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Motivation: Bottom-up approach
Assume existence of New Physics (NP) at short distances, no specific model

NP not directly accessible to experiment (yet): effects appear indirectly as modifications to interactions 
among SM particles

Supplement SM lagrangian with terms of dimension higher than four (“higher dimension operators”) as 
allowed by Lorentz Invariance and gauge symmetries. 

A term of dimension n > 4 appears in the lagrangian with coefficient                
Hence low energy effects are suppressed by powers of 
(just a generic form of the effective field theory of the top-down approach)

Advantages of bottom-up approach:
fairly general, encompasses many (all?) realistic extensions of SM (model independent)
few parameters

Disadvantages:
no clear correlation between long (GeV–1) and very short (TeV–1) distances  

ΛNP

c/Λn−4
NP (with c ∼ 1)

In this talk I will avoid translation of bounds into explicit models (typically SUSY)



Flavor problem
The EFT (either approach) generically contains terms that mediate
or FCNC decays  at tree level and suppressed only by

with n – 4 = 2 this requires         in excess of 104 TeV from, e.g.,  K-mixing

∆F = 2
c/Λn−4

NP (with c ∼ 1)

ΛNP
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Λ2
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[
zK
1 (dLγµsL)(dLγµsL) + zD

1 (uLγµcL)(uLγµcL) + zD
4 (uLcR)(uRcL)
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Plan of the Talk
• Introduction with review of CKM theory 

• Purely leptonic decays

• BB mixing: |Vtd|; DD mxing

• Towards a precision determination of 

• Progress in Rare B Decays
|Vcb|, |Vub|

Goal of heavy quark physics:      constrain models of new physics, 
                                                     verify with precision  SM+CKM



sin(2!eff) " sin(2#e
1
ff)

HF
AG

FP
CP

 2
00

9

HF
AG

FP
CP

 2
00

9
HF

AG
FP

CP
 2

00
9

HF
AG

FP
CP

 2
00

9

HF
AG

FP
CP

 2
00

9
HF

AG
FP

CP
 2

00
9

HF
AG

FP
CP

 2
00

9
HF

AG
FP

CP
 2

00
9

HF
AG

FP
CP

 2
00

9

HF
AG

FP
CP

 2
00

9

HF
AG

FP
CP

 2
00

9

HF
AG

FP
CP

 2
00

9

HF
AG

FP
CP

 2
00

9

HF
AG

FP
CP

 2
00

9

b$ccs

# 
K0

%
& K

0

K S 
K S 

K S

'0  K
0

(0  K
S

)
 K

S

f 0 K
S

f 2 K
S

f X 
K S

'0  '
0  K

S

# 
'0  K

S

'+  '
-  K

S 
NR

K+  K
-  K

0

-2 -1 0 1 2

World Average 0.67 ± 0.02
BaBar 0.26 ± 0.26 ± 0.03
Belle 0.67 +-0

0
.
.
2
3

2
2Average 0.44 +-0

0
.
.
1
1

7
8

BaBar 0.57 ± 0.08 ± 0.02
Belle 0.64 ± 0.10 ± 0.04
Average 0.59 ± 0.07
BaBar 0.90 +-0

0
.
.
1
2

8
0 +-0

0
.
.
0
0

3
4Belle 0.30 ± 0.32 ± 0.08

Average 0.74 ± 0.17
BaBar 0.55 ± 0.20 ± 0.03
Belle 0.67 ± 0.31 ± 0.08
Average 0.57 ± 0.17
BaBar 0.35 +-0

0
.
.
2
3

6
1 ± 0.06 ± 0.03

Belle 0.64 +-0
0

.

.
1
2

9
5 ± 0.09 ± 0.10

Average 0.54 +-0
0

.

.
1
2

8
1BaBar 0.55 +-0

0
.
.
2
2

6
9 ± 0.02

Belle 0.11 ± 0.46 ± 0.07
Average 0.45 ± 0.24
BaBar 0.60 +-0

0
.
.
1
1

6
8Belle 0.60 +-0

0
.
.
1
1

6
9

Average 0.60 +-0
0

.

.
1
1

1
3BaBar 0.48 ± 0.52 ± 0.06 ± 0.10

Average 0.48 ± 0.53
BaBar 0.20 ± 0.52 ± 0.07 ± 0.07
Average 0.20 ± 0.53
BaBar -0.72 ± 0.71 ± 0.08
Belle -0.43 ± 0.49 ± 0.09
Average -0.52 ± 0.41
BaBar 0.97 +-0

0
.
.
0
5

3
2Average 0.97 +-0

0
.
.
0
5

3
2

BaBar 0.01 ± 0.31 ± 0.05 ± 0.09
Average 0.01 ± 0.33
BaBar 0.86 ± 0.08 ± 0.03
Belle 0.68 ± 0.15 ± 0.03 +-0

0
.
.
2
1

1
3Average 0.82 ± 0.07

H F A GH F A G
FPCP 2009

PRELIMINARY

Plan of the Talk
• Introduction with review of CKM theory 

• Purely leptonic decays

• BB mixing: |Vtd|; DD mxing

• Towards a precision determination of 

• Progress in Rare B Decays
|Vcb|, |Vub|

Goal of heavy quark physics:      constrain models of new physics, 
                                                     verify with precision  SM+CKM

I am sorry I have to leave out many interesting topics (with apologies to speakers in parallel sessions):
CPV/angles, two body hadronic decays, sin 2β determinations from sss penguins (vs ccs trees),  heavy 
flavor at LHC, explicit BSM theories of/with flavor, ...



• Frequently used Wolfenstein parametrization: four parameters

• CKM Unitarity triangle

• Sides give circles in  

The CKM Matrix

VCKM =





Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb





VCKM ≈





1 − 1

2
λ2 λ Aλ3(ρ̄ − iη̄)

−λ(1 + iA2λ4η̄) 1 − 1

2
λ2 Aλ2

Aλ3(1 − ρ̄ − iη̄) −Aλ2(1 + iλ2η̄) 1



 + O(λ6).

λ, A, ρ̄, η̄

z = ρ̄ + iη̄
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• Frequently used Wolfenstein parametrization: four parameters

• CKM Unitarity triangle

• Sides give circles in  

• Angles give ....

