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Plan of Talk

• Inclusive Radiative Decay B → Xsγ

• Exclusive Radiative Decays B → (K∗, ρ, ω)γ

• Inclusive Semileptonic Decay B → Xs`
+`−

• Exclusive Semileptonic Decays B → (K,K∗)`+`−

• A Model-independent Analysis of B → Xsγ and B → Xs`
+`−

• The Decay Bs → µ+µ− in the SM and SUSY

• Summary
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Interest in Rare B Decays

• Rare B Decays (b → sγ, b → dγ, b → s`+`−, ...) are
Flavour-Changing-Neutral-Current (FCNC) processes
(|∆B| = 1, |∆Q| = 0)

• In the SM, all electrically neutral bosons (γ, Z0, H0, Gluons) have only
Flavour-diagonal couplings. Hence, in the SM, FCNC processes are not
allowed at the Tree level

• Instead, FCNC processes are governed by the GIM mechanism, which
imparts them sensitivity to higher scales (mt, mW )

• GIM amplitudes (renormalized by QCD corrections) involve, in
particular, CKM matrix elements Vti; i = d, s, b; hence rare B-decays
play an important role in the determination of these matrix elements

• FCNC processes are sensitive to physics beyond the SM, such as
supersymmetry, and the BSM amplitudes can be comparable to the
(tW )-part of the GIM amplitudes

• Last, but not least, Rare B-decays enjoy great attention in the ongoing
and planned experimental programme in heavy quark physics (CLEO,
BABAR, BELLE, CDF, D0, LHC, Super-B factory)
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Rare B decays

Two inclusive rare B-decays of current experimental interest

B̄ → Xsγ and B̄ → Xsl
+l−

Xs = any hadronic state with S = −1, containing no charmed particles

Theoretical Interest:

• Accurate measurements anticipated in near future

• Non-perturbative effects under control

• Sensitivity to new physics

Status of the NNLO perturbative calculations:

• B̄ → Xsl
+l−: completed

• B̄ → Xsγ: ∼ 1
3

way through [Misiak, Steinhauser, Greub, Haisch, Gorbahn,
Schröder, Czakon,...]
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Examples of the leading electroweak diagrams for B̄ → Xs γ:
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QCD logarithms αs ln M2

W

m2

b

enhance BR(B̄ → Xsγ) more than twice.

Effective field theory method is the most convenient for resummation of such large
logarithms.

14-19 Nov. 2005
Heavy Flavour Physics- Rare B-Decays (page 5) Ahmed Ali

DESY, Hamburg



The effective Lagrangian:

L = LQCD×QED(q, l) +
4GF√

2
V ∗

tsVtb

10
∑

i=1

Ci(µ)Oi

(q = u, d, s, c, b, l = e, µ)

Oi =















































(s̄Γic)(c̄Γ
′
ib), i = 1, 2, |Ci(mb)| ∼ 1

(s̄Γib)Σq(q̄Γ
′
iq), i = 3, 4, 5, 6, |Ci(mb)| < 0.07

emb

16π2 s̄LσµνbRFµν, i = 7, C7(mb) ∼ −0.3

gmb

16π2 s̄LσµνT abRGa
µν, i = 8, C8(mb) ∼ −0.15

e2

16π2 (s̄LγµbL)(l̄γµγ5l), i = 9,10 |Ci(mb)| ∼ 4

Three steps of the calculation:

Matching: Evaluating Ci(µ0) at µ0 ∼ MW by requiring equality of the SM and the
effective theory Green functions

Mixing: Deriving the effective theory RGE and evolving Ci(µ) from µ0 to µb ∼ mb

Matrix elements: Evaluating the on-shell amplitudes at µb ∼ mb
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Structure of the SM calculations for B̄ → Xs γ

Heff ∼
10
∑

i=1

Ci(µ)Oi

• Heff independent of the scale µ, while Ci(µ) and Oi(µ) depend on µ
=⇒ Renormalization Group Equation (RGE) for Ci(µ):

µ
d

dµ
Ci(µ) = γT

ijCj(µ)

• γij : anomalous dimension matrix

• Matching usually done at high scale (µ0 ∼ MW ,mt)

• Full theory and the matrix elements of the effective operators have the same large
logarithms

µ0 ∼ O(MW )
↓ RGE
µb ∼ O(mb): matrix elements of the operators at this scale don’t have large logs;
they are contained in the Ci(µb)

• Evaluation of the on-shell amplitudes at µb ∼ mb
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Status of the SM calculations for B̄ → Xs γ (Courtesy: M. Misiak)

Matching (µ0 ∼ MW , mt):

Ci(µ0) = C
(0)
i (µ0)+αs(µ0)

4π
C

(1)
i (µ0) +

(

αs(µ0)
4π

)2

C
(2)
i (µ0)

i = 1, ..., 6: tree 1-loop 2-loop

i = 7, 8: 1-loop 2-loop 3-loop

[ Bobeth, Misiak, Urban,
NPB 574 (2000) 291]

[ Steinhauser, Misiak,
hep-ph/0401041]

The 3-loop matching has less than 2% effect on BR(B̄ → Xsγ)
Mixing:

γ̂ =
αs
4π

(

1L 2L
0 1L

)

+
(αs

4π

)2
(

2L 3L
0 2L

)

+
(αs

4π

)3
(

3L 4L
0 3L

)

Haisch,
Gorbahn,
Gambino,
Schröder,
Czakon

Matrix elements (µb ∼ mb):

〈Oi〉(µb) = 〈Oi〉(0)(µb) + αs(µb)
4π

〈Oi〉(1)(µb) +
(

αs(µb)
4π

)2

〈Oi〉(2)(µb)

i = 1, ..., 6: 1-loop 2-loop 3-loop [Bieri, Greub, Steinhauser,
hep-ph/0302051 ]

