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Meson decays are the simpler, the fewer hadrons there are in 
the final state. Here “simple” refers to theory, particularly QCD

   decay type                     strong dynamics             # observables
Leptonic
              

semileptonic, radiative

Nonleptonic 2-body

Decay constants are accessible by first principle methods (lattice 
QCD). Price to pay: small branching fractions, few observables

O(1)                         

O(10)                         

O(100)                         

decay constant                     

form factors

full matrix element              

B➔lν , B➔l+ l-

B➔ K*lν, K*γ

B➔ππ, πK, ρρ, ...

⟨π|jµ|B⟩ ∝ fBπ(q2)

⟨0|jµ|B⟩ ∝ fB

⟨ππ|Qi|B⟩

Why rare leptonic decays ?

th difficulty
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Leptonic decay, NP and LHC
oben

unten

rechts

s

b

g

s

b

γ
s

b
Z

s

b
H

e

µ

γ

W

νi

e

µ

γ

#̃−i

χ0
k

e

µ

γ

χ̃−

i

ν̃i

oben

unten

rechts

s

b

g

s

b

γ
s

b
Z

s

b
H

e

µ

γ

W

νi

e

µ

γ

#̃−i

χ0
k

e

µ

γ

χ̃−

i

ν̃i

q b

b q

W W

u, c, t

u, c, t

q b

b q

W W

u, c, t

u, c, t

b

b

s

hi

hj
b s

hi

hj hk

b s

hi
hj

.

q b

b q

W W

u, c, t

u, c, t

q b

b q

W W

u, c, t

u, c, t

b

b

s

hi

hj
b s

hi

hj hk

b s

hi
hj

.

µ
+

µ
−

µ
+

µ
−

loop and helicity 
suppressed in SM                          

Yukawa suppressed in SM

in 2HDM (or MSSM)  Yukawas
can be very large
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Fig. 21: Branching ratio of Bs → µ+µ− observed (3σ) or discovered (5σ) as a function of integrated luminosity

for ATLAS/CMS.

Fig. 22: Branching ratio of Bs → µ+µ− observed (3σ) or discovered (5σ) as a function of integrated luminosity

for LHCb.

After one year of LHC the expected results from LHCb will allow to exclude or discover NP in

Bs → µ+µ−. ATLAS and CMS will reach this sensitivity after three years. After LHC achieves its

nominal luminosity, the ATLAS and CMS statistics will increase substantially. After five years all three

experiments will be in a position to provide a measurement of the branching ratio of Bs → µ+µ−.

3.4.4 Conclusions

The very rare decays Bq → µ+µ− are special in many respects. Their branching ratios are small in the

Standard Model, but can be enhanced significantly in the widely studied Minimal Supersymmetric Stan-
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Loop suppression and possible removal of helicity/Yukawa suppression 
imply strong sensitivity to new physics

Buras et al  2010

7.4 Bs,d → µ+µ−

When evaluating the amplitude for Bs → µ+µ− by means of (116) the following simplifica-
tions occur

�0|b̄γµPR,Ls|B0� = ±1

2
�0|b̄γµγ5s|B0� , �µ̄µ|µ̄γµPR,Lµ|0� = ±1

2
�µ̄µ|µ̄γµγ5µ|0� . (123)

The resulting branching ratio is then obtained from the known SM expression (see e.g. [47])
by making the following replacement

Y0(xt) → YLL + YRR − YRL − YLR ≡ Ytot (124)

so that

B(Bs → �+�−) = τ(Bs)
G2

F

π

�
α

4πs2
W

�2

F 2
Bs
m2

l
mBs

�

1− 4
m2

l

m2
Bs

|V ∗
tb
Vts|2|Ytot|2 . (125)

The expression for B(Bd → �+�−) is obtained by replacing s by d.

Taking into account that �V ∗
tb
�Vtd ≈ ±c̃12eiφ

d
31/2 and �V ∗

tb
�Vts ≈ ±s̃12eiφ

d
32/2 (see Sect. 4.3 and

Sect. 4.3), and using (117), we finally obtain the following expressions for the two branching
ratios normalized to the SM:

B(Bs → �+�−) = B(Bs → �+�−)SM
���1∓ 7.8× s̃12e

iφd
32 ceffZR

���
2
,

B(Bd → �+�−) = B(Bd → �+�−)SM
���1± 37× c̃12e

iφd
31 ceffZR

���
2
. (126)

