contributions are still poorly constrained, and motivated

NP scenarios predict sizable deviations from the SM. Re-

cently the DØ Collaboration reported a measurement of

the like-sign dimuon charge asymmetry in semileptonic b
decay with improved precision [1],

abSL ≡
N++

b
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b

N++
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b

= −(9.57±2.51±1.46)×10
−3, (1)

where N++
b

is the number of bb̄ → µ+µ+X events (and

similarly for N−−
b

). This result is 3.2σ from the quoted

SM prediction,
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abSL

�SM
= (−2.3+0.5

−0.6)× 10
−4

[2]. At the

Tevatron both B0
d
and B0

s
are produced, and hence abSL

is a linear combination of the two asymmetries [1]

abSL = (0.506± 0.043) adSL + (0.494± 0.043) asSL . (2)

The above result should be interpreted in conjunc-

tion with three other measurements: (i) the Bd semilep-

tonic asymmetry, measured by the B factories, adSL =

−(4.7± 4.6)× 10
−3

[3]; (ii) the flavor specific asymmetry

measured from time dependence of B0
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s
X decay

and its CP conjugate, asfs = −(1.7± 9.1± 1.5)× 10
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[4];

and (iii) the measurements of ∆Γs and Sψφ (the CP

asymmetry in the CP-even part of the ψφ final state in

Bs decay) [5–8]. Here ∆Γs = ΓL − ΓH , is the width

difference of the heavy and light Bs mass eigenstates. If

CP violation is negligible in the relevant tree-level decays,

then asfs = asSL. The SM predictions for the asymmetries

adSL and asSL are negligibly small, beyond the reach of the

Tevatron experiments [9–11]. If the evidence for the siz-

able dimuon charge asymmetry in Eq. (1) is confirmed,

it would unequivocally point to CP violation beyond the

CKM mechanism of the SM.

The present experimental uncertainties of adSL and asSL
seperately are larger than that of their combination, abSL.
Thus, from Eq. (1) alone it is not clear if the tension with

the SM is in the Bd or in the Bs system. Bounds from

other observables imply (see below) that new physics con-

tributions in Bd mixing with a generic weak phase cannot

exceed roughly 20% of the SM, while in Bs mixing much

larger NP contributions are still allowed.

We focus on interpreting the data assuming that the

above measurements are associated with new CP violat-

ing physics which contributes to Bd,s mixing, while its

contribution to CP violation in tree-level decay ampli-

tudes is negligible. Under this assumption the DØ result

in Eq. (1) is correlated with the Tevatron measurements

of Sψφ [12] (and∆Γs). These measurements provide non-

trivial tests of our hypothesis. Neglecting the small SM

contribution to Sψφ, the following relation holds between

experimentally measurable quantities [13]

asSL = − |∆Γs|

∆ms
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ψφ , (3)

where ∆ms ≡ mH −mL. Using the new measurement in

Eq. (1) together with Eq. (2), the above relation implies
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ties of the two numerical factors. The CDF and DØ

time-dependent Bs → ψφ analyses provide a measure-

ment of ∆Γs vs. Sψφ. Hence all quantities in Eq. (4) are

constrained, and our analysis can be performed without

the theoretical prediction of ∆Γs [14], using its determi-
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FIG. 16: The observed and expected like-sign dimuon charge
asymmetries in bins of dimuon invariant mass. The expected
asymmetry is shown for (a) Ab

sl = 0.0 and (b) Ab
sl = −0.00957.
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FIG. 17: (Color online) Comparison of Ab
sl in data with the

standard model prediction for ad
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sl. Also shown are
the existing measurements of ad

sl [23] and as
sl [24]. The error

bands represent the ±1 standard deviation uncertainties on
each individual measurement.

FIG. 18: (Color online) The 68% and 95% C.L. regions of
probability for ∆Γs and φs values obtained from this mea-
surement, considering the experimental constraints on ad

sl [23].
The solid and dashed curves show respectively the 68% and
95% C.L. contours from the B0

s → J/ψφ measurement [25].
Also shown is the standard model (SM) prediction for φs and
∆Γs.
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FIG. 19: (Color online) Probability contours in the (φs,∆Γs)
plane for the combination of this measurement with the result
of Ref. [25], using the experimental constraints on ad

sl [23].
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The DØ Collaboration reported a 3.2σ deviation from the standard model prediction in the like-
sign dimuon asymmetry. Assuming that new physics contributes only to Bd,s mixing, we show
that the data can be analyzed without using the theoretical calculation of ∆Γs, allowing for robust
interpretations. We find that this framework gives a good fit to all measurements, including the
recent CDF Sψφ result. The data allow universal new physics with similar contributions relative
to the SM in the Bd and Bs systems, but favors a larger deviation in Bs than in Bd mixing. The
general minimal flavor violation framework with flavor diagonal CP violating phases can account for
the former and remarkably even for the latter case. This observation makes it simpler to speculate
about which extensions with general flavor structure may also fit the data.

In the last decade an immense amount of measure-

ments determined that the standard model (SM) is re-

sponsible for the dominant part of flavor and CP vio-

lation in meson decays. However, in some processes,

mainly related to Bs decays, possible new physics (NP)

contributions are still poorly constrained, and motivated

NP scenarios predict sizable deviations from the SM. Re-

cently the DØ Collaboration reported a measurement of

the like-sign dimuon charge asymmetry in semileptonic b
decay with improved precision [1],

abSL ≡
N++

b
−N−−

b

N++
b

+N−−
b

= −(9.57±2.51±1.46)×10
−3, (1)

where N++
b

is the number of bb̄ → µ+µ+X events (and

similarly for N−−
b

). This result is 3.2σ from the quoted

SM prediction,
�
abSL

�SM
= (−2.3+0.5

−0.6)× 10
−4

[2]. At the

Tevatron both B0
d
and B0

s
are produced, and hence abSL

is a linear combination of the two asymmetries [1]

abSL = (0.506± 0.043) adSL + (0.494± 0.043) asSL . (2)

The above result should be interpreted in conjunc-

tion with three other measurements: (i) the Bd semilep-

tonic asymmetry, measured by the B factories, adSL =

−(4.7± 4.6)× 10
−3

[3]; (ii) the flavor specific asymmetry

measured from time dependence of B0
s
→ µ+D−

s
X decay

and its CP conjugate, asfs = −(1.7± 9.1± 1.5)× 10
−3

[4];

and (iii) the measurements of ∆Γs and Sψφ (the CP

asymmetry in the CP-even part of the ψφ final state in

Bs decay) [5–8]. Here ∆Γs = ΓL − ΓH , is the width

difference of the heavy and light Bs mass eigenstates. If

CP violation is negligible in the relevant tree-level decays,

then asfs = asSL. The SM predictions for the asymmetries

adSL and asSL are negligibly small, beyond the reach of the

Tevatron experiments [9–11]. If the evidence for the siz-

able dimuon charge asymmetry in Eq. (1) is confirmed,

it would unequivocally point to CP violation beyond the

CKM mechanism of the SM.

The present experimental uncertainties of adSL and asSL
seperately are larger than that of their combination, abSL.
Thus, from Eq. (1) alone it is not clear if the tension with

the SM is in the Bd or in the Bs system. Bounds from

other observables imply (see below) that new physics con-

tributions in Bd mixing with a generic weak phase cannot

exceed roughly 20% of the SM, while in Bs mixing much

larger NP contributions are still allowed.

We focus on interpreting the data assuming that the

above measurements are associated with new CP violat-

ing physics which contributes to Bd,s mixing, while its

contribution to CP violation in tree-level decay ampli-

tudes is negligible. Under this assumption the DØ result

in Eq. (1) is correlated with the Tevatron measurements

of Sψφ [12] (and∆Γs). These measurements provide non-

trivial tests of our hypothesis. Neglecting the small SM

contribution to Sψφ, the following relation holds between

experimentally measurable quantities [13]

asSL = − |∆Γs|

∆ms

Sψφ

��
1− S2

ψφ , (3)

where ∆ms ≡ mH −mL. Using the new measurement in

Eq. (1) together with Eq. (2), the above relation implies

|∆Γs| � −∆ms

�
2.0 abSL − 1.0 adSL

��
1− S2

ψφ

�
Sψφ . (4)

For simplicity we do not display the O (10%) uncertain-

ties of the two numerical factors. The CDF and DØ

time-dependent Bs → ψφ analyses provide a measure-

ment of ∆Γs vs. Sψφ. Hence all quantities in Eq. (4) are

constrained, and our analysis can be performed without

the theoretical prediction of ∆Γs [14], using its determi-

nation from data instead.

Using the measured values of ∆ms and ab,dSL , we find

|∆Γs| ∼
�
(0.28± 0.15) ps−1

��
1− S2

ψφ

�
Sψφ . (5)
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The DØ Collaboration reported a 3.2σ deviation from the standard model prediction in the like-
sign dimuon asymmetry. Assuming that new physics contributes only to Bd,s mixing, we show
that the data can be analyzed without using the theoretical calculation of ∆Γs, allowing for robust
interpretations. We find that this framework gives a good fit to all measurements, including the
recent CDF Sψφ result. The data allow universal new physics with similar contributions relative
to the SM in the Bd and Bs systems, but favors a larger deviation in Bs than in Bd mixing. The
general minimal flavor violation framework with flavor diagonal CP violating phases can account for
the former and remarkably even for the latter case. This observation makes it simpler to speculate
about which extensions with general flavor structure may also fit the data.

In the last decade an immense amount of measure-

ments determined that the standard model (SM) is re-

sponsible for the dominant part of flavor and CP vio-

lation in meson decays. However, in some processes,

mainly related to Bs decays, possible new physics (NP)

contributions are still poorly constrained, and motivated

NP scenarios predict sizable deviations from the SM. Re-

cently the DØ Collaboration reported a measurement of

the like-sign dimuon charge asymmetry in semileptonic b
decay with improved precision [1],

abSL ≡
N++

b
−N−−

b

N++
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+N−−
b

= −(9.57±2.51±1.46)×10
−3, (1)

where N++
b

is the number of bb̄ → µ+µ+X events (and

similarly for N−−
b

). This result is 3.2σ from the quoted

SM prediction,
�
abSL

�SM
= (−2.3+0.5

−0.6)× 10
−4

[2]. At the

Tevatron both B0
d
and B0

s
are produced, and hence abSL

is a linear combination of the two asymmetries [1]

abSL = (0.506± 0.043) adSL + (0.494± 0.043) asSL . (2)

The above result should be interpreted in conjunc-

tion with three other measurements: (i) the Bd semilep-

tonic asymmetry, measured by the B factories, adSL =

−(4.7± 4.6)× 10
−3

[3]; (ii) the flavor specific asymmetry

measured from time dependence of B0
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→ µ+D−

s
X decay

and its CP conjugate, asfs = −(1.7± 9.1± 1.5)× 10
−3

[4];

and (iii) the measurements of ∆Γs and Sψφ (the CP

asymmetry in the CP-even part of the ψφ final state in

Bs decay) [5–8]. Here ∆Γs = ΓL − ΓH , is the width

difference of the heavy and light Bs mass eigenstates. If

CP violation is negligible in the relevant tree-level decays,

then asfs = asSL. The SM predictions for the asymmetries

adSL and asSL are negligibly small, beyond the reach of the

Tevatron experiments [9–11]. If the evidence for the siz-

able dimuon charge asymmetry in Eq. (1) is confirmed,

it would unequivocally point to CP violation beyond the

CKM mechanism of the SM.

The present experimental uncertainties of adSL and asSL
seperately are larger than that of their combination, abSL.
Thus, from Eq. (1) alone it is not clear if the tension with

the SM is in the Bd or in the Bs system. Bounds from

other observables imply (see below) that new physics con-

tributions in Bd mixing with a generic weak phase cannot

exceed roughly 20% of the SM, while in Bs mixing much

larger NP contributions are still allowed.

We focus on interpreting the data assuming that the

above measurements are associated with new CP violat-

ing physics which contributes to Bd,s mixing, while its

contribution to CP violation in tree-level decay ampli-

tudes is negligible. Under this assumption the DØ result

in Eq. (1) is correlated with the Tevatron measurements

of Sψφ [12] (and∆Γs). These measurements provide non-

trivial tests of our hypothesis. Neglecting the small SM

contribution to Sψφ, the following relation holds between

experimentally measurable quantities [13]

asSL = − |∆Γs|

∆ms

Sψφ

��
1− S2

ψφ , (3)

where ∆ms ≡ mH −mL. Using the new measurement in

Eq. (1) together with Eq. (2), the above relation implies

|∆Γs| � −∆ms

�
2.0 abSL − 1.0 adSL
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1− S2

ψφ

�
Sψφ . (4)

For simplicity we do not display the O (10%) uncertain-

ties of the two numerical factors. The CDF and DØ

time-dependent Bs → ψφ analyses provide a measure-

ment of ∆Γs vs. Sψφ. Hence all quantities in Eq. (4) are

constrained, and our analysis can be performed without

the theoretical prediction of ∆Γs [14], using its determi-

nation from data instead.

Using the measured values of ∆ms and ab,dSL , we find

|∆Γs| ∼
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The DØ Collaboration reported a 3.2σ deviation from the standard model prediction in the like-
sign dimuon asymmetry. Assuming that new physics contributes only to Bd,s mixing, we show
that the data can be analyzed without using the theoretical calculation of ∆Γs, allowing for robust
interpretations. We find that this framework gives a good fit to all measurements, including the
recent CDF Sψφ result. The data allow universal new physics with similar contributions relative
to the SM in the Bd and Bs systems, but favors a larger deviation in Bs than in Bd mixing. The
general minimal flavor violation framework with flavor diagonal CP violating phases can account for
the former and remarkably even for the latter case. This observation makes it simpler to speculate
about which extensions with general flavor structure may also fit the data.

In the last decade an immense amount of measure-

ments determined that the standard model (SM) is re-

sponsible for the dominant part of flavor and CP vio-

lation in meson decays. However, in some processes,

mainly related to Bs decays, possible new physics (NP)

contributions are still poorly constrained, and motivated

NP scenarios predict sizable deviations from the SM. Re-

cently the DØ Collaboration reported a measurement of

the like-sign dimuon charge asymmetry in semileptonic b
decay with improved precision [1],

abSL ≡
N++

b
−N−−

b

N++
b

+N−−
b

= −(9.57±2.51±1.46)×10
−3, (1)

where N++
b

is the number of bb̄ → µ+µ+X events (and

similarly for N−−
b

). This result is 3.2σ from the quoted

SM prediction,
�
abSL

�SM
= (−2.3+0.5

−0.6)× 10
−4

[2]. At the

Tevatron both B0
d
and B0

s
are produced, and hence abSL

is a linear combination of the two asymmetries [1]

abSL = (0.506± 0.043) adSL + (0.494± 0.043) asSL . (2)

The above result should be interpreted in conjunc-

tion with three other measurements: (i) the Bd semilep-

tonic asymmetry, measured by the B factories, adSL =

−(4.7± 4.6)× 10
−3

[3]; (ii) the flavor specific asymmetry

measured from time dependence of B0
s
→ µ+D−

s
X decay

and its CP conjugate, asfs = −(1.7± 9.1± 1.5)× 10
−3

[4];

and (iii) the measurements of ∆Γs and Sψφ (the CP

asymmetry in the CP-even part of the ψφ final state in

Bs decay) [5–8]. Here ∆Γs = ΓL − ΓH , is the width

difference of the heavy and light Bs mass eigenstates. If

CP violation is negligible in the relevant tree-level decays,

then asfs = asSL. The SM predictions for the asymmetries

adSL and asSL are negligibly small, beyond the reach of the

Tevatron experiments [9–11]. If the evidence for the siz-

able dimuon charge asymmetry in Eq. (1) is confirmed,

it would unequivocally point to CP violation beyond the

CKM mechanism of the SM.

The present experimental uncertainties of adSL and asSL
seperately are larger than that of their combination, abSL.
Thus, from Eq. (1) alone it is not clear if the tension with

the SM is in the Bd or in the Bs system. Bounds from

other observables imply (see below) that new physics con-

tributions in Bd mixing with a generic weak phase cannot

exceed roughly 20% of the SM, while in Bs mixing much

larger NP contributions are still allowed.

We focus on interpreting the data assuming that the

above measurements are associated with new CP violat-

ing physics which contributes to Bd,s mixing, while its

contribution to CP violation in tree-level decay ampli-

tudes is negligible. Under this assumption the DØ result

in Eq. (1) is correlated with the Tevatron measurements

of Sψφ [12] (and∆Γs). These measurements provide non-

trivial tests of our hypothesis. Neglecting the small SM

contribution to Sψφ, the following relation holds between

experimentally measurable quantities [13]

asSL = − |∆Γs|

∆ms

Sψφ

��
1− S2

ψφ , (3)

where ∆ms ≡ mH −mL. Using the new measurement in

Eq. (1) together with Eq. (2), the above relation implies

|∆Γs| � −∆ms

�
2.0 abSL − 1.0 adSL

��
1− S2

ψφ

�
Sψφ . (4)

For simplicity we do not display the O (10%) uncertain-

ties of the two numerical factors. The CDF and DØ

time-dependent Bs → ψφ analyses provide a measure-

ment of ∆Γs vs. Sψφ. Hence all quantities in Eq. (4) are

constrained, and our analysis can be performed without

the theoretical prediction of ∆Γs [14], using its determi-

nation from data instead.

Using the measured values of ∆ms and ab,dSL , we find

|∆Γs| ∼
�
(0.28± 0.15) ps−1

��
1− S2

ψφ

�
Sψφ . (5)
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Recent developments in the Bs system

• Theoretical interpretation

• In the SM all CPV Bs observables precisely predicted in terms of an angle 
in the squashed CKM UT

• CPV NP could in principle contribute either in mixing or in decays

• In decays would need to compete against tree-level SM contributions

• New effects in mixing predict correlations between observables

The recent CDF [8] and DØ [5] results give best fit values

around (∆Γs, Sψφ) ∼ (±0.15 ps−1, 0.5). This shows that
the new abSL measurement in Eq. (1) is consistent with

the data on ∆Γs and Sψφ. This consistency is a nontriv-

ial test of the assumption that NP contributes only to

neutral meson mixing.

New physics in the mixing amplitudes of the Bd,s

mesons can in general be described by four real parame-

ters, two for each neutral meson system,

Md,s
12 =

�
Md,s

12

�SM �
1 + hd,s e

2iσd,s
�
. (6)

We denote by Mq
12 (Γq

12) the dispersive (absorptive) part

of the B0
q − B̄0

q mixing amplitude and SM superscripts

denote the SM values (for quantities not explicitly defined

here, see Ref. [15]). This modifies the SM predictions for

some observables used to constrain hq and σq as

∆mq = ∆mSM
q

��1 + hqe
2iσq

�� ,
∆Γs = ∆ΓSM

s cos
�
arg

�
1 + hse

2iσs
��

,

Aq
SL = Im

�
Γq
12/

�
Mq,SM

12 (1 + hqe
2iσq )

��
,

SψK = sin
�
2β + arg

�
1 + hde

2iσd
��

,

Sψφ = sin
�
2βs − arg

�
1 + hse

2iσs
��

. (7)

Here βs = arg[−(VtsV ∗
tb)/(VcsV ∗

cb)] = (1.04± 0.05)◦ is an

angle of a squashed unitarity triangle.

As already discussed, the new DØ measurement di-

rectly correlates the possible NP contributions in the Bd

and Bs systems [see Eq. (2)]. In order to quantitatively

assess our NP hypothesis we perform a global fit using

the CKMfitter package [16] to determine simultaneously

the NP parameters hd,s and σd,s, as well as the ρ̄ and η̄
parameters of the CKM matrix.

The results presented here use the post-Beauty2009

CKMfitter input values [16], except for the lattice input

parameters where we use [17], and the most recent ex-

perimental data. For Sψφ vs. ∆Γs, we use the 2.8 fb
−1

2d likelihood of DØ [5] and the 5.2 fb
−1

1d likelihood of

the recent CDF measurement [8] (the 2d likelihood is not

available). As already mentioned, neither the CDF nor

the DØ result gives a significant tension in the fit, so we

expect that a real Tevatron combination will not alter

our results by much. For the results presented here, we

marginalize over |Γq
12| in the range 0− 0.25 ps−1

, finding

that the data prefer values for ∆Γs about 2.5 times larger

than the prediction [2]. If we use the theory prediction,

our conclusions about NP do not change substantially,

but the goodness of fit is reduced significantly.

Figure 1 shows the results of the global fit projected

onto the hd − hs plane with 1σ (solid), 2σ (dashed), and

3σ (dotted) contours. We find that the data show evi-

dence for disagreement with the SM or, differently stated,

the no NP hypothesis hs = hd = 0 is disfavored at the

3.3σ level. Figure 2 shows the hs − σs and hd − σd fits.

The two best fit regions are for hs ∼ 0.5 and hs ∼ 1.8

FIG. 1: The allowed range of hs and hd from the combined
fit. The solid, dashed, and dotted contours show 1σ, 2σ, and
3σ, respectively.

with sizable NP phases, σs ∼ 120
◦
and σs ∼ 100

◦
respec-

tively. Here the point hs = 0 is disfavored at only 2.6σ,
since hs and hd are correlated. In the hd − σd case the

data is consistent with no new physics contributions in

Bd − B̄d mixing (hd = 0) below the 2σ level.

To interpret the pattern of the current experimental

data in terms of NP models, one should investigate if NP

models that respect the SM approximate SU(2)q sym-

metry are favored (in the SM this is due to the smallness

of the masses in the first two generations and the small-

ness of the mixing with the third generation quarks), or

if a hierarchy, such as hs � hd, is required. In Fig. 1 we

show the hd = hs line, which makes it evident that while

hd = hs is not disfavored, most of the favored parameter

space has hs > hd. Actually, a non-negligible fraction of

the allowed parameter space corresponds to hs � hd, as

indicated by the hs = 5hd line on Fig. 1.

A particularly interesting NP scenario is to assume

SU(2)q universality (q = s, d), defined as

hb ≡ hd = hs , σb ≡ σd = σs . (8)

The relevant hb − σb plane is shown in Fig. 3. The best

fit region, near hb ∼ 0.25 and σb ∼ 120
◦
, is obtained as

a compromise between the Babar and Belle bounds in

the Bd system and the tensions in the Tevatron Bs data

with the SM predicitons. This compromise mostly arises

from the different magnitudes of hd,s: while the best fit

hd value is a few times smaller than the best fit hs value,

the best fit values of the phases σd,s are remarkably close

to each other, as can be seen in Fig. 2. Note that while

the SM limit, hb = 0, is obtained at less than 3σ CL, the
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the new abSL measurement in Eq. (1) is consistent with

the data on ∆Γs and Sψφ. This consistency is a nontriv-

ial test of the assumption that NP contributes only to

neutral meson mixing.

New physics in the mixing amplitudes of the Bd,s

mesons can in general be described by four real parame-

ters, two for each neutral meson system,
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Md,s

12
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1 + hd,s e

2iσd,s
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We denote by Mq
12 (Γq

12) the dispersive (absorptive) part

of the B0
q − B̄0

q mixing amplitude and SM superscripts

denote the SM values (for quantities not explicitly defined

here, see Ref. [15]). This modifies the SM predictions for

some observables used to constrain hq and σq as
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Here βs = arg[−(VtsV ∗
tb)/(VcsV ∗

cb)] = (1.04± 0.05)◦ is an

angle of a squashed unitarity triangle.

As already discussed, the new DØ measurement di-

rectly correlates the possible NP contributions in the Bd

and Bs systems [see Eq. (2)]. In order to quantitatively

assess our NP hypothesis we perform a global fit using

the CKMfitter package [16] to determine simultaneously

the NP parameters hd,s and σd,s, as well as the ρ̄ and η̄
parameters of the CKM matrix.

The results presented here use the post-Beauty2009

CKMfitter input values [16], except for the lattice input

parameters where we use [17], and the most recent ex-

perimental data. For Sψφ vs. ∆Γs, we use the 2.8 fb
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2d likelihood of DØ [5] and the 5.2 fb
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1d likelihood of
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available). As already mentioned, neither the CDF nor

the DØ result gives a significant tension in the fit, so we

expect that a real Tevatron combination will not alter

our results by much. For the results presented here, we

marginalize over |Γq
12| in the range 0− 0.25 ps−1

, finding

that the data prefer values for ∆Γs about 2.5 times larger

than the prediction [2]. If we use the theory prediction,

our conclusions about NP do not change substantially,

but the goodness of fit is reduced significantly.

Figure 1 shows the results of the global fit projected

onto the hd − hs plane with 1σ (solid), 2σ (dashed), and

3σ (dotted) contours. We find that the data show evi-

dence for disagreement with the SM or, differently stated,

the no NP hypothesis hs = hd = 0 is disfavored at the

3.3σ level. Figure 2 shows the hs − σs and hd − σd fits.

The two best fit regions are for hs ∼ 0.5 and hs ∼ 1.8

FIG. 1: The allowed range of hs and hd from the combined
fit. The solid, dashed, and dotted contours show 1σ, 2σ, and
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with sizable NP phases, σs ∼ 120
◦
and σs ∼ 100

◦
respec-

tively. Here the point hs = 0 is disfavored at only 2.6σ,
since hs and hd are correlated. In the hd − σd case the

data is consistent with no new physics contributions in

Bd − B̄d mixing (hd = 0) below the 2σ level.

To interpret the pattern of the current experimental

data in terms of NP models, one should investigate if NP

models that respect the SM approximate SU(2)q sym-

metry are favored (in the SM this is due to the smallness

of the masses in the first two generations and the small-

ness of the mixing with the third generation quarks), or

if a hierarchy, such as hs � hd, is required. In Fig. 1 we

show the hd = hs line, which makes it evident that while

hd = hs is not disfavored, most of the favored parameter

space has hs > hd. Actually, a non-negligible fraction of

the allowed parameter space corresponds to hs � hd, as

indicated by the hs = 5hd line on Fig. 1.

A particularly interesting NP scenario is to assume

SU(2)q universality (q = s, d), defined as

hb ≡ hd = hs , σb ≡ σd = σs . (8)

The relevant hb − σb plane is shown in Fig. 3. The best

fit region, near hb ∼ 0.25 and σb ∼ 120
◦
, is obtained as

a compromise between the Babar and Belle bounds in

the Bd system and the tensions in the Tevatron Bs data

with the SM predicitons. This compromise mostly arises

from the different magnitudes of hd,s: while the best fit

hd value is a few times smaller than the best fit hs value,

the best fit values of the phases σd,s are remarkably close

to each other, as can be seen in Fig. 2. Note that while

the SM limit, hb = 0, is obtained at less than 3σ CL, the
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rectly correlates the possible NP contributions in the Bd

and Bs systems [see Eq. (2)]. In order to quantitatively

assess our NP hypothesis we perform a global fit using

the CKMfitter package [16] to determine simultaneously

the NP parameters hd,s and σd,s, as well as the ρ̄ and η̄
parameters of the CKM matrix.