O(α2
snf), Steinhauser, Misiak

i = 7, 8: tree 1-loop 2-loop
[Greub, Hurth, Asatrian]
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Examples of SM diagrams for the matching of C7(µ0):
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The “flavour-split” matching condition:

V ∗
tsVtbC7(µ0) ≡ V ∗

tsVtbC
t
7(µ0) + (V ∗

usVub + V ∗
csVcb) Cc

7(µ0)

The coefficients C
Q(n)
7 (µ0) as functions of y = MW

mt(µ0)
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Resummation of large logarithms
(

αs ln
M2

W

m2

b

)n

in b → sγ amplitude

RGE for the Wilson coefficients µ d
dµ
Cj(µ) = Ci(µ)γij(µ)

• Renormalization constants =⇒ γij
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The b → sγ matrix elements

Perturbative on-shell amplitudes
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Eγ-Spectrum in B → Xs γ in O(α2
s)

Melnikov and Mitov; hep-ph/0505097
• Assuming that the decay is dominated by O7; calculate normalized Eγ-spectrum in
O(α2

s) [z = 2Eγ/mb]

1

Γ

dΓ

dz
= δ(1 − z) + (

αs

π
)CFF

(1)(z) + (
αs

π
)2CFF

(2)(z)

• Normalization
∫ 1

0
1
Γ
dΓ
dz
dz = 1 allows to fix the δ(1 − z) term

• O(αs) contribution [Greub, AA; Z. Phys. C49 (’91) 431]

F (1)(z) = −31

12
δ(1−z)−

[

ln(1 − z)

1 − z

]

+

−7

4

[

1

1 − z

]

+

−z + 1

2
ln(1−z)+7 + z − 2z2

4

• BLM [Brodsky-Lepage-Mackenzie] corrections to O(αs)
2β0 obtained by calculating

the O(αs)
2nf piece and making the identification −2nf/3 → β0 [Ligeti, Luke,

Manohar, Wise; hep-ph/9903305]

• BLM corrections summed to all orders in αs[Benson, Bigi, Uraltsev; hep-ph/0410080]
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Eγ-Spectrum in B → Xs γ in O(α2
s) (Contd.)

Melnikov and Mitov; hep-ph/0505097
• Eγ-spectrum in O(α2

s) (solid), BLM (dots) and O(αs) (dashed)

• Effect of the non-BLM terms is about 1% for µ = mb
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Non-perturbative effects in B̄ → Xsγ
We need to sum the matrix elements of the effective Hamiltonian:

ΣXs

∣

∣C7〈Xsγ|O7|B̄〉 + C2〈Xsγ|O2|B̄〉 + ...
∣

∣

2

The “77” term in the above sum can be related via optical theorem to the imaginary part
of the elastic forward scattering amplitude

HQET gives us a double expansion:

ΣXs
BR(B̄ → Xsγ)

Eγ>1 GeV
=

[

a00 + a02

(

Λ
mB

)2

+ ...

]

+ αs(mb)
π

[

a10 + a12

(

Λ
mB

)2

+ ...

]

+ O
[

(

αs(mb)
π

)2
]

+ [Contributions other than the “77” term]

Contributions from Operators containing the charm quark at the leading order in αs can
be expressed as a power series:

� ���� �
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which can be truncated to the leading n = 0 term, because the coefficients bn decrease
fast with n. The calculable n = 0 term makes BR[B̄ → Xsγ] increase by around 3%.
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Measurement of B̄ → Xs γ

1850801-007

40

0

Data
Spectator Model

W
ei

gh
ts

 / 
10

0 
M

eV

1.5 2.5 3.5 4.5
E   (GeV) E*γ [GeV]

E
ve

nt
s/

10
0 

M
eV

-5000

0

5000

10000

15000

20000

25000

1.5 2 2.5 3 3.5 4

CLEO BELLE
hep-ex/0108032 hep-ex/0403004

PRL 87 (2001) 251807

14-19 Nov. 2005
Heavy Flavour Physics- Rare B-Decays (page 16) Ahmed Ali

DESY, Hamburg



Photon Energy Spectrum from Sum of Exclusive Final States
BABAR Collaboration hep-ex/0508004

• Theory: Shape function [Kagan, Neubert; Neubert et al.]
Kinetic quark mass scheme: [Benson, Bigi, Uraltsev]

• B(B → Xsγ)Eγ>1.6 GeV = (3.35 ± 0.19+0.56+0.04
−0.41−0.09) × 10−4

• Isospin-asymmetry:

∆0− =
Γ(B̄0 → Xsd̄γ) − Γ(B− → Xsūγ)

Γ(B̄0 → Xsd̄γ) + Γ(B− → Xsūγ)
= −0.006 ± 0.058 ± 0.009

• consistent with SM, where ∆0− power (Λ/mb) suppressed; typically a few %
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Determination of Vts from BR (B̄ → Xsγ)

• Unitarity of the CKM Matrix

∑

u,c,t

λi = 0, with λi = VibV
∗

is

• λu = VubV
∗
us ' Aλ4(ρ̄− iη̄) ' O(10−2)

• λt = −λc = −Aλ2 + ... = −(41.0 ± 2.1) × 10−3

• Without invoking the CKM unitarity, NLO SM-calculations in the MS scheme and

current data B(B → Xsγ) = (3.39+0.30
−0.27) × 10−4 imply the constraint [Misiak, AA]

|1.69λu + 1.60λc + 0.60λt| = (0.92 ± 0.07)|Vcb|

=⇒ λt = VtbV
∗
ts = −(46.0 ± 8.0) × 10−3

• In future, NNLO calculations will lead to a determination of BR(B̄ → Xsγ) to an
accuracy of 5%

• With improved data, this will determine Vts to an accuracy of about 10%
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Fraction R(E0) of BR (B → Xsγ) above the cut Eγ > E0

• In experiments, a lower cut-off on Eγ is required to reduce the background; theory
and experiment can be compared for Eγ > E0; to quote the full BR, need to
evaluate the fraction R(E0) of the events surviving this cut

• R(E0) usually calculated using (model-dependent) shape functions [Kagan, Neubert;
Benson, Bigi, Uraltsev,...]