The muon channels are those where the experimental searches are closer to the SM predic-
tions. The numerical values of the latter, obtained using the relation of B(Bq → µ+µ−) to
∆Mq pointed out in [47], are

B(Bs → µ+µ−) = (3.2± 0.2)× 10−9 , B(Bd → µ+µ−) = (1.0± 0.1)× 10−10 . (127)

These figures should be compared with the 95% C.L. upper limits from CDF [48] and D0 [49]
(in parentheses)

B(Bs → µ+µ−) ≤ 3.3 (5.3)× 10−8, B(Bd → µ+µ−) ≤ 1× 10−8. (128)

Using the results in (126) these limits imply
���s̃12ceffZR

��� < 0.54 ,
���c̃12ceffZR

��� < 0.30 , (129)

where the bounds have been derived taking into account the interference with the SM (and
choosing the maximal interference effect). These two limits can be combined to derive the
following bound ���ceffZR

��� < 0.62 , (130)

which holds independently of any assumption about the value of c̃12. Using this bound in
(114) we get ���(∆gbbR )RH

��� < 1× 10−3 , (131)

26

[Artuso et al 0801.1833]
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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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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                          
Y

(

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

209

Y2                          

main uncertainties: decay constant, CKM
for D or K decays long-distance contributions are important

Heff =
GF√

2

α

π sin
2 θW

V ∗

tbVtqY QA
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Standard Model
• FBs = (                 ) MeV

lattice QCD average

• error can be reduced by normalizing to                 mixing

where S is the ΔF=2 box function and C a numerical const 
and in the bag factor                               ,
some systematic uncertainties cancel. Then

• Very precise test of SM from hadronic observables at LHC!

• same trick for Bd➔µ+µ-,  Bs,d➔e+e- , e+µ-, etc

• not for D➔µ+µ- or K➔µ+µ-  as mixing is not calculable

Lunghi, Laiho, van de Water 2009 Bs
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fB(MeV) (δfB)stat (δfB)syst

FNAL/MILC ’08 [28] 195 7 9

HPQCD ’09 [29] 190 7 11

Average 192.8± 9.9

fBs(MeV) (δfBs)stat (δfBs)syst

FNAL/MILC ’08 [28] 243 6 9

HPQCD ’09 [29] 231 5 14

Average 238.8± 9.5

TABLE II: Unquenched lattice QCD determinations of the B-meson decay constants fB and fBs .

Plots showing the Nf = 2 + 1 results and their averages are given in Figs. 6 and 7.

— the light-quark discretization error and chiral extrapolation, heavy-quark discretization

error, and scale and light-quark mass determination — all lead to comparable errors of ∼

2%.

The HPQCD Collaboration recently published a determination of fB and fBs [29] using

staggered light quarks and NRQCD b-quarks [31]. The statistical plus chiral extrapolation

errors are comparable to those of Fermilab/MILC. The largest systematic errors, however,

are from the continuum extrapolation (∼ 3%) and operator matching (∼ 4%).

Because both decay constant calculations rely upon the MILC gauge configurations, in-

cluding many overlapping ensembles, we treat the statistical errors as 100% correlated be-

tween the two calculations. Most of the systematic errors in the two calculations, however,

such as those from tuning the quark masses, heavy-quark discretization effects, and operator

matching, are independent, so we treat the systematic errors as uncorrelated. Given these

assumptions, we obtain the weighted averages

fB = 192.8± 9.9 (2)

fBs = 238.8± 9.5. (3)

In practice, the CKMfitter and UTfit Collaborations do not in fact, use the B-meson decay

constant to implement the unitarity triangle constraint from B → τν decay. Instead, they

construct the ratio B.R.(B → τν)/∆md, where ∆md is the Bd-meson oscillation frequency,

to reduce the uncertainty from hadronic matrix elements. The quantity f 2
B cancels in this

8

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

[
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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:
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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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Buras 2003

B̂Bs
= 1.33 ± 0.06

Buras et al  2010

Bs − B̄s

7.4 Bs,d → µ+µ−

When evaluating the amplitude for Bs → µ+µ− by means of (116) the following simplifica-
tions occur

�0|b̄γµPR,Ls|B0� = ±1

2
�0|b̄γµγ5s|B0� , �µ̄µ|µ̄γµPR,Lµ|0� = ±1

2
�µ̄µ|µ̄γµγ5µ|0� . (123)

The resulting branching ratio is then obtained from the known SM expression (see e.g. [47])
by making the following replacement

Y0(xt) → YLL + YRR − YRL − YLR ≡ Ytot (124)

so that

B(Bs → �+�−) = τ(Bs)
G2

F

π

�
α

4πs2
W

�2

F 2
Bs
m2

l
mBs

�

1− 4
m2

l

m2
Bs

|V ∗
tb
Vts|2|Ytot|2 . (125)

The expression for B(Bd → �+�−) is obtained by replacing s by d.

