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1. Introduction

2. B0 → l+l− and Bs → l+l−

3. B → K∗γ and Bs → φγ

4. B → K∗µ+µ− and Bs → φµ+µ−

5. Summary



The effective theory:

L(B)SM −→ Leff ≡ LQCD×QED(u, d, s, c, b; e, µ, τ ) + 4GF√
2 i

Σ fCKM
i C i Oi

+ (dim ≥ 6 operators).

Decoupling W , Z, t, H0, and all the BSM particles with mi � mb.

Let’s assume that all the relevant BSM particles can be decoupled.

Oi – operators of dimension 5 or 6

Ci – their Wilson coefficients

In the SM or any weakly-coupled BSM theory, Ci are perturbatively
calculable functions of masses, couplings and renormalization scales.



The operators Oi that matter for B̄s → µ+µ− read:

O10 = αem
4π (s̄LγνbL) (µ̄γνγ5µ),

OS = αem
4π (s̄LbR) (µ̄µ) ⇔ αem

4πmb
(s̄LγνbL) ∂ν (µ̄µ), (EOM, ms = 0)

OP = αem
4π (s̄LbR) (µ̄γ5µ) ⇔ αem

4πmb
(s̄LγνbL) ∂ν (µ̄γ5µ)

The only necessary non-perturbative input:

〈0|s̄LγνbL|B̄s(p)〉 = 〈0|s̄γνγ5b|B̄s(p)〉 ∼ pνfBs.

The branching ratio:

B(B̄s → µ+µ−) =
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Evaluation of the Wilson coefficients in the SM:

b s

µ µ

W W

u,c,t

ν

b sW

u,c,tu,c,t

µ µ
Z, h

b su,c,t

WW

µ µ
Z, h

u,c,t

b sW

W

b su,c,t

⇒
b s

µ µ

Z, h

C10 = −Y0(m2
t/M

2
W )

sin2 θW
, Y0(x) = 3x2

8(x−1)2
ln x + x2−4x

8(x−1), CS,P = O








mµmb
M2

W







 .

Effects of CS,P suppressed by m2
b/M

2
W ⇒ negligible.



The NLO QCD corrections to C10 are known in the SM.
G. Buchalla and A.J. Buras, Nucl. Phys. B 400 (1993) 225,
MM and J. Urban, Phys. Lett. B 451 (1999) 161 [hep-ph/9901278],
G. Buchalla and A.J. Buras, Nucl. Phys. B 548 (1999) 309 [hep-ph/9901288]

They are small (∼ 3%) when mt(mt) is used at the LO.



The SM predictions:
[arXiv:0801.1833, WG2 report, “Flavor in the Era of the LHC”]
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The exp. 90%CL bounds exceed the SM predictions by factors of

12, 150, O(109), O(107) and O(105) for

Bs → µ+µ−, Bd → µ+µ−, Bs → e+e−, Bd → e+e− and Bs,d → τ+τ−,

respectively.



The SM predictions:
[arXiv:0801.1833, WG2 report, “Flavor in the Era of the LHC”]
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Uncertainties in the lattice determinations of fBq are ∼ 10 − 20%.

From the Belle measurement of B± → τ±ν, isospin symmetry

and CKM fits (assuming SM): fBd
=

(

229+36
−31(stat)+34

−37(syst)
)

MeV



One can get rid of fB by normalizing to the

well-measured BqB̄q mixing (q = s or d):

R ≡ B(Bq→l+l−)
∆MBqτBq

=


B̂q





−1 ×








perturbatively calculable quantity
in the SM or any weakly-coupled BSM








,

where the bag parameter B̂q is given by

B̂q =
〈B̄q|(b̄LγνqL)(b̄LγνqL)|Bq〉

〈B̄q|(b̄LγνqL)|0〉〈|0(b̄LγνqL)|Bq〉.

Errors in the lattice determinations of B̂q are O(10%).
For instance,

B̂s = 0.940 ± 0.016 ± 0.022, D. Becirevic et al., hep-lat/0509165,

B̂d = 0.836 ± 0.027 +0.056
−0.062, S. Aoki et al., hep-lat/0307039.

In the SM (or any MFV model), also the CKM angles cancel in R.

The current uncertainty in the SM prediction for R is O(15%).



Evaluation of the Wilson coefficients beyond the SM.