• Recently, it has been pointed out [Neubert, hep-ph/0408179] that R(E0) can be
calculated without reference to shape functions using a multi-scale OPE

• Theoretical framework for this calculation is the so-called Soft Collinear Effective
Theory (SCET) involving several scales: mb, mb∆, and ∆, with ∆ = mb − 2E0

• Large logarithms associated with these scales are summed at NLL order; sensitivity to
the scale ∆ ' 1.1 GeV (for E0 = 1.8 GeV) introduces additional uncertainties.
Thus,

R(E0) = (92+7
−10 ± 1)% =⇒ B(B → Xsγ) = (3.38+0.31+0.32

−0.42−0.30) × 10−4

• First error is an estimate of the perturbative uncertainties in the multiple scale theory,
which in principle can be reduced by improved calculations; second error is due to the
input parameters

• The corresponding experimental BR from BELLE is:

B(B → Xsγ) = (3.38 ± 0.30 ± 0.29) × 10−4
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B → (K∗, ρ) γ decay rates in NLO

• For Large EV ∼ mB/2, symmetries in effective theory =⇒ relations among FFs:

fk(q
2) = C⊥kξ⊥(q2) + C‖kξ‖(q

2)

• Symmetries in effective theory broken by perturbative QCD

Factorization Ansatz:
[Beneke, Buchalla, Neubert, Sachrajda; Beneke & Feldmann]

fk(q
2) = C⊥kξ⊥(q2) + C‖kξ‖(q

2) + ΦB ⊗ Tk ⊗ ΦV

Perturbative Corrections:

Ci = C
(0)
i +

αs

π
C

(1)
i + ...

• Tk: Hard Spectator Corrections

∆M(HSA) ∝
1
∫

0

du

∞
∫

0

dl+M
(B)M (V ) Tk

• M (B) and M (V ) B-Meson & V -Meson Projection Operators
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Hard spectator contributions in B → (K∗, ρ) γ

Spectator corrections due to O7 ¹ º!»
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NLO Calculation of B(B → K∗γ)
[Parkhomenko, A.A.; Beneke, Feldmann, Seidel; Bosch, Buchalla]

Bth(B → K∗γ) = τB
G2
Fα|VtbV ∗

ts|2
32π4

m2
b,pole M3

[

ξ
(K∗)
⊥

]2
(

1 − m2
K∗

M2

)3
∣

∣

∣
C

(0)eff
7 + A(1)(µ)

∣

∣

∣

2

• A(1)(µ) has the decomposition [Parkhomenko, A.A.; hep-ph/0105302]

A(1)(µ) = A
(1)
C7

(µ) +A(1)
ver(µ) +A(1)K∗

sp (µsp)

A
(1)
C7

(µ) =
αs(µ)

4π
C

(1)eff
7 (µ)

A(1)
ver(µ) =

αs(µ)

4π

{

32

81

[

13C
(0)
2 (µ) + 27C

(0)eff
7 (µ) − 9C

(0)eff
8 (µ)

]

ln
mb

µ

− 20

3
C

(0)eff
7 (µ) +

4

27

(

33 − 2π2 + 6πi
)

C
(0)eff
8 (µ) + r2(z)C

(0)
2 (µ)

}

A(1)K∗

sp (µsp) =
αs(µsp)

4π

2∆F
(K∗)
⊥ (µsp)

9ξ
(K∗)
⊥

{

3C
(0)eff
7 (µsp)

+ C
(0)eff
8 (µsp)

[

1 − 6a
(K∗)
⊥1 (µsp)

〈ū−1〉(K∗)
⊥ (µsp)

]

+ C
(0)
2 (µsp)

[

1 − h(K∗)(z, µsp)

〈ū−1〉(K∗)
⊥ (µsp)

]}

• z = m2
c/m

2
b ; µsp =

√
µΛH ; ΛH = O(ΛQCD)
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Comparison with data

Bth(B → K∗γ) = τB
G2
Fα|VtbV ∗

ts|2
32π4

m2
b,pole M3

[

ξ
(K∗)
⊥

]2
(

1 − m2
K∗

M2

)3

KNLO

∣

∣

∣
C

(0)eff
7

∣

∣

∣

2

KNLO =

∣

∣

∣
C

(0)eff
7 + A(1)(µ)

∣

∣

∣

2

∣

∣

∣
C

(0)eff
7

∣

∣

∣

2 with 1.5 ≤ K ≤ 1.7

Bth(B
0 → K∗0γ) ' (6.9 ± 1.1) × 10−5

( mb,pole

4.65 GeV

)2
(

ξ
(K∗)
⊥

0.35

)2

Bth(B
± → K∗±γ) ' (7.4 ± 1.2) × 10−5

( mb,pole

4.65 GeV

)2
(

ξ
(K∗)
⊥

0.35

)2

• TK∗

1 (0) = (1 + O(αs))ξ
(K∗)
⊥

(0)
[Beneke, Feldmann]

Current Experimental Average

B(B0 → K∗0γ) = (4.14 ± 0.26) × 10−5

B(B± → K∗±γ) = (3.98± 0.35)× 10−5

• Using the ratio
Rexp(K

∗γ/Xsγ) = 0.117 ± 0.012
=⇒ TK∗

1 (0) = 0.27 ± 0.02 ÌtÍ Ì Ì Í Î ÌtÍ Ï ÌtÍ Ð Ì Í Ñ ÌtÍ ÒÌtÍ Ì Ì
ÌtÍ Ì Ò

ÌtÍ Î Ì
ÌtÍ Î Ò

ÌtÍ Ï Ì
ÌtÍ Ï Ò

ÌtÍ Ð Ì

Ó ÔÕ Ö ×ÙØ Ú Ì Û

ÜÞÝß à Úáâã äåçæã Û
Üéè ê Úáâã äåçæã Û
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B → K∗γ in PQCD