Taking into account that �V ∗
tb
�Vtd ≈ ±c̃12eiφ

d
31/2 and �V ∗

tb
�Vts ≈ ±s̃12eiφ

d
32/2 (see Sect. 4.3 and

Sect. 4.3), and using (117), we finally obtain the following expressions for the two branching
ratios normalized to the SM:

B(Bs → �+�−) = B(Bs → �+�−)SM
���1∓ 7.8× s̃12e

iφd
32 ceffZR

���
2
,

B(Bd → �+�−) = B(Bd → �+�−)SM
���1± 37× c̃12e

iφd
31 ceffZR

���
2
. (126)

The muon channels are those where the experimental searches are closer to the SM predic-
tions. The numerical values of the latter, obtained using the relation of B(Bq → µ+µ−) to
∆Mq pointed out in [47], are

B(Bs → µ+µ−) = (3.2± 0.2)× 10−9 , B(Bd → µ+µ−) = (1.0± 0.1)× 10−10 . (127)

These figures should be compared with the 95% C.L. upper limits from CDF [48] and D0 [49]
(in parentheses)

B(Bs → µ+µ−) ≤ 3.3 (5.3)× 10−8, B(Bd → µ+µ−) ≤ 1× 10−8. (128)

Using the results in (126) these limits imply
���s̃12ceffZR

��� < 0.54 ,
���c̃12ceffZR

��� < 0.30 , (129)

where the bounds have been derived taking into account the interference with the SM (and
choosing the maximal interference effect). These two limits can be combined to derive the
following bound ���ceffZR

��� < 0.62 , (130)

which holds independently of any assumption about the value of c̃12. Using this bound in
(114) we get ���(∆gbbR )RH

��� < 1× 10−3 , (131)
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Long distance
• For Bs,d➔µ+µ- long distance effects are CKM suppressed

• for D➔µ+µ- (or K➔µ+µ-), short-distance itself GIM 
suppressed, so LD relevant and in this case dominant

• “background” effects such as undetected soft photons are 
not included in uncertainties quoted before and are 
traditionally left to experimentalists...

Burdman et al 2001
Figure 8: Unitarity contributions: (a) One-particle, (b) Two-particle γγ.

where

F =
∑

i=d,s,b

VuiV
∗
ci

[

xi

2
+

αs

4π
xi ·

(

ln2 xi +
4 + π2

3

)]

, (51)

with xi = m2
i /M

2
W . The amplitude AD0!+!− vanishes due to the equations of motion.

The explicit dependence on lepton mass in the decay amplitude overwhelmingly favors
the µ+µ− final state over that of e+e−. Upon employing the quark mass values md !
0.01 GeV, ms ! 0.12 GeV, mb ! 5.1 GeV, the Wolfenstein CKM parameters λ ! 0.22,
A ! 0.82, ρ ! 0.21, η ! 0.35 and the decay constant fD ! 0.2 GeV, we obtain the

branching fraction Brs.d.
D0→µ+µ− ! 10−18.

2.4.2 Long Distance Contributions to D0 → '+'−

In the following, we consider two long distance unitarity contributions (cf. Fig. 8) which

lead to D0 → '+'− transitions. In each case, the decay amplitude is dependent on
the lepton mass, and thus we shall provide numerical branching ratios only for the case
D0 → µ+µ−.

Single-particle Unitarity Contribution

The single-particle ‘weak-mixing’ contribution to D0 → '+'− can be estimated in a

manner like that considered for the D0 → γγ transition (cf. Eq. (38)). For definiteness,
we consider the D0 → '+'− parity-conserving amplitude BD0!+!− (see Eq. (48)),

B(mix)
D0!+!− =

∑

Pn

〈Pn|H(p.c.)
wk |D0〉

1

M2
D − MP 2

n

BPn!+!− , (52)

and we write B(mix)
D0!+!− = B(gnd)

D0!+!− + B(res)
D0!+!− for the ground state (π0, η, η′) and resonance

contributions.