The results presented here use the post-Beauty2009

CKMfitter input values [16], except for the lattice input
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our conclusions about NP do not change substantially,

but the goodness of fit is reduced significantly.

Figure 1 shows the results of the global fit projected

onto the hd − hs plane with 1σ (solid), 2σ (dashed), and

3σ (dotted) contours. We find that the data show evi-

dence for disagreement with the SM or, differently stated,

the no NP hypothesis hs = hd = 0 is disfavored at the
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FIG. 1: The allowed range of hs and hd from the combined
fit. The solid, dashed, and dotted contours show 1σ, 2σ, and
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with sizable NP phases, σs ∼ 120
◦
and σs ∼ 100

◦
respec-

tively. Here the point hs = 0 is disfavored at only 2.6σ,
since hs and hd are correlated. In the hd − σd case the

data is consistent with no new physics contributions in

Bd − B̄d mixing (hd = 0) below the 2σ level.

To interpret the pattern of the current experimental

data in terms of NP models, one should investigate if NP

models that respect the SM approximate SU(2)q sym-

metry are favored (in the SM this is due to the smallness

of the masses in the first two generations and the small-

ness of the mixing with the third generation quarks), or

if a hierarchy, such as hs � hd, is required. In Fig. 1 we

show the hd = hs line, which makes it evident that while

hd = hs is not disfavored, most of the favored parameter

space has hs > hd. Actually, a non-negligible fraction of

the allowed parameter space corresponds to hs � hd, as

indicated by the hs = 5hd line on Fig. 1.

A particularly interesting NP scenario is to assume

SU(2)q universality (q = s, d), defined as

hb ≡ hd = hs , σb ≡ σd = σs . (8)

The relevant hb − σb plane is shown in Fig. 3. The best

fit region, near hb ∼ 0.25 and σb ∼ 120
◦
, is obtained as

a compromise between the Babar and Belle bounds in

the Bd system and the tensions in the Tevatron Bs data

with the SM predicitons. This compromise mostly arises

from the different magnitudes of hd,s: while the best fit

hd value is a few times smaller than the best fit hs value,

the best fit values of the phases σd,s are remarkably close

to each other, as can be seen in Fig. 2. Note that while

the SM limit, hb = 0, is obtained at less than 3σ CL, the
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Recent developments in the Bs system

• Theoretical interpretation: NP in Bs mixing hypothesis

• If no CPV in decays, consistency relation between observables

• Inclusive dimuon asymmetry sensitive to NP in both B and Bs mixing 

• Parameterize NP:

• Representative limits:

Implications of the dimuon CP asymmetry in Bd,s decays
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The DØ Collaboration reported a 3.2σ deviation from the standard model prediction in the like-
sign dimuon asymmetry. Assuming that new physics contributes only to Bd,s mixing, we show
that the data can be analyzed without using the theoretical calculation of ∆Γs, allowing for robust
interpretations. We find that this framework gives a good fit to all measurements, including the
recent CDF Sψφ result. The data allow universal new physics with similar contributions relative
to the SM in the Bd and Bs systems, but favors a larger deviation in Bs than in Bd mixing. The
general minimal flavor violation framework with flavor diagonal CP violating phases can account for
the former and remarkably even for the latter case. This observation makes it simpler to speculate
about which extensions with general flavor structure may also fit the data.

In the last decade an immense amount of measure-

ments determined that the standard model (SM) is re-

sponsible for the dominant part of flavor and CP vio-

lation in meson decays. However, in some processes,

mainly related to Bs decays, possible new physics (NP)

contributions are still poorly constrained, and motivated

NP scenarios predict sizable deviations from the SM. Re-

cently the DØ Collaboration reported a measurement of

the like-sign dimuon charge asymmetry in semileptonic b
decay with improved precision [1],

abSL ≡
N++

b
−N−−

b

N++
b

+N−−
b

= −(9.57±2.51±1.46)×10
−3, (1)

where N++
b

is the number of bb̄ → µ+µ+X events (and

similarly for N−−
b

). This result is 3.2σ from the quoted

SM prediction,
�
abSL

�SM
= (−2.3+0.5

−0.6)× 10
−4

[2]. At the

Tevatron both B0
d
and B0

s
are produced, and hence abSL

is a linear combination of the two asymmetries [1]

abSL = (0.506± 0.043) adSL + (0.494± 0.043) asSL . (2)

The above result should be interpreted in conjunc-

tion with three other measurements: (i) the Bd semilep-

tonic asymmetry, measured by the B factories, adSL =

−(4.7± 4.6)× 10
−3

[3]; (ii) the flavor specific asymmetry

measured from time dependence of B0
s
→ µ+D−

s
X decay

and its CP conjugate, asfs = −(1.7± 9.1± 1.5)× 10
−3

[4];

and (iii) the measurements of ∆Γs and Sψφ (the CP

asymmetry in the CP-even part of the ψφ final state in

Bs decay) [5–8]. Here ∆Γs = ΓL − ΓH , is the width

difference of the heavy and light Bs mass eigenstates. If

CP violation is negligible in the relevant tree-level decays,

then asfs = asSL. The SM predictions for the asymmetries

adSL and asSL are negligibly small, beyond the reach of the

Tevatron experiments [9–11]. If the evidence for the siz-

able dimuon charge asymmetry in Eq. (1) is confirmed,

it would unequivocally point to CP violation beyond the

CKM mechanism of the SM.

The present experimental uncertainties of adSL and asSL
seperately are larger than that of their combination, abSL.
Thus, from Eq. (1) alone it is not clear if the tension with

the SM is in the Bd or in the Bs system. Bounds from

other observables imply (see below) that new physics con-

tributions in Bd mixing with a generic weak phase cannot

exceed roughly 20% of the SM, while in Bs mixing much

larger NP contributions are still allowed.

We focus on interpreting the data assuming that the

above measurements are associated with new CP violat-

ing physics which contributes to Bd,s mixing, while its

contribution to CP violation in tree-level decay ampli-

tudes is negligible. Under this assumption the DØ result

in Eq. (1) is correlated with the Tevatron measurements

of Sψφ [12] (and∆Γs). These measurements provide non-

trivial tests of our hypothesis. Neglecting the small SM

contribution to Sψφ, the following relation holds between

experimentally measurable quantities [13]

asSL = − |∆Γs|

∆ms

Sψφ

��
1− S2

ψφ , (3)

where ∆ms ≡ mH −mL. Using the new measurement in

Eq. (1) together with Eq. (2), the above relation implies

|∆Γs| � −∆ms

�
2.0 abSL − 1.0 adSL

��
1− S2

ψφ

�
Sψφ . (4)

For simplicity we do not display the O (10%) uncertain-

ties of the two numerical factors. The CDF and DØ

time-dependent Bs → ψφ analyses provide a measure-

ment of ∆Γs vs. Sψφ. Hence all quantities in Eq. (4) are

constrained, and our analysis can be performed without

the theoretical prediction of ∆Γs [14], using its determi-

nation from data instead.

Using the measured values of ∆ms and ab,dSL , we find

|∆Γs| ∼
�
(0.28± 0.15) ps−1

��
1− S2

ψφ

�
Sψφ . (5)
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The DØ Collaboration reported a 3.2σ deviation from the standard model prediction in the like-
sign dimuon asymmetry. Assuming that new physics contributes only to Bd,s mixing, we show
that the data can be analyzed without using the theoretical calculation of ∆Γs, allowing for robust
interpretations. We find that this framework gives a good fit to all measurements, including the
recent CDF Sψφ result. The data allow universal new physics with similar contributions relative
to the SM in the Bd and Bs systems, but favors a larger deviation in Bs than in Bd mixing. The
general minimal flavor violation framework with flavor diagonal CP violating phases can account for
the former and remarkably even for the latter case. This observation makes it simpler to speculate
about which extensions with general flavor structure may also fit the data.

In the last decade an immense amount of measure-

ments determined that the standard model (SM) is re-

sponsible for the dominant part of flavor and CP vio-

lation in meson decays. However, in some processes,

mainly related to Bs decays, possible new physics (NP)

contributions are still poorly constrained, and motivated

NP scenarios predict sizable deviations from the SM. Re-

cently the DØ Collaboration reported a measurement of

the like-sign dimuon charge asymmetry in semileptonic b
decay with improved precision [1],

abSL ≡
N++

b
−N−−

b

N++
b

+N−−
b

= −(9.57±2.51±1.46)×10
−3, (1)

where N++
b

is the number of bb̄ → µ+µ+X events (and

similarly for N−−
b

). This result is 3.2σ from the quoted

SM prediction,
�
abSL

�SM
= (−2.3+0.5

−0.6)× 10
−4

[2]. At the

Tevatron both B0
d
and B0

s
are produced, and hence abSL

is a linear combination of the two asymmetries [1]

abSL = (0.506± 0.043) adSL + (0.494± 0.043) asSL . (2)

The above result should be interpreted in conjunc-

tion with three other measurements: (i) the Bd semilep-

tonic asymmetry, measured by the B factories, adSL =

−(4.7± 4.6)× 10
−3

[3]; (ii) the flavor specific asymmetry

measured from time dependence of B0
s
→ µ+D−

s
X decay

and its CP conjugate, asfs = −(1.7± 9.1± 1.5)× 10
−3

[4];

and (iii) the measurements of ∆Γs and Sψφ (the CP

asymmetry in the CP-even part of the ψφ final state in

Bs decay) [5–8]. Here ∆Γs = ΓL − ΓH , is the width

difference of the heavy and light Bs mass eigenstates. If

CP violation is negligible in the relevant tree-level decays,

then asfs = asSL. The SM predictions for the asymmetries

adSL and asSL are negligibly small, beyond the reach of the

Tevatron experiments [9–11]. If the evidence for the siz-

able dimuon charge asymmetry in Eq. (1) is confirmed,

it would unequivocally point to CP violation beyond the

CKM mechanism of the SM.

The present experimental uncertainties of adSL and asSL
seperately are larger than that of their combination, abSL.
Thus, from Eq. (1) alone it is not clear if the tension with

the SM is in the Bd or in the Bs system. Bounds from

other observables imply (see below) that new physics con-

tributions in Bd mixing with a generic weak phase cannot

exceed roughly 20% of the SM, while in Bs mixing much

larger NP contributions are still allowed.

We focus on interpreting the data assuming that the

above measurements are associated with new CP violat-

ing physics which contributes to Bd,s mixing, while its

contribution to CP violation in tree-level decay ampli-

tudes is negligible. Under this assumption the DØ result

in Eq. (1) is correlated with the Tevatron measurements

of Sψφ [12] (and∆Γs). These measurements provide non-

trivial tests of our hypothesis. Neglecting the small SM

contribution to Sψφ, the following relation holds between

experimentally measurable quantities [13]

asSL = − |∆Γs|

∆ms

Sψφ

��
1− S2

ψφ , (3)

where ∆ms ≡ mH −mL. Using the new measurement in

Eq. (1) together with Eq. (2), the above relation implies

|∆Γs| � −∆ms

�
2.0 abSL − 1.0 adSL

��
1− S2

ψφ

�
Sψφ . (4)

For simplicity we do not display the O (10%) uncertain-

ties of the two numerical factors. The CDF and DØ

time-dependent Bs → ψφ analyses provide a measure-

ment of ∆Γs vs. Sψφ. Hence all quantities in Eq. (4) are

constrained, and our analysis can be performed without

the theoretical prediction of ∆Γs [14], using its determi-

nation from data instead.

Using the measured values of ∆ms and ab,dSL , we find

|∆Γs| ∼
�
(0.28± 0.15) ps−1

��
1− S2

ψφ

�
Sψφ . (5)
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The recent CDF [8] and DØ [5] results give best fit values

around (∆Γs, Sψφ) ∼ (±0.15 ps−1, 0.5). This shows that
the new abSL measurement in Eq. (1) is consistent with

the data on ∆Γs and Sψφ. This consistency is a nontriv-

ial test of the assumption that NP contributes only to

neutral meson mixing.

New physics in the mixing amplitudes of the Bd,s

mesons can in general be described by four real parame-

ters, two for each neutral meson system,

Md,s
12 =

�
Md,s

12

�SM �
1 + hd,s e

2iσd,s
�
. (6)

We denote by Mq
12 (Γq

12) the dispersive (absorptive) part

of the B0
q − B̄0

q mixing amplitude and SM superscripts

denote the SM values (for quantities not explicitly defined

here, see Ref. [15]). This modifies the SM predictions for

some observables used to constrain hq and σq as

∆mq = ∆mSM
q

��1 + hqe
2iσq

�� ,
∆Γs = ∆ΓSM

s cos
�
arg

�
1 + hse

2iσs
��

,

Aq
SL = Im

�
Γq
12/

�
Mq,SM

12 (1 + hqe
2iσq )

��
,

SψK = sin
�
2β + arg

�
1 + hde

2iσd
��

,

Sψφ = sin
�
2βs − arg

�
1 + hse

2iσs
��

. (7)

Here βs = arg[−(VtsV ∗
tb)/(VcsV ∗

cb)] = (1.04± 0.05)◦ is an

angle of a squashed unitarity triangle.

As already discussed, the new DØ measurement di-

rectly correlates the possible NP contributions in the Bd

and Bs systems [see Eq. (2)]. In order to quantitatively

assess our NP hypothesis we perform a global fit using

the CKMfitter package [16] to determine simultaneously

the NP parameters hd,s and σd,s, as well as the ρ̄ and η̄
parameters of the CKM matrix.

The results presented here use the post-Beauty2009

CKMfitter input values [16], except for the lattice input

parameters where we use [17], and the most recent ex-

perimental data. For Sψφ vs. ∆Γs, we use the 2.8 fb
−1

2d likelihood of DØ [5] and the 5.2 fb
−1

1d likelihood of

the recent CDF measurement [8] (the 2d likelihood is not

available). As already mentioned, neither the CDF nor

the DØ result gives a significant tension in the fit, so we

expect that a real Tevatron combination will not alter

our results by much. For the results presented here, we

marginalize over |Γq
12| in the range 0− 0.25 ps−1

, finding

that the data prefer values for ∆Γs about 2.5 times larger

than the prediction [2]. If we use the theory prediction,

our conclusions about NP do not change substantially,

but the goodness of fit is reduced significantly.

Figure 1 shows the results of the global fit projected

onto the hd − hs plane with 1σ (solid), 2σ (dashed), and

3σ (dotted) contours. We find that the data show evi-

dence for disagreement with the SM or, differently stated,

the no NP hypothesis hs = hd = 0 is disfavored at the

3.3σ level. Figure 2 shows the hs − σs and hd − σd fits.

The two best fit regions are for hs ∼ 0.5 and hs ∼ 1.8

FIG. 1: The allowed range of hs and hd from the combined
fit. The solid, dashed, and dotted contours show 1σ, 2σ, and
3σ, respectively.

with sizable NP phases, σs ∼ 120
◦
and σs ∼ 100

◦
respec-

tively. Here the point hs = 0 is disfavored at only 2.6σ,
since hs and hd are correlated. In the hd − σd case the

data is consistent with no new physics contributions in

Bd − B̄d mixing (hd = 0) below the 2σ level.

To interpret the pattern of the current experimental

data in terms of NP models, one should investigate if NP

models that respect the SM approximate SU(2)q sym-

metry are favored (in the SM this is due to the smallness

of the masses in the first two generations and the small-

ness of the mixing with the third generation quarks), or

if a hierarchy, such as hs � hd, is required. In Fig. 1 we

show the hd = hs line, which makes it evident that while

hd = hs is not disfavored, most of the favored parameter

space has hs > hd. Actually, a non-negligible fraction of

the allowed parameter space corresponds to hs � hd, as

indicated by the hs = 5hd line on Fig. 1.

A particularly interesting NP scenario is to assume

SU(2)q universality (q = s, d), defined as

hb ≡ hd = hs , σb ≡ σd = σs . (8)

The relevant hb − σb plane is shown in Fig. 3. The best

fit region, near hb ∼ 0.25 and σb ∼ 120
◦
, is obtained as

a compromise between the Babar and Belle bounds in

the Bd system and the tensions in the Tevatron Bs data

with the SM predicitons. This compromise mostly arises

from the different magnitudes of hd,s: while the best fit

hd value is a few times smaller than the best fit hs value,

the best fit values of the phases σd,s are remarkably close

to each other, as can be seen in Fig. 2. Note that while

the SM limit, hb = 0, is obtained at less than 3σ CL, the

2
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The DØ Collaboration reported a 3.2σ deviation from the standard model prediction in the like-
sign dimuon asymmetry. Assuming that new physics contributes only to Bd,s mixing, we show
that the data can be analyzed without using the theoretical calculation of ∆Γs, allowing for robust
interpretations. We find that this framework gives a good fit to all measurements, including the
recent CDF Sψφ result. The data allow universal new physics with similar contributions relative
to the SM in the Bd and Bs systems, but favors a larger deviation in Bs than in Bd mixing. The
general minimal flavor violation framework with flavor diagonal CP violating phases can account for
the former and remarkably even for the latter case. This observation makes it simpler to speculate
about which extensions with general flavor structure may also fit the data.

In the last decade an immense amount of measure-

ments determined that the standard model (SM) is re-

sponsible for the dominant part of flavor and CP vio-

lation in meson decays. However, in some processes,

mainly related to Bs decays, possible new physics (NP)

contributions are still poorly constrained, and motivated

NP scenarios predict sizable deviations from the SM. Re-

cently the DØ Collaboration reported a measurement of

the like-sign dimuon charge asymmetry in semileptonic b
decay with improved precision [1],

abSL ≡
N++

b
−N−−

b

N++
b

+N−−
b

= −(9.57±2.51±1.46)×10
−3, (1)

where N++
b

is the number of bb̄ → µ+µ+X events (and

similarly for N−−
b

). This result is 3.2σ from the quoted

SM prediction,
�
abSL

�SM
= (−2.3+0.5

−0.6)× 10
−4

[2]. At the

Tevatron both B0
d
and B0

s
are produced, and hence abSL

is a linear combination of the two asymmetries [1]

abSL = (0.506± 0.043) adSL + (0.494± 0.043) asSL . (2)

The above result should be interpreted in conjunc-

tion with three other measurements: (i) the Bd semilep-

tonic asymmetry, measured by the B factories, adSL =

−(4.7± 4.6)× 10
−3

[3]; (ii) the flavor specific asymmetry

measured from time dependence of B0
s
→ µ+D−

s
X decay

and its CP conjugate, asfs = −(1.7± 9.1± 1.5)× 10
−3

[4];

and (iii) the measurements of ∆Γs and Sψφ (the CP

asymmetry in the CP-even part of the ψφ final state in

Bs decay) [5–8]. Here ∆Γs = ΓL − ΓH , is the width

difference of the heavy and light Bs mass eigenstates. If

CP violation is negligible in the relevant tree-level decays,

then asfs = asSL. The SM predictions for the asymmetries

adSL and asSL are negligibly small, beyond the reach of the

Tevatron experiments [9–11]. If the evidence for the siz-

able dimuon charge asymmetry in Eq. (1) is confirmed,

it would unequivocally point to CP violation beyond the

CKM mechanism of the SM.

The present experimental uncertainties of adSL and asSL
seperately are larger than that of their combination, abSL.
Thus, from Eq. (1) alone it is not clear if the tension with

the SM is in the Bd or in the Bs system. Bounds from

other observables imply (see below) that new physics con-

tributions in Bd mixing with a generic weak phase cannot

exceed roughly 20% of the SM, while in Bs mixing much

larger NP contributions are still allowed.

We focus on interpreting the data assuming that the

above measurements are associated with new CP violat-

ing physics which contributes to Bd,s mixing, while its

contribution to CP violation in tree-level decay ampli-

tudes is negligible. Under this assumption the DØ result

in Eq. (1) is correlated with the Tevatron measurements

of Sψφ [12] (and∆Γs). These measurements provide non-

trivial tests of our hypothesis. Neglecting the small SM

contribution to Sψφ, the following relation holds between

experimentally measurable quantities [13]

asSL = − |∆Γs|

∆ms

Sψφ

��
1− S2

ψφ , (3)

where ∆ms ≡ mH −mL. Using the new measurement in

Eq. (1) together with Eq. (2), the above relation implies

|∆Γs| � −∆ms

�
2.0 abSL − 1.0 adSL

��
1− S2

ψφ

�
Sψφ . (4)

For simplicity we do not display the O (10%) uncertain-

ties of the two numerical factors. The CDF and DØ

time-dependent Bs → ψφ analyses provide a measure-

ment of ∆Γs vs. Sψφ. Hence all quantities in Eq. (4) are

constrained, and our analysis can be performed without

the theoretical prediction of ∆Γs [14], using its determi-

nation from data instead.

Using the measured values of ∆ms and ab,dSL , we find

|∆Γs| ∼
�
(0.28± 0.15) ps−1

��
1− S2

ψφ

�
Sψφ . (5)
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The recent CDF [8] and DØ [5] results give best fit values

around (∆Γs, Sψφ) ∼ (±0.15 ps−1, 0.5). This shows that
the new abSL measurement in Eq. (1) is consistent with

the data on ∆Γs and Sψφ. This consistency is a nontriv-

ial test of the assumption that NP contributes only to

neutral meson mixing.

New physics in the mixing amplitudes of the Bd,s

mesons can in general be described by four real parame-

ters, two for each neutral meson system,

Md,s
12 =

�
Md,s

12

�SM �
1 + hd,s e

2iσd,s
�
. (6)

We denote by Mq
12 (Γq

12) the dispersive (absorptive) part

of the B0
q − B̄0

q mixing amplitude and SM superscripts

denote the SM values (for quantities not explicitly defined

here, see Ref. [15]). This modifies the SM predictions for

some observables used to constrain hq and σq as

∆mq = ∆mSM
q

��1 + hqe
2iσq

�� ,
∆Γs = ∆ΓSM

s cos
�
arg

�
1 + hse

2iσs
��

,

Aq
SL = Im

�
Γq
12/

�
Mq,SM

12 (1 + hqe
2iσq )

��
,

SψK = sin
�
2β + arg

�
1 + hde

2iσd
��

,

Sψφ = sin
�
2βs − arg

�
1 + hse

2iσs
��

. (7)

Here βs = arg[−(VtsV ∗
tb)/(VcsV ∗

cb)] = (1.04± 0.05)◦ is an

angle of a squashed unitarity triangle.

As already discussed, the new DØ measurement di-

rectly correlates the possible NP contributions in the Bd

and Bs systems [see Eq. (2)]. In order to quantitatively

assess our NP hypothesis we perform a global fit using

the CKMfitter package [16] to determine simultaneously

the NP parameters hd,s and σd,s, as well as the ρ̄ and η̄
parameters of the CKM matrix.

The results presented here use the post-Beauty2009

CKMfitter input values [16], except for the lattice input

parameters where we use [17], and the most recent ex-

perimental data. For Sψφ vs. ∆Γs, we use the 2.8 fb
−1

2d likelihood of DØ [5] and the 5.2 fb
−1

1d likelihood of

the recent CDF measurement [8] (the 2d likelihood is not

available). As already mentioned, neither the CDF nor

the DØ result gives a significant tension in the fit, so we

expect that a real Tevatron combination will not alter

our results by much. For the results presented here, we

marginalize over |Γq
12| in the range 0− 0.25 ps−1

, finding

that the data prefer values for ∆Γs about 2.5 times larger

than the prediction [2]. If we use the theory prediction,

our conclusions about NP do not change substantially,

but the goodness of fit is reduced significantly.

Figure 1 shows the results of the global fit projected

onto the hd − hs plane with 1σ (solid), 2σ (dashed), and

3σ (dotted) contours. We find that the data show evi-

dence for disagreement with the SM or, differently stated,

the no NP hypothesis hs = hd = 0 is disfavored at the

3.3σ level. Figure 2 shows the hs − σs and hd − σd fits.

The two best fit regions are for hs ∼ 0.5 and hs ∼ 1.8

FIG. 1: The allowed range of hs and hd from the combined
fit. The solid, dashed, and dotted contours show 1σ, 2σ, and
3σ, respectively.

with sizable NP phases, σs ∼ 120
◦
and σs ∼ 100

◦
respec-

tively. Here the point hs = 0 is disfavored at only 2.6σ,
since hs and hd are correlated. In the hd − σd case the

data is consistent with no new physics contributions in

Bd − B̄d mixing (hd = 0) below the 2σ level.

To interpret the pattern of the current experimental

data in terms of NP models, one should investigate if NP

models that respect the SM approximate SU(2)q sym-

metry are favored (in the SM this is due to the smallness

of the masses in the first two generations and the small-

ness of the mixing with the third generation quarks), or

if a hierarchy, such as hs � hd, is required. In Fig. 1 we

show the hd = hs line, which makes it evident that while

hd = hs is not disfavored, most of the favored parameter

space has hs > hd. Actually, a non-negligible fraction of

the allowed parameter space corresponds to hs � hd, as

indicated by the hs = 5hd line on Fig. 1.

A particularly interesting NP scenario is to assume

SU(2)q universality (q = s, d), defined as

hb ≡ hd = hs , σb ≡ σd = σs . (8)

The relevant hb − σb plane is shown in Fig. 3. The best

fit region, near hb ∼ 0.25 and σb ∼ 120
◦
, is obtained as

a compromise between the Babar and Belle bounds in

the Bd system and the tensions in the Tevatron Bs data

with the SM predicitons. This compromise mostly arises

from the different magnitudes of hd,s: while the best fit

hd value is a few times smaller than the best fit hs value,

the best fit values of the phases σd,s are remarkably close

to each other, as can be seen in Fig. 2. Note that while

the SM limit, hb = 0, is obtained at less than 3σ CL, the

2

FIG. 2: The allowed ranges of hs,σs (left) and hd,σd (right) from the combined fit to all four NP parameters.

goodness of the fit is significantly degraded compared

with the non-universal case.