[Keum, Matsumori, Sanda]

Br(B0 → K∗0γ) = (4.9 ± 2.5) × 10−5

Br(B± → K∗±γ) = (5.0 ± 2.5) × 10−5

=⇒ Form factor: TK
∗

1 (0) = 0.23 ± 0.06
in agreement with QCDF-based estimates of the same and data

• Isospin Symmetry Breaking :

∆0− =

τ
B+

τB0
Br(B0 → K̄0∗γ) −Br(B− → K∗−γ)

τ
B+

τB0
Br(B0 → K̄0∗γ) +Br(B− → K∗−γ)

= (3.0 ± 0.9)%

[Cf: ∆0− = (8 ± 4)% [Kagan, Neubert (QCDF)]]

• ∆0−(K∗γ)exp = (3.9 ± 4.8)%
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B → ργ decay in LO

• Effective Weak Hamiltonian

Heff =
GF√

2

[

VubV
∗
ud(C1O1 + C2O2) − VtbV

∗
tdC

eff
7 O7 + ...

]

• Penguin amplitude dominated by O7: MP(B → ργ)

−GF√
2
VtbV

∗
tdC7

emb

4π2
ε(γ)µε(ρ)ν

(

εµναβp
αqβ − i [gµν(q.p) − pµqν]

)

T
(ρ)
1 (0)

• Annihilation amplitude dominated by O1 and O2: MA(B± → ρ±γ)

• In the factorization approximation:

〈ργ|O2|B〉 = 〈ρ|d̄Γµu|0〉〈γ|ūΓµb|B〉 + 〈ργ|d̄Γµu|0〉〈0|ūΓµb|B〉
• This allows to calculate MA(B± → ρ±γ) in terms of the vector and axial vector

form factors and hadronic quantities fB, fρ:

e
GF√

2
VubV

∗
ud a1mρε

(γ)µε(ρ)ν
(

εµναβp
αqβF

(ρ);pv
A − i [gµν(q.p) − pµqν ]F

(ρ);pc
A

)

• The B → ργ amplitude requires 3 FFs: T
(ρ)
1 , F

(ρ);pv
A and F

(ρ);pc
A
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• Light-cone QCD sum rules [Braun,A.A.; Khodjamirian, Stoll, Wyler]

fBm
2
B

mbfρ
F

(ρ)
A exp−(m2

B−m2
b)/t =

∫ 1

0

du

u
exp−(ū/u)m2

b/t θ(s0−m2
b/u)

[

eu〈ψ̄ψ〉χφγ(u) + ...
]

fBm
2
B

mbfρ
T

(ρ)
1 exp−(m2

B−m2
b)/t =

∫ 1

0

du

u
exp−(ū/u)m2

b/t θ(s0−m2
b/u)

[

mbφ
ρ
⊥(u) + ...

]

• ū = 1 − u, t is the Borel parameter, s0 is the continuum threshold, χ is the
magnetic susceptibity 〈ψ̄σαβψ〉F = eψ〈ψ̄ψ〉Fαβ, and only dominant terms shown

• As the photon and transverse-rho meson wave functions are rather close, one has

F
(ρ);pv
A (0) ' F

(ρ);pc
A (0) ≡ F

(ρ)
A (0) [See, also Byer, Melikhov, Stech]

• In LO, the ratio A/P in B± → ρ±γ estimated as [See, also Grinstein, Pirjol]

εA(ρ±γ) =
4π2mρa1

mbC
eff
7

F
(ρ)
A (0)

T
(ρ)
1

= 0.30 ± 0.07

Annihilation amplitude MA(B0 → ρ0γ)

• Suppressed due to the electric charges (Qd/Qu = −1/2) and colour factors
(BSW Parameters: a2/a1 ' 0.25)

=⇒ εA(ρ0γ) ' 0.05

• εA(ρ0γ) � εA(ρ±γ) is the dominant source of isospin violation in B → ργ
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B → ργ decay in NLO

• Including the O(αs) vertex and hard spectator correction for the penguin amplitude
in the QCD-Factorization approach, and the lowest order result for the annihilation
amplitude, one has:

Γth(B
± → ρ±γ)

=
G2
Fα|VtbV ∗

td|2
32π4

m2
b,poleM

3

(

1 −
m2
ρ

M2

)3
[

ξ
(ρ)
⊥ (0)

]2

×
{

(C
(0)eff
7 +A

(1)t
R )2 + (F 2

1 + F 2
2 ) (AuR + LuR)2

+ 2F1 [C
(0)eff
7 (AuR + LuR) +A

(1)t
R LuR] ± 2F2 [C

(0)eff
7 AuI −A

(1)t
I LuR]

}

where
VubV

∗
ud

VtbV
∗
td

= −|VubV
∗
ud

VtbV
∗
td

|eiα ≡ F1 + iF2; LuR = εAC
(0)eff
7

A(1)t(µ) = A
(1)
C7

(µ) +A(1)
ver(µ) +A(1)ρ

sp (µsp)

• A(1)
C7

(µ) and A(1)
ver(µ) already encountered in B → K∗γ; A(1)ρ

sp (µsp) and Au(µ)

specific to B → ργ decays [See, Parkhomenko, A.A., hep-ph/0105302]

• Very recently, O(αs) contribution to the annihilation amplitudes in B → ργ
calculated, leading to small changes in the branching ratios [Pilipp; Chamonix Talk]
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B → (ρ, ω)γ decay rates

[Parkhomenko, A.A.; Bosch, Buchalla; Lunghi, Parkhomenko, AA; Beneke, Feldmann,
Seidel]

R(ργ) ≡ B(B → ργ)