The CKM Matrix

VCKM =





Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb





VCKM ≈





1 − 1

2
λ2 λ Aλ3(ρ̄ − iη̄)

−λ(1 + iA2λ4η̄) 1 − 1
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λ2 Aλ2

Aλ3(1 − ρ̄ − iη̄) −Aλ2(1 + iλ2η̄) 1



 + O(λ6).

λ, A, ρ̄, η̄

z = ρ̄ + iη̄



Consistency check of CKM theory: global fit
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Consistency check of CKM theory: global fit

Why care about anything other than sin 2β  and Δmd /Δms ?     
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Consistency check of CKM theory: global fit

Why care about anything other than sin 2β  and Δmd /Δms ?     

      tree vs loop: disentangling new physics form old (orthodoxy: NP enters only at loop level)
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Electroweak tree level

EW loop processes
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Electroweak tree level

EW loop processes
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Progress and Puzzles in Purely Leptonic B and D Decays
2. Decay constants: P → lν

W

P

l

ν

2.1. fD and fDs : test of lattice QCD

2.2. fB and fBs

Theory? B/D decay constants

B and D Meson Decay Constants P. B. Mackenzie

New results for fD and fDs recently appeared from ETMC using twisted-mass fermions [9].
They obtained fD = 205±10 MeV and fDs = 248±9 MeV, which is in accord with the staggered
determinations. They present a thorough uncertainty analysis, although we would quibble with
their use of two rather than three light sea quarks without the inclusion of an uncertainty estimate for
that approximation. Based on the difference between our unquenched and quenched calculations
of fDs (249 MeV vs. 213 MeV) [10], we might have guessed a possible uncertainty of 5% from
leaving out one of the three light sea quarks. (We see charm sea quarks as a different story, since
mc ∼ 1/a at our lattice spacings, and the dynamical effects of c quarks are for the most part above
the cut-off.)

Three sigma discrepancies between experiment and the Standard Model have occasionally
appeared and then disappeared before, but the discrepancy in fDs is hard to understand. The un-
certainty is dominated by experimental statistical error, and three sigma statistical fluctuations are
very rare. One can double the theory error, and still have a three sigma discrepancy. To explain
the discrepancy as a theory error, one would have to find a mistake in the theory analysis of fDs

whose correction would not affect the correct prediction of fD. It is hard to imagine such a mis-
take. The calculations of fD and fDs are almost identical. The only difference is that fDs should
be somewhat easier, in that it doesn’t require an extrapolation to the physical light quark masses.
It may be premature to draw ultimate conclusions about the discrepancy, but the result is puzzling
enough that Kronfeld and Dobrescu have investigated possible new-physics explanations for the
discrepancy [11].

4. Outlook

We are in the process of reanalyzing our existing data, in which we hope to bring down several
of our largest uncertainties. New runs are starting with quadruple the current statistics and at
smaller lattice spacings, which we expect to help with several of the uncertainties. Comparison of
fDs in theory and experiment remains a puzzle. This is the only known instance in which lattice

Figure 4: Comparison of fD and fDs with the calculations of HPQCD and with experiment.

6

HPQCD/exp 
discrepancy
greater than 3σ

Non-Standard s̄c!̄! Andreas S. Kronfeld

1. Introduction

Recent years have witnessed significant improvements in charmed-meson leptonic and semilep-

tonic decays, both in experimental measurements and in calculations of the hadronic transition am-

plitudes with lattice QCD. A puzzle has arisen, namely a discrepancy of approximately 3.5" in the

rate of the leptonic decay Ds → !! , where ! is a muon or # lepton [1]. If the measured counts have

not fluctuated high, and the lattice QCD calculations are confirmed (by further calculations with

2+1 flavors of sea quarks), then this may be a signal of physics beyond the Standard Model [2].

If non-Standard interactions mediate cs̄→ ! !̄, then they also alter, at some level, the rate and

q2-distribution of D→Kµ! . (D→K#! is kinematically forbidden.) In this paper, section 2 recalls

the origin of the leptonic discrepancy, incorporating new, preliminary results. Section 3 updates the

new-physics analysis of Ref. [2] and extends it to encompass semileptonic decays. Then section 4

discusses the phenomenology of semileptonic decays in the context of new physics. For lattice

QCD the main conclusion, discussed in section 5, is that precise calculations of the semileptonic

form factors, including a tensor form factor defined below, are vital.

2. Leptonic Decays

In the Standard Model the partial width for Ds → !!! is

$(Ds → !!!) =
mDs

8%
f 2Ds |GFV

∗
csm!|2

(

1−m2!/m
2
Ds

)2
, (2.1)

where the decay constant fDs is defined by 〈0|s̄&µ&5c|Ds(p)〉 = i fDs p
µ , and is also computed via

(mc+ms)〈0|s̄&5c|Ds(p)〉=−i fDsm2Ds ; PCAC ensures that the two definitions are the same. The par-
tial widths are small: for muonic decays owing to the helicity-suppression factor m2µ ; for #-leptonic

decays owing to the phase-space factor (1−m2#/m
2
Ds

)2. Experiments measure the branching frac-

tion B= $#Ds but usually quote fDs assuming that no non-Standard amplitude contributes to $.

In this sense, fDs has been measured recently by the BaBar [3], Belle [4], and CLEO [5, 6] Col-

laborations. The experiments measure B(Ds → !!) directly, without complicated modeling of the

events or background, and the experimental errors are principally statistical. Radiative corrections

are at most 1–2%, and the discrepancy cannot be explained with any value of |Vcs| consistent with
a unitary n× n CKM matrix [2]. In summary, it seems sound to take the experimental measure-

ments of fDs at face value, yielding Table 1. Treating both statistical and systematic uncertainties

in quadrature, the average of the measurements in Table 1 is

fDs |expt avg = 272±8 MeV (2.2)

combining µ! and #! and including new results reported by CLEO at conferences through Septem-

ber 2008 [7]. Separate averages for the two final states are in Table 1.

Now let us turn to lattice QCD calculations of fDs . There are two calculations with 2+1 flavors

of sea quarks, the first from the Fermilab Lattice and MILC Collaborations [8] and more recently

from the HPQCD Collaboration [9]. These are

fDs |HPQCD = 241±3 MeV, fDs |Fermilab-MILC = 249±11 MeV, (2.3)

where the Fermilab-MILC result is an update presented at this conference by Mackenzie [10]. Both

calculations use the improved staggered Asqtad action for the sea quarks, taking advantage of the

2

New Physics? 