We now move to interpreting the above results, as-

suming that the dimuon asymmetry is indeed providing

evidence for deviation from the SM. Interestingly, with-

out restricting our discussion to a specific model, we can

still make the following general statements:

(i) The present data support the hypothesis that new

sources of CP violation are present and that they con-

tribute mainly to ∆F = 2 processes via the mixing am-

plitude. As is well known, these processes are highly

0.0 0.1 0.2 0.3 0.4 0.5 0.6
0

Π�4

Π�2

3Π�4

Π

hb

Σ
b

0.6827
0.9545
0.9973

CL

FIG. 3: The allowed hb,σb range assuming SU(2) universality.

suppressed in the SM.

(ii) The SM extensions with SU(2)q universality, where

the new contributions to Bd and Bs transition are sim-

ilar in size (relative to the SM), can accommodate the

data but are not the most preferred scenarios experi-

mentally. Universality is expected in a large class of well

motivated models with approximate SU(2)q invariance,

for instance when flavor transitions are mediated by the

third generation sector [18]. The case where the NP con-

tributions are SU(2)q universal (see Eq. (8) and Fig. 3)

is also quite generically obtained in the minimal flavor

violation (MFV) framework [19] where new diagonal CP

violating phases are present [20, 21]. In an effective the-

ory approach such a contribution may arise from the four-

quark operators O
bq
1 = b̄αLγµq

α
L b̄

β
Lγµq

β
L, O

bq
2 = b̄αRq

α
L b̄

β
Rq

β
L,

O
bq
3 = b̄αRq

β
L b̄

β
Rq

α
L, suppressed by scales ΛMFV;1,2,3, re-

spectively. We find that the data require

ΛMFV;1,2,3
>∼ {8.8, 13 yb, 6.8 yb}

�
0.2/hb TeV . (9)

If the central value of the measurement in Eq. (1) is con-

firmed, this inequality would become an equality. Note

that the suppression from the bottom Yukawa, yb, is

not taken into account in ΛMFV;1, since CP violation in

this case requires resummation of large effective bottom

Yukawa coupling [21, 22]. In general the presence of fla-

vor diagonal phases could contribute to the neutron elec-

tric dipole moment [23]. However, this effect arises from
a different class of operators and requires a separate in-

vestigation. Another interesting aspect of these flavor di-

agonal phases is that there are examples where these can

contribute to the generation of matter-antimatter asym-

metry, another issue which deserves further investigation.

(iii) While case (ii) is not excluded by the data, Fig. 1
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Recent developments in the Bs system

• Theoretical interpretation: NP in Bs mixing hypothesis

• If no CPV in decays, consistency relation between observables

• Inclusive dimuon asymmetry sensitive to NP in both B and Bs mixing 

• Parameterize NP:

• Representative limits:
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The DØ Collaboration reported a 3.2σ deviation from the standard model prediction in the like-
sign dimuon asymmetry. Assuming that new physics contributes only to Bd,s mixing, we show
that the data can be analyzed without using the theoretical calculation of ∆Γs, allowing for robust
interpretations. We find that this framework gives a good fit to all measurements, including the
recent CDF Sψφ result. The data allow universal new physics with similar contributions relative
to the SM in the Bd and Bs systems, but favors a larger deviation in Bs than in Bd mixing. The
general minimal flavor violation framework with flavor diagonal CP violating phases can account for
the former and remarkably even for the latter case. This observation makes it simpler to speculate
about which extensions with general flavor structure may also fit the data.

In the last decade an immense amount of measure-

ments determined that the standard model (SM) is re-

sponsible for the dominant part of flavor and CP vio-

lation in meson decays. However, in some processes,

mainly related to Bs decays, possible new physics (NP)

contributions are still poorly constrained, and motivated

NP scenarios predict sizable deviations from the SM. Re-

cently the DØ Collaboration reported a measurement of

the like-sign dimuon charge asymmetry in semileptonic b
decay with improved precision [1],

abSL ≡
N++

b
−N−−

b

N++
b

+N−−
b

= −(9.57±2.51±1.46)×10
−3, (1)

where N++
b

is the number of bb̄ → µ+µ+X events (and

similarly for N−−
b

). This result is 3.2σ from the quoted

SM prediction,
�
abSL

�SM
= (−2.3+0.5

−0.6)× 10
−4

[2]. At the

Tevatron both B0
d
and B0

s
are produced, and hence abSL

is a linear combination of the two asymmetries [1]

abSL = (0.506± 0.043) adSL + (0.494± 0.043) asSL . (2)

The above result should be interpreted in conjunc-

tion with three other measurements: (i) the Bd semilep-

tonic asymmetry, measured by the B factories, adSL =

−(4.7± 4.6)× 10
−3

[3]; (ii) the flavor specific asymmetry

measured from time dependence of B0
s
→ µ+D−

s
X decay

and its CP conjugate, asfs = −(1.7± 9.1± 1.5)× 10
−3

[4];

and (iii) the measurements of ∆Γs and Sψφ (the CP

asymmetry in the CP-even part of the ψφ final state in

Bs decay) [5–8]. Here ∆Γs = ΓL − ΓH , is the width

difference of the heavy and light Bs mass eigenstates. If

CP violation is negligible in the relevant tree-level decays,

then asfs = asSL. The SM predictions for the asymmetries

adSL and asSL are negligibly small, beyond the reach of the

Tevatron experiments [9–11]. If the evidence for the siz-

able dimuon charge asymmetry in Eq. (1) is confirmed,

it would unequivocally point to CP violation beyond the

CKM mechanism of the SM.

The present experimental uncertainties of adSL and asSL
seperately are larger than that of their combination, abSL.
Thus, from Eq. (1) alone it is not clear if the tension with

the SM is in the Bd or in the Bs system. Bounds from

other observables imply (see below) that new physics con-

tributions in Bd mixing with a generic weak phase cannot

exceed roughly 20% of the SM, while in Bs mixing much

larger NP contributions are still allowed.

We focus on interpreting the data assuming that the

above measurements are associated with new CP violat-

ing physics which contributes to Bd,s mixing, while its

contribution to CP violation in tree-level decay ampli-

tudes is negligible. Under this assumption the DØ result

in Eq. (1) is correlated with the Tevatron measurements

of Sψφ [12] (and∆Γs). These measurements provide non-

trivial tests of our hypothesis. Neglecting the small SM

contribution to Sψφ, the following relation holds between

experimentally measurable quantities [13]

asSL = − |∆Γs|

∆ms

Sψφ

��
1− S2

ψφ , (3)

where ∆ms ≡ mH −mL. Using the new measurement in

Eq. (1) together with Eq. (2), the above relation implies

|∆Γs| � −∆ms

�
2.0 abSL − 1.0 adSL

��
1− S2

ψφ

�
Sψφ . (4)

For simplicity we do not display the O (10%) uncertain-

ties of the two numerical factors. The CDF and DØ

time-dependent Bs → ψφ analyses provide a measure-

ment of ∆Γs vs. Sψφ. Hence all quantities in Eq. (4) are

constrained, and our analysis can be performed without

the theoretical prediction of ∆Γs [14], using its determi-

nation from data instead.

Using the measured values of ∆ms and ab,dSL , we find

|∆Γs| ∼
�
(0.28± 0.15) ps−1

��
1− S2

ψφ

�
Sψφ . (5)
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Sψφ = sin 2βeff
s(                   ) ✔ Satisfied by current measurements

The recent CDF [8] and DØ [5] results give best fit values

around (∆Γs, Sψφ) ∼ (±0.15 ps−1, 0.5). This shows that
the new abSL measurement in Eq. (1) is consistent with

the data on ∆Γs and Sψφ. This consistency is a nontriv-

ial test of the assumption that NP contributes only to

neutral meson mixing.

New physics in the mixing amplitudes of the Bd,s

mesons can in general be described by four real parame-

ters, two for each neutral meson system,

Md,s
12 =

�
Md,s

12

�SM �
1 + hd,s e

2iσd,s
�
. (6)

We denote by Mq
12 (Γq

12) the dispersive (absorptive) part

of the B0
q − B̄0

q mixing amplitude and SM superscripts

denote the SM values (for quantities not explicitly defined

here, see Ref. [15]). This modifies the SM predictions for

some observables used to constrain hq and σq as

∆mq = ∆mSM
q

��1 + hqe
2iσq

�� ,
∆Γs = ∆ΓSM

s cos
�
arg

�
1 + hse

2iσs
��

,

Aq
SL = Im

�
Γq
12/

�
Mq,SM

12 (1 + hqe
2iσq )

��
,

SψK = sin
�
2β + arg

�
1 + hde

2iσd
��

,

Sψφ = sin
�
2βs − arg

�
1 + hse

2iσs
��

. (7)

Here βs = arg[−(VtsV ∗
tb)/(VcsV ∗

cb)] = (1.04± 0.05)◦ is an

angle of a squashed unitarity triangle.

As already discussed, the new DØ measurement di-

rectly correlates the possible NP contributions in the Bd

and Bs systems [see Eq. (2)]. In order to quantitatively

assess our NP hypothesis we perform a global fit using

the CKMfitter package [16] to determine simultaneously

the NP parameters hd,s and σd,s, as well as the ρ̄ and η̄
parameters of the CKM matrix.

The results presented here use the post-Beauty2009

CKMfitter input values [16], except for the lattice input

parameters where we use [17], and the most recent ex-

perimental data. For Sψφ vs. ∆Γs, we use the 2.8 fb
−1

2d likelihood of DØ [5] and the 5.2 fb
−1

1d likelihood of

the recent CDF measurement [8] (the 2d likelihood is not

available). As already mentioned, neither the CDF nor

the DØ result gives a significant tension in the fit, so we

expect that a real Tevatron combination will not alter

our results by much. For the results presented here, we

marginalize over |Γq
12| in the range 0− 0.25 ps−1

, finding

that the data prefer values for ∆Γs about 2.5 times larger

than the prediction [2]. If we use the theory prediction,

our conclusions about NP do not change substantially,

but the goodness of fit is reduced significantly.

Figure 1 shows the results of the global fit projected

onto the hd − hs plane with 1σ (solid), 2σ (dashed), and

3σ (dotted) contours. We find that the data show evi-

dence for disagreement with the SM or, differently stated,

the no NP hypothesis hs = hd = 0 is disfavored at the

3.3σ level. Figure 2 shows the hs − σs and hd − σd fits.

The two best fit regions are for hs ∼ 0.5 and hs ∼ 1.8

FIG. 1: The allowed range of hs and hd from the combined
fit. The solid, dashed, and dotted contours show 1σ, 2σ, and
3σ, respectively.

with sizable NP phases, σs ∼ 120
◦
and σs ∼ 100

◦
respec-

tively. Here the point hs = 0 is disfavored at only 2.6σ,
since hs and hd are correlated. In the hd − σd case the

data is consistent with no new physics contributions in

Bd − B̄d mixing (hd = 0) below the 2σ level.

To interpret the pattern of the current experimental

data in terms of NP models, one should investigate if NP

models that respect the SM approximate SU(2)q sym-

metry are favored (in the SM this is due to the smallness

of the masses in the first two generations and the small-

ness of the mixing with the third generation quarks), or

if a hierarchy, such as hs � hd, is required. In Fig. 1 we

show the hd = hs line, which makes it evident that while

hd = hs is not disfavored, most of the favored parameter

space has hs > hd. Actually, a non-negligible fraction of

the allowed parameter space corresponds to hs � hd, as

indicated by the hs = 5hd line on Fig. 1.

A particularly interesting NP scenario is to assume

SU(2)q universality (q = s, d), defined as

hb ≡ hd = hs , σb ≡ σd = σs . (8)

The relevant hb − σb plane is shown in Fig. 3. The best

fit region, near hb ∼ 0.25 and σb ∼ 120
◦
, is obtained as

a compromise between the Babar and Belle bounds in

the Bd system and the tensions in the Tevatron Bs data

with the SM predicitons. This compromise mostly arises

from the different magnitudes of hd,s: while the best fit

hd value is a few times smaller than the best fit hs value,

the best fit values of the phases σd,s are remarkably close

to each other, as can be seen in Fig. 2. Note that while

the SM limit, hb = 0, is obtained at less than 3σ CL, the

2

FIG. 2: The allowed ranges of hs,σs (left) and hd,σd (right) from the combined fit to all four NP parameters.

goodness of the fit is significantly degraded compared

with the non-universal case.

We now move to interpreting the above results, as-

suming that the dimuon asymmetry is indeed providing

evidence for deviation from the SM. Interestingly, with-

out restricting our discussion to a specific model, we can

still make the following general statements:

(i) The present data support the hypothesis that new

sources of CP violation are present and that they con-

tribute mainly to ∆F = 2 processes via the mixing am-

plitude. As is well known, these processes are highly

0.0 0.1 0.2 0.3 0.4 0.5 0.6
0

Π�4

Π�2

3Π�4

Π

hb

Σ
b

0.6827
0.9545
0.9973

CL

FIG. 3: The allowed hb,σb range assuming SU(2) universality.

suppressed in the SM.

(ii) The SM extensions with SU(2)q universality, where

the new contributions to Bd and Bs transition are sim-

ilar in size (relative to the SM), can accommodate the

data but are not the most preferred scenarios experi-

mentally. Universality is expected in a large class of well

motivated models with approximate SU(2)q invariance,

for instance when flavor transitions are mediated by the

third generation sector [18]. The case where the NP con-

tributions are SU(2)q universal (see Eq. (8) and Fig. 3)

is also quite generically obtained in the minimal flavor

violation (MFV) framework [19] where new diagonal CP

violating phases are present [20, 21]. In an effective the-

ory approach such a contribution may arise from the four-

quark operators O
bq
1 = b̄αLγµq

α
L b̄

β
Lγµq

β
L, O

bq
2 = b̄αRq

α
L b̄

β
Rq

β
L,

O
bq
3 = b̄αRq

β
L b̄

β
Rq

α
L, suppressed by scales ΛMFV;1,2,3, re-

spectively. We find that the data require

ΛMFV;1,2,3
>∼ {8.8, 13 yb, 6.8 yb}

�
0.2/hb TeV . (9)

If the central value of the measurement in Eq. (1) is con-

firmed, this inequality would become an equality. Note

that the suppression from the bottom Yukawa, yb, is

not taken into account in ΛMFV;1, since CP violation in

this case requires resummation of large effective bottom

Yukawa coupling [21, 22]. In general the presence of fla-

vor diagonal phases could contribute to the neutron elec-

tric dipole moment [23]. However, this effect arises from
a different class of operators and requires a separate in-

vestigation. Another interesting aspect of these flavor di-

agonal phases is that there are examples where these can

contribute to the generation of matter-antimatter asym-

metry, another issue which deserves further investigation.

(iii) While case (ii) is not excluded by the data, Fig. 1

3

(a) hd=hs, σd=σs  OK, not preferred

(b) hs > hd  Preferred } Need flavor non-universal new sources of CPV
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Implications for minimal flavor violating NP

• Most conservative and agnostic approach to NP: EFT with MFV

• SM gauge sector is invariant under a large flavor symmetry (GF ∼ U(3)5)        
only broken by the Yukawa sector YD = λd , YL = λl , YU = VCKM† λu

• MFV requires all higher dimensional operators to formally respect GF – new 
flavor violating structures can only be constructed using polynomials of Yi

• Ratios of FCNC transitions among different generations are SM-like  
determined by CKM (VtiVtj*) - NP shifts to SM predictions are flavor universal 

• Right-handed quark operators helicity suppressed (like in SM)

D’Ambrosio et al. 
hep-ph/0207036
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Implications for minimal flavor violating NP

• Most conservative and agnostic approach to NP: EFT with MFV

• SM gauge sector is invariant under a large flavor symmetry (GF ∼ U(3)5)        
only broken by the Yukawa sector YD = λd , YL = λl , YU = VCKM† λu

• MFV requires all higher dimensional operators to formally respect GF – new 
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• Right-handed quark operators helicity suppressed (like in SM)
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CKM as the only source of CPV is an additional assumption!



MFV and new sources of CPV

• Even within SM, CKM not the only source of CPV:

• Contributes to electric dipole moment of neutron (dn < 0.29  × 10−25 e cm)

• Source of 10-10 fine-tuning between θ and overall chiral quark phase in Yi 

• In MFV, NP contributions δCi can in principle be complex

• Would naively expect severe constraints on Im[δCi] from dn and diagonal entries in Y 
expansion - no measurable effects in flavor observables?

• In concrete NP models, natural cancellations in flavor diagonal contributions can occur 
- difficult to control in EFT

• ΔF=1,2 operators decoupled in EFT - strongest bound on new phases in ΔF=2 from εK

LQCD � nfθαs

8π
TrGµν

�Gµν

Baker et al. 
hep-ex/0602020
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Controlled breaking of flavor universality - GMFV

• In extended Higgs sectors, absence of FCNCs at tree level requires introduction of protective symmetry 
[Z2, U(1)PQ in THDM]

• Individual Higgs doublets [Hu,d] couple exclusively to up or down sectors

• tanβ = vu/vd - allows for rescaling of down-type Yukawas (v2=vu2+vd2)

• Breaking of U(1)PQ can respect GF - satisfies MFV

• λb ~ mb tanβ driven effects may become important, re-summation effects may decouple K, B sectors

• New operator contributions 

• [λb b(1−γ5)dj] [λl l (1−γ5) l] - new contributions to B→Xs l+ l−, Bs →μ+μ-

• [λb b(1−γ5)dj] [λdj dj(1−γ5)b] - breaks universality between K and Bq sectors in ΔF=2 FCNCs
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YD

VCKM
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In GMFV, new operator contributions only relevant in the B sector, 

can provide new sources of CPV in Bq mixing - may scale with λq

GMFV can account for CPV in Bs

Implications for rare B decays?
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• Many operators contributing, several observables available

•

ΔB=1 FCNCs

Direct correlations with ΔF=2 contributions not possible in EFT approach

Can test for indications of GMFV (large tan β)



• Many operators contributing, several observables available

•

ΔB=1 FCNCs

Mostly constrained 
by B→Xsγ

Discrete ambiguity 
correlated with Q9V

Effective NP scale
Λ > 6(3) TeV
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68% (in green) and 95% (in red) probability.
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Figure 2: Probability distribution of δC7.

to δC7, corresponding to a sign flip of C7(mb), has a probability of about 30%. We stress that
the sign flip of C7(mb) occurs only if C9 receives a sizable non-standard contribution. This is
consistent with the conclusion of Ref. [60], where the wrong sign solution to C7 has been excluded
assuming small new-physics effects in the other Wilson coefficients.

The impact of the low- and high-energy regions in B → Xs"+"−, which are often neglected,
can be seen in Fig. 3, where we plot the most interesting 68% and 95% allowed regions with or
without the information of these two measurements. In view of future experimental improvements,
we report below the numerical values of the main observables expanded in powers of the δCi:

B(B → Xsγ)(Eγ > 1.6GeV) = 3.13(23) × 10−4 × (1 − 2.28δC7 + 1.51δC2
7 ) , (40)
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to δC7, corresponding to a sign flip of C7(mb), has a probability of about 30%. We stress that
the sign flip of C7(mb) occurs only if C9 receives a sizable non-standard contribution. This is
consistent with the conclusion of Ref. [60], where the wrong sign solution to C7 has been excluded
assuming small new-physics effects in the other Wilson coefficients.

The impact of the low- and high-energy regions in B → Xs"+"−, which are often neglected,
can be seen in Fig. 3, where we plot the most interesting 68% and 95% allowed regions with or
without the information of these two measurements. In view of future experimental improvements,
we report below the numerical values of the main observables expanded in powers of the δCi:

B(B → Xsγ)(Eγ > 1.6GeV) = 3.13(23) × 10−4 × (1 − 2.28δC7 + 1.51δC2
7 ) , (40)
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• Many operators contributing, several observables available
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(light green) exclusive AFB observables are shown.

is interesting since the main uncertainty due to the form factors, namely the overall normalization
of the decay rate, partly cancels out. Moreover, AFB(B → K∗!+!−) in the low q2 energy region
is very small in the SM due to the destructive interference of C7 and C9 (resulting in the famous
zero of the asymmetry at low q2). It is therefore a good probe of the relative sign of the Wilson
coefficients. The impact of including the presently available data on AFB(B → K∗!+!−) is shown
in Fig. 4.5 As can be seen, at present the additional information significantly reduces part of the
ambiguities in the δC9–δC10 and δC10–δC

µ
0 planes only at 68% probability level. On the other

hand, the overall bounds on the scales of individual coefficients do not change in appreciable
way. This may seem at odds with conclusions reached in refs. [27, 61]. However, the central
experimental values for the high q2 region lie approximately 1.5 standard deviations above the
range of possible theory predicitions within MFV satisfying other bounds. In addition, this range
of theory predictions spans less than two experimental standard deviations. Under the assumption
of MFV validity, the present FB asymmetry measurements therefore cannot significantly affect
the 95% probability regions of δCi. As seen on Fig. 4, the situation would however improve
dramatically, once the experimental precision would approximately double.

Contrary to the FB asymmetry, it turns out that the K∗ longitudinal polarization is not very
sensitive to new physics in the MFV scenario.

For completeness, we report below the numerical expressions of AFB(B → K∗!+!−), integrated

5AF B(B → K∗!+!−) has been measured both by Belle [61] and Babar [27]. However, in Ref. [61] only the fully
integrated asymmetry has been reported. The normalised values of AF B(B → K∗!+!−) in different q2 bins, as
reported in Ref. [27], represent the most useful information for our purpose. For this reason, we have restricted our
numerical analysis only to the results in Ref. [27].
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of MFV validity, the present FB asymmetry measurements therefore cannot significantly affect
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b → s l+ l-

• Theoretical status

• Inclusive calculation at NNLO (αs2,αsαEM,ΛQCD/mb)

• low 1 GeV2 < q2 < 6 GeV2 - precision at 8%

• high q2 > 14.4 GeV2 region - large power corrections, precision at 30%

• Exclusive modes B → K(*)l+l- approached using QCDF(SCET) + local form 
factors (QCDSR, LQCD) - applicable to the low q2 region

• Zero of FBA precisely predicted in the SM

• Full angular amplitude analysis allows to discriminate new CPV, right-
handed current contributions

• Feasible at the SuperB factories

Egede et al., 0807.2589
Altmannshofer et al., 0811.1214
Egede et al., 1005.0571

Beneke et al., 
hep-ph/0106067, 
hep-ph/0412400

Huber et al., 
hep-ph/0512066, 
0712.3009

Possibility of testing (G)MFV, new CPV sources



• Comparing with present experimental measurements

• Hints of anomalously large positive FBA in exclusive (B → K*
	 l+ l-) reported at both low 

and high q2

•  Not trivial to reconcile with other (inclusive B → Xs l+ l-, B → Xsγ) measurements

• C7=-C7SM scenario without simultaneous large corrections                                         
to C9,10 (or new operator contributions) is excluded

• Other observables (FL, AI) less sensitive at present precision

CDF note 10047

also
BaBar, 0804.4412
Belle, 0904.0770

6

TABLE I: Fit results in each of 6 q2 bins and an additional bin from 1 to 6 GeV2/c2 for which recent theory predictions are
available [10].

q2 (GeV2/c2) Ns B(10−7) AI FL AF B

B → K∗!+!−

0–2 27.4+7.4
−6.6 1.46+0.40

−0.35±0.12 −0.67+0.18
−0.16±0.03 0.29+0.21

−0.18±0.02 0.47+0.26
−0.32±0.03

2–5 25.5+7.6
−6.8 1.29+0.38

−0.34±0.10 1.17+0.72
−0.82±0.02 0.75+0.21

−0.22±0.05 0.14+0.20
−0.26±0.07

5–8.68 20.2+8.3
−7.3 0.99+0.41

−0.36±0.08 −0.47+0.31
−0.29±0.04 0.65+0.26

−0.27±0.06 0.47+0.16
−0.25±0.14

10.09–12.86 54.0+10.5
−9.6 2.24+0.44

−0.40±0.18 0.00+0.20
−0.21±0.05 0.17+0.17

−0.15±0.03 0.43+0.18
−0.20±0.03

14.18–16 36.2+9.9
−8.8 1.05+0.29

−0.26±0.08 0.16+0.30
−0.35±0.05 −0.15+0.27

−0.23±0.07 0.70+0.16
−0.22±0.10

>16 84.4+11.0
−9.9 2.04+0.27

−0.24±0.16 −0.02+0.20
−0.21±0.05 0.12+0.15

−0.13±0.02 0.66+0.11
−0.16±0.04

1–6 29.42+8.9
−8.0 1.49+0.45

−0.40±0.12 0.33+0.37
−0.43±0.05 0.67+0.23

−0.23±0.05 0.26+0.27
−0.30±0.07

B → K!+!−

0–2 27.0+6.0
−5.4 0.81+0.18

−0.16±0.05 −0.33+0.33
−0.25±0.05 − 0.06+0.32

−0.35±0.02
2–5 22.5+6.0

−5.3 0.58+0.16
−0.14±0.04 −0.49+0.45

−0.34±0.04 − −0.51+0.31
−0.31±0.09

5–8.68 34.1+7.1
−6.5 0.86+0.18

−0.16±0.05 −0.19+0.26
−0.22±0.05 − −0.18+0.12

−0.15±0.03
10.09–12.86 22.0+6.2

−5.5 0.55+0.16
−0.14±0.03 −0.29+0.37

−0.29±0.05 − −0.21+0.17
−0.15±0.06

14.18–16 15.6+4.9
−4.3 0.38+0.19

−0.12±0.02 −0.40+0.61
−0.69±0.04 − 0.04+0.32

−0.26±0.05
>16 40.3+8.2

−7.5 0.98+0.20
−0.18±0.06 0.11+0.24

−0.21±0.05 − 0.02+0.11
−0.08±0.02

1–6 52.0+8.7
−8.0 1.36+0.23

−0.21±0.08 −0.41+0.25
−0.20±0.04 − −0.04+0.13

−0.16±0.05

TABLE II: Total branching fractions for B → K∗!+!− and
B → K!+!− decays.