B(B → K∗γ)
= Sρ

∣

∣

∣

∣

Vtd

Vts

∣

∣

∣

∣

2 (1 −m2
ρ/M

2)3

(1 −m2
K∗/M2)3

ζ2 [1 + ∆R(ρ/K∗)]

R(ωγ) ≡ B(B → ωγ)

B(B → K∗γ)
= 1/2

∣

∣

∣

∣

Vtd

Vts

∣

∣

∣

∣

2 (1 −m2
ω/M

2)3

(1 −m2
K∗/M2)3

ζ2 [1 + ∆R(ω/K∗)]

• Sρ = 1 for B± → ρ±γ; = 1/2 for B0 → ρ0γ

• ζ =
T

(ρ)
1 (0)

T
(K∗)
1 (0)

' 0.85 ± 0.10 ; T ω1 (0) = T
(ρ)
1 (0) [QCD − SRs, Lattice]

• ∆R(ρ±/K∗±) = 0.12 ± 0.10

• ∆R(ρ0/K∗0) ' ∆R(ω/K∗0) = 0.1 ± 0.07

Theoretical Branching Ratios [Lunghi, Parkhomenko, AA]

• R(ρ±/K∗±) = (3.3 ± 1.0) × 10−2

• R(ρ0/K∗0) ' R(ω/K∗0) = (1.6 ± 0.5) × 10−2

• BR(B± → ρ±γ) = (1.35 ± 0.4) × 10−6

• BR(B0 → ρ0γ) ' BR(B0 → ωγ) = (0.65 ± 0.2) × 10−6
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Experiment vs. SM (b → dγ)
SM Estimates [Lunghi, Parkhomenko, AA]

B̄[B → (ρ, ω) γ] ≡ 1

2

{

B(B+ → ρ+γ) +
τB+

τB0

[

B(B0
d → ρ0γ) + B(B0

d → ωγ)
]

}

= (1.38 ± 0.42) × 10−6

R[(ρ, ω)/K∗] ≡ B̄[B → (ρ, ω) γ]

B̄[B → K∗ γ]
= 0.033 ± 0.010

BELLE

B̄exp[B → (ρ, ω) γ] = (1.34+0.34
−0.31 (stat)+0.14

−0.10 (syst)) × 10−6

R[(ρ, ω)/K∗] = 0.032 ± 0.008 (stat)+0.003
−0.002 (syst)

|Vtd/Vts| = 0.200+0.026
−0.025(exp) +0.038

−0.029 (theo)

BABAR

B̄exp[B → (ρ, ω) γ] < 1.2 × 10−6 (90% CL)

R[(ρ, ω)/K∗] < 0.029 =⇒ |Vtd/Vts| < 0.19
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D. Mohapatra (BELLE)[EPS 2005)
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Isospin violation in B → ργ decays

∆ =
1

2

[

∆+0 + ∆−0
]

, ∆±0 ≡ Γ(B± → ρ±γ)

2Γ(B0(B̄0) → ρ0γ)
− 1

∆LO = 2εA

[

F1 +
εA

2
(F 2

1 + F 2
2 )

]

= 2εAF cosα+ O(ε2A)

∆NLO ' ∆LO − 2εA

C
(0)eff
7

F cosα
[

A
(1)t
R +AuRF cos 2α

]

+ O(ε2A)

F1 = F cosα; F2 = F sinα; F =
Rb

Rt
' 0.5

∆ = (1.1 ± 3.9)% for α = (92 ± 11)◦

∆(ρ/ω) ≡ 1
2

[

∆
(ρ/ω)
B + ∆

(ρ/ω)

B̄

]

∆
(ρ/ω)
B ≡

(M2
B −m2

ω)
3B(B0 → ργ) − (M2

B −m2
ρ)

3B(B0 → ωγ)

(M2
B −m2

ω)
3B(B0 → ργ) + (M2

B −m2
ρ)

3B(B0 → ωγ)

with ∆
(ρ/ω)

B̄
= ∆

(ρ/ω)
B (B0 → B̄0)

∆
(ρ/ω)
B = (0.3 ± 3.9) × 10−3 for α = (92 ± 11)◦
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Isospin-violating ratio ∆ in B → ργ decays

[AA, Lunghi, Parkhomenko; hep-ph/0405075]
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CP Asymmetry in B → (ρ, ω)γ decays
Direct CP Asymmetry in B → (ρ, ω)γ

Adir
CP(ρ±γ) ≡ B(B− → ρ−γ) − B(B+ → ρ+γ)

B(B− → ρ−γ) + B(B+ → ρ+γ)
,

Adir
CP(ρ0γ) ≡ B(B̄0

d → ρ0γ) − B(B0
d → ρ0γ)

B(B̄0
d → ρ0γ) + B(B0

d → ρ0γ)

Adir
CP(ωγ) ≡ B(B̄0

d → ωγ) − B(B0
d → ωγ)

B(B̄0
d → ωγ) + B(B0

d → ωγ)

ACP(ρ/ωγ) =
2F sinα(AuI − εAA

(1)t
I )

C
(0)eff
7 (1 + ∆LO)

Mixing-induced CP Asymmetery in B0 → (ρ, ω)γ)

aργCP(t) = −Cργ cos(∆Mdt) + Sργ sin(∆Mdt)

λργ ≡ q

p

A(B̄0
d → ρ0γ)

A(B0
d → ρ0γ)

=
C

(0)eff
7 +A(1)t − [C

(0)eff
7 ε

(0)
A +Au]F e+iα

C
(0)eff
7 +A(1)t − [C

(0)eff
7 ε

(0)
A +Au]F e−iα

where p/q ' exp(2iβ) and F = Rb/Rt

Cργ = −Adir
CP(ρ0γ) =

1 − |λργ |2
1 + |λργ |2

, Sργ =
2 Im(λργ)

1 + |λργ|2
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CP-violating Asymmetries in B → (ρ, ω)γ decays

[AA, Lunghi, Parkhomenko; hep-ph/0405075]
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B̄ → Xsl
+l−

• The NNLO calculation of B̄ → Xsl
+l− corresponds to the NLO calculation of

B̄ → Xsγ, as far as the number of loops in the diagrams is concerned.