There is little known regarding the Pnµ+µ− (Pn = π0, η, η′) vertices. In the following,
we assume these quantities have the same flavor structure as the corresponding Pnγγ ver-

tices described earlier,4 and obtain the overall Pnµ+µ− normalization from the measured
4This ensures that our expression will vanish in the limit of SU(3) flavor symmetry.
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η → µ+µ− mode. From this we predict for the η′ (960) → µ+µ− mode a branching ratio
Brη′µ+µ− " 5.6 × 10−7, well below the current bound Brη′µ+µ− < 10−4. The ground state

contribution is then

B(gnd)
D0"+"− = −

GF a2fDBPµ+µ−√
2

[

ξd√
2

M2
π

M2
D − M2

π

+
2ξs − ξd

3
√

2

M2
η

M2
D − M2

η

(

cos2 θ − 2
√

2 sin θ cos θ
)

+
2ξs − ξd

3
√

2

M
′2
η

M2
D − M ′2

η

(

sin2 θ + 2
√

2 sin θ cos θ
)

]

, (53)

with BPµ+µ− = 3.47 × 10−5. This leads to the branching ratio

Br(gnd)
D0→"+"− " 2.5 × 10−18 . (54)

There can also, in principle, be intermediate state contributions from JP = 0± neutral

resonances {R0}. Using the D0-to-R0 mixing amplitude already obtained in Eq. (42) and
again identifying the resonance R0 as π(1800), we find

Br(π(1800))
D0→"+"− " 1.8 × 10−3Γπ(1800)"+"−

Mπ(1800)
= 1.8 × 10−3Brπ(1800)→"+"− (55)

Upon assuming Brπ(1800)→"+"− = 10−12 as our default branching ratio, we obtain

Br(π(1800))
D0→"+"− " 5.0 × 10−17Brπ(1800)→"+"−

10−12
. (56)

Although possibly enhanced relative to the light-meson pole contributions, the result is
still unmeasureably small.

The Two-photon Unitarity Contribution

In the KL → e+e− transition, the two-photon intermediate state is known to play an

important role. Let us therefore consider the contribution of this intermediate state for
D0 → %+%−,

Im MD0→"+"− =
1

2!

∑

λ1,λ2

∫ d3q1

2ω1(2π)3

d3q2

2ω2(2π)3
(57)

× MD→γγ M∗
γγ→"+"−(2π)4δ(4)(p − q1 − q2) . (58)

Upon inserting the general form of the D0 → γγ appearing in Eq.(30), we obtain

Im A(γγ)
D0"+"− = αm"BD0γγ ln

M2
D

m2
"

, Im B(γγ)
D0"+"− = iαm"CD0γγ ln

M2
D

m2
"

. (59)

We find
Br(γγ)

D0→µ+µ− " 2.7 × 10−5BrD0→γγ . (60)
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~ 10-13 Paul et al 2010

see arXiv:0801.1833 sect. 3.4.

negligible

see earlier talk by Stamou
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Experiment
• present upper bounds 

• early LHCb prospects

D0 arXiv:1006.3469CDF public note 9892

    CDF     D0 SM theory
  Bs➔µ+µ- 4.3 10-8   95% CL 5.2 10-8   95% CL (3.2±0.2) 10-9

  Bd➔µ+µ- 7.6 10-9   95% CL (1.0±0.1) 10-10

  D➔µ+µ- 3.0 10-7   95% CL ~ 10-13

Buras et al arXiv:1007.1993
D0 arXiv:1008.5077

Kreps arXiv:1008.0247

Burdman et al 2001

!"#"$%
&'()*%$%+),-./012.34)56 )7819.:;))))))))))))))))))))))))

<=4)7.>;.-25- ?@

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

Exclusion limit @ 90% C.L.

5 observation

3 evidence

Expected sensitivity at LHCb assuming measured bb cross-section (292 b)

(Guy Wilkinson’s
plenary talk at this
conference)

...I look forward to 
the following, 
experimental talks !
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Beyond the SM
• New physics can modify the Z

penguin ....

... induce a Higgs penguin ...