• s-channel charged higgs exchange, with ys « yc and yc, yτ ∼1: disfavored by D decay data

• t-channel charge +2/3 leptoquark exchange; disfavored by bound on τ →  μss
• u-channel charge –1/3 leptquark exchange (like d-squark)

Non-Standard s̄c!̄! Andreas S. Kronfeld

M(ReC!
A)

−1/2 ! 855 GeV, M(ReC!
P)

−1/2 ! 1070 GeV
√

m"/m!, (3.3)

updating Ref. [2] to reflect CLEO’s new preliminary measurements and treating the µ! and "!

discrepancies as a single effect.

The effective Lagrangian can arise from the tree-level exchange of non-Standard particles, in

which case M is simply the new particle’s mass. Reference [2] found a few possibilities. One

is the s-channel annihilation through a charged Higgs boson, in a new model designed so that the

Yukawa couplings satisfy ys" yc and yc,y" ∼ 1. But this model also has yd < ys, thereby predicting

a 10–15% deviation in the amplitude for D+ → !+! . This is now disfavored, because CLEO’s new

measurement of fD+ [13] agrees perfectly with lattice QCD [8, 9, 10]. Another candidate is the

t-channel exchange of a charge + 2
3
leptoquark, which can arise in various ways, all of which

are disfavored by non-observation of " → µss̄. The most promising mechanism is the u-channel

exchange of an SU(2)-singlet, charge − 1
3
leptoquark, namely a particle with the quantum numbers

as a down-type scalar quark d̃ in supersymmetric models. It couples via the R-violating Lagrangian

LLQ = #2! (c̄L!
c
L− s̄L!

c
!L) d̃+# ′

2! c̄R!
c
Rd̃+H.c., (3.4)

where the superscript c denotes charge conjugation, and #2! and #
′
2! are complex parameters (in

general, entries of Yukawa matrices). When M = md̃ & mDs one can derive Leff with

C!
A =C!

V = 1
4
|#2!|2, C!

P =C!
S = 1

4
#2!#

′∗
2! = −2C!

T . (3.5)

If #2! is independent of ! and either # ′
2! $ m! or |# ′

2!/#2!| " m!mc/m2Ds , then these interactions

could explain why the discrepancy appears in both µ! and "! channels. Generalizations of

Eq. (3.4) appear in non-Standard models that modify the interference phase of B0s -B̄
0
s [14], ex-

plain quark masses [15], induce deviations in B+
(c) → !! [16], generate neutrino masses [17], or

enhance rare D decays [18].

4. Semileptonic Decays

To obtain further information about a possible non-Standard cause of the effective s̄c!̄! vertex,

one can turn to other processes. One would be the production charmed quarks in neutrino scattering

off strange sea quarks in nucleons. Another set consists of the semileptonic decays D0→K−µ+!µ ,

D+ → K̄0µ+!µ , and their charge conjugates. A full understanding of these decays will require

lattice QCD calculations of the hadronic transition.

Let us start by reviewing the kinematics of three-body decays. Let the D-meson, kaon, lepton,

and neutrino 4-momenta be denoted p, k, !, and ! . There are two Lorentz independent invariants,

which may be taken to be E! = p · !/mD and EK = p · k/mD, namely the lepton and kaon energies

in the D meson’s rest frame. Often instead of EK the mass-squared of the leptonic system is used,

q2 = m2D +m2K − 2mDEK, q = !+ ! = p− k. For brevity the formulae given below use both EK

and q2. The kinematically allowed region is shown in the Dalitz plot, Fig. 1. The discussion given

below is somewhat simpler with the variable

E!⊥ =
p · !
mD

−
p ·qq · !
mDq

2
= E!− 1

2
(mD−EK)

(

1+m2!/q
2
)

, (4.1)

4

[Dobrescu, Kronfeld]

 All tree level!
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B → τν 

Tension between sin 2β  and Br (B → τν): 

global fit without using these measurements,
cross is from experimental values (1σ)
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Br(B → τν)
∆md

=
3πm2

τ

4m2
W S(xt)

(
1− m2

τ

m2
B

)2

τB+

1
|Vud|2BBd

(
sin β

sin γ

)2

Shape of correlation best understood from ratio:

• Decay constants cancel
• Depends only on bag parameter BB

• Constraint in z plane does not match
exactly global fit



H-
b

u τ

νb

u τ

ν
W

B → τν, B → Xcτν 
Sensitive to charged higgs exchange. Normalize to non-tau 

tan β =
v2

v1

r =
tan β

MH±

Br(B → τν) = (1.79+0.56+0.39
−0.49−0.46)× 10−4 (Belle)

Br(B → τνX) = (2.48± 0.26)× 10−2 (LEP)

[Hou; Isidori]

B → τν

[Ito, Gaur, Okada] [Grossman, Haber, Nir]

LEP



Neutral Meson Mixing: generalities

time evolution: 

solution:
with:

Decay amplitudes:

physical 
quantities:

≠ 1 if CPV
in decay

≠ 1 if CPV
in mixing

Im ≠ 0 if CPV
in interference
decay-mixing

sensitive to NP in M12

(≈ 0 in SM in K, Bd,s)
dilepton asymm. (ASL for B’s)
non-pertubative: incalculable 

(OPE in B no better than lifetime)

Cases

(e.g.,  for Bd,s)

∆m = 2|M12|(1 + O(Γ12/M12))
∆Γ = −2|Γ12| cosφ12(1 + O(Γ12/M12))

• φ12 suppressed in SM (Bd,s)
• NP can only reduce  |ΔΓ|
• q/p = –arg(M12)(1+...) so time dependent

CP asymmetries sensitive no NP in M12

∆m = 2|M12 cosφ12|(1 + O(M12/Γ12))
∆Γ = ∓2|Γ12|(1 + O(M12/Γ12))

• q/p = –arg(Γ12)(1+...) depends weakly on M12

• if                        and no CPV in D decay 

• reduced sensitivity to NP in M12 (even for dominant NP)



BB mixing: |Vtd|
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|Vtd|
|Vts| = ξ

√
∆ms mBs

∆md mBd

Theory:

Lattice:

I’ll believe a 3% lattice theory error when the lattice has
produced one successful prediction and several 3% postdictions
However, here the calculation is really of ξ2−1, and the error is 16%
Chiral lag gives only chiral logs, so error in ξ2−1≈0.3 is ~100% 