• Coefficients of the two additional operators

Oi =
e2

16π2
(s̄LγµbL)(l̄γµγ5l), i = 9,10

have the following perturbative expansion:

C9(µ) =
4π

αs(µ)
C

(−1)
9 (µ) + C

(0)
9 (µ) +

αs(µ)

4π
C

(1)
9 (µ) + ...

C10 = C
(0)
10 +

αs(MW )

4π
C

(1)
10 + ...

• After an expansion in αs, the term C
(−1)
9 (µ) reproduces (the dominant part of) the

electro-weak logarithm that originates from photonic penguins with charm quark loops:

b

γ∗

s

;=<?> @

4π

αs(mb)
C

(−1)
9 (mb) =

4

9
ln

M2
W

m2
b

+ O(αs)

C
(−1)
9 (mb) ' 0.033 � 1 ⇒ 4π

αs(mb)
C

(−1)
9 (mb) ' 2

On the other hand: C
(0)
9 (mb) ' 2.2
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NNLO Calculations of BR(B̄ → Xs`
+`−)

• Two-loop matching, three-loop mixing and two-loop matrix elements have been
completed

• Matching: [Bobeth, Misiak, Urban]

• Mixing: [Gambino, Gorbahn, Haisch]

• Matrix elements:
[Asatryan, Asatrian, Greub, Walker;
Asatrian, Bieri, Greub, Hovhannissyan;
Ghinculov, Hurth, Isidori, Yao;
Bobeth, Gambino, Gorbahn, Haisch]

• Power corrections in B → Xs`
+`− decays

• 1/mb corrections [A. Falk et al.; AA, Handoko, Morozumi,Hiller;
Buchalla, Isidori]

• 1/mc corrections [Buchalla, Isidori, Rey]

• NNLO Phenomenological analysis of B → Xs`
+`− decays

[AA, Greub, Hiller, Lunghi]

• BR(B̄ → Xsµ
+µ−); q2 > 4m2

µ = (4.2 ± 1.0) × 10−6

• BR(B̄ → Xse
+e−) = (6.9 ± 0.7) × 10−6
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Electroweak Penguins b → s`+`−

• B → Xs`
+`− decay rate

B(B → Xs`
+`−) = (4.46+0.98

−0.96) × 10−6 [HFAG′05]

SM : (4.2 ± 0.7) × 10−6 [AGHL′01]; (4.6 ± 0.8) × 10−6 [GHIY′04]

• Differential distributions in B → Xs`
+`−

• M(Xs)-distribution: tests s → Xs fragmentation model; current FMs provide
reasonable fit to data

• q2 = M2
`+`−

-distribution away from the J/ψ, ψ′, ... resonances is sensitive to
short-distance physics; current data in agreement with the SM estimates but the
precision is not better than 25%

• Forward-Backward Asymmetry (FBA) is likewise sensitive to the SM and BSM
effects, in particular encoded in the Wilson coefficients C7, C9 and C10

AFB(ŝ ∼ C10(2C7 + C9(ŝ)ŝ); ŝ = q2/M2
B

• AFB(ŝ) not yet measured; possible only in experiments at B factories
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Dilepton invariant mass distribution in B̄ → Xs`
+`−:

[Ghinculov, Hurth, Isidori, Yao 2004]

0 5 10 15 20
0

1

2

3

4

107 × dB
dq2

(GeV−2)

q2 (GeV2)

• BR(B̄ → Xs`
+`−); q2 ∈ [1, 6] GeV2 = (1.63 ± 0.20) × 10−6

• BR(B̄ → Xs`
+`−); q2 > 14 GeV2 = (4.04 ± 0.78) × 10−7

• BR(B̄ → Xsµ
+µ−); q2 > 4m2

µ = (4.6 ± 0.8) × 10−6,
in agreement with the earlier NNLO analysis
[AA, Greub, Hiller, Lunghi 2001; Bobeth, Gambino, Gorbahn, Haisch, 2003]
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Decay distributions in B̄ → Xs`
+`−

M`` and MXs Spectra

[BELLE] [BABAR]
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• In agreement with the NNLO SM calculations
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Normalized FB-Asymmetry in B̄ → Xs`
+`−:

[Ghinculov, Hurth, Isidori, Yao 2004]

0 5 10 15 20
−0.5

−0.3

−0.1

0.1

0.3

0.5

ĀFB(q2)

q2 (GeV2)

ĀFB(q2) =
1

dB(B → Xs`+`−)/dq2

∫ 1

−1

d cos θ`
d2B(B → Xs`

+`−)

dq2 d cos θ`
sgn(cos θ`)

• Zero of the FB-Asymmetry is a precision test of the SM

q2
0 = (3.90 ± 0.25) GeV2 [Ghinculov, Hurth, Isidori, Yao 2004]

q2
0 = (3.76 ± 0.22theory ± 0.24mb

) GeV2 [Bobeth, Gambino, Gorbahn, Haisch 2003]
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Electroweak Penguins b → s`+`−

• B → (K,K∗)`+`− decay rates
• Decay rates and distributions depend on the form factors; estimates given below
based on Light-cone QCD Sum Rules [ Ball, Hiller, Handoko,AA]; Several competing
estimates available in the literature [Zhong et al; Melnikov et al.;...]