... or induce (or comprise) four-fermion
contact interactions directly

• most general effective hamiltonian
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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

88

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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could violate 
lepton flavour !

could also 
violate lepton 
flavour
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In SM, higgs couplings flavour diagonal
   (proportional mass matrix)

In MSSM, 3 neutral higgses, 2 vevs vu, vd

                       

M
d
ij = vdY

d
ij + vu∆ij

MSSM - large tan β
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In SM, higgs couplings flavour diagonal
   (proportional mass matrix)

In MSSM, 3 neutral higgses, 2 vevs vu, vd

                       

M
d
ij = vdY

d
ij + vu∆ij

qI dc
J

g̃ g̃

QI Dc
J

H(u)

gs gs

µ ydJ
δJI

a)

qI dc
J

H̃(u) H̃(d)

U c
K QJ

H(u)

yuK
VKI ydJ

AuyuK
V ∗

KJ

b)

qI uc
Jgs gs

g̃ g̃

QI U c
J

µ yuJ
VJI

H(d)

c)

qI uc
J

H̃(d) H̃(u)

Dc
I QK

Ad ydI
δKI

H(d)

ydI yuJ
VJK

d)

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

MSSM - large tan β
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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
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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-
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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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V ∗
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In SM, higgs couplings flavour diagonal
   (proportional mass matrix)

In MSSM, 3 neutral higgses, 2 vevs vu, vd

                       

M
d
ij = vdY

d
ij + vu∆ij

[Choudhury&Gaur 99; Hamzaoui, Pospelov, 
Toharia 99; Babu, Kolda 99; Isidori, Retico; 
Buras et al 02; Foster et al 04-06,...]

BR(Bs → µµ) ∝ tan6 β

parametrically 
large if vu ≫ vd 

qI dc
J

g̃ g̃

QI Dc
J

H(u)

gs gs

µ ydJ
δJI

a)

qI dc
J

H̃(u) H̃(d)

U c
K QJ

H(u)

yuK
VKI ydJ

AuyuK
V ∗

KJ

b)

qI uc
Jgs gs

g̃ g̃

QI U c
J

µ yuJ
VJI

H(d)

c)

qI uc
J

H̃(d) H̃(u)

Dc
I QK

Ad ydI
δKI

H(d)

ydI yuJ
VJK

d)

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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tbVt(s,d) tan
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(for minimal 
flavour violation) 
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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

12

[Buras et al 2002]

CDF 2010
upper limit      

suppression 
predicted     

S
M

   
   

MSSM - large tan β - MFV

[Gorbahn, SJ, Nierste, Trine 2009]

∆MBs
∆MBs
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MSSM - small tan β
• Z penguin contributions now

relatively more important and
interference effects possible

complete 1-loop calculation in general MSSM

implemented in public computer program “SUSY_FLAVOR”

(in this plot the Z penguin does not receive large 
contributions, in general it can)

[Dedes, Rosiek, Tanedo 2008]
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Figure 3: Contributions to B(B0
s,d → µ+µ−) from various parts with the parameters in

Eq. (3.7). Left: Contributions from the diagrams in Fig. 1 versus δ23
dLR. Right: Magnitude

of the form factors appearing in Eqs. (2.6 – 2.9) versus δ23
dLR.

The cancellation is easy to understand if one independently considers the contributions

to the branching ratio from each diagram, as shown on the left in Fig. 3. The ‘Box’, ‘Higgs’

and ‘Z’ lines indicate the value of B(B0
s → µ+µ−) given by only the listed contribution with

all others set to zero. The total prediction for B(B0
s → µ+µ−) is also indicated. We observe

that in the cancellation region the Higgs- and Z-penguin magnitudes are comparable while

the box contribution is negligible. This is suggestive of a cancellation between the second

and third class of diagrams in Fig. 1. To observe this cancellation we individually plot the

absolute values of the form factors FS,P and 2mµFA of Eqs. (2.6 – 2.9) in the right panel of

Fig. 3. At the minimum point of the total branching ratio (thick-dashed line in left panel

of Fig. 3) |FP | is approximately equal to |2mµFA| and |FS| is negligibly small. This can be

explained from the form of Eqs. (2.6) and (2.7). If one assumes δ23
dLR = (δ32

dLR)!, then CSLR

and CSRL, the two Wilson coefficients most sensitive to the variation of δ23
dLR, have similar

sizes and opposite sign and thus interfere destructively in the amplitude.

Bounds on the δ parameters governing squark flavour mixing have been presented in

the literature using the mass insertion approximation (MIA). In particular, Refs. [38] and

[39] bound |δ23
d LL| <∼ 0.3 and |δ23

d LR| <∼ 0.02 for a particular point in the parameter space,

mq̃ = M3 = 350 GeV. On the other hand, the results in Fig. 3 arise from an extensive

scan of the experimentally allowed parameter space without resorting to MIA3. Thus the

3Note that references to the δ-parameter in this paper are mainly for comparison and presentation.