ξ2 =
BBsf

2
Bs

BBdf2
Bd

ξ = 1.211± 0.038± 0.024estimate

|Vtd|
|Vts|

= 0.2060± 0.0012(exp)+0.0081
−0.0060(th) ξ = 1.210+0.047

−0.035
using

[CDF & D0: 0905.1109]
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• No t-quark in box diagram: GIM suppressed Δm
• x, y likely dominated by long distance physics 
• Expect x ~ y and x, y ~ sin2 θC × [SU(3) breaking]
• NP in M12, rather than in Γ12:

             M12 ~ loop, Γ12 ~ tree 
• May still obtain useful bounds by assuming no 

perverse cancellation between SM and NP,
then demand NP contribution is less than measured

(a susy box)     

4th generation

q, q’ = d, s, b

  [et al and A. Petrov]
[see also Ciuchini et al]



: inclusive decays
• Theory:

Combine Heavy Quark Mass Expansion (HQET) and Operator Product Expansion (OPE)
[Chay, Georgi, BG; Voloshin, Shifman; Bigi et al; Manohar, Wise, Bloek et al]

• OPE: expand since mb is larger than any scale in HQET matrix element 

• Decay rate for 

•       given in terms of few non-perturbative parameters + expansion in 

•       is free quark decay rate 

•                (Luke’s theorem) 

• Local quark-hadron duality is mildly used (to show a correction is small)

• Moments of distribution have differing sensitivity to non-perturbative parameters 

|Vcb| B → Xc!ν

Γ =

6 parameters
With 1/mc expansion

No 1/mc expansion

Γi
Γ0
Γ1 = 0

αs(mb)
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Moment Analysis

Lepton Energy

Hadronic Mass

Photon Energy in

where

[Falk et al; Kapustin, Ligeti; Gambino, Uraltsev; D. Benson et al; Bauer et al]  



Global Analysis
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Table IV Experimental inputs used for a global fit analysis
to all available moment data.

Experiment Measurements used

BaBar 〈En
! , n = 0, 1, 2, 3 [8]

〈M2n
X 〉, n = 1, 2 [9]

〈En
γ 〉, n = 1, 2 [16, 17]

Belle 〈En
! , n = 0, 1, 2, 3 [11]

〈M2n
X 〉, n = 1, 2 [12]

〈En
γ 〉, n = 1, 2 [19]

CDF 〈M2n
X 〉, n = 1, 2 [13]

CLEO 〈M2n
X 〉, n = 1, 2 [14]

〈En
γ 〉, n = 1 [20]

DELPHI 〈En
! , n = 1, 2, 3 [15]

〈M2n
X 〉, n = 1, 2 [15]

Table V Preliminary results of the analysis combining all
available moment data (Table IV).

Kinetic scheme 1S scheme

|Vcb| (10−3) 41.55 ± 0.43(fit) 41.74 ± 0.29(fit)

±0.08(τB) ± 0.58(th) ±0.8(τB)

mb (GeV) 4.613 ± 0.033 4.708 ± 0.024

χ2/ndf. 30.6/63 26.1/63

Finally, we attempt to combine all available mo-
ment measurements to optimize the statistical pre-
cision in |Vcb| and mb. Using 70 measurements (Ta-
ble IV) from different experiments, we follow the Belle
approach to derive numbers in the kinetic and 1S
schemes. The preliminary results are shown in Ta-
ble V and Fig. 3.

5. Summary

We have reviewed the theory and surveyed the ex-
perimental data for the determination of the CKM
matrix element |Vcb| from inclusive decays B → Xc!ν.
The results for |Vcb| using the data of the Belle exper-
iment alone are given in Table III. Also, an attempt is
made to combine all available experimental data: The
preliminary results in terms of |Vcb| and the b-quark
mass mb are shown in Table V.
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[Schwanda - 0903.3648]
+ Recent

• Data: BaBar, BELLE, CDF, CLEO, DELPHI

• With/without 1/mc expansion 

• Compare mass schemes: 1S, PS, …

• Half integer hadronic moments error badly behaved

(beware of different vertical scales!)



: exclusive decays

• HQET gives  

• Luke’s theorem 

• Extrapolation to w = 1 constrained by dispersion relations (unitarity/analiticity) 
[Boyd et al; Caprini et al; Bjorken; Uraltsev; Oliver et al]

• Lattice
[Dvitiis et al; Laiho et al]

HFAG (ICHEP 2008)

DPF-Detroit (me, added in quad)    

|Vcb| B → (D, D∗)!ν

BELLE
w

F∗(1) = 0.917± 0.008± 0.005

F∗(1)|Vcb| = (35.41± 0.52)× 10−3

|Vcb| = (38.62± 0.69)× 10−3

]-3|  [10cb |V×F(1) 
25 30 35 40 45

]-3|  [10cb |V×F(1) 
25 30 35 40 45

ALEPH (excl)
  1.3±  1.8 ±31.6 

CLEO
  1.8±  1.3 ±41.3 

OPAL (excl) 
  1.5±  1.6 ±36.9 

OPAL (partial reco) 
  2.4±  1.2 ±37.6 

DELPHI (partial reco) 
  2.3±  1.4 ±35.8 

BELLE (excl)
  1.0±  0.2 ±34.7 

DELPHI (excl) 
  1.9±  1.8 ±36.3 

BABAR (excl)
  1.1±  0.3 ±33.9 

BABAR (D*0)
  1.4±  0.8 ±34.9 

BABAR (Global Fit)
  1.2±  0.2 ±35.7 

Average 
  0.5±35.4 

HFAG
ICHEP08

/dof = 39/21 (CL = 0.01 %)2χ

Deviates from inclusive by 4.5σ



End point spectra in 

• Need to impose large El-cut to remove background from 

• OPE breaks down near end of spectrum. 

