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Motivation

Three interests in exclusive rare (hadronic, semi-hadronic) B decays

CKM angles
Detailed investigations of
various flavour-violating
transitions

New Physics
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Challenging strong interaction
problem

M. Beneke (RWTH Aachen) CERN, May 15, 2008 2 / 36



Motivation

Three interests in exclusive rare (hadronic, semi-hadronic) B decays

CKM angles
Detailed investigations of
various flavour-violating
transitions

New Physics

� �

�����

� �

Challenging strong interaction
problem

M. Beneke (RWTH Aachen) CERN, May 15, 2008 2 / 36



Motivation

Three interests in exclusive rare (hadronic, semi-hadronic) B decays

CKM angles
Detailed investigations of
various flavour-violating
transitions

New Physics

� �

�����

� �

Challenging strong interaction
problem

M. Beneke (RWTH Aachen) CERN, May 15, 2008 2 / 36



Review of factorization

Exclusive B decays: Simple kinematics, complicated dynamics
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�
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〈π−π+|B̄〉LSM = � �

�����

� �

Problem with multiple scales: MW , mb,
p

mbΛQCD, ΛQCD

Factorization = theory of calculating effects from short-distance
scales and parameterising long-distance effects in “universal”
quantities.
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QCD factorization formula [BBNS]
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Form factor term +
Spectator scattering

T, C, Pc,u, . . . ∼ 〈M1M2|CiOi|B̄〉Leff =
X
terms

C(µh)×
n

FB→M1 × T I(µh, µs)| {z }
1+αs+...

? fM2ΦM2 (µs)

+ fBΦB(µs) ?
h

T II(µh, µI)| {z }
1+...

? JII(µI , µs)| {z }
αs+...

i
? fM1ΦM1 (µs) ? fM2ΦM2 (µs)

o

+ 1/mb-suppressed terms

Similar factorization formula for
B → (M, γ)(γ, `+`−, `ν)
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Remarks

Perturbative vs. non-perturbative
Magnitudes: 1 or αs ln MW/Λ vs Λ/mb
Phases: αs(mb) vs Λ/mb.

Theoretically QCDF = SCET (factorization formula, calculation of corrections) 6= PQCD
(disagreement on Sudakov logs) but:
Different implementations: more/less calculations vs phenomenological fitting used in
practice

Power corrections are definitely important for penguin amplitudes. Some are calculable
(scalar penguins) others not (weak annihilation).

Issues
Knowledge of input (|Vub|, hadronic: Form factors, λB)

Importance of higher-order perturbative corrections?

Theory of power corrections?

Comparsion with data

Remainder of this talk: Briefly discuss results and key issues on each.
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Higher-order calculations

Status of O(α2
s ) (“NNLO”) calculations

• Two-loop correction to form factor term – up to now only imaginary part for the tree amplitudes
α1,2 (Bell, 2007)
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• Spectator-scattering tree amplitudes (MB, Jäger, 2005; Kivel, 2006; Pilipp 2007)

• Spectator-scattering QCD non-singlet and EW penguin amplitudes (MB, Jäger, 2006)

(Penguin contractions to QCD non-singlet penguin amplitude confirmed by Jain, Stewart, Rothstein 2007; earlier calculation of

penguin contractions by Li, Yang, 2005 not confirmed.)

One-loop correction to HII
i (u, z) [MB, Jäger 2005, 2006; i = 1, 2 also Kivel 2006]

A.1 A.2 A.3 A.4

B.1 B.2 B.3 B.4

1 23

4

5 67
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One-loop correction to J(z; ω, v) [Becher et al. 2004; MB, Yang 2005; Kirilin 2005]

(1) (2) (3) (4)

(5) (6)

(7) (8) (9)

(10) (11)
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Numerical result (tree amplitudes)

a1(ππ) = 1.015 + [0.025 + 0.012i]NLO + [? + 0.026i]NNLO

−
» rsp

0.485

– n
[0.020]LOsp + [0.034 + 0.029i]NLOsp + [0.012]tw3

o
= 0.98 + 0.01i → 0.91 − 0.02i (if 2 × rsp)

a2(ππ) = 0.184 − [0.153 + 0.077i]NLO + [?− 0.042i]NNLO

+

» rsp

0.485

– n
[0.122]LOsp + [0.050 + 0.053i]NLOsp + [0.071]tw3

o
= 0.27 − 0.07i → 0.52 − 0.02i (if 2 × rsp)

rsp =
9fM1

f̂B

mbf Bπ
+ (0)λB

• Perturbation theory works at scale mb and
√

mbΛ. Significant radiative NNLO
corrections only for the colour-suppressed amplitudes.

• Allows |C/T|ππ ≈ 0.7, if λB is small. The colour-suppressed amplitudes are probably
dominated by spectator-scattering. But arg (C/Tππ) <∼ 15◦.

• O(α2
s ) spectator-scattering correction to penguin amplitude a4 turned out to be very

small.
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Broad picture

Radiative corrections help
Enhancement of |C/T| possible for small λB
Phases are generated, but either smallish or uncertain.