Example 1: the Two-Higgs-Doublet Model II

b s

µ µ

W, H
+− W, H

+−

u,c,t

ν

b sW, H
+−

u,c,tu,c,t

µ µ
Z, h, H, A

b su,c,t

W, H
+−W, H

+−

µ µ
Z, h, H, A

u,c,t

b sW, H
+−

W, H
+−

b su,c,t

⇒
b s

µ µ

Z, h, H, A

tan β = v2/v1, r = M2
H±/m2

t ,

CS ' CP ' −mµmb
2M2

W

tan2 β
sin2 θW

ln r
r−1 < 0, H.E. Logan and U. Nierste, NPB 586 (2000) 39

(O(tanβ) neglected)

B(B̄s → µ+µ−) ∼




















1 − 4m2
µ

M2
Bs

















MBs
mb

CS







2
+







MBs
mb

CP − 2
mµ
MBs

C10







2










C10 = CSM
10 + ∆C10 ⇒















suppression for moderate CS,P

enhancement for huge tan β onlynegative small



Fig. 3 of Logan & Nierste, hep-ph/0004139:
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Evaluation of the Wilson coefficients beyond the SM.

Example 2: the MSSM.

b s

µ µ

χ~ χ∼

q~

ν,∼ l~

b sχ,∼ g~

q~q~

µ µ
Z, h, H, A

b sq~

χ∼χ∼

µ µ
Z, h, H, A

q~

b sχ,~ g~

χ,∼ g~

b sq~
⇒

b s

µ µ

Z, h, H, A

For large tan β: B
(

Bs → µ+µ−
)

∼ m2
bm

2
µ

M4
A

tan6 β

K. S. Babu and C. F. Kolda, Phys. Rev. Lett. 84 (2000) 228.



Example of constraints on the MSSM parameter space from

J. Ellis, T. Hahn, S. Heinemeyer, K. A. Olive and G. Weiglein, JHEP 0710 (2007) 092

Fig. 9b
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The operators Oi that matter for B̄ → K̄∗γ and B̄s → φγ read:

O1,2 = b s
c c

= (s̄Γic)(c̄Γ
′
ib), from b W s

c c

, |Ci(mb)| ∼ 1

O3,4,5,6 = b s
q q

= (s̄Γib)Σq(q̄Γ′
iq), |Ci(mb)| < 0.07

O7 = b s

γ

=
emb
16π2 s̄LσµνbRFµν, CSM

7 (mb) ' −0.3

O′
7 = b s

γ

=
emb
16π2 s̄RσµνbLFµν, C

′SM
7 = ms

mb
CSM

7

O8 = b s

g

=
gmb
16π2 s̄LσµνT abRGa

µν, CSM
8 (mb) ' −0.15

O′
8 = b s

g

=
gmb
16π2 s̄RσµνT abLGa

µν, C
′SM
8 = ms

mb
CSM

8

Their SM Wilson coefficients are known up to O(α2
s) (NNLO).

Assumption: no relevant NP effects in the 4-quark operators.



Γ(B̄0 → K∗0γ)exp = (4.01 ± 0.20) × 10−5
[HFAG],

Γ(B̄s → φγ)exp =


5.7+1.8
−1.5(stat)+1.2

−1.1(syst)


×10−5
[BELLE, PRL 100 (2008) 121801].

The decay rates Γ(B̄ → K̄∗γ) and Γ(B̄s → φγ) are proportional

to (practically) the same combinations of the Wilson coefficients

as the inclusive rate Γ(B̄ → Xsγ).

Errors in the inclusive rate are O(7%), both EXP and TH.

Theory uncertainties in the exclusive rates are O(30%)

due to non-perturbative form-factors.

A promising exclusive observable for constraining the Wilson coefficients:

The mixing-induced CP asymmetry

ACP(t) =
Γ[B̄0(t)→K̄∗0γ] − Γ[B0(t)→K∗0γ]
Γ[B̄0(t)→K̄∗0γ] + Γ[B0(t)→K∗0γ]

= CK∗γ cos(∆mBt)+SK∗γ sin(∆mBt).

Sth
K∗γ = − 2|z|

1+|z|2 sin
[

2β − arg
(

C7C
′
7

)]

+ ...
SM' −0.03, z = C ′

7
C7

SM' ms
mb

.

S
exp
K∗γ = −0.19 ± 0.23 [BaBar,Belle → HFAG].