• Maybe re-summed (in restricted range ) into unknown “shape function” f(x):
[Bigi et al; Neubert]

• Universal: measure in                      and use in  

• Moments analysis: re-sum short distance corrections
[Leibovich et al; Neubert]

• OR: use OPE by novel cuts

B → Xu!ν and B → Xsγ

B → Xc!ν

2MBf(x) = 〈B|Q̄vδ(x + in · D)Qv|B〉 n · v = 1, n2 = 0
B → Xsγ B → Xu!ν

better



: inclusive rate
• Theoretical Uncertainties

[Bauer et al; Leibovich et a al; Neubert] 

• Weak annihilation contribution independent of         and mcut; 
depends on magnitude of factorization violation

• Universality violation in shape function

• sub-leading shape functions

• αs(√Λmb)*Λ/mb  “brick wall” 

• numerics: αs(√Λmb)*Λ/mb at least 5% 
but there are ~10 terms so guesstimate √(10)*5% = 15%

• Inclusive tension 

|Vub| B → Xu!ν

q2
cut

Which cut?

• q2 > (mB − mD)2 insensitive to f(x); low rate

• Combine q2 and mX
Z 1

ˆqcut
2

dq̂2
Z ŝ0

0
dŝ

dΓ

dq̂2dŝ
≡

G2
F |Vub|2 (4.7 GeV)5

192π3
G(qcut
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• Combine q2 and mX
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) eCLEO (E
 0.46 + 0.37 - 0.33±3.94 

) 2, qXBELLE sim. ann. (m
 0.46 + 0.35 - 0.30±4.33 

) eBELLE (E
 0.44 + 0.35 - 0.30±4.74 

) eBABAR (E
 0.24 + 0.35 - 0.30±4.29 

) h
max, seBABAR (E

 0.30 + 0.42 - 0.37±4.41 

) XBELLE (m
 0.26 + 0.30 - 0.25±3.99 

) XBABAR (m
 0.20 + 0.32 - 0.27±4.13 

) 2-qXBABAR (m
 0.29 + 0.36 - 0.31±4.41 

) +BABAR (P
 0.24 + 0.31 - 0.25±3.76 

Average +/- exp + theory - theory
 0.16 + 0.32 - 0.27±4.32 

HFAG
ICHEP08

Bosch, Lange, Neubert and Paz (BLNP)
Phys.Rev.D72:073006,2005

/dof = 8.5/ 8 (CL =  39 %)2χ

BLNP
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 0.27 + 0.22 - 0.19±4.07 
 XBABAR m

 0.20 + 0.20 - 0.14±4.25 
 2-qXBABAR m

 0.28 + 0.23 - 0.16±4.24 

 +BABAR P
 0.24 + 0.28 - 0.22±3.73 

Average +/- exp + theory - theory 
 0.14 + 0.19 - 0.13±4.26 

HFAG
ICHEP08

Andersen and Gardi (DGE)
JHEP 0601:097,2006
E. Gardi arXiv:0806.4524

/dof = 7.3/ 8 (CL =  51 %)2χ

DGE
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 0.26 + 0.19 - 0.22±3.93 

 XBABAR m
 0.20 + 0.27 - 0.29±4.07 

 2-qXBABAR m
 0.28 + 0.34 - 0.36±4.29 

 +BABAR P
 0.23 + 0.30 - 0.31±3.52 

Average +/- exp + theory - theory
 0.15 + 0.20 - 0.23±3.96 

HFAG
ICHEP08

P. Gambino, P. Giordano, G. Ossola, N. Uraltsev 
JHEP 0710:058,2007 (GGOU)

/dof = 7.0/ 7 (CL =  43 %)2χ

GGOU

]-3 10×|  [ub|V
1 2 3 4 5

]-3 10×|  [ub|V
1 2 3 4 5

) eCLEO (E
 0.23± 0.20 ±3.49 
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) eBELLE (E
 0.17 + 0.22 - 0.21±3.25 

) eBABAR (E
 0.23± 0.14 ±3.46 
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max, seBABAR (E

 0.26 + 0.23 - 0.24±3.87 
 XBELLE m
 0.23± 0.26 ±3.93 
 XBABAR m
 0.24± 0.19 ±4.04 

 2-qXBABAR m
 0.23± 0.26 ±4.14 

 +BABAR P
 0.22 + 0.21 - 0.37±3.45 

Average +/- exp + theory - theory
 0.22± 0.13 ±3.76 

HFAG
ICHEP08

U.Aglietti, F.Di Lodovico, G.Ferrera , G.Ricciardi (ADFR)
[arXiv:0711.0860], and references therein

/dof = 17.1/ 8 (CL =   3 %)2χ

DDFR
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 0.37± 0.39 ±4.97 

) 2, qXBELLE sim. ann. (m

 0.34± 0.49 ±4.67 

) 2, qXBABAR (m

 0.36± 0.32 ±4.88 

Average +/- exp +/- theory 

 0.38± 0.24 ±4.87 

HFAG
ICHEP08

C.W. Bauer, Z. Ligeti and M.E. Luke (BLL)

Phys. Rev. D64:113004 (2001)

/dof = 0.4/ 2 (CL =  83 %)2χ

BLL

• Results I: novel cuts (not so novel any more)

• Different analysis (ie choices of cuts, moments, etc)
require different calculations:

• BLNP - B.O. Lange, M. Neubert and G. Paz, Phys. Rev. D72:073006 (2005) [arXiv:hep-ph/0504071v3]
• DGE -  J.R. Andersen and E. Gardi, JHEP 0601:097 (2006) [arXiv:hep-ph/0509360v2]. and  [arXiv:0806.4524] 
• GGOU - P. Gambino, P. Giordano, G. Ossola, N. Uraltsev, JHEP 0710:058,2007 [arXiv:0707.2493].
• ADFR - U. Aglietti, F. Di Lodovico, G. Ferrera , G. Ricciardi, EPJC, Vol. 59 (2009), [arXiv:0711.0860], 

U. Aglietti, G. Ferrera and G. Ricciardi, Nucl. Phys. B768, 85 (2007) [arXiv:hep-ph/0608047]
• BLL - C.W. Bauer, Z. Ligeti and M.E. Luke, Phys. Rev. D64:113004 (2001) [arXiv:hep-ph/0107074v1] 
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 0.15 + 0.20 - 0.23±3.96 

HFAG
ICHEP08

P. Gambino, P. Giordano, G. Ossola, N. Uraltsev 
JHEP 0710:058,2007 (GGOU)

/dof = 7.0/ 7 (CL =  43 %)2χ

GGOU
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) eCLEO (E
 0.23± 0.20 ±3.49 