B(B → K`+`−) = (0.45±0.05)×10−6 [HFAG′05]; (0.35 ± 0.12) × 10−6 [SM]

B(B → K∗e+e−) = (1.26±0.28)×10−6 [HFAG′05]; (1.6 ± 0.5) × 10−6 [SM]

B(B → K∗µ+µ−) = (1.45±0.23)×10−6 [HFAG′05]; (1.2 ± 0.5) × 10−6[SM]

• Differential distributions in B → (K,K∗)`+`−

• q2 = M2
`+`−

-distribution away from the J/ψ, ψ′, ... resonances is sensitive to
short-distance physics; current data in agreement with the SM estimates but
theoretical precision is not better than 35% due to FF dependence

• The ratio B(B → K∗µ+µ−)/B(B → K∗e+e−) sensitive to SUSY effects in the
large-tanβ region due to Higgs effects

• AFB(ŝ)[B → K`+`−] ' 0 in the SM and most BSM extensions; in agreement
with data which is used as a control sample to measure AFB(ŝ)[B → K∗`+`−]

• AFB(ŝ) in B → K∗`+`− qualitatively similar to AFB(ŝ) in B → Xs`
+`−,

except for FF complication; First measurements from BELLE at hand, appear
SM-like; Super-B and LHC-B will measure AFB(ŝ) precisely
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Sakai (FPCP 2004)
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Comparison of B(B → (K,K∗)`+`− with SM-1
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Comparison of B(B → (K,K∗)`+`− with SM-2
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Forward-Backward Asymmetry in B → K∗`+`−

dAFB

dŝ
= −

∫ û(ŝ)

0

dû
dΓ

dûdŝ
+

∫ 0

−û(ŝ)

dû
dΓ

dûdŝ

∼ C10[Re(Ceff
9 )V A1 +

m̂b

ŝ
Ceff

7 (V T2(1 − m̂V ) + A1T1(1 + m̂V ))]

• T1, T2, V,A1 form factors

• Probes different combinations of WC’s than dilepton mass spectrum;
has a characteristic zero in the SM (ŝ0) below m2

J/ψ

Position of the AFB(ŝ) zero (ŝ0) in B → K∗`+`−

Re(Ceff
9 (ŝ0)) = −m̂b

ŝ0

Ceff
7 (

T2(ŝ0)

A1(ŝ0)
(1 − m̂V) +

T1(ŝ0)

V(ŝ0)
(1 + m̂V))

• Model-dependent studies =⇒ small FF-related uncertainties in ŝ0 [Burdman ’98]

• HQET provides a symmetry argument why the uncertainty in ŝ0 is small. In leading

order in 1/mB, 1/E (E =
m2

B+m2

K∗
−q2

2mB
) and O(αs):

T2

A1

=
1 + m̂V

1 + m̂2
V − ŝ

(1 − ŝ

1 − m̂2
V

);
T1

V
=

1

1 + m̂V

• No hadronic uncertainty in ŝ0 [AA, Ball, Handoko, Hiller ’99]:

Ceff
9 (ŝ0) = −2mbMB

s0
Ceff

7
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O(αs) corrections to FB-Asymmetry in B → K∗`+`−

• O(αs) corrections to the LEET-symmetry relations lead to substantial perturbative
shift in ŝ0 [Beneke, Feldmann, Seidel ’01]

Ceff
9 (ŝ0) = −2mbMB

s0

Ceff
7 (1 +

αsCF

4π
[ln

m2
b

µ2
− L] +

αsCF

4π

∆F⊥

ξ⊥(s0)
)

[AA, A.S. Safir (hep-ph/02054)]

H

Forward-backward asymmetry dAFB(B → K∗l+l−)/ds at next-to-leading order (solid
center line) and leading order (dashed)
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A Model-independent Analysis of B → Xsγ & B → Xs`
+`−

• Assume HSM
eff a sufficient operator basis also for Beyond-the-SM physics

• Shifts due to Beyond-the-SM [BSM] physics only in C7(µW ),C8(µW ),
C9(µW ), and C10(µW )

• BSM Coefficients: R7 − 1, R8 − 1, CNP
9 , & CNP

10

• Define: R7,8(µW ) ≡ Ctot
7,8(µW )

CSM
7,8 (µW )

with Ctot
7,8(µW ) = CSM

7,8 (µW ) + CNP
7,8 (µW )

• Set the scale µW = MW , and use RGE to evolve

R7,8(µW ) → R7,8(µb) =
Atot

7,8(µb)

ASM
7,8 (µb)

• Impose constraints from R7(µb) and R8(µb) from B → Xsγ Data

• Use Data on B → (Xs, K
∗, K)`+`− BRs to constrain CNP

9 and CNP
10

• Two-fold ambiguity due to the sign of Ceff
7 can be resolved by data on

B → (Xs,K,K
∗)`+`−
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Simulation of B → Xsγ in SUSY-MFV Models

• 90% C.L. bounds in the [R7(µ), R8(µ)] plane from the B(B → Xsγ)
µ = mW (left-hand plot); µ = 2.5 GeV (right-hand plot)
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(b)

Atot
7 − negative : −0.37 ≤ Atot,<0

7 (2.5 GeV) ≤ −0.17

Atot
7 − positive : 0.21 ≤ Atot,>0

7 (2.5 GeV) ≤ 0.43
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Dilepton mass-Spectrum in B̄ → (K,K∗)`+`− in SM and SUSY
AA, Ball, Handoko, Hiller; hep-ph/9910221

• NP contributions coded in Ri(µ); i = 7, 9, 10

Ri(µ) ≡ CNP
i + CSM

i

CSM
i

• SM (solid); SUGRA [R7 = −1.2] (dots);
• MIA [R7 = −0.83, R9 = 0.92, R10 = 1.6] (dashed)
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Combined analysis of B → Xsγ & B → (Xs,K,K
∗)`+`−

[ A.A., Lunghi, Greub, Hiller; DESY 01-217; hep-ph/0112300]

• Constraints from radiative and semileptonic rare decays (Points: SUSY-MFV Model)
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• FB asymmetry for B̄ → Xs`
+`−, corresponding to the points indicated above
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First hints on the sign of the B → Xsγ amplitude

[Gambino, Haisch, Misiak; hep-ph/0410155]
90% C.L. constraints from B → Xsγ and B → Xs`