Any other parameter that characterizes the squark mixing would also be appropriate. Recall that our

calculation is not based on expanding this parameter around zero and keeping only leading terms (MIA

approximation). Instead, we numerically diagonalize all relevant squark matrices and plug the result into

the expressions given in the Appendix.

12

[Rosiek, Chankowski, Dedes, SJ,  Tanedo 2010]

even suppression 
below SM possible
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Randall-Sundrum
• Warped extra-dimensional models

“explain” SM flavour structure
by localizing the SM degrees of
freedom differently in the extra
dimension. Higher Kaluza-Klein states of the gauge bosons
have tree-level FCNC couplings to the SM particles

Casagrande et al, arXiv:0912.1625

µ
+

µ
−

Bs

Figure 14: Prediction for B(Bd → µ+µ−) versus B(Bs → µ+µ−) (upper left), B(B →
Xdνν̄) versus B(B → Xsνν̄) (upper right), and B(B → Xsνν̄) versus B(Bs → µ+µ−)

(lower panel). All panels show results obtained in benchmark scenario S1. The black

crosses indicate the SM point, while the blue scatter points reproduce the measured

values of |�K |, the Z0bb̄ couplings, and Bd–B̄d mixing at 95%, 99%, and 95% CL. In the

upper left panel the current 95% CL upper limit on B(Bs → µ+µ−) from DØ and the

minimum branching fraction allowing for a 5σ discovery at LHCb are indicated by the

red band and dashed line, respectively. The orange dotted lines in the upper panels

represent the CMFV correlation between the two purely leptonic/semileptonic modes,

while the orange dotted curve in the lower panel indicates the model-independent

prediction obtained under the assumption that only left-handed operators contribute

to the branching fractions. See text for details.

We now move onto the rare semileptonic modes. The predictions for B(B → Xdνν̄) versus

B(B → Xsνν̄) corresponding to the benchmark scenario S1 are shown in the upper right

71

f (m)

f (n)

f ′ (m′)

f ′ (n′)
V (k)

f (m)

f (n)

f ′ (m′)

f ′ (n′)
h

Figure 1: Contributions to the effective four-fermion interactions arising from the tree-

level exchange of the gauge bosons V = γ, g, Z0, W±
and their KK excitations (left),

and of the Higgs boson (right).

3.1 Exchange of KK Photons and Gluons

We begin with a discussion of the interactions induced by the exchange of KK photons and

gluons. The graph on the left in Figure 1 shows an example of a diagram giving rise to such

contributions. The relevant sums over KK modes can be evaluated by means of (I:34). In the

case of KK photon exchange, we find that the effective Hamiltonian at low energies is given

by

H
(γ)
eff =

2πα

M2
KK

�

f,f �

Qf Qf �

�
1

2L

�
f̄γµf

� �
f̄ �γµf

��− 2
�
f̄Lγµ∆�

F fL + f̄Rγµ∆�
ffR

� �
f̄ �γµf

��

+ 2L
�
f̄Lγµ �∆F fL + f̄Rγµ �∆ffR

�
⊗

�
f̄ �

Lγµ
�∆F �f �

L + f̄ �
Rγµ

�∆f �f �
R

� �
.

(8)

Here the sum over fermions implicitly includes the sum over all KK modes. The matrices ∆�
A

have been defined in (I:122). These are infinite-dimensional matrices in the space of flavor

and KK modes. In addition, we have defined the new mixing matrices (with F = U,D and

f = u, d, and similarly in the lepton sector) [36]

��∆F

�
mn
⊗

��∆f �
�

m�n� =
2π2

L2�2

� 1

�

dt

� 1

�

dt� t2<

×
�
a(F )†

m C(Q)
m (φ) C(Q)

n (φ) a(F )
n + a(f)†

m S(f)
m (φ) S(f)

n (φ) a(f)
n

�

×
�
a(f �)†

m� C(f �)
m� (φ�

) C(f �)
n� (φ�

) a(f �)
n� + a(F �)†

m� S(Q)
m� (φ�

) S(Q)
n� (φ�

) a(F �)
n�

�
,

(9)

etc. Notice that the matrices �∆A ⊗ �∆B are not defined individually, but only as tensor

products, as indicated by the ⊗ symbol. The couplings to SM fermions are encoded in the

upper-left 3×3 blocks of each �∆A⊗ �∆B matrix. We emphasize that the result (8) is exact. In

particular, no expansion in powers of v2/M2
KK has been performed. The effective interactions

arising from KK gluon exchange have a very similar structure, except that we need to restrict

the sum over fermions in (8) to quarks and replace α Qf Qf � by αs ta ⊗ ta, where the color

matrices ta must be inserted inside the quark bi-linears.