) 2, qXBELLE sim. ann. (m
 0.22± 0.42 ±3.95 

) eBELLE (E
 0.17 + 0.22 - 0.21±3.25 

) eBABAR (E
 0.23± 0.14 ±3.46 

) h
max, seBABAR (E

 0.26 + 0.23 - 0.24±3.87 
 XBELLE m
 0.23± 0.26 ±3.93 
 XBABAR m
 0.24± 0.19 ±4.04 

 2-qXBABAR m
 0.23± 0.26 ±4.14 

 +BABAR P
 0.22 + 0.21 - 0.37±3.45 

Average +/- exp + theory - theory
 0.22± 0.13 ±3.76 

HFAG
ICHEP08

U.Aglietti, F.Di Lodovico, G.Ferrera , G.Ricciardi (ADFR)
[arXiv:0711.0860], and references therein

/dof = 17.1/ 8 (CL =   3 %)2χ

DDFR

]-3 10×|  [ub|V
2 4 6

]-3 10×|  [ub|V
2 4 6

) 2, qXBELLE breco (m

 0.37± 0.39 ±4.97 

) 2, qXBELLE sim. ann. (m

 0.34± 0.49 ±4.67 

) 2, qXBABAR (m

 0.36± 0.32 ±4.88 

Average +/- exp +/- theory 

 0.38± 0.24 ±4.87 

HFAG
ICHEP08

C.W. Bauer, Z. Ligeti and M.E. Luke (BLL)

Phys. Rev. D64:113004 (2001)

/dof = 0.4/ 2 (CL =  83 %)2χ

BLL

Spread indicates underestimated theoretical uncertainties
(in 2005 Belle and BaBar reported results with 5% theory uncertainty)

• Results I: novel cuts (not so novel any more)

• Different analysis (ie choices of cuts, moments, etc)
require different calculations:

• BLNP - B.O. Lange, M. Neubert and G. Paz, Phys. Rev. D72:073006 (2005) [arXiv:hep-ph/0504071v3]
• DGE -  J.R. Andersen and E. Gardi, JHEP 0601:097 (2006) [arXiv:hep-ph/0509360v2]. and  [arXiv:0806.4524] 
• GGOU - P. Gambino, P. Giordano, G. Ossola, N. Uraltsev, JHEP 0710:058,2007 [arXiv:0707.2493].
• ADFR - U. Aglietti, F. Di Lodovico, G. Ferrera , G. Ricciardi, EPJC, Vol. 59 (2009), [arXiv:0711.0860], 

U. Aglietti, G. Ferrera and G. Ricciardi, Nucl. Phys. B768, 85 (2007) [arXiv:hep-ph/0608047]
• BLL - C.W. Bauer, Z. Ligeti and M.E. Luke, Phys. Rev. D64:113004 (2001) [arXiv:hep-ph/0107074v1] 



• Results II: moments radiative/semileptonic
• LLR - Leibovich, Low, and Rothstein, Phys.Rev.D62:014010,2000 [arXiv:hep-ph/0001028v2], and 

Phys.Lett.B486:86-91,2000 [arXiv:hep-ph/0005124v1]
• LNP, Lange, Neubert and Paz (JHEP 0510 (2005) 084 [arXiv:hep-ph/0508178v2] and JHEP 0601 (2006) 104 [arXiv:hep-ph/

0511098v1])
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 HFAG Ave. (BLNP) 
 0.16 + 0.32 - 0.27±4.32 

HFAG Ave. (DGE) 
 0.14 + 0.19 - 0.13±4.26 

HFAG Ave. (GGOU) 
 0.15 + 0.20 - 0.23±3.96 

HFAG Ave. (ADFR) 
 0.22± 0.13 ±3.76 

HFAG Ave. (BLL) 
 0.38± 0.24 ±4.87 

 BABAR (LLR) 
 0.36± 0.32 ±4.92 

 BABAR endpoint (LLR) 
 0.48± 0.29 ±4.28 

 BABAR endpoint (LNP) 
 0.47± 0.30 ±4.40 

HFAG
ICHEP08



: exclusive decays|Vub|
Br(B → π"ν) = |Vub|2

∫ q2
max

0
dq2 fB→π

+ (q2)2 × (trivial factors)

• Problem: 

• experiment gives low  q2 data

• lattice gives form factor at high q2

• extrapolation introduces error

• Moving NRQCD: low  data from lattice
[K. Wong]

• Dispersion relations:  combine lattice and experimental data over full q2 region fitting to 
model-independent expression based on analiticity and unitarity
[Arnesen et al; Becher an dHil; Ball; Mackenzie and Van de Water]

B → πlν: determination of |Vub|

FNAL/MILC Nf = 2 + 1 (talk by R. Van de Water) Preliminary
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(8% and 7%)

|Vub| = (2.94 ± 0.35)× 10−3 (12% error)

B → πlν: determination of |Vub|

FNAL/MILC Nf = 2 + 1 (talk by R. Van de Water) Preliminary

-0.4 E
!
 = 0 -0.3 -0.2 -0.1 0 0.1 max. E

!
0.3

z

0.01

0.015

0.02

0.025

0.03

0.035

0.04

P
 "

 F
+

4 parameter z-fit

lattice data
12-bin BABAR data rescaled by |V

ub
| from 4-parameter z-fit

Simultaneous fit of lattice and BABAR F
+
 data

#
2
/d.o.f. = 0.46 Simultaneous z-fit to lattice

and BaBar data gives a

model independent

determination of |Vub|
* Lattice error
dominated by statistics
and chiral+continuum
extrapolation errors.

(8% and 7%)

|Vub| = (2.94 ± 0.35)× 10−3 (12% error)

B → πlν: determination of |Vub|

FNAL/MILC Nf = 2 + 1 (talk by R. Van de Water) Preliminary

-0.4 E
!
 = 0 -0.3 -0.2 -0.1 0 0.1 max. E

!
0.3

z

0.01

0.015

0.02

0.025

0.03

0.035

0.04

P
 "

 F
+

4 parameter z-fit

lattice data
12-bin BABAR data rescaled by |V

ub
| from 4-parameter z-fit

Simultaneous fit of lattice and BABAR F
+
 data

#
2
/d.o.f. = 0.46 Simultaneous z-fit to lattice

and BaBar data gives a

model independent

determination of |Vub|
* Lattice error
dominated by statistics
and chiral+continuum
extrapolation errors.