Constraints in the (CNP
7 ≡ C7 − CSM

7 , C ′
7) plane from

C. Bobeth, G. Hiller and G. Piranishvili, arXiv:0805.2525

Fig. 2a

Green: B̄ → Xsγ,

Blue: B̄ → Xsl
+l−

q2
dilept ∈ [1, 6] GeV2,

Red: SK∗γ
Black dotted lines: Effect of enlarging the

uncertainty in the SM prediction for SK∗γ

due to the O(Λ/mb) fraction of right-handed

photons originating from:

b s

c
O2

gγ

B. Grinstein, Y. Grossman, Z. Ligeti and D. Pirjol,
Phys. Rev. D 71 (2005) 011504.

Assumptions for the above plot:

(i) CNP
7 and C ′

7 are real.

(ii) All the other Wilson coefficients

are fixed at their SM values.



The operators Oi that matter for B̄ → K̄∗µ+µ− and B̄s → φµ+µ−

are the same as those for B̄ → K̄∗γ and B̄s → φγ, plus:

O9 = αem
4π (s̄LγνbL) (µ̄γνµ), O′

9 = αem
4π (s̄RγνbR) (µ̄γνµ),

O10 = αem
4π (s̄LγνbL) (µ̄γνγ5µ), O′

10 = αem
4π (s̄RγνbR) (µ̄γνγ5µ),

and, in principle, also the four chirality-violating operators that

do not contribute to B̄s → µ+µ−:

O′
S = αem

4π (s̄b) (µ̄µ), O′
P = αem

4π (s̄b) (µ̄γ5µ),

OT = αem
4π



s̄σνλb


 (µ̄σνλµ), O′
T = αem

4π



s̄σνλb


 (µ̄σνλγ5µ).



The full angular distribution of B̄ → K̄∗(→ K̄π)µ+µ−:
[C. Bobeth, G. Hiller and G. Piranishvili, arXiv:0805.2525]

d4Γ
dq2 d cos θl d cos θK∗ dφ

= 3
8πJ(q2, θl, θK∗, φ),

J(q2, θl, θK∗, φ) = Js
1 sin2 θK∗ + J c

1 cos2 θK∗ + (Js
2 sin2 θK∗ + J c

2 cos2 θK∗) cos 2θl

+ J3 sin2 θK∗ sin2 θl cos 2φ + J4 sin 2θK∗ sin 2θl cos φ

+ J5 sin 2θK∗ sin θl cos φ + J6 sin2 θK∗ cos θl + J7 sin 2θK∗ sin θl sin φ

+ J8 sin 2θK∗ sin 2θl sin φ + J9 sin2 θK∗ sin2 θl sin 2φ.

q2 = dilepton invariant mass squared,

θl = angle between the µ− and B̄ momenta in the dilepton c.m.s.,

θK∗ = angle between the K̄ and B̄ momenta in the K̄π c.m.s.,

φ = angle between the normals to the K̄π and µ+µ− planes

in the B̄-meson rest frame.

The forward-backward asymmetry:

AFB(q2) =






dΓ
dq2







−1 [

I1
0 − I0−1

]

d cos θl
d2Γ

dq2 d cos θl
=







dΓ
dq2







−1
J6(q

2)



Quantities similar to AFB(q2) can be obtained by integrating the full

distribution with various angular weighting functions. Such quantities

are functions of ratios of the Wilson coefficients Ci/Cj and ratios of

q2-dependent form-factors.

In general: 7 independent form-factors
[see e.g. F. Krüger, J. Matias, Phys. Rev. D71 (2005) 094009].

In the large EK∗ limit (mK∗/EK∗ ∼ Λ/mb � 1): only ξ⊥(q2) and ξ‖(q
2),

up to O(αs, Λ/mb).
[see e.g. M. Beneke and T. Feldmann,
Nucl. Phys. B 612 (2001) 3].

Two strategies:

1. Determine ξ⊥/ξ‖ together with Ci/Cj from experiment.

2. Search for quantities in which the form-factors cancel out.
Example: see next slide



The transverse asymmetry A
(1)
T as a function of

√
q2 from

F. Krüger, J. Matias, Phys. Rev. D71 (2005) 094009.

Fig. 3b
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Summary:

• Large deviations of B(B̄s → µ+µ−) from its SM value can likely occur.

• Even if they do not show up, we can still test O(15%) effects.

• Sizeable deviations of various B(s) → K∗(φ)γ and B(s) → K∗(φ)µ+µ−

observables from their SM values are possible.

• Even if they do not occur, we shall still find constraints on the Wilson
coefficients.