The four-fermion operators induced by KK gluon exchange give the by far dominant (lead-

ing) contribution to the effective weak Hamiltonians describing K–K̄ (Bd,s–B̄d,s and D–D̄)

7

Figure 16: Br(Bs → µ+µ−) versus Br(Bd → µ+µ−). The straight line represents the

CMFV correlation and the black point the SM prediction.

Figure 17: sin 2βK
X / sin(2β +2ϕBd

) as a function of Sψφ. The departure from unity (solid

line) measures the size of non-MFV effects. The black point represents the SM prediction.

37

Blanke et al, arXiv:0812.3803v3

without  /  with  custodial protection
higgs on IR brane
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Little(st) Higgs (with T parity)
• Higgs is pseudo-Goldstone

boson. Implies new particles with
non-MFV couplings

• enter at 1 loop through Z penguin,
finite calculable contribution

• effect less pronounced
than in MSSM or RS but
should be distinguishable
from Standard Model

• no observable effects in
D➔µ+µ-

[Blanke et al 0906.5454]
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Figure 6: Br(Bs → µ+µ−), normalised to its SM value, as a function of Sψφ.

upper bound Br(KL → µ+µ−)SD < 2.5 · 10−9, displayed by the solid line in Fig. 5, turn

out to be possible only with some parameter tuning.

Though the CKM suppression in rare kaon decays makes the K system a particularly

advantageous environment to look for NP effects, also the Bd,s systems certainly deserve

great attention, mainly so the clean rare decays Bd,s → µ+µ− and the phase of B0
s − B̄0

s

mixing. The latter observable does not receive contribution from the Z0-penguin and

therefore from the previously missed O(v2/f 2) term, nevertheless we wish to update its

LHT prediction here since the data [83–85] hints towards a possibly sizable deviation

[86, 87] from the tiny SM value. On the other hand, Br(Bd,s → µ+µ−) are affected by

that O(v2/f 2) contribution which is included here.

In Fig. 6 we show the ratio Br(Bs → µ+µ−)/Br(Bs → µ+µ−)SM as a function of Sψφ.

We observe that Br(Bs → µ+µ−) can be enhanced by at most 30% over its SM value,

and is bounded from below by the SM prediction. Observing a significant enhancement

or a suppression of Br(Bs → µ+µ−) with respect to the SM would thus put the LHT

model in severe difficulties. The CP-asymmetry Sψφ can vary in the range [−0.4,+0.5],

though values larger than 0.2 are quite unlikely. This means that the experimental value

0.2 ≤ Sψφ ≤ 1.0 (95% C.L.), obtained by the UTfit collaboration [61,87] by combining

the CDF [83] and DØ [84] data1, can be explained within the LHT model, though with

some tuning of the LHT parameters.

Very interesting is the golden relation between Br(Bd,s → µ+µ−) and the mass

differences ∆Md,s, which can be written as [88]

Br(Bs → µ+µ−)

Br(Bd → µ+µ−)
=

B̂Bd

B̂Bs

τ(Bs)

τ(Bd)

∆Ms

∆Md
r . (5.3)

1
We note that a 2.2σ discrepancy with the SM prediction is obtained by the HFAG collaboration [64].

11

[Goto et al 0809.4753]

[de Aguila et al 0811.2891]

[Paul et al 1008.3141]

Donnerstag, 9. September 2010



Fourth generation
• (in simplest form:)

one extra family of fermions
with SM quantum numbers
same diagrams as in SM
extra masses and “CKM” elements provide rich non-minimal 
source of flavour violation
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[Buras et al arXiv:1004.4565]

[eg Hou and Ma, 1004.2186]

Figure 4: Br(Bd → µ+µ−) as a function of Br(Bs → µ+µ−).

Figure 5: Br(Bd → µ+µ−) (left panel) and Br(Bs → µ+µ−) (right panel) each as a

function of Sψφ.

Br(Bs → µ+µ−) are possible. Interestingly, for SM3-like values of Sψφ, the branching

ratio Br(Bs → µ+µ−) is more likely suppressed than enhanced. We conclude that a

future measurement of Sψφ above 0.4 accompanied by Br(Bs → µ+µ−) close to or below

its SM3 value would put the SM4 into difficulties.