(8% and 7%)

|Vub| = (2.94 ± 0.35)× 10−3 (12% error)

(Van de Water, Lattice 2008)



Tension between inclusive and exclusive?
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2 3 4 5

 HFAG Ave. (BLNP) 
 0.16 + 0.32 - 0.27±4.32 

HFAG Ave. (DGE) 
 0.14 + 0.19 - 0.13±4.26 

HFAG Ave. (GGOU) 
 0.15 + 0.20 - 0.23±3.96 

HFAG Ave. (ADFR) 
 0.22± 0.13 ±3.76 

HFAG Ave. (BLL) 
 0.38± 0.24 ±4.87 

 BABAR (LLR) 
 0.36± 0.32 ±4.92 

 BABAR endpoint (LLR) 
 0.48± 0.29 ±4.28 

 BABAR endpoint (LNP) 
 0.47± 0.30 ±4.40 

HFAG
ICHEP08

FNAL/MILC
2.94  ± 0.35

(FNAL/MILC point not from HFAG)



Other ways to get |Vub|

• B(B → !ν̄) measures fB × |Vub| — need fB from lattice

• “Grinstein-type double ratio” inspired ideas (HQS / chiral symmetry suppressions)

– fB

fBs

×
fDs

fD
— lattice: double ratio = 1 within few % [Grinstein ’93]

– f (B→ρ"ν̄)

f (B→K∗"+"−)
×

f (D→K∗"ν̄)

f (D→ρ"ν̄)
or q2 spectra — accessible soon? [ZL, Wise; Grinstein, Pirjol]

CLEO-C D → ρ!ν̄ data still consistent with no SU(3) breaking in form factors
[ZL, Stewart, Wise]

Could lattice do more to pin down the corrections?

Worth looking at similar ratio with K, π — role of B∗ pole...?

– B(B → "ν̄)

B(Bs → "+"−)
×
B(Ds → "ν̄)

B(D → "ν̄)
— very clean... after 2015? [Ringberg workshop, ’03]

– B(Bu → "ν̄)

B(Bd → µ+µ−)
— even cleaner... ever possible? [Grinstein, CKM’06]

Z L – p. 7

source: Z. Ligeti, Lattice QCD Meets Experiment Workshop, 



Rare B Decays: b→ sγ
•Sensitive to New Physics

•Rate
•CP asymmetry

•Experimental Measurements
•Precise Rate (~7% HFAG2008)
•Asymmetry will improve

•Largely Under Control (non-perturbative effects ~5% in rate)



Rare B Decays: b→ sγ
•Sensitive to New Physics

•Rate
•CP asymmetry

•Experimental Measurements
•Precise Rate (~7% HFAG2008)
•Asymmetry will improve

•Largely Under Control (non-perturbative effects ~5% in rate)
The effective Lagrangian:

Leff = LQCD×QED(u, d, s, c, b) +
4GF√

2
V ∗

tsVtb Σ
8

i=1
Ci(µ) Qi +






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



higher-electroweak,
higher-dimensional,
on-shell vanishing,

evanescent


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






.

Q1,2 = b s

c c

= (s̄Γic)(c̄Γ′
ib), from b W s

c c

, |Ci(mb)| ∼ 1

Q3,4,5,6 = b s

q q

= (s̄Γib)Σq(q̄Γ′
iq), |Ci(mb)| < 0.07

Q7 = b s

!

=
emb
16π2 s̄LσµνbRFµν, C7(mb) & −0.3

Q8 = b s

g

=
gmb
16π2 s̄LσµνTabRGa

µν, C8(mb) & −0.15

In the SM, the Wilson coefficients C1, . . . , C8 are known up the the NNLO (O(α2
s)).

Goal: Constrain new physics using the determination of C7 from B(B̄ → Xsγ) measurement.

(present accuracy: 5 ÷ 7%)
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Constrain/discover new physics by determining C7(mb) from inclusive radiative decay



Energetic photon production in charmless decays of the B̄-meson
(Eγ ∼>

mb

3 " 1.6 GeV)

A. Without long-distance charm loops:
1. Hard 2. Conversion 3. Collinear 4. Annihilation

s

(qq̄ #= cc̄)
q̄ q

s s s
Dominant, well-controlled. O(αsΛ/mb), (−1.5 ± 1.5)%. Pert. < 1%, nonp. ∼ −0.2%. Exp. π0, η, η′, ω subtracted.

[Lee, Neubert, Paz, 2006] [Kapustin,Ligeti,Politzer, 1995] Perturbatively ∼ 0.1%.

B. With long-distance charm loops:

5. Soft 6. Boosted light cc̄ 7. Annihilation of cc̄ in a heavy (c̄s)(q̄c) state
gluons state annihilation
only (e.g. ηc, J/ψ, ψ′)

c̄
c̄ c c̄ c c̄ c

c

s s s s

O(Λ2/m2
c), ∼ +3.1%. Exp. J/ψ subtracted (< 1%). O(αs(Λ/M)2) O(αsΛ/M)

[Voloshin, 1996], [...], Perturbatively (including hard): ∼ +3.6%. M ∼ 2mc, 2Eγ, mb.

[Buchalla, Isidori, Rey, 1997] φ(1)
ij (δ), φ(2)β0

ij (δ), i, j = 1, 2 e.g. B[B− → DsJ(2457)− D∗(2007)0 ] " 1.2%,
B[B0 → D∗(2010)+ D̄∗(2007)0K−] " 1.2%.

Relative size of various contributions have been studied

lifted from Misiak



1. Matching: Choose Ci(M) so that the Fermi effective theory and the SM,  renormalized at  M ∼ MW 

2. Running: Compute anomalous dimension matrices and use RG-equation to compute Ci(mb)

3. Matrix Elements: Perturbative calculation of amplitudes in EFT (renormalized at mb)

Three steps in the determination C7(mb):

1 2 3 4 5 6

1989

1990

1991

1992

1993

1994

1995

1996

1997

1998

1999

2000

2001

2002

2003

2004

2005

A prodigious effort!



Missing ingredients in the perturbative NNLO matrix elements

Γ(b → Xparton
s γ)

Eγ>E0

=
G2

Fm5
bαem

32π4 |V ∗
tsVtb|2

8
∑

i,j=1
Ci(µb)Cj(µb)Gij(E0, µb)

|C1,2(µb)| ∼ 1, |C3,4,5,6(µb)| < 0.07,

C7(µb) ∼ −0.3, C8(µb) ∼ −0.15.LO: Gij = δi7δj7 ⇔b s

!