Mode B (10−7) ACP

K∗+µµ 11.4+3.2
−2.7±1.0 −0.12+0.24

−0.24±0.02
K∗0µµ 10.8+1.9

−1.5±0.7 0.00+0.15
−0.15±0.03

K∗µµ 11.2+1.6
−1.4±0.8 −0.03+0.13

−0.13±0.02
K∗+ee 16.4+5.0

−4.2±1.8 −0.14+0.23
−0.22±0.02

K∗0ee 11.8+2.6
−2.1±0.9 −0.21+0.19

−0.19±0.02
K∗ee 13.7+2.3

−2.0±1.2 −0.18+0.15
−0.15±0.01

K∗+!! 12.4+2.3
−2.0±1.2 −0.13+0.17

−0.16±0.01
K∗0!! 9.8+1.3

−1.1±0.7 −0.08+0.12
−0.12±0.02

K∗!! 10.8+1.1
−1.0±0.9 −0.10+0.10

−0.10±0.01

K+µµ 5.3+0.8
−0.7±0.3 −0.05+0.13

−0.13±0.03
K0µµ 4.3+1.3

−1.0±0.2 −

Kµµ 5.0+0.6
−0.6±0.3 −

K+ee 5.7+0.9
−0.8±0.3 −0.14+0.14

−0.14±0.03
K0ee 2.0+1.4

−1.0±0.1 −

Kee 4.8+0.8
−0.7±0.3 −

K+!! 5.3+0.6
−0.5±0.3 −0.04+0.10

−0.10±0.02
K0!! 3.3+0.9

−0.7±0.2 −

K!! 4.8+0.5
−0.4±0.3 −

the combined AI for q2 < 8.68 GeV2/c2 and find

AI(B → K∗!+!−) = −0.29+0.16
−0.16 ± 0.03 σ = 1.40 ,

AI(B → K!+!−) = −0.31+0.17
−0.14 ± 0.05 σ = 1.75 ,

AI(B → K(∗)!+!−) = −0.30+0.12
−0.11 ± 0.04 σ = 2.24 ,

where σ denotes the significance from null asymmetry
and is defined as σ ≡

√

−2ln (L0/Lmax), where L0 is

q2(GeV2/c2)
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FIG. 4: Fit results for AF B as a function of q2. The solid
(dashed) curve shows the SM (C7 = −CSM

7 ) prediction.

the likelihood with AI constrained to be zero and Lmax

is the maximum likelihood. Systematic uncertainties are
considered in the significance calculation.

Systematic uncertainties in the branching fraction
measurement for each decay channel are summarized in
Table III. They stem dominantly from tracking efficien-
cies (2.0%–4.4%), MC decay models (0.9%–4.6%), elec-
tron (3.0%) and muon (2.6%) identification, K0

S (4.9%)
and π0 (4.0%) reconstruction, and R and RB selec-
tion (1.2%–3.6%). The signal MC samples are generated
based on a decay model derived from [13], and the mod-
eling uncertainties are evaluated by comparing different
MC samples based on different decay models [14], while
lepton identification is studied using a J/ψ → !+!− data
control sample. For R and RB selections, we estimate the
uncertainties from large control samples with the same
final states, B → J/ψK(∗) with J/ψ → !+!−. Other

Belle, 0810.0335
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New physics in b → s l+ l-



Bs/d → l+ l-

• Helicity suppressed in the SM

• mediated by short-distance Z penguin and box 

• long distance strongly CKM / GIM suppressed

• main uncertainties: B decay constant, CKM

• NP can 

• modify the Z penguin

• induce a Higgs penguin or new contact interactions

Standard Model
• Mediated by short-distance

Z penguin and box - long distance
strongly CKM / GIM suppressed 

• including QCD corrections, matches
onto single relevant effective operator

 

• branching fraction

[Buchalla&Buras 93, 
Misiak&Urban 99;
Artuso et al 0801.1833]
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3.4 Very rare decays
3.4.1 Theory of Bq → !+!− and related decays
A particularly important class of very rare decays are the leptonic FCNC decays of a Bd or a Bs meson.
In addition to the electroweak-loop suppression the corresponding decay rates are helicity suppressed in
the SM by a factor of m2

!/m
2
B , where m! and MB are the masses of lepton and B meson, respectively.

The effective |∆B| = |∆S| = 1 Hamiltonian, which describes b → s decays, already contains 17
different operators in the Standard Model, in a generic model-independent analysis of new physics this
number will exceed 100. One virtue of purely leptonic Bs decays is their dependence on a small number
of operators, so that they are accessible to model-independent studies of new physics. These statements,
of course, equally apply to b → d transitions and leptonic Bd decays. While in the Standard Model all
six Bq → !+!− decays (with q = d or s and ! = e, µ or τ ) are related to each other in a simple way, this
is not necessarily so in models of new physics. Therefore all six decay modes should be studied.

Other very rare decays, such as Bq → !+!−!′+!′−, !+!−γ, e+µ−, are briefly considered in Sec.
3.4.1.3 below.

3.4.1.1 Bq → !+!− in the Standard Model
Photonic penguins do not contribute to Bq → !+!−, because a lepton-anti-lepton pair with zero angular
momentum has charge conjugation quantum number C = 1, while the photon has C = −1. The
dominant contribution stems from the Z-penguin diagram and is shown in Figure 19.

Fig. 19: Left: Z-penguin contribution to Bs → !+!−.

There is also a box diagram with two W bosons, which is suppressed by a factor ofM2
W /m2

t with
respect to the Z-penguin diagram. These diagrams determine the Wilson coefficient CA of the operator

QA = bLγµqL !γµγ5!. (122)

We will further need operators with scalar and pseudoscalar couplings to the leptons:

QS = mbbRqL !!, QP = mbbRqL !γ5!. (123)

Their coefficients CS and CP are determined from penguin diagrams involving the Higgs or the neutral
Goldstone boson, respectively. While CS and CP are tiny and can be safely neglected in the Standard
Model, the situation changes dramatically in popular models of new physics discussed below. The effec-
tive Hamiltonian reads

H =
GF√

2

α

π sin2 θW
V ∗

tbVtq [CSQS + CP QP + CAQA ] + h.c. (124)

The operators Q′
S , Q′

P and Q′
A, where the chiralities of the quarks in the b̄q currents are flipped with

respect to those in (122), (123), may also become relevant in general extensions of the SM.
CA has been determined in the next-to-leading order (NLO) of QCD [546–548]. The NLO cor-

rections are in the percent range and higher-order corrections play no role. CA is commonly expressed
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s̄

in terms of the MS mass of the top quark, mt. A pole mass of mpole
t = 171.4 ± 2.1 GeV corresponds

to mt = 163.8 ± 2.0 GeV. An excellent approximation to the NLO result for CA, which holds with an
accuracy of 5 · 10−4 for 149 GeV < mt < 179 GeV, is

CA(mt) = 0.9636

[
80.4 GeV

MW

mt

164 GeV

]1.52

(125)

In the literature CA(mt) is often called Y (m2
t /M

2
W ). The exact expression can be found e.g. in Eqs. (16-

18) of [548]. The branching fraction can be compactly expressed in terms of the Wilson coefficients CA,
CS and CP :

B
(
Bq → !+!−

)
=

G2
F α2

64π3 sin4 θW
|V ∗

tbVtq|2 τBq M3
Bq

f2
Bq

√

1 −
4m2

!

M2
Bq

×

[(

1 −
4m2

!

M2
Bq

)

M2
Bq

C2
S +

(
MBqCP −

2m!

MBq

CA

)2
]

. (126)

Here fBq and τBq are the decay constant and the lifetime of the Bq meson, respectively, and θW is the
Weinberg angle. SinceBq → !+!− is a short-distance process, the appropriate value of the fine-structure
constant is α = α(MZ) = 1/128. With Eq. (125) and CS = CP = 0 Eq. (126) gives the following
Standard Model predictions:

B
(
Bs → τ+τ−

)
= (8.20 ± 0.31) · 10−7 ×

τBs

1.527 ps

[
|Vts|

0.0408

]2 [
fBs

240 MeV

]2

(127)

B
(
Bs → µ+µ−

)
= (3.86 ± 0.15) · 10−9 ×

τBs

1.527 ps

[
|Vts|

0.0408

]2 [
fBs

240 MeV

]2

(128)

B
(
Bs → e+e−

)
= (9.05 ± 0.34) · 10−14 ×

τBs

1.527 ps

[
|Vts|

0.0408

]2 [
fBs

240 MeV

]2

(129)

B
(
Bd → τ+τ−

)
= (2.23 ± 0.08) · 10−8 ×

τBd

1.527 ps

[
|Vtd|

0.0082

]2 [
fBd

200 MeV

]2

(130)

B
(
Bd → µ+µ−

)
= (1.06 ± 0.04) · 10−10 ×

τBd

1.527 ps

[
|Vtd|

0.0082

]2 [
fBd

200 MeV

]2

(131)

B
(
Bd → e+e−

)
= (2.49 ± 0.09) · 10−15 ×

τBd

1.527 ps

[
|Vtd|

0.0082

]2 [
fBd

200 MeV

]2

(132)

The dependences on the decay constants, which have sizable theoretical uncertainties, and on the relevant
CKM factors have been factored out. While |Vts| is well-determined through the precisely measured
|Vcb|, the determination of |Vtd| involves the global fit to the unitarity triangle and suffers from larger
uncertainties. The residual uncertainty in Eqs. (127–132) stems from the 2 GeV error inmt.

Alternatively, within the standard model, the CKM dependence as well as the bulk of the hadronic
uncertainty may be eliminated by normalizing to the well-measured meson mass differences∆MBq , thus
trading f2

Bq
for a (less uncertain) bag parameter B̂q [549]:

B(Bq → !+!−) = C
τBq

B̂q

Y 2(m2
t /M

2
W )

S(m2
t /M

2
W )

∆Mq, (133)

where S is a perturbative short-distance function, C = 4.36 · 10−10 includes a normalization and NLO
QCD corrections, and ! = e, µ. This reduces the total uncertainty within the SM below the 15 percent
level. (A similar formula may be written for ! = τ .)
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Y                          
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(

m̄t(mt)
)

higher orders negligible

B(B → Xsνν̄) = 4.1 · 10−5 |Vts|2

|Vcb|2

[
mt(mt)

170 GeV

]2.30

. (XXVI.5)

In view of a new interest in this decay (Grossman et al., 1995) we quote the Standard Model
expectation for B(B → Xsνν̄) based on the input parameters collected in the appendix A. We
find

3.1 · 10−5 ≤ B(B → Xsνν̄) ≤ 4.9 · 10−5 (XXVI.6)

for the “present day” uncertainties in the input parameters and

3.6 · 10−5 ≤ B(B → Xsνν̄) ≤ 4.2 · 10−5 (XXVI.7)

for our “future” scenario.
In the case of B → Xdνν̄ one has to replace Vts by Vtd which results in a decrease of the

branching ratio by roughly an order of magnitude.

C. The Decays Bs → µ+µ− and Bd → µ+µ−

The branching ratio for Bs → l+l− is given by (Buchalla and Buras, 1993a)

B(Bs → l+l−) = τ(Bs)
G2

F

π

(
α

4π sin2 ΘW

)2

F 2
Bs

m2
l mBs

√√√√1 − 4
m2

l

m2
Bs

|V ∗
tbVts|2Y 2(xt) (XXVI.8)

where Bs denotes the flavor eigenstate (b̄s) and FBs is the corresponding decay constant (normal-
ized as Fπ = 131 MeV). Using (XXIV.3), (XXV.4) and (XIV.6) we find in the case ofBs → µ+µ−

B(Bs → µ+µ−) = 4.18 · 10−9

[
τ(Bs)

1.6ps

] [
FBs

230 MeV

]2
[
|Vts|
0.040

]2 [
mt(mt)

170 GeV

]3.12

(XXVI.9)

which approximates the next-to-leading order result.
Taking the central values for τ(Bs), FBs , |Vts| andmt(mt) and varying µt as in (XXIV.19) we find
that the uncertainty

3.44 · 10−9 ≤ B(Bs → µ+µ−) ≤ 4.50 · 10−9 (XXVI.10)

present in the leading order is reduced to

4.05 · 10−9 ≤ B(Bs → µ+µ−) ≤ 4.14 · 10−9 (XXVI.11)

when the QCD corrections are included. This feature is once more illustrated in fig. 31.
Finally, we quote the standard model expectation for B(Bs → µ+µ−) based on the input

parameters collected in the Appendix. We find

1.7 · 10−9 ≤ B(Bs → µ+µ−) ≤ 8.4 · 10−9 (XXVI.12)

using present day uncertainties in the parameters and FBs = 230 ± 40 MeV. With reduced errors
for the input quantities, corresponding to our second scenario as defined in Appendix A, and taking
FBs = 230 ± 10 MeV this range would shrink to
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3.4 Very rare decays
3.4.1 Theory of Bq → !+!− and related decays
A particularly important class of very rare decays are the leptonic FCNC decays of a Bd or a Bs meson.
In addition to the electroweak-loop suppression the corresponding decay rates are helicity suppressed in
the SM by a factor of m2

!/m
2
B , where m! and MB are the masses of lepton and B meson, respectively.

The effective |∆B| = |∆S| = 1 Hamiltonian, which describes b → s decays, already contains 17
different operators in the Standard Model, in a generic model-independent analysis of new physics this
number will exceed 100. One virtue of purely leptonic Bs decays is their dependence on a small number
of operators, so that they are accessible to model-independent studies of new physics. These statements,
of course, equally apply to b → d transitions and leptonic Bd decays. While in the Standard Model all
six Bq → !+!− decays (with q = d or s and ! = e, µ or τ ) are related to each other in a simple way, this
is not necessarily so in models of new physics. Therefore all six decay modes should be studied.

Other very rare decays, such as Bq → !+!−!′+!′−, !+!−γ, e+µ−, are briefly considered in Sec.
3.4.1.3 below.

3.4.1.1 Bq → !+!− in the Standard Model
Photonic penguins do not contribute to Bq → !+!−, because a lepton-anti-lepton pair with zero angular
momentum has charge conjugation quantum number C = 1, while the photon has C = −1. The
dominant contribution stems from the Z-penguin diagram and is shown in Figure 19.

Fig. 19: Left: Z-penguin contribution to Bs → !+!−.

There is also a box diagram with two W bosons, which is suppressed by a factor ofM2
W /m2

t with
respect to the Z-penguin diagram. These diagrams determine the Wilson coefficient CA of the operator

QA = bLγµqL !γµγ5!. (122)

We will further need operators with scalar and pseudoscalar couplings to the leptons:

QS = mbbRqL !!, QP = mbbRqL !γ5!. (123)

Their coefficients CS and CP are determined from penguin diagrams involving the Higgs or the neutral
Goldstone boson, respectively. While CS and CP are tiny and can be safely neglected in the Standard
Model, the situation changes dramatically in popular models of new physics discussed below. The effec-
tive Hamiltonian reads

H =
GF√

2

α

π sin2 θW
V ∗

tbVtq [CSQS + CP QP + CAQA ] + h.c. (124)

The operators Q′
S , Q′

P and Q′
A, where the chiralities of the quarks in the b̄q currents are flipped with

respect to those in (122), (123), may also become relevant in general extensions of the SM.
CA has been determined in the next-to-leading order (NLO) of QCD [546–548]. The NLO cor-

rections are in the percent range and higher-order corrections play no role. CA is commonly expressed
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in terms of the MS mass of the top quark, mt. A pole mass of mpole
t = 171.4 ± 2.1 GeV corresponds

to mt = 163.8 ± 2.0 GeV. An excellent approximation to the NLO result for CA, which holds with an
accuracy of 5 · 10−4 for 149 GeV < mt < 179 GeV, is

CA(mt) = 0.9636

[
80.4 GeV

MW

mt

164 GeV

]1.52

(125)

In the literature CA(mt) is often called Y (m2
t /M

2
W ). The exact expression can be found e.g. in Eqs. (16-

18) of [548]. The branching fraction can be compactly expressed in terms of the Wilson coefficients CA,
CS and CP :

B
(
Bq → !+!−

)
=

G2
F α2

64π3 sin4 θW
|V ∗

tbVtq|2 τBq M3
Bq

f2
Bq

√

1 −
4m2

!

M2
Bq

×

[(

1 −
4m2

!

M2
Bq

)

M2
Bq

C2
S +

(
MBqCP −

2m!

MBq

CA

)2
]

. (126)

Here fBq and τBq are the decay constant and the lifetime of the Bq meson, respectively, and θW is the
Weinberg angle. SinceBq → !+!− is a short-distance process, the appropriate value of the fine-structure
constant is α = α(MZ) = 1/128. With Eq. (125) and CS = CP = 0 Eq. (126) gives the following
Standard Model predictions:

B
(
Bs → τ+τ−

)
= (8.20 ± 0.31) · 10−7 ×

τBs

1.527 ps

[
|Vts|

0.0408

]2 [
fBs

240 MeV

]2

(127)

B
(
Bs → µ+µ−

)
= (3.86 ± 0.15) · 10−9 ×

τBs

1.527 ps

[
|Vts|

0.0408

]2 [
fBs

240 MeV

]2

(128)

B
(
Bs → e+e−

)
= (9.05 ± 0.34) · 10−14 ×

τBs

1.527 ps

[
|Vts|

0.0408

]2 [
fBs

240 MeV

]2

(129)

B
(
Bd → τ+τ−

)
= (2.23 ± 0.08) · 10−8 ×

τBd

1.527 ps

[
|Vtd|

0.0082

]2 [
fBd

200 MeV

]2

(130)

B
(
Bd → µ+µ−

)
= (1.06 ± 0.04) · 10−10 ×

τBd

1.527 ps

[
|Vtd|

0.0082

]2 [
fBd

200 MeV

]2

(131)

B
(
Bd → e+e−

)
= (2.49 ± 0.09) · 10−15 ×

τBd

1.527 ps

[
|Vtd|

0.0082

]2 [
fBd

200 MeV

]2

(132)

The dependences on the decay constants, which have sizable theoretical uncertainties, and on the relevant
CKM factors have been factored out. While |Vts| is well-determined through the precisely measured
|Vcb|, the determination of |Vtd| involves the global fit to the unitarity triangle and suffers from larger
uncertainties. The residual uncertainty in Eqs. (127–132) stems from the 2 GeV error inmt.

Alternatively, within the standard model, the CKM dependence as well as the bulk of the hadronic
uncertainty may be eliminated by normalizing to the well-measured meson mass differences∆MBq , thus
trading f2

Bq
for a (less uncertain) bag parameter B̂q [549]:

B(Bq → !+!−) = C
τBq

B̂q

Y 2(m2
t /M

2
W )

S(m2
t /M

2
W )

∆Mq, (133)

where S is a perturbative short-distance function, C = 4.36 · 10−10 includes a normalization and NLO
QCD corrections, and ! = e, µ. This reduces the total uncertainty within the SM below the 15 percent
level. (A similar formula may be written for ! = τ .)
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3.4 Very rare decays
3.4.1 Theory of Bq → !+!− and related decays
A particularly important class of very rare decays are the leptonic FCNC decays of a Bd or a Bs meson.
In addition to the electroweak-loop suppression the corresponding decay rates are helicity suppressed in
the SM by a factor of m2

!/m
2
B , where m! and MB are the masses of lepton and B meson, respectively.

The effective |∆B| = |∆S| = 1 Hamiltonian, which describes b → s decays, already contains 17
different operators in the Standard Model, in a generic model-independent analysis of new physics this
number will exceed 100. One virtue of purely leptonic Bs decays is their dependence on a small number
of operators, so that they are accessible to model-independent studies of new physics. These statements,
of course, equally apply to b → d transitions and leptonic Bd decays. While in the Standard Model all
six Bq → !+!− decays (with q = d or s and ! = e, µ or τ ) are related to each other in a simple way, this
is not necessarily so in models of new physics. Therefore all six decay modes should be studied.

Other very rare decays, such as Bq → !+!−!′+!′−, !+!−γ, e+µ−, are briefly considered in Sec.
3.4.1.3 below.

3.4.1.1 Bq → !+!− in the Standard Model
Photonic penguins do not contribute to Bq → !+!−, because a lepton-anti-lepton pair with zero angular
momentum has charge conjugation quantum number C = 1, while the photon has C = −1. The
dominant contribution stems from the Z-penguin diagram and is shown in Figure 19.

Fig. 19: Left: Z-penguin contribution to Bs → !+!−.

There is also a box diagram with two W bosons, which is suppressed by a factor ofM2
W /m2

t with
respect to the Z-penguin diagram. These diagrams determine the Wilson coefficient CA of the operator

QA = bLγµqL !γµγ5!. (122)

We will further need operators with scalar and pseudoscalar couplings to the leptons:

QS = mbbRqL !!, QP = mbbRqL !γ5!. (123)

Their coefficients CS and CP are determined from penguin diagrams involving the Higgs or the neutral
Goldstone boson, respectively. While CS and CP are tiny and can be safely neglected in the Standard
Model, the situation changes dramatically in popular models of new physics discussed below. The effec-
tive Hamiltonian reads

H =
GF√

2

α

π sin2 θW
V ∗

tbVtq [CSQS + CP QP + CAQA ] + h.c. (124)

The operators Q′
S , Q′

P and Q′
A, where the chiralities of the quarks in the b̄q currents are flipped with

respect to those in (122), (123), may also become relevant in general extensions of the SM.
CA has been determined in the next-to-leading order (NLO) of QCD [546–548]. The NLO cor-

rections are in the percent range and higher-order corrections play no role. CA is commonly expressed
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in terms of the MS mass of the top quark, mt. A pole mass of mpole
t = 171.4 ± 2.1 GeV corresponds

to mt = 163.8 ± 2.0 GeV. An excellent approximation to the NLO result for CA, which holds with an
accuracy of 5 · 10−4 for 149 GeV < mt < 179 GeV, is

CA(mt) = 0.9636

[
80.4 GeV

MW

mt

164 GeV

]1.52

(125)

In the literature CA(mt) is often called Y (m2
t /M

2
W ). The exact expression can be found e.g. in Eqs. (16-

18) of [548]. The branching fraction can be compactly expressed in terms of the Wilson coefficients CA,
CS and CP :

B
(
Bq → !+!−

)
=

G2
F α2

64π3 sin4 θW
|V ∗

tbVtq|2 τBq M3
Bq

f2
Bq

√

1 −
4m2

!

M2
Bq

×

[(

1 −
4m2

!

M2
Bq

)

M2
Bq

C2
S +

(
MBqCP −

2m!

MBq

CA

)2
]

. (126)

Here fBq and τBq are the decay constant and the lifetime of the Bq meson, respectively, and θW is the
Weinberg angle. SinceBq → !+!− is a short-distance process, the appropriate value of the fine-structure
constant is α = α(MZ) = 1/128. With Eq. (125) and CS = CP = 0 Eq. (126) gives the following
Standard Model predictions:

B
(
Bs → τ+τ−

)
= (8.20 ± 0.31) · 10−7 ×

τBs

1.527 ps

[
|Vts|

0.0408

]2 [
fBs

240 MeV

]2

(127)

B
(
Bs → µ+µ−

)
= (3.86 ± 0.15) · 10−9 ×

τBs

1.527 ps

[
|Vts|

0.0408

]2 [
fBs

240 MeV

]2

(128)

B
(
Bs → e+e−

)
= (9.05 ± 0.34) · 10−14 ×

τBs

1.527 ps

[
|Vts|

0.0408

]2 [
fBs

240 MeV

]2

(129)

B
(
Bd → τ+τ−

)
= (2.23 ± 0.08) · 10−8 ×

τBd

1.527 ps

[
|Vtd|

0.0082

]2 [
fBd

200 MeV

]2

(130)

B
(
Bd → µ+µ−

)
= (1.06 ± 0.04) · 10−10 ×

τBd

1.527 ps

[
|Vtd|

0.0082

]2 [
fBd

200 MeV

]2

(131)

B
(
Bd → e+e−

)
= (2.49 ± 0.09) · 10−15 ×

τBd

1.527 ps

[
|Vtd|

0.0082

]2 [
fBd

200 MeV

]2

(132)

The dependences on the decay constants, which have sizable theoretical uncertainties, and on the relevant
CKM factors have been factored out. While |Vts| is well-determined through the precisely measured
|Vcb|, the determination of |Vtd| involves the global fit to the unitarity triangle and suffers from larger
uncertainties. The residual uncertainty in Eqs. (127–132) stems from the 2 GeV error inmt.

Alternatively, within the standard model, the CKM dependence as well as the bulk of the hadronic
uncertainty may be eliminated by normalizing to the well-measured meson mass differences∆MBq , thus
trading f2

Bq
for a (less uncertain) bag parameter B̂q [549]:

B(Bq → !+!−) = C
τBq

B̂q

Y 2(m2
t /M

2
W )

S(m2
t /M

2
W )

∆Mq, (133)

where S is a perturbative short-distance function, C = 4.36 · 10−10 includes a normalization and NLO
QCD corrections, and ! = e, µ. This reduces the total uncertainty within the SM below the 15 percent
level. (A similar formula may be written for ! = τ .)
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3.4 Very rare decays
3.4.1 Theory of Bq → !+!− and related decays
A particularly important class of very rare decays are the leptonic FCNC decays of a Bd or a Bs meson.
In addition to the electroweak-loop suppression the corresponding decay rates are helicity suppressed in
the SM by a factor of m2

!/m
2
B , where m! and MB are the masses of lepton and B meson, respectively.

The effective |∆B| = |∆S| = 1 Hamiltonian, which describes b → s decays, already contains 17
different operators in the Standard Model, in a generic model-independent analysis of new physics this
number will exceed 100. One virtue of purely leptonic Bs decays is their dependence on a small number
of operators, so that they are accessible to model-independent studies of new physics. These statements,
of course, equally apply to b → d transitions and leptonic Bd decays. While in the Standard Model all
six Bq → !+!− decays (with q = d or s and ! = e, µ or τ ) are related to each other in a simple way, this
is not necessarily so in models of new physics. Therefore all six decay modes should be studied.

Other very rare decays, such as Bq → !+!−!′+!′−, !+!−γ, e+µ−, are briefly considered in Sec.
3.4.1.3 below.

3.4.1.1 Bq → !+!− in the Standard Model
Photonic penguins do not contribute to Bq → !+!−, because a lepton-anti-lepton pair with zero angular
momentum has charge conjugation quantum number C = 1, while the photon has C = −1. The
dominant contribution stems from the Z-penguin diagram and is shown in Figure 19.

Fig. 19: Left: Z-penguin contribution to Bs → !+!−.