+`−

C7 SM-like (left frame) C7 opposite sign (right frame)
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Belle FB Asymmetry Distributions (EPS 2005)
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Best Fits

• A7 = −0.33: A9/A7 = −15.3+3.4
−4.8; A10/A7 = 10.3+5.2

−3.5

• A7 = +0.33: A9/A7 = −16.3+3.7
−5.7; A10/A7 = 11.1+6.0

−3.9

• SM: A7 = −0.33; A9/A7 = −12.3; A10/A7 = 12.8
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Prospects of precise determination of C9, C10 at Super-B Factory
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LHC-B MC Studies
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Bs → µ+µ− in SM
• Effective Hamiltonian

Heff = −GFα√
2π
Vts

∗Vtb
∑

i

[

Ci(µ)Oi(µ) + C′
i(µ)O′

i(µ)
]

O10 = (s̄αγ
µPLbα)

(

l̄γµγ5l
)

, O′
10 = (s̄αγ

µPRbα)
(

l̄γµγ5l
)

OS = mb (s̄αPRbα)
(

l̄l
)

, O′
S = ms (s̄αPLbα)

(

l̄l
)

OP = mb (s̄αPRbα)
(

l̄γ5l
)

, O′
P = ms (s̄αPLbα)

(

l̄γ5l
)

BR
(

B̄s → µ+µ−
)

=
G2
Fα

2m2
Bs
f2
Bs
τBs

64π3
|Vts∗Vtb|2

√

1 − 4m̂2
µ

×
[(

1 − 4m̂2
µ

)

|FS|2 + |FP + 2m̂2
µF10|2

]

where m̂µ = mµ/mBs and

FS,P = mBs

[

CS,Pmb − C′
S,Pms

mb +ms

]

, F10 = C10 − C′
10

BR
(

B̄s → µ+µ−
)

SM
= (3.46 ± 1.5) × 10−9 [Buchalla,Buras]

fBs = (230 ± 30) MeV
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Bs → µ+µ− in Supersymmetric Models

• The decay Bs → µ+µ− probes essentially the Higgs sector of Supersymmetry, a
type-II two-Higgs doublet model; One Higgs field (Hu) couples to the up-type quarks,
the other (Hd) couples to the down-type quarks

L = QYUURHu + QLYDDRHd

• Supersymmetry does not have discrete symmetries to protect the alignment of the
Higgs boson interaction eigenbasis with the fermion mass eigenbasis; Higgs-induced
FCNC interactions are generated through loops

xxx

δ LL
23 δ RR

23

(b)(a)

bR

t~R
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~

H
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R
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*

g~

s
L

~

b
L
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bL
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*

g~~g

Ls s L s R
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L

~

s
R

~

b
R

~

• As Hu gets a VEV (vu), it contributes an off-diagonal piece to the down-type fermion
mass matrix, mixing sL and bL by an angle θ

sin θ = ybεvu/mb; as mb = ybvd, sin θ = ε tanβ

• A(bs̄ → µ+µ−) ' sin θA(bb̄ → µ+µ−) ∝ tan β/ cos2 β =⇒ tan3 β for large-tan β
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Bs → µ+µ− in Minimal Flavor Violation SUSY Models

• Higgsino contribution to B(Bs → µ+µ−) [Babu, Kolda;...]

B(Bs → µµ) ' G2
F

8π
η2

QCDm3
Bs

f2
Bs

τBs
m2
b m2

µ

(

tan2 β

cos4 β

)

(

κ2
eH

m4
A

)

.

• ηQCD ' 1.5 is the QCD correction due to the RG between the SUSY and Bs scales

κ eH = −GF m2
t VtsVtb

4
√

2π2 sin2 β
µAt f(µ2, m2

etL
, m2

etR
)
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Constraints from B(Bs → µ+µ−) on SUSY Models
• CDF B0

s/B
0
d → µ+µ− Limits [hep-ex/0508036]:

B(Bs → µ+µ−) < 1.5 × 10−7(2.0 × 10−7) at 90%(95%) CL
B(Bd → µ+µ−) < 3.9 × 10−8(5.1 × 10−8) at 90%(95%) CL

• D0 B0
s → µ+µ− Limits [D0note 4733-Conf (2005)]:

B(Bs → µ+µ−) < 3.2 × 10−7(4.0 × 10−7) at 90%(95%) CL
=⇒ complementary limits on models of BSM physics, such as
MSUGRA [Dedes et al., hep-ph/0108037], SO(10) [Dermisek
et al., hep-ph/0304101; Foster et al., hep-ph/0506146] and
MFV models [Bobeth et al., hep-ph/0505110]
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Summary
• All current measurements involving FCNC processes (decay rates and distributions)

are in agreement with the SM expectations

• Rare B-decays and B0 - B0 mixings have made a great impact on the determination
of the CKM matrix elements in the third row of VCKM; In particular
B → Xsγ =⇒ Vts = −(46.0 ± 8.0) × 10−3

B → (ρ, ω, K∗)γ =⇒ |Vtd

Vts
| = 0.200+0.026 +0.038

−0.025 −0.029

• A number of benchmark measurements remain to be done. These include, among
others, B(Bs → µ+µ−) and ∆MBs

, which will be carried out at Fermilab and LHC;
Correlations between these and other Rare B/K-decays crucial to disentangle BSM
physics in the flavour sector

• Discovery of SUSY at LHC but continued absence of observable effects in FCNC and
CPV beyond SM would point to a flavour-blind SUSY (such as mSUGRA,MFV)

• However, data on CPV in b → ss̄s penguins puzzling; need to clarify this effect
experimentally - a motivation to build a Super-B factory

• Hope that the synergy of high energy frontier and low energy precision physics, which
worked so well in piecing together the SM, will continue to hold sway in the LHC-era,
providing valuable information about the flavour aspects of the BSM physics
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