7

b s b

!

7 7

NLO: The most important Gij (i, j = 1, 2, 7, 8) are known since 1996.
{

[Greub, Hurth, Wyler, 1996]
[Ali, Greub, 1991-1995]

The remaining Gij are known since 2002.
{

[Buras, Czarnecki, MM, Urban, 2002]
[Pott, 1995]

NNLO: Only i, j = 1, 2, 7, 8 have been considered so far.

Only G77 is
fully known: + + . . .









[Blokland et al., 2005]
[Melnikov, Mitov, 2005]
[Asatrian et al., 2006-2007]

7 7

7 7

G27: + + . . .
(and analogous G17) 2 7 2 7

c c

Two-particle cuts: Three- and four-particle cuts:
∼ 160 four-loop R. Boughezal,
master integrals (mc = 0) M. Czakon,
recently completed T. Schutzmeier,
by T. Schutzmeier. in progress...

Previous status reports: arXiv:0712.1676, arXiv:0807.0915.

Diagrams with quark loops on gluon lines for mc &= 0: arXiv:0707.3090.

Status of calculation of matrix elements

LO
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Only G77 is
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[Asatrian et al., 2006-2007]

7 7

7 7

G27: + + . . .
(and analogous G17) 2 7 2 7

c c
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∼ 160 four-loop R. Boughezal,
master integrals (mc = 0) M. Czakon,
recently completed T. Schutzmeier,
by T. Schutzmeier. in progress...

Previous status reports: arXiv:0712.1676, arXiv:0807.0915.

Diagrams with quark loops on gluon lines for mc &= 0: arXiv:0707.3090.

G77 = 1, all others vanish

NLO  i, j = 1, 2, 7, 8 dominate

bust rest also known

[Greub, Hurth, Wyler; Ali, Greub](1996)

[Buras, Czarnecki, Msisak, Urban; Pott] (2002)

NNLO  only parts of i, j = 1, 2, 7, 8 known:

•G77  determined [Blokland et al; Melnikov, Mitov;  Asatrian et al]

•G11, G12 and G22:

•2 particle cuts are |NLO|2

•3,4 particle cuts vanish at endpoint

• Ongoing progress in the rest 

•2,3,4 particle cuts in G17 and G27 [Schutzmeier, Czakon, Boughezal]

•2,3,4 particle cuts in G78 [Asatrian, Ewerth, Ferroglia, Greub,  Ossola]
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HFAG average: B(B→ Xsγ)Eγ>1.6 GeV = (3.52 ± 0.25) × 10−4

(scaling down to 1.6 GeV may be controvertial — motivation to lower Eγ)

Agreement with latest NNLO calculation

Strong constraints on generic 2HDM charged Higgs
(MSSM charged Higgs case is more complicated due to possible

destructive interference)

Also strong constraints on various new physics scenarios
(but bigger room than before as data B is now higher than SM)R
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Numerical results for the SM branching ratio:

B(B̄ → Xsγ)NNLO
Eγ>1.6 GeV =

































(3.15 ± 0.23) × 10−4, hep-ph/0609232, using the 1S scheme,

(3.26 ± 0.24) × 10−4,
following the kin scheme analysis of

arXiv:0805.0271, but mc(mc)2loop

rather than mc(mc)1loop in P (E0).

Contributions to the total uncertainty:

5% non-perturbative, mainly O
(

αs
Λ
mb

)

→ Improved measurements of ∆0− should help.

3% parametric (αs(MZ), Bexp
semileptonic, mc & C, . . . )

2.0% 1.6% 1.1% (1S)
2.5% (kin)

3% mc-interpolation ambiguity → The calculation of G17 and G27
for mc = 0 should help a lot.

3% higher order O(α3
s) → This uncertainty will stay with us.



Rare B Decays: b→ s!!

• Requires 1 loop less than radiative
• NNLO complete
• FB asymmetry zero in                       robust [Burdman]

even including non-resonant Kpi [BG, Pirjol]

• Sensitive to new physics
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FIG. 1: Differential branching fractions for the (a) K∗!+!− and (b) K!+!− modes as a function
of q2. The two shaded regions are veto windows to reject J/ψ(ψ′)X events. The solid curves show

the SM theoretical predictions with the minimum and maximum allowed form factors [14]. (c) and
(d) show the fit results for FL and AFB in K∗!+!− as a function of q2, together with the solid
(dotted) curve representing the SM (C7 = −CSM

7 ) prediction [14]. (e) is the AI asymmetry as a

function of q2 for the K∗!+!− (closed circles) and K!+!− (open circles) modes.

and fitting PDFs are checked using large B → J/ψK(∗) and MC samples. The total un-
certainties for the FL and AFB fits depend on the q2 bin and range from 0.02–0.06 and
0.03–0.13, respectively. The systematic errors on ACP are assigned using the CP asymme-
try measured in sideband data without R and Rsl selections and are found to be 0.01–0.02.
The systematic error on RK(∗) (AI) is determined by combining the uncertainties from lep-
ton (K/π) identification, R and Rsl selections, fitting PDFs and background contamination.
The uncertainty in AI from the assumption of equal production of B0B̄0 and B+B− pairs
is also considered. The correlated systematic errors among q2 bins are negligible for all the
measurements.

In summary, we report the differential branching fraction, isospin asymmetry, K∗ longi-
tudinal polarization and forward-backward asymmetry as functions of q2, as well as total
branching fractions, lepton flavor ratios, and CP asymmetries for B → K(∗)#+#−. These
results supersede our previous measurements [19] and are consistent with the latest BaBar
results [17, 20] with better precision. The differential branching fraction, lepton flavor ratios,
and K∗ polarization are consistent with the SM predictions. No significant CP asymmetry
is found in the study. The isospin asymmetry fluctuates around zero in the bins at low q2;
however, the isospin asymmetry is not statistically significant. The AFB(q2) spectrum for
B → K∗#+#− decays tends to be shifted toward the positive side from the SM expectation.
A much larger data set is needed to make more precise tests of the SM and other theoretical
scenarios.

We thank the KEKB group for excellent operation of the accelerator, the KEK cryogenics
group for efficient solenoid operations, and the KEK computer group and the NII for valuable
computing and SINET3 network support. We acknowledge support from MEXT, JSPS
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The end