There is also a box diagram with two W bosons, which is suppressed by a factor ofM2
W /m2

t with
respect to the Z-penguin diagram. These diagrams determine the Wilson coefficient CA of the operator

QA = bLγµqL !γµγ5!. (122)

We will further need operators with scalar and pseudoscalar couplings to the leptons:

QS = mbbRqL !!, QP = mbbRqL !γ5!. (123)

Their coefficients CS and CP are determined from penguin diagrams involving the Higgs or the neutral
Goldstone boson, respectively. While CS and CP are tiny and can be safely neglected in the Standard
Model, the situation changes dramatically in popular models of new physics discussed below. The effec-
tive Hamiltonian reads

H =
GF√

2

α

π sin2 θW
V ∗

tbVtq [CSQS + CP QP + CAQA ] + h.c. (124)

The operators Q′
S , Q′

P and Q′
A, where the chiralities of the quarks in the b̄q currents are flipped with

respect to those in (122), (123), may also become relevant in general extensions of the SM.
CA has been determined in the next-to-leading order (NLO) of QCD [546–548]. The NLO cor-

rections are in the percent range and higher-order corrections play no role. CA is commonly expressed
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in terms of the MS mass of the top quark, mt. A pole mass of mpole
t = 171.4 ± 2.1 GeV corresponds

to mt = 163.8 ± 2.0 GeV. An excellent approximation to the NLO result for CA, which holds with an
accuracy of 5 · 10−4 for 149 GeV < mt < 179 GeV, is

CA(mt) = 0.9636

[
80.4 GeV

MW

mt

164 GeV

]1.52

(125)

In the literature CA(mt) is often called Y (m2
t /M

2
W ). The exact expression can be found e.g. in Eqs. (16-

18) of [548]. The branching fraction can be compactly expressed in terms of the Wilson coefficients CA,
CS and CP :

B
(
Bq → !+!−

)
=

G2
F α2

64π3 sin4 θW
|V ∗

tbVtq|2 τBq M3
Bq

f2
Bq

√

1 −
4m2

!

M2
Bq

×

[(

1 −
4m2

!

M2
Bq

)

M2
Bq

C2
S +

(
MBqCP −

2m!

MBq

CA

)2
]

. (126)

Here fBq and τBq are the decay constant and the lifetime of the Bq meson, respectively, and θW is the
Weinberg angle. SinceBq → !+!− is a short-distance process, the appropriate value of the fine-structure
constant is α = α(MZ) = 1/128. With Eq. (125) and CS = CP = 0 Eq. (126) gives the following
Standard Model predictions:

B
(
Bs → τ+τ−

)
= (8.20 ± 0.31) · 10−7 ×

τBs

1.527 ps

[
|Vts|

0.0408

]2 [
fBs

240 MeV

]2

(127)

B
(
Bs → µ+µ−

)
= (3.86 ± 0.15) · 10−9 ×

τBs

1.527 ps

[
|Vts|

0.0408

]2 [
fBs

240 MeV

]2

(128)

B
(
Bs → e+e−

)
= (9.05 ± 0.34) · 10−14 ×

τBs

1.527 ps

[
|Vts|

0.0408

]2 [
fBs

240 MeV

]2

(129)

B
(
Bd → τ+τ−

)
= (2.23 ± 0.08) · 10−8 ×

τBd

1.527 ps

[
|Vtd|

0.0082

]2 [
fBd

200 MeV

]2

(130)

B
(
Bd → µ+µ−

)
= (1.06 ± 0.04) · 10−10 ×

τBd

1.527 ps

[
|Vtd|

0.0082

]2 [
fBd

200 MeV

]2

(131)

B
(
Bd → e+e−

)
= (2.49 ± 0.09) · 10−15 ×

τBd

1.527 ps

[
|Vtd|

0.0082

]2 [
fBd

200 MeV

]2

(132)

The dependences on the decay constants, which have sizable theoretical uncertainties, and on the relevant
CKM factors have been factored out. While |Vts| is well-determined through the precisely measured
|Vcb|, the determination of |Vtd| involves the global fit to the unitarity triangle and suffers from larger
uncertainties. The residual uncertainty in Eqs. (127–132) stems from the 2 GeV error inmt.

Alternatively, within the standard model, the CKM dependence as well as the bulk of the hadronic
uncertainty may be eliminated by normalizing to the well-measured meson mass differences∆MBq , thus
trading f2

Bq
for a (less uncertain) bag parameter B̂q [549]:

B(Bq → !+!−) = C
τBq

B̂q

Y 2(m2
t /M

2
W )

S(m2
t /M

2
W )

∆Mq, (133)

where S is a perturbative short-distance function, C = 4.36 · 10−10 includes a normalization and NLO
QCD corrections, and ! = e, µ. This reduces the total uncertainty within the SM below the 15 percent
level. (A similar formula may be written for ! = τ .)
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3.4 Very rare decays
3.4.1 Theory of Bq → !+!− and related decays
A particularly important class of very rare decays are the leptonic FCNC decays of a Bd or a Bs meson.
In addition to the electroweak-loop suppression the corresponding decay rates are helicity suppressed in
the SM by a factor of m2

!/m
2
B , where m! and MB are the masses of lepton and B meson, respectively.

The effective |∆B| = |∆S| = 1 Hamiltonian, which describes b → s decays, already contains 17
different operators in the Standard Model, in a generic model-independent analysis of new physics this
number will exceed 100. One virtue of purely leptonic Bs decays is their dependence on a small number
of operators, so that they are accessible to model-independent studies of new physics. These statements,
of course, equally apply to b → d transitions and leptonic Bd decays. While in the Standard Model all
six Bq → !+!− decays (with q = d or s and ! = e, µ or τ ) are related to each other in a simple way, this
is not necessarily so in models of new physics. Therefore all six decay modes should be studied.

Other very rare decays, such as Bq → !+!−!′+!′−, !+!−γ, e+µ−, are briefly considered in Sec.
3.4.1.3 below.

3.4.1.1 Bq → !+!− in the Standard Model
Photonic penguins do not contribute to Bq → !+!−, because a lepton-anti-lepton pair with zero angular
momentum has charge conjugation quantum number C = 1, while the photon has C = −1. The
dominant contribution stems from the Z-penguin diagram and is shown in Figure 19.

Fig. 19: Left: Z-penguin contribution to Bs → !+!−.

There is also a box diagram with two W bosons, which is suppressed by a factor ofM2
W /m2

t with
respect to the Z-penguin diagram. These diagrams determine the Wilson coefficient CA of the operator

QA = bLγµqL !γµγ5!. (122)

We will further need operators with scalar and pseudoscalar couplings to the leptons:

QS = mbbRqL !!, QP = mbbRqL !γ5!. (123)

Their coefficients CS and CP are determined from penguin diagrams involving the Higgs or the neutral
Goldstone boson, respectively. While CS and CP are tiny and can be safely neglected in the Standard
Model, the situation changes dramatically in popular models of new physics discussed below. The effec-
tive Hamiltonian reads

H =
GF√

2

α

π sin2 θW
V ∗

tbVtq [CSQS + CP QP + CAQA ] + h.c. (124)

The operators Q′
S , Q′

P and Q′
A, where the chiralities of the quarks in the b̄q currents are flipped with

respect to those in (122), (123), may also become relevant in general extensions of the SM.
CA has been determined in the next-to-leading order (NLO) of QCD [546–548]. The NLO cor-

rections are in the percent range and higher-order corrections play no role. CA is commonly expressed
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in terms of the MS mass of the top quark, mt. A pole mass of mpole
t = 171.4 ± 2.1 GeV corresponds

to mt = 163.8 ± 2.0 GeV. An excellent approximation to the NLO result for CA, which holds with an
accuracy of 5 · 10−4 for 149 GeV < mt < 179 GeV, is

CA(mt) = 0.9636

[
80.4 GeV

MW

mt

164 GeV

]1.52

(125)

In the literature CA(mt) is often called Y (m2
t /M

2
W ). The exact expression can be found e.g. in Eqs. (16-

18) of [548]. The branching fraction can be compactly expressed in terms of the Wilson coefficients CA,
CS and CP :

B
(
Bq → !+!−

)
=

G2
F α2

64π3 sin4 θW
|V ∗

tbVtq|2 τBq M3
Bq

f2
Bq

√

1 −
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!
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×
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4m2

!

M2
Bq

)

M2
Bq

C2
S +

(
MBqCP −

2m!

MBq
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)2
]

. (126)

Here fBq and τBq are the decay constant and the lifetime of the Bq meson, respectively, and θW is the
Weinberg angle. SinceBq → !+!− is a short-distance process, the appropriate value of the fine-structure
constant is α = α(MZ) = 1/128. With Eq. (125) and CS = CP = 0 Eq. (126) gives the following
Standard Model predictions:

B
(
Bs → τ+τ−

)
= (8.20 ± 0.31) · 10−7 ×

τBs

1.527 ps

[
|Vts|

0.0408

]2 [
fBs
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]2

(127)

B
(
Bs → µ+µ−

)
= (3.86 ± 0.15) · 10−9 ×

τBs

1.527 ps

[
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0.0408
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(128)

B
(
Bs → e+e−

)
= (9.05 ± 0.34) · 10−14 ×

τBs

1.527 ps

[
|Vts|

0.0408

]2 [
fBs
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(129)

B
(
Bd → τ+τ−

)
= (2.23 ± 0.08) · 10−8 ×

τBd

1.527 ps

[
|Vtd|

0.0082

]2 [
fBd

200 MeV

]2

(130)

B
(
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)
= (1.06 ± 0.04) · 10−10 ×

τBd

1.527 ps

[
|Vtd|

0.0082

]2 [
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(131)

B
(
Bd → e+e−

)
= (2.49 ± 0.09) · 10−15 ×

τBd

1.527 ps

[
|Vtd|

0.0082

]2 [
fBd
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(132)

The dependences on the decay constants, which have sizable theoretical uncertainties, and on the relevant
CKM factors have been factored out. While |Vts| is well-determined through the precisely measured
|Vcb|, the determination of |Vtd| involves the global fit to the unitarity triangle and suffers from larger
uncertainties. The residual uncertainty in Eqs. (127–132) stems from the 2 GeV error inmt.

Alternatively, within the standard model, the CKM dependence as well as the bulk of the hadronic
uncertainty may be eliminated by normalizing to the well-measured meson mass differences∆MBq , thus
trading f2

Bq
for a (less uncertain) bag parameter B̂q [549]:

B(Bq → !+!−) = C
τBq

B̂q

Y 2(m2
t /M

2
W )

S(m2
t /M

2
W )

∆Mq, (133)

where S is a perturbative short-distance function, C = 4.36 · 10−10 includes a normalization and NLO
QCD corrections, and ! = e, µ. This reduces the total uncertainty within the SM below the 15 percent
level. (A similar formula may be written for ! = τ .)
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(possibly lifting helicity suppression)



In SM, higgs couplings flavour diagonal
   (proportional mass matrix)
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Figure 1: Vertex corrections in the SU(2)×U(1) symmetry limit. Diagrams a) and b) give

rise to corrections (∆uYd)JI , diagrams c) and d) to corrections (∆dYu)JI .

3 Effective Parameters and Couplings

The mass matrices of the down- and up-type quarks can be obtained by replacing the

neutral scalar fields in (2.1) and (2.2) by their vacuum expectation values. One finds

that the down-type-quark mass matrix M̂d receives tanβ enhanced corrections both to

the diagonal and non-diagonal entries, whereas the corresponding corrections to M̂u are

negligible. M̂d is then diagonalized by the appropriate rotations of the dL and dR fields.

Except for the charged Higgs boson H+ couplings in which loop correction ∆dYu matters,

the four effects listed in the Introduction result from performing these rotations on the dL

and dR fields in the interaction vertices in (2.1) and (2.2).

In the full approach that goes beyond the SU(2) × U(1) symmetry limit [13], the

corrections to M̂d are found by calculating directly the self-energy diagrams of the down-

type-quarks. The resulting formulae are rather complicated and are presented in [13] where

also the derivation of the formulae in the SU(2) × U(1) limit is described in detail.

Below we give the formulae that summarize the effects 1)–4) in the SU(2) × U(1)

symmetry limit. The quark fields in these formulae are mass eigenstates of the one-loop

4
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• huge rates possible, even for
minimal flavour violation

• correlation (for MFV)
with 

bound on BR(Bs!µ+µ-) in these
models implies closeness of  
            to SM. In turn, 
at present does not constrain
Bs!µ+µ- 

• beyond MFV, no correlations !
not necessarily suppression of Bd!µ+µ-

with respect to Bs!µ+µ

∆MBs

Figure 4: Correlation between ∆Ms and B0
s,d → µ+µ− in the MSSM with flavour violation

ruled by the CKM matrix. Lower (upper) branches of points correspond to 0 < 1 + fs < 1

(1 + fs < 0). Current experimental bounds: BR(B0
s → µ+µ−) < 2 · 10−6 (CDF) [24] and

BR(B0
d → µ+µ−) < 2.1 · 10−7 (BaBar) [25] are shown by the horizontal solid lines.

tion. For sparticles heavier than 500 GeV the contribution of chargino-stop boxes to the

formula (4.13) is negligible, (∆Ms)χ±

/(∆Ms)SM <
∼ 0.03. On the other hand, the contribu-

tion of the H± boxes can be substantial, |(∆Ms)H±|/(∆Ms)SM can reach 0.65 due to the

corrections εHL(R) described in section 3. This is contrary to the claim made in ref. [12]

that the εHL(R) corrections are not important. We have checked that for charginos and

stops as light as 150 GeV, (∆Ms)χ±

/(∆Ms)SM <
∼ 0.2 whereas |(∆Ms)H± |/(∆Ms)SM can

reach 0.3. Also, as follows from the scan based on the complete calculation, the typical

values of |(∆Ms)DP| are smaller for lighter sparticles.

For values of MA and tanβ shown in fig. 4 all points corresponding to the rather unlikely

scenario with 1 + fs < 0 are eliminated by the combination of the lower limit (4.14) and

the CDF upper bound BR(B0
s → µ+µ−) < 2×10−6 [24] but this is not the case for heavier

A0 and/or smaller tanβ values. Therefore for such points we can only use (4.10) to find

BR(B0
d → µ+µ−) < 3.6 (3.1) · 10−8

[

1.15

FBs/FBd

]2 [

BR(B0
s → µ+µ−)exp

10−6

]

(4.15)

with the numerical factor corresponding to the analyses in [6] and [23], respectively. With
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Figure 1: Vertex corrections in the SU(2)×U(1) symmetry limit. Diagrams a) and b) give

rise to corrections (∆uYd)JI , diagrams c) and d) to corrections (∆dYu)JI .

3 Effective Parameters and Couplings

The mass matrices of the down- and up-type quarks can be obtained by replacing the

neutral scalar fields in (2.1) and (2.2) by their vacuum expectation values. One finds

that the down-type-quark mass matrix M̂d receives tanβ enhanced corrections both to

the diagonal and non-diagonal entries, whereas the corresponding corrections to M̂u are

negligible. M̂d is then diagonalized by the appropriate rotations of the dL and dR fields.

Except for the charged Higgs boson H+ couplings in which loop correction ∆dYu matters,

the four effects listed in the Introduction result from performing these rotations on the dL

and dR fields in the interaction vertices in (2.1) and (2.2).

In the full approach that goes beyond the SU(2) × U(1) symmetry limit [13], the

corrections to M̂d are found by calculating directly the self-energy diagrams of the down-

type-quarks. The resulting formulae are rather complicated and are presented in [13] where

also the derivation of the formulae in the SU(2) × U(1) limit is described in detail.

Below we give the formulae that summarize the effects 1)–4) in the SU(2) × U(1)

symmetry limit. The quark fields in these formulae are mass eigenstates of the one-loop

4
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flavour-violating

relevant hadronic matrix elements [20]. Details are given in [6, 13, 17]. CLR
2 in (4.3) agrees

with the corrected version of [12].

For large tanβ one has MH0 ≈ MA0 , cos2(α − β) ≈ 0 and sin2(α − β) ≈ 1 and we find

(∆Ms)
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We recall that for large tanβ the H0 and A0 contributions to the first two diagrams in

fig. 2 cancel each other [1, 6] and as the contribution of h0 can be neglected in this limit,

the total contributions of these two diagrams are very small.

2. At large tan β the branching ratios BR(B0
s,d → µ+µ−) are fully dominated by the

diagrams in fig. 3 [1, 2, 3, 4]. Following [21] we find

BR(B0
s → µ+µ−) = 2.32 × 10−6

[
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]

[
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]2
[

|V eff
ts |
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]2
[

|c̃S|2 + |c̃P |2
]

. (4.5)

Here c̃S and c̃P are the dimensionless Wilson coefficients c̃S = MBscS and c̃P = MBscP

with cS and cP being properly normalized (see [21]) Wilson coefficients of the operators

OS = mb(bRsL)(l̄l), OP = mb(bRsL)(l̄γ5l). (4.6)
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Figure 3: Dominant diagrams contributing to B0
s,d → l+l− decays at large tanβ.

Using the vertices in (3.5) one finds from the diagrams of fig. 3 [12, 13]
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• Example: MSSM at large tanβ

• Flavor violating (U(1)PQ breaking) Yukawa interactions 
induced at loop level - tanβ2 enhanced:

• In MFV MSSM, correlated with Δms: 

• bound on BR(Bs➔μ+μ-) constrains effects in Bs 
mixing - both primary measurements of LHCb

• Beyond MFV, no correlations

• Bd➔l+l- not necessarily suppressed compared to 
Bs➔l+l-, possibility of LUV & LFV
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Figure 1: Vertex corrections in the SU(2)×U(1) symmetry limit. Diagrams a) and b) give

rise to corrections (∆uYd)JI , diagrams c) and d) to corrections (∆dYu)JI .

3 Effective Parameters and Couplings

The mass matrices of the down- and up-type quarks can be obtained by replacing the

neutral scalar fields in (2.1) and (2.2) by their vacuum expectation values. One finds

that the down-type-quark mass matrix M̂d receives tanβ enhanced corrections both to

the diagonal and non-diagonal entries, whereas the corresponding corrections to M̂u are

negligible. M̂d is then diagonalized by the appropriate rotations of the dL and dR fields.

Except for the charged Higgs boson H+ couplings in which loop correction ∆dYu matters,

the four effects listed in the Introduction result from performing these rotations on the dL

and dR fields in the interaction vertices in (2.1) and (2.2).

In the full approach that goes beyond the SU(2) × U(1) symmetry limit [13], the

corrections to M̂d are found by calculating directly the self-energy diagrams of the down-

type-quarks. The resulting formulae are rather complicated and are presented in [13] where

also the derivation of the formulae in the SU(2) × U(1) limit is described in detail.

Below we give the formulae that summarize the effects 1)–4) in the SU(2) × U(1)

symmetry limit. The quark fields in these formulae are mass eigenstates of the one-loop

4

Yukawa becomes 
flavour-violating

relevant hadronic matrix elements [20]. Details are given in [6, 13, 17]. CLR
2 in (4.3) agrees

with the corrected version of [12].

For large tanβ one has MH0 ≈ MA0 , cos2(α − β) ≈ 0 and sin2(α − β) ≈ 1 and we find

(∆Ms)
DP = −12.0/ps ×

[

tanβ

50

]4 [

P LR
2

2.50

]

[

FBs

230 MeV

]2
[

|Vts|
0.040

]2

×
[

mb(µt)

3.0GeV

] [

ms(µt)

0.06GeV

] [

m4
t (µt)

M2
W M2

A

]

ε2
Y (16π2)2

(1 + ε̃3 tan β)2(1 + ε0 tan β)2
. (4.4)

We recall that for large tanβ the H0 and A0 contributions to the first two diagrams in

fig. 2 cancel each other [1, 6] and as the contribution of h0 can be neglected in this limit,

the total contributions of these two diagrams are very small.

2. At large tan β the branching ratios BR(B0
s,d → µ+µ−) are fully dominated by the

diagrams in fig. 3 [1, 2, 3, 4]. Following [21] we find

BR(B0
s → µ+µ−) = 2.32 × 10−6

[

τBs

1.5 ps

]

[

FBs

230 MeV

]2
[

|V eff
ts |

0.040

]2
[

|c̃S|2 + |c̃P |2
]

. (4.5)

Here c̃S and c̃P are the dimensionless Wilson coefficients c̃S = MBscS and c̃P = MBscP

with cS and cP being properly normalized (see [21]) Wilson coefficients of the operators

OS = mb(bRsL)(l̄l), OP = mb(bRsL)(l̄γ5l). (4.6)

h0,H0,A0

bR

sL, dL

l−

l+

tan2 β tan β

Figure 3: Dominant diagrams contributing to B0
s,d → l+l− decays at large tanβ.

Using the vertices in (3.5) one finds from the diagrams of fig. 3 [12, 13]

cS ≈ −
mµm2

t

4M2
W

16π2εY tan3 β

(1 + ε̃3 tan β)(1 + ε0 tanβ)

[

−
sin(α − β) cos α

M2
H0

+
cos(α − β) sin α

M2
h0

]

. (4.7)

cP ≈ −
mµm2

t

4M2
W

16π2εY tan3 β

(1 + ε̃3 tan β)(1 + ε0 tanβ)

[

1

M2
A0

]

. (4.8)
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B→l ν and B→D(*)τν

• Mediated by helicity suppressed charged currents - sensitive to extended 
scalar sectors (GMFV)

• Example THDMII (MFV MSSM)

Hou, W.-S., 1993, 
Phys. Rev. D48, 2342.reads

Hb→q
eff =

GF√
2
Vqb

∑

!=e,µ,τ

[

(q̄γµ(1 − γ5)b) ("̄γµ(1 − γ5)ν) + C!
NP (q̄(1 + γ5)b) ("̄(1 − γ5)ν!)

]

+ h.c. .

(1)
In the minimal flavor violating (MFV) extensions of the SM [4] by an additional Higgs doublet
the additional new physics (NP) coupling can be written as

C!
NP = −

mbm!

m2

H+

tan2 β

1 + ε0 tan β
, (2)

where tan β is the ratio of the two Higgs VEVs while ε0 parameterizes possible Peccei-Quinn
symmetry breaking corrections and is typically of the order of 1% in the MFV minimal su-
persymmetric SM (MSSM). Due to the suppression of quark and lepton Yukawa couplings in
eq. (2), B helicity-suppressed processes receive largest effects from the charged Higgs. In this
respect, the B → τν decay branching ratio [5], given by

Br(B → τν) =
G2

F |Vub|2

8π
m2

τf
2
BmB

(

1 −
m2

τ

m2
B

)2

×
∣

∣

∣

∣

1 +
m2

B

mbmτ
Cτ

NP

∣

∣

∣

∣

2

, (3)

has often been stressed as a good candidate and the recent B-factory results have given important
constraints on Cτ

NP . Unfortunately, the presently established experimental precision is only
about 30% and unlikely to improve in the near future as the perspectives to measure B → τν
at the Tevatron or LHCb are highly compromised. Furthermore, the SM expectation estimate
presently suffers from sizable parametrical uncertainties induced by |Vub| and fB. This opens
the door for alternative modes to be studied with the present experiments.

While Higgs effects in K and D modes are small and difficult to disentangle at present
theoretical precision [6, 7], the situation is much better in the case of semileptonic B → D"ν
decays [8, 9, 10]. The partial rate can be written in terms of w = vB · vD as

dΓ(B → D"ν)

dw
=

G2
F |Vcb|2m5

B

192π3
ρV (w) (4)

×

[

1 −
m2

!

m2
B

∣

∣

∣

∣

1 +
t(w)

(mb − mc)m!
C!

NP

∣

∣

∣

∣

2

ρS(w)

]

,

where t(w) = m2
B +m2

D−2wmDmB and we have decomposed the rate into the vector and scalar
Dalitz density contributions

ρV (w) = 4

(

1 +
mD

mB

)2 (

mD

mB

)3
(

w2 − 1
)

3
2

(

1 −
m2

!

t(w)

)2 (

1 +
m2

!

2t(w)

)

G(w)2, (5)

ρS(w) =
3

2

m2
B

t(w)

(

1 +
m2

!

2t(w)

)−1
1 + w

1 − w
∆(w)2, (6)

where G(w) and ∆(w) encode our ignorance of the QCD dynamics. Even before analyzing the
theoretical uncertainties of these modes let us note that the present constraints on Cτ

NP from
K → µν [6] and B → τν [11] decays2 still allow for sizable new physics effects in eq. (4) for the

2In details, the ε0 tanβ terms in eq. (2) are set to be equal between B → τν and K → µν, as it happens in
MFV MSSM.

2

B(B → τν)
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Figure 3: Compatibility plot for BR(B → τν).
The cross marks the current world average.

Colours give the agreement (in number of σ )

with the data-driven SM prediction.

Figure 4: Regions in the (mH+ , tanβ ) parameter

space of the 2HDM-II excluded at 95% probability

by BR(B → τν), BR(B → Dτν)/BR(B → D�ν) and

BR(B → Xsγ).

where mH+ is the mass of the charged Higgs boson and tanβ is the ratio of the vacuum expectation

values of the two Higgs doublets. From Eq. 2.4, one can see that the charged Higgs contribution

typically suppresses the SM prediction of BR(B → τν). As the experimental average is larger

than the SM prediction, a bound on the ratio tanβ/mH+ is obtained. Figure 4 shows the bounds

in the (mH+ , tanβ ) parameter space induced by the constraints coming from the measurements of

BR(B → τν), BR(B → Dτν)/BR(B → D�ν) and BR(B → Xsγ) are shown. Combining these three

measurements, one gets the following bound with 95% probability [6]:

tanβ < 7.4
mH+

100GeV
, (2.5)

together with mH+ > 295 GeV. Following Ref. [6], one can make a prediction for BR(Bs → µ+µ−),

another flagship measurement of LHCb, finding

BR(Bs → µ+µ−) = (4.3±0.9)×10
9

(2.6)

([2.5,6.2]×10
9

@95% probability)

The 95% upper bound in Eq. (2.6) is stronger than the present upper limit from direct searches

at the Tevatron, BR(Bs → µ+µ−) < 5.8× 10
−8

at 95% C.L. [15]. Yet, the latter will be certainly

improved by LHCb which is expected to probe this branching ratio down to the SM value, BR(Bs →
µ+µ−)SM = (3.7±0.5)×10

−9
.

The last deviation from the SM we want to discuss is located in the UT fit. The present result of

the SM UT fit is shown in Figure 5 together with the 95% probability regions selected by the various

constraints [6]. Clearly some constraints, in particular those coming from the measurements of the

CP-violating parameters sin2β and εK , do not perfectly overlap. This can be seen as a deviation of

the measured sin2β from the value selected by the other constraints (alternatively, one can consider

6

UTFit, 0908.3470

reads

Hb→q
eff =

GF√
2
Vqb

∑

!=e,µ,τ

[

(q̄γµ(1 − γ5)b) ("̄γµ(1 − γ5)ν) + C!
NP (q̄(1 + γ5)b) ("̄(1 − γ5)ν!)