From the right panel in Fig. 5 we can infer the following soft bounds on Br(Bs →
µ+µ−) as a function of Sψφ

Br(Bs → µ+µ−) ≤
�
6 +

�
4 · (Sψφ − (Sψφ)SM)

�4� · 10−9 , (7.3)

Br(Bs → µ+µ−) ≥
�
(−0.08 + Sψφ) · 10−8 for Sψφ > 0

(−0.04− Sψφ) · 10−8 for Sψφ < 0
. (7.4)

In addition we find the global soft upper bound

Br(Bs → µ+µ−) ≤ 1.3 · 10−8 . (7.5)
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D➔µ+µ-

• Generically, this receives
contributions from a Z penguin
(negligible in SM due to GIM) which
might not be small; Z’ etc would
also contribute

• Generic discussion and correlation with D mixing in
BR(D➔µ+µ-) of up to 10-9 in some scenarios

• However, analysis in LHT model shows unobservably small
effects, reason are constraints in B and K physics (for any 
values of NP masses and mixings)
The authors ask whether this might be generically so.

(why) is e.g. this diagram
(not) accompanied by a contribution
to neutral Kaon mixing ?

• I think depending on experimental prospects this deserves 
further study

oben

unten

rechts

s

b

g

s

b

γ
s

b
Z

s

b
H

e

µ

γ

W

νi

e

µ

γ

#̃−i

χ0
k

e

µ

γ

χ̃−

i

ν̃i

q b

b q

W W

u, c, t

u, c, t

q b

b q

W W

u, c, t

u, c, t

b

b

s

hi

hj
b s

hi

hj hk

b s

hi
hj

.

µ
+

µ
−

[Golowich et al 0903.2830]

D
0

[Paul et al 1008.3141]
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FIG. 2: Box contribution from heavy weak-isosinglet quarks.

A. Heavy Vector-like Quarks: Q = -1/3 Singlet Quark

We first consider models with a heavy vector-like Q = −1/3 singlet quark. Note that

essentially identical results hold for a SM fourth quark generation as well, since in each case,

the fermions will interact with a SM W± gauge boson and thus the charged leptons have

SM interactions [32]. It is this which allows for correlations between D0-D̄0 mixing and

D0 → !+!− decay.

For the class of models with Q = −1/3 down-type singlet quarks, the down quark mass

matrix is a 4 × 4 array if there is just one heavy singlet (or 6 × 6 for three heavy singlets

as in E6 models). As a consequence, the standard 3 × 3 CKM matrix is no longer unitary.

Moreover, the weak charged current will now contain terms that couple up-quarks to the

heavy singlet quarks. For three heavy singlets, we have

L(ch)
int =

g√
2

ViαW µūi,LγµDα , (46)

where ui,L ≡ (u, c, t)L and Dα ≡ (D, S, B) refer to the standard up quark and heavy isosinglet

down quark sectors. The {Viα} are elements of a 3 × 6 matrix, which is the product of the

3×3 and 6×6 unitary matrices that diagonalize the Q = +2/3 and Q = −1/3 quark sectors,

respectively.

D0-D̄0 Mixing: The box diagram contribution to ∆MD from these new quarks is displayed

in Fig. 2. Assuming that the contribution of one of the heavy quarks (say the S quark, of

mass mS) dominates, one can write an expression for xD [32],

|x(−1/3)
D | &

G2
FM2

W f 2
DMD

6π2ΓD
BD (V ∗

cSVuS)2 r(mc, MW )|E(xS)| , (47)

where xS ≡ (mS/MW )2. The Inami-Lin [31] function E(xS) is defined as

E(xS) ≡ xS

[
1

4
−

9

4(xS − 1)
−

3

2(xS − 1)2
+

3x3
S

2(xS − 1)3
ln xS

]

. (48)
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Conclusions
• Rare leptonic decays are theoretically clean

• They can be new physics dominated

• and LHCb can measure BR(Bs➔µ+µ-) down to the SM value 
(and below)

• Without a theory of flavour, we cannot predict hierarchies 
between BR(Bs➔µ+µ-) and BR(Bd➔µ+µ-), or even between 
lepton-flavour-conserving and violating modes

• I encourage experimenters to look beyond Bs➔µ+µ- where 
feasible (µ+e-, e+e-  ?  Bd  ! ). (If encouragement is needed.)

• if D0➔µ+µ- were observed in an experiment, it
would be an unambiguous new physics discovery and/or 
measurement
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