]

+ h.c. .

(1)
In the minimal flavor violating (MFV) extensions of the SM [4] by an additional Higgs doublet
the additional new physics (NP) coupling can be written as

C!
NP = −

mbm!

m2

H+

tan2 β

1 + ε0 tan β
, (2)

where tan β is the ratio of the two Higgs VEVs while ε0 parameterizes possible Peccei-Quinn
symmetry breaking corrections and is typically of the order of 1% in the MFV minimal su-
persymmetric SM (MSSM). Due to the suppression of quark and lepton Yukawa couplings in
eq. (2), B helicity-suppressed processes receive largest effects from the charged Higgs. In this
respect, the B → τν decay branching ratio [5], given by

Br(B → τν) =
G2

F |Vub|2

8π
m2

τf
2
BmB

(
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m2

τ

m2
B

)2

×
∣

∣

∣

∣

1 +
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B

mbmτ
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∣

∣

∣

∣

2

, (3)

has often been stressed as a good candidate and the recent B-factory results have given important
constraints on Cτ

NP . Unfortunately, the presently established experimental precision is only
about 30% and unlikely to improve in the near future as the perspectives to measure B → τν
at the Tevatron or LHCb are highly compromised. Furthermore, the SM expectation estimate
presently suffers from sizable parametrical uncertainties induced by |Vub| and fB. This opens
the door for alternative modes to be studied with the present experiments.

While Higgs effects in K and D modes are small and difficult to disentangle at present
theoretical precision [6, 7], the situation is much better in the case of semileptonic B → D"ν
decays [8, 9, 10]. The partial rate can be written in terms of w = vB · vD as

dΓ(B → D"ν)

dw
=

G2
F |Vcb|2m5

B

192π3
ρV (w) (4)

×
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!
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B

∣
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C!
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∣
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∣

2

ρS(w)

]

,

where t(w) = m2
B +m2

D−2wmDmB and we have decomposed the rate into the vector and scalar
Dalitz density contributions

ρV (w) = 4

(

1 +
mD

mB
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)3
(

w2 − 1
)

3
2
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)
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3

2

m2
B

t(w)

(
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m2

!

2t(w)

)−1
1 + w

1 − w
∆(w)2, (6)

where G(w) and ∆(w) encode our ignorance of the QCD dynamics. Even before analyzing the
theoretical uncertainties of these modes let us note that the present constraints on Cτ

NP from
K → µν [6] and B → τν [11] decays2 still allow for sizable new physics effects in eq. (4) for the

2In details, the ε0 tanβ terms in eq. (2) are set to be equal between B → τν and K → µν, as it happens in
MFV MSSM.
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• LFV can also contribute to lepton flavor universality ratios

• Within the MSSM large values of tanβ and sizable mixing angles in the 
right-slepton sector still allowed

• can only enhance electron mode

• Also analyzed in a MLFV effective theory approach

• effects correlated with LFV (μ-e nuclear conversion)

• 50% effects in RBμ/τ still allowed

of the parameters (30 <∼ tan β <∼ 50, 0.5 <∼ MH±/TeV <∼ 1) Eq. (116) implies a (5-30)% suppression
with respect to the SM. The corresponding expressions for the K → "ν channels are obtained with the
replacement mB → mK , while for the D → "ν case m2

B → (ms/mc)m2
D. It is then easy to check that

a 30% suppression of B(B → τν) should be accompanied by a 0.3% suppression (relative to the SM)
in B(D → "ν) and B(K → "ν). At present, the theoretical uncertainty on the corresponding decay
constants does not allow to observe such effects.

Apart from the experimental error, one of the difficulties in obtaining a clear evidence of a possible
deviation of RBτν from unity is the large parametric uncertainty induced by |fB | and |Vub|. An interest-
ing way to partially circumvent this problem is obtained by normalizing B(B− → τ−ν̄) to the B0

d–B̄
0
d

mass difference (∆MBd
) [32]. Neglecting the tiny isospin-breaking differences in masses, life-times and

decay constants, between Bd and B− mesons, we can write [32]

B(B− → τ−ν̄)

τB∆MBd

∣∣∣∣
SM

=
3π

4ηBS0(m2
t /M

2
W )B̂Bd

m2
τ

M2
W

(
1 −

m2
τ

m2
B

)2 ∣∣∣∣
Vub

Vtd

∣∣∣∣
2

, (117)

= 1.77 × 10−4

(
|Vub/Vtd|

0.464

)2
(

0.836

B̂Bd

)

. (118)

Following standard notation, we have denoted by S0(m2
t /M

2
W ), ηB and BBd

the Wilson coefficient, the
QCD correction factor and the bag parameter of the∆B = 2 operator within the SM (see e.g. Ref. [29]),
using the unquenched lattice result B̂Bd

= 0.836± 0.068 [317] and |Vub/Vtd| = 0.464± 0.024 from the
UTfit collaboration [210].

The ratio R′
Bτν = B(B− → τ−ν̄)/τB∆MBd

could become a more stringent test of the SM in
the near future, with higher statistics on the B− → τ−ν̄ channel. In generic extensions of the SM the
New Physics impact on RBτν and R′

Bτν is not necessarily the same. However, it should coincide if the
non-SM contribution to ∆MBd

is negligible, which is an excellent approximation in the class of models
considered in [32].

For consistency, the |Vub/Vtd| combination entering inR′
Bτν = B(B− → τ−ν̄)/τB∆MBd

should
be determined without using the information on ∆MBd

and B− → τ−ν̄ (a condition that is already
almost fulfilled). In the near future one could determine this ratio with negligible hadronic uncertainties
using the relation |Vub/Vtd| = | sin βCKM/ sin γCKM |.

From Eq. (116), it is evident that such tree level NP contributions, namely the rH factor, do not in-
troduce any lepton flavour dependent correction and thus departures from the SM lepton universality are
not introduced. However, as pointed out in Ref. [534], this is no longer true in realistic supersymmetric
frameworks if the model contains sizable sources of flavour violation in the lepton sector (a possibility
that is well motivated by the large mixing angles in the neutrino sector). In the last case, we can expect
observable deviations from the SM in the ratios

R#1/#2
P =

B(P → "1ν)

B(P → "2ν)
. (119)

with P = π,K,B and "1,2 = e, µ, τ . The lepton-flavour violating (LFV) effects can be quite large in e
or µmodes, while in first approximation they are negligible in the τ channels. In the most favourable sce-
narios, taking into account the constraints from LFV τ decays [165,166], spectacular order-of-magnitude
enhancements for Re/τ

B and O(100%) deviations from the SM in Rµ/τ
B are allowed [32]. The key ingre-

dients that allow visible non-SM contributions in Rµ/e
P within the MSSM are large values of tan β and

sizable mixing angles in the right-slepton sector, such that the P → "iνj rate (with i %= j) becomes non
negligible.
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• Relevant for consistency check of Vub 
extraction

• Example: presence of right-handed 
currents will affect it differently than 
B→π l ν or B→Xu l ν

• Can remove tensions among different 
Vub determinations

A. J. Buras et al., 1007.1993
R. Feger et al., 1003.4022
A. Crivellin 0907.2461

New physics in B→l ν

B → π�ν B → Xu�ν B → τν

Figure 1: Constraints on |Vub| and �R Re
�

�Vub
Vub

�
from d B → π�ν (green), B → Xu�ν (blue), and

B → τν (orange). The bands denote the ±1σ intervals of the various experimental constraints.
The ellipse denotes the 1σ region of our best-fit solution.

where the inequalities correspond to the ±1σ interval and we have assumed small phases

except for �Vub. The entries without figures have very weak direct experimental constraints.

Altogether the constraints in Eq. (57) seem to be rather weak. However, thanks the unitarity

condition, they are sufficient to draw a series of interesting conclusions.

Constraints on �R. The large value of |�Vub| allows us to derive a significant constraint on

the value of �R from the unitarity of the first row:

|�R| =
�
|�R �Vud|

2
+ |�R �Vus|

2
+ |�R �Vub|

2
�1/2

= (1.0± 0.5)× 10
−3 . (58)

Given the bound on �L derived in Eq. (35), the possibility of �L and �R of the same order

is perfectly allowed. Note also that the central value in Eq. (58) is in good agreement

with the näıve estimate of models with strong electroweak symmetry breaking, where

we expect cL,R = O(1) and Λ = 4πv ≈ 3 TeV.

We have no information to disentangle the sign of �R and �Vub. For simplicity in the

following we assume �R to be positive. This assumption will not have any consequence

12

dΓ(B̄ → D�ν̄�)

dw
=

G2
F

48π3
|V SM

cb |2(mB +mD)
2m3

D(w
2 − 1)

3/2|G(w)|2 , (42)

where in the B meson rest frame w = ED(∗)/mD(∗) and the zero-recoil point limit corresponds

to w = 1. Here P (w) denotes the phase space factor and F(w) and G(w) are the hadronic

form factors. For w = 1, when the momentum transfer of the leptons is at its maximum,

P (1) = 12(mB − mD∗)2. From a fit of the kinematical distribution around w = 1 the

experiments determine with high accuracy the products F(1)|Vcb| and G(1)|Vcb| as well as

the curvature of the form factors, obtaining [21],

F(1)|Vcb|B→D∗
SM-exp = (35.41± 0.52)× 10

−3 , (43)

G(1)|Vcb|B→D
SM-exp = (42.4± 1.6)× 10

−3 . (44)

In this kinematical limit B → D∗�ν� and B → D�ν� decays involve only axial and vector

contributions, respectively. As a result, it is easy to include the RH current contribution. In

analogy to the inclusive case, hence our conditions read

|Vcb|B→D∗
SM-exp = |Vcb − �R �Vcb| , (45)

|Vcb|B→D
SM-exp = |Vcb + �R �Vcb| . (46)

In order to implement these constraints we need to specify the values of the form factors

at w = 1. Using the lattice determinations G(1) = 1.074 ± 0.018 ± 0.0016 [22], F(1) =

0.921± 0.013± 0.0020 [23], leads to

|Vcb|B→D∗
SM-exp = (39.4± 1.7)× 10

−3 , |Vcb|B→D
SM-exp = (38.3± 1.2)× 10

−3 . (47)

Performing a global fit to Vcb and �R �Vcb using the three constraints in Eqs. (39), (45), and

(46), we then obtain

|Vcb| = (40.7± 0.6)× 10
−3, �R Re

�
�Vcb

Vcb

�
= (2.5± 2.5)× 10

−2 , (48)

with a modest correlation (ρ = 0.16). This finally implies

�R Re(�Vcb) = (1.0± 1.0)× 10
−3 . (49)

In this case the χ2
of the fit is not good (χ2/Ndof = 4.3), as also in the SM, because both of

the exclusive values in Eq. (47) are below the inclusive one. This result cannot be explained

in terms of RH currents. As pointed out in Ref. [24], the inconsistency among the different
determinations of Vcb is likely to be due to an overestimate of G(1) on the Lattice. Lowering

the central value to G(1) = 0.86, as suggested in [24], and keeping the same error, leads to

a much better fit (χ2/Ndof = 0.9). Since the result for �R Re(�Vcb) obtained in this case is

perfectly consistent with the one in (49), in the following we will use Eq. (49) as reference

value.

We now proceed analysing the constraints from b → u transitions. As far as the inclusive

rate is concerned, the structure can be obtained in a straightforward way from the b → c case
replacing c → u. Here the interference term is totally negligible, so we obtain the condition

�
|Vub|inclSM-exp

�2
=

�
|Vub|2 + |�R|2|�Vub|2

�
, (50)
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where [21]

|Vub|inclSM-exp = (4.11± 0.28)× 10
−3 . (51)

The inclusive determination from B → π�ν, where only the vector current appears, leads to

|Vub|B→π
SM-exp = |Vub + �R �Vub| = (3.38± 0.36)× 10

−3 , (52)

where the experimental value is taken from Ref. [21]. Finally, a constraint on the b → u
axial current can be obtained from the rare leptonic decay B → τν. Using the theoretical

expression

B(B → τν)SM =
G2

FmBm2
τ

8π

�
1− m2

τ

m2
B

�2

f2
B|V SM

ub |2τB , (53)

the experimental result B(B → τν)exp = (1.73 ± 0.34) × 10
−4

[25], and fB = (192.8 ±
9.9) MeV [26], we get

|Vub|B→τ
SM-exp = |Vub − �R �Vub| = (5.14± 0.57)× 10

−3 . (54)

As noted first in [12], here the situation is very favourable for the contribution of RH

currents, since the axial and vector exclusive determinations are substantially above and

below the inclusive one (where the interference term is negligible). Performing a global fit

to Vub and �R �Vub using the three constraints we get

|Vub| = (4.1± 0.2)× 10
−3, �R Re

�
�Vub

Vub

�
= −0.19± 0.07 , (55)

with a correlation ρ = −0.13, namely an evidence of about 2.7σ of a non-vanishing RH

current contribution. In this case the quality of the fit is excellent (χ2 ≈ 0) and substantially

better than in the absence of RH currents. Most importantly the presence of right-handed

currents removes the visible discrepancies between the various determinations, as shown in
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interval of Im(�Vub/Vub) around zero. Varying the phase of �Vub/Vub in a conservative range

leads to
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�
�Vub

Vub

�
<
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4
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4.3 Global fit of the right-handed mixing matrix
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�
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�
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where [21]

|Vub|inclSM-exp = (4.11± 0.28)× 10
−3 . (51)

The inclusive determination from B → π�ν, where only the vector current appears, leads to

|Vub|B→π
SM-exp = |Vub + �R �Vub| = (3.38± 0.36)× 10

−3 , (52)

where the experimental value is taken from Ref. [21]. Finally, a constraint on the b → u
axial current can be obtained from the rare leptonic decay B → τν. Using the theoretical

expression

B(B → τν)SM =
G2

FmBm2
τ

8π

�
1− m2

τ

m2
B

�2

f2
B|V SM

ub |2τB , (53)

the experimental result B(B → τν)exp = (1.73 ± 0.34) × 10
−4

[25], and fB = (192.8 ±
9.9) MeV [26], we get

|Vub|B→τ
SM-exp = |Vub − �R �Vub| = (5.14± 0.57)× 10

−3 . (54)

As noted first in [12], here the situation is very favourable for the contribution of RH
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below the inclusive one (where the interference term is negligible). Performing a global fit
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bilinear Q̄RΓQR. If we consider operators with only two quark fields, and we ignore RH

neutrinos (assuming they are heavy), the list of relevant operators is quite small:

O(6)
R�1

= Q̄Rγ
µτiQR L̄Lγµτ

iLL ,

O(6)
Rh1

= iQ̄Rγ
µH†DµHQR , O(6)

Rh2
= iQ̄Rγ

µτiQR Tr

�
H†DµHτ i

�
. (20)

Most important, all these operators are equivalent as far as the quark-lepton charged-current

interactions are concerned. In the case of O(6)
Rhi

we generate an effective coupling of the RH

quark current to the W field after the breaking of the electroweak symmetry: integrating

out the W leads to a quark-lepton charged-current interaction identical to the one of O(6)
R�1

.

The resulting effective quark-lepton charged-current interaction obtained integrating out

the W at the tree-level can be written as

Lc.c.
eff =

�
− g2

2M2
W

+
cL
Λ2

�
ūLγ

µdL �̄LγµνL +
cR
Λ2

ūRγ
µdR �̄LγµνL + h.c. . (21)

In the limit cL = cR = 0 we recover the usual SM result. The term proportional to cR is the

result of the new operators in Eq. (20): cR = −2(cRh1 + 2cRh2 − cR�1). For completeness, we

have also included a possible modification of the LH interaction, parametrized by cL. This

is naturally induced by operators obtained from Eq. (20) with QR → QL.

In principle, charged-current interactions are potentially sensitive also to operators writ-

ten in terms of the bilinears in Eqs. (18)–(19). However, as long as we are interested in

processes where the up-type quarks are of the first two generations, these terms are safely

negligible, being suppressed by small Yukawa couplings.

Rotating the up-type fields to the mass-eigenstate basis by means of Eq. (10), and omit-

ting the prime indices for simplicity, we can finally write

Lc.c.
eff = −4GF√

2
ūγµ

�
(1 + �L)V PL + �R �V PR

�
d (�̄LγµνL) + h.c. (22)

where

PL =
1− γ5

2
, PR =

1 + γ5
2

, (23)

�R = −cRv2

2Λ2
=

v2

Λ2
(cRh1 + 2cRh2 − cR�1) , �L = −cLv2

2Λ2
. (24)

4 Phenomenology of RH charged currents

In this section we analyse the phenomenology of RH charged currents. In particular, we

determine the present bounds on the RH mixing matrix �V , and we discuss the related impact

in the determination of the CKM matrix V , using the effective Lagrangian Lc.c.
eff in Eq. (22).

Before starting the phenomenological analysis, we recall that QED and QCD respects

chiral symmetry. As a result, the two operators in Lc.c.
eff are not mixed by renormalization

group effects and are multiplicatively renormalized in the same way. This implies that in most

cases we can incorporate radiative corrections in a straightforward way using SM results.

7

(Similar tensions in Vcb extraction cannot be explained in this way)
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dw
=
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�
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Figure 3: Compatibility plot for BR(B → τν).
The cross marks the current world average.

Colours give the agreement (in number of σ )

with the data-driven SM prediction.

Figure 4: Regions in the (mH+ , tanβ ) parameter

space of the 2HDM-II excluded at 95% probability

by BR(B → τν), BR(B → Dτν)/BR(B → D�ν) and

BR(B → Xsγ).

where mH+ is the mass of the charged Higgs boson and tanβ is the ratio of the vacuum expectation

values of the two Higgs doublets. From Eq. 2.4, one can see that the charged Higgs contribution

typically suppresses the SM prediction of BR(B → τν). As the experimental average is larger

than the SM prediction, a bound on the ratio tanβ/mH+ is obtained. Figure 4 shows the bounds

in the (mH+ , tanβ ) parameter space induced by the constraints coming from the measurements of

BR(B → τν), BR(B → Dτν)/BR(B → D�ν) and BR(B → Xsγ) are shown. Combining these three

measurements, one gets the following bound with 95% probability [6]:

tanβ < 7.4
mH+

100GeV
, (2.5)

together with mH+ > 295 GeV. Following Ref. [6], one can make a prediction for BR(Bs → µ+µ−),

another flagship measurement of LHCb, finding

BR(Bs → µ+µ−) = (4.3±0.9)×10
9

(2.6)

([2.5,6.2]×10
9

@95% probability)

The 95% upper bound in Eq. (2.6) is stronger than the present upper limit from direct searches

at the Tevatron, BR(Bs → µ+µ−) < 5.8× 10
−8

at 95% C.L. [15]. Yet, the latter will be certainly

improved by LHCb which is expected to probe this branching ratio down to the SM value, BR(Bs →
µ+µ−)SM = (3.7±0.5)×10

−9
.

The last deviation from the SM we want to discuss is located in the UT fit. The present result of

the SM UT fit is shown in Figure 5 together with the 95% probability regions selected by the various

constraints [6]. Clearly some constraints, in particular those coming from the measurements of the

CP-violating parameters sin2β and εK , do not perfectly overlap. This can be seen as a deviation of

the measured sin2β from the value selected by the other constraints (alternatively, one can consider

6
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E. Transverse τ polarization in semileptonic decays

The transverse polarization of tau leptons produces in
b → cτν decays, defined as pT

τ ≡ #Sτ · #pτ × #pX/|#pτ × #pX |,
where #Sτ is the spin of the τ , is a very clean observ-
able since it vanishes in the SM. On the other hand it is
very sensitive to the presence of a CP-odd phase in scalar
interactions. It is thus well suited as a probe of CP vio-
lating multi-Higgs doublet models (Atwood et al., 1993;
Garisto, 1995; Grossman and Ligeti, 1995).

Since pT
τ is a naive TN -odd observable it does not re-

quire a non-zero strong phase. The fact that pT
τ arises

from an underlying CP-odd phase can be verified exper-
imentally by comparing the asymmetry in B with B̄ de-
cays whence it should change sign reflecting a change in
the sign of the CP-odd phase.

In principle any charged lepton could be used for
such searches. Indeed, the transverse muon polariza-
tion in kaon decays has been of interest for a very long
time (Abe et al., 2004, 2006b). The advantage of using
the tau lepton is that τ decays serve as self-analyzers
of the polarization. This propery has already been ex-
ploited at the B factories (Inami et al., 2003). On the
other hand, any semitauonic B decay contains at least
two neutrinos, so that kinematic constraints from the re-
construction of the recoiling B are essential.

In passing we mention that, as mentioned in Sec-
tion III.C, the rates and differential distributions in
B → D(∗)τν decays are sensitive to contributions from
charged Higgs exchanges (Kiers and Soni, 1997). The
first studies of these are being carried out at the B fac-
tories (Aubert et al., 2007s; Matyja et al., 2007), though
much larger data samples are needed for precise mea-
surements. On the other hand, aτ

CP is theoretically ex-
tremely clean, so that experimental issues are the only
limiting factor. Thus, transverse polarization studies in
these semitauonic decays will be a unique new possibilty
for exploration at a SFF.

VIII. RARE b → sγ AND b → s#+#− DECAYS

The decays b → sγ and b → s%+%− are forbidden at
tree level in the Standard Model. They do proceed at
loop level, through diagrams with internal W bosons and
charge +2/3 quarks, which has several important impli-
cations. First, the b → s/dγ amplitudes are particularly
sensitive to the weak couplings of the top quark – the
CKM matrix elements Vtb, Vts and Vtd. Along with B−B̄
mixing, these processes are the only (low energy) exper-
imental probes of Vtd, one of the least well-known CKM
matrix elements. Second, the loop suppression of SM
contributions makes them an important probe of possi-
ble contributions from new physics particles. As a conse-
quence a great deal of theoretical and experimental work
is dedicated to these decays.

In this Section we review the implications of the rare
radiative decays for constraining the Standard Model pa-

rameters, and their relevance in new physics searches. We
start by briefly reviewing the present theory status and
then proceed to describe the observables of interest.

A. B → Xs/dγ decays

1. Inclusive B → Xs/dγ decays

The application of the effective Hamiltonian (5) to ac-
tual hadronic radiative decays requires knowledge of the
matrix elements for the operators Op

i acting on hadronic
states. This difficult problem can be addressed in a model
independent way only in a limited number of cases.

In inclusive radiative decays b → sγ, the operator
product expansion (OPE) and quark-hadron duality can
be used to make clean predictions for sufficiently in-
clusive observables: the inclusive rate, the photon en-
ergy spectrum or the hadronic invariant mass spectrum
(Blok et al., 1994; Chay et al., 1990; Falk et al., 1994;
Manohar and Wise, 1994). These observables can be
computed using the heavy quark expansion in ΛQCD/mb,
where ΛQCD ∼ 500 MeV is the scale of strong interac-
tions.

The starting point is the optical theorem, which relates
the imaginary part of the forward scattering amplitude
T (Eγ) = i

∫
d4xT {HW ,HW } to the inclusive rate

Γ(B → Xsγ) =
1

2MB

(
− 1

π

)
Im 〈B|T (Eγ)|B〉. (66)

Here Eγ is the photon energy. In the heavy quark limit
the energy release into hadronic final states is very large,
so that the forward scattering amplitude T (Eγ) is dom-
inated by short distances x ∼ 1/mb → 0. This implies
that T (Eγ), and thus the total B → Xsγ rate, can be
expanded in powers of ΛQCD/mb using OPE

− 1

π
Im T = O0 +

1

mb
O1 +

1

m2
b

O2 + · · · . (67)

Here Oj are the most general local operators of dimen-
sion 3 + j which can mediate the b → b transition. At
leading order there is only one such operator O0 = b̄b.
Its matrix element is known exactly from b quark num-
ber conservation. The dimension 4 operators O1 vanish
by the equations of motion (Chay et al., 1990), while the
matrix elements of the dimension-5 operators O2 can be
expressed in terms of two nonperturbative parameters

λ1 =
1

2MB
〈B̄|b̄v(iD)2bv|B̄〉 ,

3λ2 =
1

2MB
〈B̄|b̄v

g

2
σµνGaµνT abv|B̄〉 ,

(68)

where bv is the static heavy quark field. The B → Xsγ
decay rate following from the OPE (67) is thus

Γ(B → Xsγ) =
αG2

F

16π4
m5

b |λ
(s)
t |2×

× |C7γ(mb)|2
[
1 +

λ1 − 9λ2

2m2
b

]
.

(69)

Grossman & Ligeti, Phys. Lett. B347, 399.
D. Atwood et al., Phys. Rev. Lett. 71, 492.
R. Garisto, Phys. Rev. D51, 1107.
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• Additional kinematical and lepton spin observables allow access to NP 
phases

• Self analyzing virtue of tau - one can look at pion angle distribution in its 
two-body hadronic decay mode in

• Example: angle between D and π in B rest frame
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FIG. 3: B̄0 → D+ν̄ττ−[→ π−ντ ] angular distribution for ED = 2GeV and Eπ = 1GeV. Left: gS = 0, 1 + i, 2. Right: gS = 0, 0.5
(dark gray: without uncertainties in FV (w) and Vcb, errors from S1(1) and mc/mb). The conservative form factor estimates of Tab. I were
considered.

CONCLUSIONS

We have studied charged–Higgs effects in a differential dis-
tribution of the decay chain B̄ → Dν̄τ τ−[→ π−ντ ], which
has the following advantages over the branching fractions
B(B → τντ ) and B(B → Dτντ ):
i) The Higgs coupling constant gS can be determined from

the shape of the distribution in sensitive phase space regions.
This analysis should be possible with currentB factory data.
ii) The dependence on both |gS| andRe [gS ] allows to quan-

tify a possible CP–violating phase. Since our decay distribu-
tion is a CP–conserving quantity, the phase of gS is deter-
mined with a two–fold ambiguity. In the MSSM such a phase
stems from the µ parameter or the soft breaking terms and
enters through tan β–enhanced loop factors. B → Dτν com-
plements collider studies of these phases [34].
The main uncertainties stem from the form factors. One

can gain a much better accuracy with better data on the vec-
tor form factor FV . The recent B → D%ν" measurement by
BABAR [35] furnishes promising data for a new fit.
Within theMSSM, one will be able to place new constraints

on the tan β − MH+ plane, once our results are confronted
with actual data from the B factories. If tan β/MH+ is in-
deed large, there is a fair chance to reveal charged–Higgs ef-
fects ahead of the LHC.
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Parameters min. |Vcb|F max. |Vcb|F centr. |Vcb|F

{|Vcb|V1(1), ρ
2
1} {0.040, 1.47} {0.048, 1.06} {0.044, 1.24}

|Vcb|{a
V
0 , aV

1 }[10−5] {0.94,−5.7} {1.28,−2.2} {1.11,−3.9}

|Vcb|{a
S
0 , aS

1 }[10
−4] {1.62,−1.1} {2.14,−3.2} {1.88,−6.8}

TABLE I: Parameters {|Vcb|V1(1), ρ
2
1} for |Vcb|FV [22] and

{|Vcb|a
V,S
0 , |Vcb|a

V,S
1 } for |Vcb|FV,S (see [26],Q2 = 0, η = 2, sub-

threshold poles: m(1−) = 6.337, 6.899, 7.012GeV andm(0+) =
6.700, 7.108GeV [29]). FV is displayed in dark gray in Fig. 1.

Parameters min. |Vcb|F max. |Vcb|F centr. |Vcb|F

{|Vcb|V1(1), ρ
2
1} {0.038, 1.01} {0.047, 1.30} {0.042, 1.17}

|Vcb|{a
V
0 , aV

1 }[10−5] {1.03,−1.3} {1.17,−4.8} {1.10,−3.0}

|Vcb|{a
S
0 , aS

1 }[10
−4] {1.78,−5.7} {2.00,−7.6} {1.89,−6.6}

TABLE II: Parameters {|Vcb|V1(1), ρ2
1} for |Vcb|FV from HFAG

[18], and {|Vcb|a
V,S
0 , |Vcb|a

V,S
1 } for |Vcb|FV,S . FV is displayed in

light gray in Fig. 1.

recoil (see light gray band in Fig. 1. The corresponding mini-
mal and maximal curves are given in good approximation by
the parameters in the first two lines of Tab. II for w inside
the B → Dτντ phase space). The vector form factor has
also been studied on the lattice. Computations with quenched
Wilson [27] and dynamical staggered [28] fermions, however,
both suffer from potentially large systematic errors, which are
not fully controlled. In the end, the improvements in the mea-
surements of the B → D#ν" and B → Dτντ modes will
go together, and |Vcb|FV will most likely be best determined
from experimental data alone. For the time being, we will
proceed with the conservative estimation of Tab. I.
In a similar way, the scalar form factor FS(w, aS

0 , aS
1 ) is

constrained by HQET at w = 1, while its value at large recoil
is fixed from the relation FS(q2 = 0) = FV (q2 = 0). The
resulting parameters are displayed in the third line of Tab. I (or
Tab. II if FV is taken from [18]). As expected from the heavy-
quark limit, the normalized form factor S1 is quite close to V1

on the whole w range, with slightly smaller errors.

CHARGED–HIGGS EFFECTS

The MSSM is a well–motivated new–physics scenario in
which charged scalar current interactions occur at tree–level.
Resumming the dominant tanβ-enhanced loop corrections to
all orders, the couplings gS,P in Eq. (1) specify to [13, 30]

gS = gP =
m2

B

M2
H+

tan2 β

(1 + ε̃0 tan β)(1 + ετ tan β)
. (5)

This particular form holds in MSSM scenarios with Mini-
mal Flavor Violation (MFV). The loop factor ε̃0 arises from
the quark Yukawa sector and depends on ratios of super-
particle masses, resulting in a sizable non–decoupling effect
ε̃0 tan β = O(1) for tan β = O(50). ετ comprises the cor-
responding effect for the τ lepton. ε̃0 and ετ can receive siz-
able complex phases from the Higgsino mass parameter µ, if
first–generation sfermions are sufficiently heavy to soften the

impact of the bounds on electric dipole moments on argµ.
BeyondMFV also phases from squark mass matrices will eas-
ily render gS complex. It is therefore mandatory to constrain
– and eventually measure – both magnitude and phase of gS.
The type–II 2HDM is recovered by setting ε̃0 = ετ = 0.
The B → Dτντ branching ratio has recently been mea-

sured by the BABAR collaboration [31]:

Rexp ≡
B(B → Dτντ )

B(B → D#ν")
= (41.6 ± 11.7 ± 5.2)% . (6)

The normalization to B(B → D#ν") reduces the dependence
on the vector form factor FV and thus tames the main theoret-
ical uncertainties. In the presence of charged–Higgs contribu-
tions, the theoretical ratio is approximated to 1% by

Rth =
1.126 + 0.037 rV + r2

0 (1.544 + 0.082 rS + NH+)

10 − 0.95 rV
,

NH+ = − rcb Re[gS] (1.038 + 0.076 rS)

+ r2
cb |gS |2 (0.186 + 0.017 rS),

(7)

with rV = (aV
1 /aV

0 )/(−3.4), rS = (aS
1 /aS

0 )/(−3.5), r0 =
(aS

0 /aV
0 )/17, and rcb = 0.8/(1 − mc/mb). The dependence

on the slope parameters aV,S
1 appears to be quite mild. In

Fig. 2 we compare Rth (right–hand side) as well as B(B →
τν) (left–hand side) to their one–sigma measurements for
positive gS and gP . For Rth, we also display the less con-
servative theoretical prediction obtained from the HFAG vec-
tor form factor in Tab. II (light gray band). In particular, we
obtain the SM estimates

B(B− → D0τ−ν̄τ )SM = (0.71 ± 0.09)%

and

B(B̄0 → D+τ−ν̄τ )SM = (0.66 ± 0.08)%.

(Error sources: |Vcb|FV (w), S1(1), |Vcb|). We cannot repro-
duce the small errors of Ref. [14].
The B → Dτντ branching fraction is promising to dis-

cover – or constrain – charged–Higgs effects, but not to mea-
sure gS with good precision, as the dependence in Fig. 2
is too flat. The differential distribution in the decay chain
B̄ → Dν̄ττ−[→ π−ντ ] is better suited for that purpose. The
experimentally accessible quantities are the energies ED and
Eπ of theD and π− mesons, respectively, and the angle θ be-
tween the three–momenta (pD and (pπ. We define these quan-
tities in the B rest frame, which can be accessed from the
Υ(4S) rest frame thanks to full B reconstruction [31]. We
integrate over the phase space of the two unobserved neutri-
nos in the final state. Our formulae contain the full spin cor-
relation between the production and decay of the τ , which
is important to discriminate between SM and charged–Higgs
contributions. This approach further facilitates the rejection
of backgrounds from neutral particles escaping detection, as
in B̄ → DD−[→ π−π0] with an undetected π0: If the mass
of the undetected particle is m, this background can be sup-
pressed by cuts excluding the region around

cos θ =
(mB − ED − Eπ)2 − 2(E2

D − m2
D) − m2

2(E2
D − m2

D)
. (8)

Discriminates between CPV phase of charged Higgs contribution



b → s/d νν

• In SM: Z-penguin observable

• Leading short distance contribution known to ~1%: 

• Absence of photonic penguin operator which dominates b → s l+l- 
at low q2

• Beyond SM: b → s/d Emiss experimental signature allows to probe 
new light SM singlet particles

2. Exclusive and inclusive b → sνν̄ decays

In this section we summarize the effective Hamiltonian for b→ sνν̄ transitions and collect
all B decays probing this quark level transition. Our focus is on the decay B → K∗νν̄

which, due to its additional polarization observable, offers a richer source of information
than the two other decays B → Kνν̄ and B → Xsνν̄. Combining all decays we end up
with four observables which are functions of the invariant mass of the neutrino-antineutrino
pair.

2.1 Effective Hamiltonian

The effective Hamiltonian for b→ sνν̄ transitions is generally given by

Heff = −4 GF√
2

VtbV
∗
ts (Cν

LOν
L + Cν

ROν
R) + h.c. , (2.1)

with the operators

Oν
L =

e2

16π2
(s̄γµPLb)(ν̄γµ(1− γ5)ν) , Oν

R =
e2

16π2
(s̄γµPRb)(ν̄γµ(1− γ5)ν) . (2.2)

In the SM, Cν
R is negligible while Cν

L = −X(xt)/ sin2 θw, where xt = m2
t /m2

W and the
function X(xt) can be found in ref. [10, 11] at the next-to-leading order in QCD.

Taking into account the latest top mass measurement from the Tevatron [12], we obtain

(Cν
L)SM = −6.38± 0.06 , (2.3)

where the error is dominated by the top mass uncertainty. The corresponding operator
is not renormalized by QCD, so the only renormalization scale dependence enters X(xt)
through the running top quark mass, which is however largely cancelled through NLO QCD
corrections. The residual scale dependence is taken into account in the error in eq. (2.3).

2.2 B → K∗νν̄

The decay B → K∗νν̄ has the virtue that the angular distribution of the K∗ decay products
allows to extract information about the polarization of the K∗, just like in B → K∗µ+µ−

decays. Since the neutrinos escape the detector unmeasured, the experimental information
that can be obtained from the process B → K∗(→ Kπ)νν̄ with an on-shell K∗ is completely
described by the double differential decay distribution in terms of the two kinematical
variables sB = q2/m2

B, where q2 is the invariant mass of the neutrino-antineutrino pair, and
θ, the angle between the K∗ flight direction in the B rest frame and the K flight direction
in the Kπ rest frame. The normalized invariant mass sB ranges from 0 to the kinematical
endpoint (1 − �mK∗)2 ≈ 0.69, where here and in the following we use �mi = mi/mB, while
θ ranges from 0 to π.

The spectrum can be expressed in terms of B → K∗ transversity amplitudes A⊥,�,0,
which are given in terms of form factors and Wilson coefficients as

A⊥(sB) = 2N
√

2λ1/2(1, �m2
K∗ , sB)(Cν

L + Cν
R)

V (sB)
(1 + �mK∗)

, (2.4)
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FIGURE 2. Left: Hypothetical constraints on the ε-η-plane, assuming all four b → sνν̄ observables
have been measured with infinite precision. The error bands include the uncertainties due to the form
factors in the case of the exclusive decays and the uncertainties of the CKM elements as well as the
uncertainty in the SM Wilson coeffcient. The green band (dashed line) represents BR(B → K

∗νν̄), the
black band (solid line) BR(B → Kνν̄), the red band (dotted line) BR(B → Xsνν̄) and the orange band
(dot-dashed line) �FL�. The shaded area is ruled out experimentally at the 90% confidence level. The
red and green areas are the projected sensitivity at SuperB with 75ab

−1 integrated luminosity [11] .
Right: dependence of FL on the momentum transfer for different values of η , from top to bottom:
η = 0.5,0,−0.2,−0.4,−0.45.

with the operators

O
ν
L =

e
2

16π2 (s̄γµPLb)(ν̄γµ(1− γ5)ν) , O
ν
R =

e
2

16π2 (s̄γµPRb)(ν̄γµ(1− γ5)ν) . (3)

The quark level transition b → sνν̄ gives rise to three B decays with a total of four
observables. These are the three branching ratios and one additional polarization ratio
in the case of B → K

∗νν̄ , measuring the fraction FL of longitudinally polarized K
∗

mesons [4]. This polarization fraction can be extracted from the angular distribution
in the invariant mass of the neutrino-antineutrino pair and the angle between the K

∗

flight direction in the B rest frame and the K flight direction in the Kπ rest frame.
A major source of uncertainties of the b → sνν̄ based decays are the QCD/hadronic
ingredients entering the calculation. A well known problem in the inclusive decay is the
mb dependence, which leads to considerable uncertainties. The traditional approach is to
normalize the decay rate to the semileptonic inclusive b → c decay. On the other hand,
this introduces again uncertainties through the dependence of the semileptonic phase
space factor on the charm quark mass. Instead of this normalization, we use the b mass
evaluated in the 1S scheme [10], being known at a precision of 1%. For the B → Kνν̄ 1

decay we use the form factors given in [8], being valid in the full physical range, while
we use the already mentioned set of [1] for the decay B → K

∗νν̄ . These improvements
combined with an up to date top mass [9] lead to a significantly lower prediction for
BR(B → K

∗νν̄) and a considerably more accurate prediction for BR(B → Xsνν̄), than
the ones present in the literature.

In table 1 we give a summary of our SM predictions. The four observables accessible
in the three different b → sνν̄ decays are dependent on the two in principle complex
Wilson coefficients C

ν
L

and C
ν
R

. However, only two real combinations of these complex

1 For a recent reconsideration of this mode see [13] and [14].
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Figure 1: The tree-level charged-current process and the Z penguin FCNC process (the W box is understood) contributing to
the rare charged meson decays, shown for B+ → K(∗)+νν̄ for definiteness.

lepton width Γ� has to be accounted for to regulate the divergence when the lepton pole is inside the phase-space,
and is introduced using the usual substitution m2

� → m2
� − im�Γ�.

This contribution is formally of order G4
F , i.e. of the same weak order as the loop-level FCNC contributions (see

Fig. 1). However, the Z penguin is dominated by the quadratic SU(2)L breaking, leading to an effective dimension-six
operator, hence to an a priori larger contribution of O(G2

F α2) to the total rate. This näıve counting does not hold if
the intermediate lepton can be on-shell, since the rate is then given to an excellent approximation by

Γ(P+ → P �+ν�ν̄�)Tree =
��G2

F VijV ∗
klfP fP �

��2

256π3m3
P

2πm�(m2
P � −m2

�)
2(m2

P −m2
�)

2

Γ�
+O(Γ0

�) . (3)

With Γ� of order G2
F , the tree-level contribution is of order G2

F and could become dominant.
The relative strength of the tree and loop contributions is very different in the case of the K, D or B meson decays,

and we will now discuss them in turn.

The rare decay K+ → π+νν̄

Since the P+ → �+ν� process is helicity-suppressed, i.e. the amplitude is proportional to m�, one could think that
the τ lepton would give the largest contribution, the two mτ factors from the vertices cancelling the m2

τ of the τ
propagator. However, for off-shell τ , the helicity suppression is no longer effective: the τ momentum pτ occurs instead
of mτ , and since pτ ∼ O(mK)� mτ , the amplitude is suppressed by O(m2

K/m2
τ ):

M
�
K+ (p)→ π+ (k) ντ (pν) ν̄τ (pν̄)

�
Tree

= G2
F V ∗

usVudfKfπ
p2

τ

p2
τ −m2

τ

uν �k (1− γ5) vν̄ . (4)

This amplitude can be seen as deriving from an effective dimension-ten operator suppressed by M4
W m2

τ . Numerically,
this leads to a tiny Br(K+ → π+ντ ν̄τ )Tree ∼ 10−18 (using PDG values for the masses and decay constants [4]), to
be compared to the SD contribution from the Z penguin and W box of (8.51± 0.73) × 10−11 in the SM [6, 9]. The
interference with the short-distance contribution is larger but still negligible, Br(K+ → π+νν̄)Int. ∼ 10−15.

On the other hand, the contributions from the light leptons are not suppressed by a large mass scale. These
effects where considered in Ref. [6], along with chiral loop corrections, and amount to a small correction usually
incorporated in δPu,c in the SM prediction for K+ → π+νν̄. The tree-level exchanges are thus much smaller than the
SD contributions. In fact, even the residual up-quark contribution to the Z penguin gives a larger effect, see Ref. [6]
for details.

The rare decays D+
(s) → π+νν̄ and D+

(s) → K+νν̄

The GIM suppression is very effective for D+ → π+νν̄ and D+
s → K+νν̄, and makes their loop-level FCNC

contributions extremely small. Further, the Z penguin does not contribute to D+ → K+νν̄ and D+
s → π+νν̄. Even

including the LD contributions from vector mesons, the branching ratios for all these modes are tiny, typically below
the 10−14 level [7]. On the other hand, compared to K → πνν̄, the τ can now be on-shell and gives a large tree-level
contribution. In fact, all the other contributions are so suppressed that D+ → π+νν̄ and D+

s → π+νν̄ are used to
measure the corresponding leptonic decays D+ → τ+ντ and D+

s → τ+ντ , since Eq. (3) can be written as

Γ(D+
(s) → π+ντ ν̄τ )Tree =

1
Γτ

Γ(D+
(s) → τ+ντ )Γ

�
τ+ → π+ν̄τ

�
+O(Γ0

τ ) . (5)

(Cν
L)SM = −6.33± 0.06

Brod et al., 1009.0947 



b → s/d νν observables

• Inclusive B → Xs,d νν: Theoretically cleanest (HQE & OPE) - Experimentally 
challenging

• B+ → K+ νν presently provides most stringent bound on NP (x3 SM)

• SuperB could reach 3σ with 10ab-1, while 50ab-1 needed for B → K* mode

• K* final state offers additional observable

• longitudinal/transverse polarization fractions

• experimentally accessible through angular distribution of K* decay 
products

A�(sB) = −2N
√

2(1 + �mK∗)(Cν
L − Cν

R)A1(sB) , (2.5)

A0(sB) = −N(Cν
L − Cν

R)
�mK∗

√
sB

�
(1− �m2

K∗ − sB)(1 + �mK∗)A1(sB)− λ(1, �m2
K∗ , sB)

A2(sB)
1 + �mK∗

�
,

(2.6)

where

N = VtbV
∗
ts

�
G2

F α2m3
B

3 · 210π5
sBλ1/2(1, �m2

K∗ , sB)
�1/2

(2.7)

and λ(a, b, c) = a2 + b2 + c2 − 2(ab + bc + ac).
The analysis in our paper is done with B → K∗ form factors V (q2), A1(q2) and A2(q2),

which are based on the low-q2 form factors given in [6], which are calculated from QCD sum
rules on the light cone. For the high q2 region, where the light-cone expansion breaks down,
we adopt an extrapolation following the steps of [13]. There the low-q2 form factors, which
are obtained from light-cone sum rules as well, are fitted to parametrizations accounting
for resonances in the form factors. To estimate the dependence of our analysis on the form
factors, we will confront in section 3.1 some of our results with the results using two older
sets of form factors given in the literature.

Defining the invariant mass spectrum with a longitudinally and transversely polarized
K∗, respectively, as

dΓL

dsB
= 3m2

B|A0|2 ,
dΓT

dsB
= 3m2

B

�
|A⊥|2 + |A�|2

�
, (2.8)

where the factor of 3 stems from the sum over neutrino flavours∗, the double differential
spectrum can be written as

d2Γ
dsBdcosθ

=
3
4

dΓT

dsB
sin2 θ +

3
2

dΓL

dsB
cos2 θ . (2.9)

Thus, dΓL/dsB and dΓT /dsB can be extracted by an angular analysis of the K∗ decay
products.

Instead of these two observables, one can choose the following two independent ob-
servables accessible from the double differential decay distribution: the dineutrino mass
distribution dΓ/dsB, where

dΓ
dsB

=
� 1

−1
dcosθ

d2Γ
dsBdcosθ

=
dΓL

dsB
+

dΓT

dsB
= 3m2

B

�
|A⊥|2 + |A�|2 + |A0|2

�
, (2.10)

and either of the K∗ longitudinal and transverse polarization fractions FL,T also used in
studies of B → K∗�+�− decays and defined as

FL,T =
dΓL,T /dsB

dΓ/dsB
, FL = 1− FT . (2.11)

∗
Here we assume that the Wilson coefficients do not depend on the neutrino flavour, which is an excellent

approximation in all the models we consider in sec. 3.
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LD contributions to B+ → K(*)+ νν

• Important background from B+ → τ+ ν with tau decaying into K(*)+ ν

• can be measured and subtracted

• or can be computed and added (Vub, fB,K)

• Presently, the associated uncertainty is ~3(4)% in B+ → K(*)+ νν 
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Figure 3: Comparison of the total available phase-space in B → Xνν̄ (denoted simply by the νν̄ invariant mass q2) with that
where the τ can be on-shell, as a function of the total invariant mass mX of the visible decay products X.

In principle, there could be a sizable interference between the SD and LD contributions. However, the τ resonance is
extremely narrow and often completely contained inside the Dalitz plot. When integrating over the pτ variable, the
SD part is fairly flat, with no appreciable phase shifts compared to the LD part. Therefore the resonance phase shift
around the τ pole integrates the interference contribution almost to zero (it is of the order of 10−11 for B → Kνν̄).

Because the rare B+ decay modes can be used either to measure B+ → τ+ντ or to probe FCNC transitions, one
has to decide how to deal with them on a case-by-case basis.

Experimentally, the mode B+ → π+ν�ν̄� has been observed and used to extract the B+ → τ+ντ rate. This appears
to be safe since compared to B+ → K+ν�ν̄�, the SD amplitude is Cabibbo-suppressed while the tree-level amplitude is
Cabibbo-favoured, resulting in a relative enhancement of LD with respect to SD by a factor sin−4 θc ≈ 400. However,
note that the τ pole contribution is only about 97% of the total B+ → π+ν�ν̄� rate in the SM. If the SD piece were
enhanced by NP contributions, it would show up as a discrepancy between the Br(B+ → τ+ντ ) measured using
τ+ → π+ν̄τ and other τ decay channels like τ+ → e+νeν̄τ or τ+ → µ+νµν̄τ where there is no issue of entanglement
with a SD contribution (still, the number of final state neutrinos is not measured so processes with identical charged
leptons and hadrons but different numbers of neutrinos may be difficult to disentangle experimentally).

On the other hand, the B+ → K(∗)+ν�ν̄� modes should not be used to measure the B+ → τ+ντ rate. In fact, one
would rather want to remove the τ contribution as it is obscuring the interesting short-distance physics, and potential
signals of NP. This is however difficult. Compared to the D decays discussed in the previous section, there is no way
to cut away the τ pole contribution using the invisible invariant mass q2 in B → K(∗)νν̄ decays, as can be seen from
Fig. 2. The best one can do is to cut away the low q2 region (or high K(∗) momentum) where the τ pole effect is the
strongest, but a sizeable residual τ contribution is unavoidable.

The kinematical configurations of the B+ → K(∗)+ν�ν̄� decays are actually the worst possible to disentangle the
SD and LD contributions. In Fig. 3 is shown the maximal kinematically allowed q2 together with q2

cut of Eq. (6)
for a generic B+ → Xν�ν̄� decay, as a function of the invariant mass of the X state. It is only when this invariant
mass is sufficiently large that the τ pole contribution can be cut away while still leaving a significant portion of
phase-space to probe the SD contribution. In the extreme situation where the X invariant mass is larger than mτ , the
τ can never be on-shell and its contribution is negligible. Of course, for such a large invariant mass, experimentally
reconstructing the decay is probably too difficult, while the SD contribution is significantly suppressed by the smaller
matrix elements for B → X. Therefore, the feasibility of this strategy remains to be seen, and for the time being, the
τ pole contribution has to be considered as an irreducible background when probing the FCNC transition b → sνν̄
with charged B decays.1

Finally, it should be mentioned that the τ pole contribution suffers from significant parametric uncertainties due
to our poor knowledge of Vub and fB . Fortunately, this uncertainty can be reduced in the SM by normalizing the

1 Alternatively, one could probe the b→ sνν̄ transition with B+
c → D+

s νν̄ for which the τ can never be on-shell. With a branching ratio
around 10−6 [13], the non-resonant τ contribution can be safely neglected.

C. Smith & J.F.K.
0908.1174 Formally of order GF4 - compensated by 

narrow width of intermediate tau lepton

Account for 98% in B+ → π+  νν   
12% in B+ → K+  νν  
14% in B+ → K*+νν

(Also affects inclusive B → Xs,d νν)
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Figure 1: The tree-level charged-current process and the Z penguin FCNC process (the W box is understood) contributing to
the rare charged meson decays, shown for B+ → K(∗)+νν̄ for definiteness.

lepton width Γ� has to be accounted for to regulate the divergence when the lepton pole is inside the phase-space,
and is introduced using the usual substitution m2

� → m2
� − im�Γ�.

This contribution is formally of order G4
F , i.e. of the same weak order as the loop-level FCNC contributions (see
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With Γ� of order G2
F , the tree-level contribution is of order G2
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Using decay constant estimates from: 
V. Lubicz and C. Tarantino, 0807.4605
P. Ball, et al., hep-ph/0612081.

B(B+ → K+νν̄)LD ∝ B(B+ → τ+ν)× B(τ+ → K+ν̄)
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FIGURE 2. Left: Hypothetical constraints on the ε-η-plane, assuming all four b → sνν̄ observables
have been measured with infinite precision. The error bands include the uncertainties due to the form
factors in the case of the exclusive decays and the uncertainties of the CKM elements as well as the
uncertainty in the SM Wilson coeffcient. The green band (dashed line) represents BR(B → K

∗νν̄), the
black band (solid line) BR(B → Kνν̄), the red band (dotted line) BR(B → Xsνν̄) and the orange band
(dot-dashed line) �FL�. The shaded area is ruled out experimentally at the 90% confidence level. The
red and green areas are the projected sensitivity at SuperB with 75ab

−1 integrated luminosity [11] .
Right: dependence of FL on the momentum transfer for different values of η , from top to bottom:
η = 0.5,0,−0.2,−0.4,−0.45.

with the operators

O
ν
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e
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ν
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e
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The quark level transition b → sνν̄ gives rise to three B decays with a total of four
observables. These are the three branching ratios and one additional polarization ratio
in the case of B → K

∗νν̄ , measuring the fraction FL of longitudinally polarized K
∗

mesons [4]. This polarization fraction can be extracted from the angular distribution
in the invariant mass of the neutrino-antineutrino pair and the angle between the K

∗

flight direction in the B rest frame and the K flight direction in the Kπ rest frame.
A major source of uncertainties of the b → sνν̄ based decays are the QCD/hadronic
ingredients entering the calculation. A well known problem in the inclusive decay is the
mb dependence, which leads to considerable uncertainties. The traditional approach is to
normalize the decay rate to the semileptonic inclusive b → c decay. On the other hand,
this introduces again uncertainties through the dependence of the semileptonic phase
space factor on the charm quark mass. Instead of this normalization, we use the b mass
evaluated in the 1S scheme [10], being known at a precision of 1%. For the B → Kνν̄ 1

decay we use the form factors given in [8], being valid in the full physical range, while
we use the already mentioned set of [1] for the decay B → K

∗νν̄ . These improvements
combined with an up to date top mass [9] lead to a significantly lower prediction for
BR(B → K

∗νν̄) and a considerably more accurate prediction for BR(B → Xsνν̄), than
the ones present in the literature.

In table 1 we give a summary of our SM predictions. The four observables accessible
in the three different b → sνν̄ decays are dependent on the two in principle complex
Wilson coefficients C

ν
L

and C
ν
R

. However, only two real combinations of these complex

1 For a recent reconsideration of this mode see [13] and [14].

• Parametrize SM+NP in OPE:

• Only two independent combinations measurable with present observables

• important feature of FL: only depends on η 

• Any deviation from SM would imply presence of right-handed currents
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With the theoretical predictions for ∆Sf used in
Table V, the golden b → s penguin modes for this
NP search are B0 → η�K0 and B0 → K0

SK
0
SK

0
S , to-

gether with B0 → f0
0K

0
S for which the calculation of

the SM uncertainty is however less accurate. Some
interesting three-body modes, notably B0 → φK0

Sπ
0

and B0 → π0π0K0
S , presently lack an assessment of

the theoretical uncertainty.
One can see from the table that it is possible to

discover NP if there is a deviation of 0.02 from SM
expectations of sin2β as measured in tree decays. It is
possible to observe a deviation of 5σ or more of about
0.1 in sin2βeff from b → s transitions in the golden
modes. It is worth noting however that these conclu-
sions may change depending on the models used for
computing ∆Sf . Indeed not all sources of theoreti-
cal error are under control in these estimates and in
some case even the sign of the correction can be model
dependent. On the other hand, theoretical estimates
not explicitly data-driven also rely on experimental in-
formation to some extent and and could benefit from
the SuperB large data set. This improvement has not
be taken into account in Table V. Clearly, if SuperB
will find significant deviations in these measurements,
further theoretical and phenomenological work will be
required to pin down the SM value of ∆Sf and firmly
establish the presence of NP. In the absence a theoret-
ical leap in the understanding of non-leptonic decays,
data-driven methods are expected to play a prominent
role. In this respect, the opportunity of measuring sev-
eral modes with different theoretical uncertainties, but
possibly correlated NP contributions, is a unique ad-
vantage of SuperB.

The golden b → d process is B0 → J/ψπ0 from
an experimental perspective. Yet current theoretical
understanding indicates that the measurements of Sf

for b → d modes are theoretically limited.

B. Theoretical aspects of rare decays

1. New physics in B → K(∗)νν̄ decays

Rare B decays with a νν̄ pair in the final state are in-
teresting probes of new physics, since they allow one to
transparently study Z penguin and other electroweak
penguin effects in the absence of dipole operator and
Higgs penguin contributions, which are often more im-
portant than Z contributions in b → s�+�− decays.
Moreover, since the neutrinos escape the detector un-
measured, the B → K(∗)+Emiss channel can also con-
tain contributions from other light SM-singlet particles
substituting the neutrinos in the decay.

The inclusive decay B̄ → Xsνν̄ is the theoretically
cleanest b → sνν̄ decay due to the absence of form
factor uncertainties, but is experimentally very chal-

lenging to measure. The exclusive decay B → Kνν̄
currently provides most stringent constraints on NP
with an experimental upper bound only a factor of
three above the SM prediction. The B → K∗νν̄ decay
has the advantage that, in addition to its differential
decay rate, it in principle provides access to an addi-
tional observable via the angular distribution of the
K∗ decay products K±π∓: the K∗ longitudinal po-
larization fraction FL(q2), which is theoretically very
clean since form factor uncertainties cancel to a large
extent [63].

The SM predictions and current experimental up-
per bounds are summarized in table VI. However, for
the modes involving a charged B in the initial state,
it should be noted that the bounds in the rightmost
column do not take into account an important back-
ground from B → τν decays with the τ subsequently
decaying to aK orK∗ and a (anti-)neutrino, which has
been recently pointed out in [64]. This contribution is
expected to be small at SuperB (roughly 15–30% of
the SM value for B+ → K+νν̄). With data available
at SuperB it will be possible to accurately determine
the background contribution from B(B → τν) decays
and on doing so increase the precision with which we
can extract the signal. The sensitivities quoted in the
table are conservative for this reason.

The b → sνν̄ transition is governed by the effective
Hamiltonian

Heff = −4GF√
2

VtbV
∗
ts (C

ν
LOν

L + Cν
ROν

R) + h.c. , (6)

where the operators are Oν
L,R =

e2

8π2 (s̄γµPL,Rb)(ν̄PLν), and the Cν
L,R are the corre-

sponding Wilson coefficients. In the SM, Cν
L ≈ −6.38

and the right-handed Wilson coefficient vanishes. In
models beyond the SM, both Cν

L and Cν
R can be

non-zero and complex; however, the two exclusive and
the inclusive decay rates as well as FL only depend
on two independent combinations of these Wilson
coefficients, which can be written as

� =

�
|Cν

L|2 + |Cν
R|2

|(Cν
L)

SM| , η =
−Re (Cν

LC
ν∗
R )

|Cν
L|2 + |Cν

R|2
, (7)

implying (�, η)SM = (1, 0). This allows one to express
the observables of b → sνν̄ decays in a general NP
model as

R(B → K∗νν̄) = (1 + 1.31 η)�2, (8)

R(B → Kνν̄) = (1− 2 η)�2, (9)

R(B̄ → Xsνν̄) = (1 + 0.09 η)�2, (10)

�FL�/�FL�SM =
(1 + 2 η)

(1 + 1.31 η)
, (11)

where R(X) = B(X)/B(X)SM and �FL� refers to FL

appropriately integrated over the neutrino invariant
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computing ∆Sf . Indeed not all sources of theoreti-
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will find significant deviations in these measurements,
further theoretical and phenomenological work will be
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an experimental perspective. Yet current theoretical
understanding indicates that the measurements of Sf

for b → d modes are theoretically limited.

B. Theoretical aspects of rare decays

1. New physics in B → K(∗)νν̄ decays

Rare B decays with a νν̄ pair in the final state are in-
teresting probes of new physics, since they allow one to
transparently study Z penguin and other electroweak
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Higgs penguin contributions, which are often more im-
portant than Z contributions in b → s�+�− decays.
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tain contributions from other light SM-singlet particles
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cleanest b → sνν̄ decay due to the absence of form
factor uncertainties, but is experimentally very chal-

lenging to measure. The exclusive decay B → Kνν̄
currently provides most stringent constraints on NP
with an experimental upper bound only a factor of
three above the SM prediction. The B → K∗νν̄ decay
has the advantage that, in addition to its differential
decay rate, it in principle provides access to an addi-
tional observable via the angular distribution of the
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larization fraction FL(q2), which is theoretically very
clean since form factor uncertainties cancel to a large
extent [63].

The SM predictions and current experimental up-
per bounds are summarized in table VI. However, for
the modes involving a charged B in the initial state,
it should be noted that the bounds in the rightmost
column do not take into account an important back-
ground from B → τν decays with the τ subsequently
decaying to aK orK∗ and a (anti-)neutrino, which has
been recently pointed out in [64]. This contribution is
expected to be small at SuperB (roughly 15–30% of
the SM value for B+ → K+νν̄). With data available
at SuperB it will be possible to accurately determine
the background contribution from B(B → τν) decays
and on doing so increase the precision with which we
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the inclusive decay rates as well as FL only depend
on two independent combinations of these Wilson
coefficients, which can be written as

� =

�
|Cν

L|2 + |Cν
R|2

|(Cν
L)

SM| , η =
−Re (Cν

LC
ν∗
R )

|Cν
L|2 + |Cν

R|2
, (7)

implying (�, η)SM = (1, 0). This allows one to express
the observables of b → sνν̄ decays in a general NP
model as

R(B → K∗νν̄) = (1 + 1.31 η)�2, (8)

R(B → Kνν̄) = (1− 2 η)�2, (9)

R(B̄ → Xsνν̄) = (1 + 0.09 η)�2, (10)

�FL�/�FL�SM =
(1 + 2 η)

(1 + 1.31 η)
, (11)

where R(X) = B(X)/B(X)SM and �FL� refers to FL

appropriately integrated over the neutrino invariant
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2. Exclusive and inclusive b → sνν̄ decays

In this section we summarize the effective Hamiltonian for b→ sνν̄ transitions and collect
all B decays probing this quark level transition. Our focus is on the decay B → K∗νν̄

which, due to its additional polarization observable, offers a richer source of information
than the two other decays B → Kνν̄ and B → Xsνν̄. Combining all decays we end up
with four observables which are functions of the invariant mass of the neutrino-antineutrino
pair.

2.1 Effective Hamiltonian

The effective Hamiltonian for b→ sνν̄ transitions is generally given by

Heff = −4 GF√
2

VtbV
∗
ts (Cν

LOν
L + Cν

ROν
R) + h.c. , (2.1)

with the operators

Oν
L =

e2

16π2
(s̄γµPLb)(ν̄γµ(1− γ5)ν) , Oν

R =
e2

16π2
(s̄γµPRb)(ν̄γµ(1− γ5)ν) . (2.2)

In the SM, Cν
R is negligible while Cν

L = −X(xt)/ sin2 θw, where xt = m2
t /m2

W and the
function X(xt) can be found in ref. [10, 11] at the next-to-leading order in QCD.

Taking into account the latest top mass measurement from the Tevatron [12], we obtain

(Cν
L)SM = −6.38± 0.06 , (2.3)

where the error is dominated by the top mass uncertainty. The corresponding operator
is not renormalized by QCD, so the only renormalization scale dependence enters X(xt)
through the running top quark mass, which is however largely cancelled through NLO QCD
corrections. The residual scale dependence is taken into account in the error in eq. (2.3).

2.2 B → K∗νν̄

The decay B → K∗νν̄ has the virtue that the angular distribution of the K∗ decay products
allows to extract information about the polarization of the K∗, just like in B → K∗µ+µ−

decays. Since the neutrinos escape the detector unmeasured, the experimental information
that can be obtained from the process B → K∗(→ Kπ)νν̄ with an on-shell K∗ is completely
described by the double differential decay distribution in terms of the two kinematical
variables sB = q2/m2

B, where q2 is the invariant mass of the neutrino-antineutrino pair, and
θ, the angle between the K∗ flight direction in the B rest frame and the K flight direction
in the Kπ rest frame. The normalized invariant mass sB ranges from 0 to the kinematical
endpoint (1 − �mK∗)2 ≈ 0.69, where here and in the following we use �mi = mi/mB, while
θ ranges from 0 to π.

The spectrum can be expressed in terms of B → K∗ transversity amplitudes A⊥,�,0,
which are given in terms of form factors and Wilson coefficients as

A⊥(sB) = 2N
√

2λ1/2(1, �m2
K∗ , sB)(Cν

L + Cν
R)

V (sB)
(1 + �mK∗)

, (2.4)
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• Example: parameterize dominance of Z penguin via modified bsZ coupling

• Correlations (constraints) from other b observables (Bs → l+l-, B → Xs l+l-)

• b → s/d νν cannot be enhanced more than ~ SM x 2*

G. Buchalla, et al., 
hep-ph/0006136

C. Bird, et al.,  
Phys. Rev. Lett. 93, 201803.

Y. Grossman et al., 
Nucl. Phys. B465, 369.

*or other NP contributions need to compensate B → Xs l+l-

0.5 1.0 1.5 2.0 2.5 3.0
0

5

10

15

106�BR�B�Xsl�l��

10
6 �
BR
�B�K

� Ν
Ν�� �

0.5 1.0 1.5 2.0 2.5 3.0
0

10

20

30

40

50

60

106�BR�B�Xsl�l��

10
6 �
BR
�B�X

sΝ
Ν�� �

0.5 1.0 1.5 2.0 2.5 3.0
0

2

4

6

8

10

106�BR�B�Xsl�l��

10
6 �
BR
�B�K

ΝΝ�
� �

Figure 6: Correlations between b → sνν̄ branching ratios and BR(B → Xs�+�−). The black
curves correspond to ZR = 0 and real ZL; The shaded areas are accessible for arbitrary ZL,R; The
blue dots represent the SM. The solid and dashed vertical lines correspond to the experimental
central value and 1σ error, respectively, of BR(B → Xs�+�−).

b̄sZ coupling but a flavour violating b̄sZ � coupling. Then, instead of eq. (3.6), one has

Lb̄sZ�
eff =

GF√
2

e

π2
m2

Z�cwswV ∗
tbVts Z �µ �

Z �
L b̄γµPLs + Z �

R b̄γµPRs
�

. (3.18)

Such couplings can arise either as effective couplings induced by loop effects of particles
charged under the U(1)�, or even at tree level in the case of generation non-universal U(1)�

charges of the quarks [58]. In this setup, the analogues to eqs. (3.7)–(3.9) read

Cν
L = (Cν

L)SM − g�νV
2

Z �
L , Cν

R = −g�νV
2

Z �
R , (3.19)

C10 = CSM
10 +

g��A
2

Z �
L , C �

10 = +
g��A
2

Z �
R , (3.20)

C9 = CSM
9 − g��V

2
Z �

L , C �
9 = −g��V

2
Z �

R , (3.21)

where the couplings g�ν,�
V,A denote the vector and axial vector couplings of the Z � to neutrinos

and charged leptons, respectively. These couplings are given by the U(1)� charges of the
respective fields and are arbitrary – apart from anomaly constraints, which can however
always be fulfilled by adjusting the quark U(1)� charges and/or adding new, exotic fermions.

The contribution to the Bs mixing amplitude, on the other hand, is independent of
the g� couplings and is simply given by eq. (3.14) after the replacements ZL,R → Z �

L,R.
Therefore, in a general Z � model, by choosing small or zero U(1)� charges for the charged
leptons it is possible in principle to completely suppress the NP contributions to b→ s�+�−

as well as Bs → �+�− decays, while it is at the same time possible to obtain a strong
enhancement of b→ sνν̄ modes and/or a sizable, potentially complex, contribution to the
Bs mixing amplitude.

– 14 –
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• Example: parameterize dominance of Z penguin via modified bsZ coupling

• Correlations (constraints) from other b observables (Bs → l+l-, B → Xs l+l-)

• b → s/d νν cannot be enhanced more than ~ SM x 2*

• (Sub)Example: New right handed sources of flavor violation

• particular modification of Z couplings

• correlations among b → s/d νν modes

G. Buchalla, et al., 
hep-ph/0006136

Altmannshofer et al., 
0902.0160

C. Bird, et al.,  
Phys. Rev. Lett. 93, 201803.

Y. Grossman et al., 
Nucl. Phys. B465, 369.

Figure 2: Correlation between B(B → Kνν̄) and B(B → K∗νν̄) in our effective theory. The two
bands correspond to the two values of | sin(2φd

32)| in Eqs. (100), with the uncertainty given by the
errors on the SM predictions: blue (dark gray) band for | sin(2φd

32)| = 0.95, orange (light gray)
band for | sin(2φd

32)| = 0.30. The black point denotes the SM values with the corresponding error
bars.

7.6 K → πνν̄

The SM branching ratios for the two most interesting K → πνν̄ modes can be written
as [56–59]

B(K+ → π+νν̄) = κ+

��
ImXeff

λ5

�2

+

�
ReXeff

λ5
− Pc − δPc,u

�2
�
, (142)

B(KL → π0νν̄) = κL

�
ImXeff

λ5

�2

, (143)

where
Xeff = V ∗

tsVtd(XLL +XRL) (144)

effects is not necessarily a good approximation for these channels. A detailed analysis of B → K�+�− and
B → K∗�+�− in our effective theory goes beyond the purpose of the present paper and we refer to the general
model-independent analysis in Ref. [55].

29

A. Buras et al., 1007.1993
*or other NP contributions need to compensate B → Xs l+l-

(motivated by the resolution of the Sψϕ puzzle)

New physics in b → s/d νν



• In MSSM very constrained

• gluino contributions constrained by B → Xs γ

• tanβ-enhanced Higgs contributions to CR constrained by Bs → μ+μ-

• up-squark - chargino loops (δRL32) can enhance/suppress Br ~ 35%        
(no effect in FL)

• In RPV MSSM still room for large enhancements? Kim, & Wang, 0904.0318

S. Bertolini, et al., 
Nucl. Phys. B353 (1991) 591–649. 

T. Goto, et al., hep-ph/9609512

A. J. Buras, et al., hep-ph/0408142

Y. Yamada, 0709.1022

Isidori & Paradisi, hep-ph/0601094

Altmannshofer et al., 
0902.0160
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Figure 7: Dominant chargino contributions to the Wilson coefficient Cν
L in the mass insertion

approximation.

negligible. One is then left with the chargino contributions to the left handed coefficient
Cν

L that are the only ones where sizable effects are still possible. Largest effects can be
generated by a Z penguin with a (δRL

u )32 mass insertion [66, 40, 67], that is not strongly
constrained by existing data [68, 69, 66, 70].

The Z penguin diagrams giving that contribution are shown in figure 7 and the corre-
sponding analytical expression in the mass insertion approximation reads¶

(Cν
L)χ̃± � − 1

s2
w

V ∗
cs

V ∗
ts

(δRL
u )32

�
mtAt

8m̃2
f1(x2)−

mtM2

4m̃2
f2(xµ, x2)

�
, (3.22)

where M2 is the Wino mass, At is the trilinear coupling of the stop and for simplicity we
assumed that the masses of the left and right handed up-type squarks have a common
value m2

Q̃
= m2

Ũ
= m̃2. Our conventions for the up squark mass is such that (M2

Ũ
)LR
33 =

−mt(At + µ∗ cot β) and (M2
Ũ
)RL
32 = (δRL

u )32mQ̃mŨ . The loop functions f1 and f2 depend
on the mass ratios x2 = M2

2 /m̃2 and xµ = µ2/m̃2 and their analytical form is given in
the appendix. Concerning the structure of eq. (3.22), we note that among the required
two SU(2)L breaking insertions in the Z penguin, one is formally provided by the helicity
and flavour changing mass insertion (δRL

u )32 and the other one by a Higgsino-Wino mixing
(diagram a) or a flavour conserving helicity flip for the stop (diagram b), respectively.

To summarize, the contributions to Cν
R in the MSSM turn out to be very small which

implies that η � 0 and that the longitudinal polarization fraction in the B → K∗νν̄

decay, FL(sB), is always SM like. However, visible effects in Cν
L can still be generated by

chargino contributions through a large (δRL
u )32 mass insertion. For the numerical analysis

we therefore choose an MSSM scenario where exactly such chargino effects are pronounced.
In particular, as these chargino contributions are not sensitive to the value of tanβ, we
choose to work in the low tanβ regime, thereby avoiding possible large Higgs effects in
Bs → µ+µ− and the corresponding constraint from this decay. We scan the relevant
MSSM parameters in the following ranges

5 < tanβ < 10 , mQ̃, mŨ , M2 < 1TeV ,

¶In our numerical analysis, we work with mass eigenstates and include the complete set of SUSY con-

tributions as given in [63].
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New physics in b → s/d Emiss

• Neutrinos not detected in experiments probing b → s/d νν

• Various NP contributions can mimic experimental signature

• Failure of the individual constraints on the ε-η plane meeting at a single point

• Kinematical distributions modified - need to be taken into account when 
interpreting experimental searches

• kinematical cuts to suppress backgrounds 

• reconstruction efficiencies depend on final state kaon/pion momenta

C. Bird, et al., hep-ph/0401195.

R. Adhikari & B. Mukhopadhyaya, 
hep-ph/9411347. 

H. K. Dreiner et al., 0905.2051.

G. Hiller, hep-ph/0404220.

H. Davoudiasl and E. Ponton, 0903.3410.

T. M. Aliev, et al., 0705.4542

very light scalar dark matter
light neutralinos
light NMSSM pseudoscalar Higgs
light radions
unparticles
...



New physics in b → s/d Emiss

• Example: pair of invisible massive fermions in B→K Emiss

• the resulting final state kaon momentum distributions will differ
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INVISIBLE SPIN 1/2 FERMIONS

In dealing with invisible fermions we impose EW gauge invariance on the SM field operators, while we assume the

invisible fermions are not charged under the SM gauge group and split their contributions between vector and axial

current components. For the effective interaction Hamiltonian we then obtain

H1/2 =
c
1/2
11

Λ2
(Q̄γµQ)(ψ̄γµψ) +

c̃
1/2
11

Λ2
(Q̄γµQ)(ψ̄γµγ5ψ) +

c
1/2
12

Λ2
(D̄γµD)(ψ̄γµψ) +

c̃
1/2
12

Λ2
(D̄γµD)(ψ̄γµγ5ψ)

+
c
1/2
01

Λ3
H(D̄Q)(ψ̄ψ) +

c̃
1/2
01

Λ3
H(D̄Q)(ψ̄γ5ψ) +

c
1/2
02

Λ3
H

†
(Q̄D)(ψ̄ψ) +

c̃
1/2
02

Λ3
H

†
(Q̄D)(ψ̄γ5ψ)

+
c
1/2
21

Λ3
H(D̄σµνQ)(ψ̄σµνψ) +

c̃
1/2
21

Λ3
H(D̄σµνQ)(ψ̄σµνγ5ψ)

+
c
1/2
22

Λ3
H

†
(Q̄σµνD)(ψ̄σµνψ) +

c̃
1/2
22

Λ3
H

†
(Q̄σµνD)(ψ̄σµνγ5ψ) . (1)

INVISIBLE SPIN 3/2 FERMIONS

Spin 3/2 particles are described by Rarita-Schwinger fields (ψµ). The corresponding Lagrangian kinetic term can

be written as [? ]

Lkin = −1

2
�µνρσψ̄µγ5γν∂ρψσ −

1

4
mψψ̄µ[γµ

, γν
]ψν . (2)

In addition, these fields are also subject to the following three conditions (spin 3/2 projection, Dirac equation and

Lorenz condition)

/ψ = 0 , (/∂ + mψ) ψµ
= 0 , ∂µψµ

= 0 . (3)

Spin summation of these fields is of the form

�

s

u(p)
s
µū(p)

s
ν = − (/p + mψ)

�
gµν −

pµpν

m
2
ψ

�
− 1

3

�
γµ +

pµ

mψ

�
(/p−mψ)

�
γν +

pν

mψ

�
. (4)

Next we construct effective operators for pair production of these fields, taking into account the above stated

conditions. In particular, any insertions of /∂ψµ
can always be replaced with ψµ

by using the Dirac equation, while

insertions of ∂µψµ
yield identically zero via the Lorenz condition.

We differentiate the possible operators via the Lorenz structure of the invisible sector into scalar, vector and tensor

operators. We find the following lowest dimensional distinct scalar contributions to the effective Hamiltonian

ψ̄µψµ , ψ̄µγ5ψµ , �µνρσψ̄µγ5γν∂ρψσ , . . . (5)

The first two operators are of dimension 3, while the third is already of dimension 4 and we omit it. We obtain

H
(0)
3/2 =

c
3/2
01

Λ3
H(DQ)(ψ̄µψµ) +

c
3/2
02

Λ3
H

†
(Q̄D̄)(ψ̄µψµ) +

c̃
3/2
01

Λ3
H(DQ)(ψ̄µγ5ψµ) +

c̃
3/2
02

Λ3
H

†
(Q̄D̄)(ψ̄µγ5ψµ) . (6)

Similarly, we obtain a single distinct vectorial contribution

ψ̄ργµψρ , ψ̄ργµγ5ψρ , . . . (7)

We do not consider the operator �µνρσψ̄νγ5γρψσ since it can be reduced to the other using the Chrishom identity. We

obtain

H
(1)
3/2 =

c
3/2
11

Λ2
(Q̄γµQ)(ψ̄ργµψρ) +

c
3/2
12

Λ2
(D̄γµD̄)(ψ̄ργµψρ) +

c̃
3/2
11

Λ2
(Q̄γµQ)(ψ̄ργµγ5ψρ) +

c̃
3/2
12

Λ2
(D̄γµD̄)(ψ̄ργµγ5ψρ) .(8)

Finally we consider the following lowest dimensionality tensorial structures

ψ̄µψν
, ψ̄µγ5ψ

ν
, ψ̄ρσ

µνψρ
, ψ̄ρσ

µνγ5ψ
ρ
, �µνσρψ̄σγ5ψρ , . . . (9)
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axial, vector, chiral couplings
mψ=0, 1, 2 GeV

SM-like

(1)

(0)

(1) (0)←Exp. cuts→ ←Exp. cuts→
Belle, 0707.0138Belle, 0707.0138

similar conclusions for two scalars in
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• Rare B decays are sensitive probes of NP

• generally correlations among observables (also ΔB=2, charged currents)

starting to over-constrain even MFV NP

clear patterns in concrete models



Conclusions

• Rare B decays are sensitive probes of NP

• generally correlations among observables (also ΔB=2, charged currents)

• b → s transitions will be crucial to help reconstruct the NP model 
responsible for new effects in Bs oscillations

• ΔF=2 FCNC non-leptonic decays (b → ssd and b → dds)

starting to over-constrain even MFV NP

clear patterns in concrete models

probing for new CPV sources  & departures from (G)MFV assumptions
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Conclusions

• Rare B decays are sensitive probes of NP

• generally correlations among observables (also ΔB=2, charged currents)

• b → s transitions will be crucial to help reconstruct the NP model 
responsible for new effects in Bs oscillations

• b → s/d Emiss can receive contributions from particles other than neutrinos 
in final state - modifications in spectra need to be accounted for in bounds

starting to over-constrain even MFV NP

probing for new CPV sources  & departures from (G)MFV assumptions

clear patterns in concrete models
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New physics flavor problem

• SM as an effective low energy theory

• EFT (higher dim. operators):

• EW hierarchy problem suggests: Λ ≤ 1 TeV

• εK, b→sγ bounds on generic NP operators: Λ > 102 - 105 TeV

LSM = Lgauge + μ(Λ)2 H†H – λ (H†H)2 +  LYukawa 
 

   + L5/Λ   +   L6/Λ2 + … 

Determines the 
EW scale

SM Flavor & 
CPV

See-saw FCNC, CPV, 
etc…

Tension between these estimates of expected NP scales



The large tan β

• The large tan β scenario: Two EW Higgs doublets (Hu , Hd) – simplest (natural) 
extension of the SM Higgs sector, necessity in SUSY models.

• tan β = vu /vd MFV enables to separate breaking of U(1)PQ from that of SU(3)q3

• εi QL (YDYD†)n1 (YUYU†)n2 (YDYD†)n3 YD DR (Hu)c , 

• εj QL (YDYD†)n4 (YUYU†)n5 (YDYD†)n6 YU UR(Hd)c ,

• NP contributions proportional to the bottom Yukawa become important as       
λb(∼ mb tanβ/vu) ∼ λt (operator structure DRYD†YUYU†QL)

• Partial lifting of helicity suppression in the down sector (charged and neutral 
Higgs exchange)

_

_