Broad picture ok, but detailed “test” of radiative corrections obscured by other
uncertainties.

Outstanding issues (radiative corrections)
2-loop form factor-type correction to the dominant penguin amplitude a4 – at least
imaginary part to understand phase of P/T .

NNLO correction to the (power-suppressed, but calculable) scalar penguin amplitude a6
[might provide short-distance resolution of some problems with direct CP asymmetries].
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Important input parameters

Around 2003 it became clear that a good description of hadronic B decay data requires smaller
|Vub| f BM(0), ms and λB than first guesses.

Form factors

• f Bπ
+ (0) (from QCD sum rules) has become slightly smaller.

0.28 (Bagan et al, 1997; Khodjamirian et al, 1997) → 0.26 (Ball et al, 2004; Duplanic et al, 2008)

good for ππ Br’s

• Similar tendency for TBK?

1 (0) – required for K?γ

Strange quark mass

• ms(2 GeV) = 70 MeV fits better than ms(2 GeV) = 100 MeV since it leads to a larger
scalar penguin amplitude, proportional to

2µπ ≡
2m2

K

ms + m̄ud
=

2m2
π

mu + md
= −

4〈q̄q〉
f 2
π
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|Vub| crisis (about to be resolved?)

• |Vub| f Bπ
+ (0) = (9.1± 0.6± 0.3)× 10−4 from semileptonic B → πlν spectrum + form

factor extrapolation (Ball, 2006)

Also lattice results (HPQCD) tend to small values.

• |Vub| f Bπ
+ (0) = (8.1± 0.4 (?))× 10−4 from B → π+π−, π+π0, πρ, . . . + factorization

(MB, Neubert, 2003; Arnesen et al, 2005; MB, Jäger, 2005)

=⇒ |Vub| ' 3.5×10−4, in contrast to determination from moments of inclusive b → u`ν
decay, which was |Vub| ' (4.5± 0.3)× 10−4.

But: according to (Neubert, LP07) |Vub| ' (3.7± 0.3)× 10−4 after reevaluation of mb
input and omitting B → Xsγ moments!
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λB? λ−1
B ≡

R∞
0

dω
ω

ΦB+(ω)

λB controls the relative importance of hard-spectator scattering and the form factor term. Smaller
λB implies larger spectator-scattering effects.

• λB = (350± 150) MeV BBNS assumption

• Theoretical models:
λB = (460± 110) MeV (QCD sum rules, Braun et al, 2003),
(460± 160) MeV (QCD sum rules, Khodjamirian et al, 2005)

(480± 120) MeV (shape models with moment constraints: Lee, Neubert, 2005)

• Experimental (BABAR 0704.1478 [hep-ex]):
λB >∼ 600 MeV (90% CL) from upper limit on B → γ`ν.

LO theory input only? Cuts ok for application of collinear factorization?

But tree-dominated charmless decays (ππ, πρ, ρρ)
all require λB ' (200 − 250) MeV [driven by large
|C/T|].
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Power corrections

Every amplitude receives corrections Λ/[mb/2], which cannot be calculated in general.
In practice very important for the dominant QCD penguin amplitude Pc ∼ (

P
q[q̄sq][q̄D]):

Pc = [ac
4 + rχac

6]SD + [ac
4 + rχac

6]LD + βc
3 + . . .

• [ac
4 + rχac

6]SD depends strongly on whether final state is PP, PV, VP or VV in agreement
with data. Dominant contribution is a power correction, rχac

6!

• Short-distance contribution falls short of data by about 0.02-0.03 for PP, PV and VP, ok
for VV. Relatively large effect for for PV and VP, less for PP (MB, Jäger, 2006, see following slide

on penguin amplitude calculation)

• Don’t know which physical effect makes up for the missing contribution:
– [ac

4 + rχac
6]LD, e.g. charm penguin contractions?

– βc
3, penguin annihilation (as in BBNS)?

Up to now, no solid empirical evidence for significant other annihilation
amplitudes. (See also Hao et al., 2006)

• Conservative parameterizations should allow long-distance and annihilation amplitudes
to be complex⇒ uncertainty in direct CP asymmetry prediction.

Key issue for progress with (factorization) theory-driven approaches.
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Penguin amplitudes – Comparison of P/T to data

Final state dependence in
good agreement with data.

PP ∼ a4|{z}
V∓A

+ rχa6|{z}
S+P

PV ∼ a4 ≈
PP
3

VP ∼ a4 − rχa6 ∼ −PV

VV ∼ a4 ∼ PV

Small phases (→ CP
asymmetries)

(Small weak annihilation error for

VV unrealistic - similar to VP, PV)
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Figure from (MB, Jäger, 2006)
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New calculations of power corrections

Factorizable qq̄g 3-parton contributions (Yeh, 2008)

Enhancement of Pc[πK] by 30%.

Should these diagrams not be part of the
QCD matrix element 〈M|q̄q|0〉 of the S−P
current?

qq̄g 3-parton contributions to annihilation (Arnesen et al., 2007, see also talk by Rothstein)

• Unsuppressed in Λ/mb relative to 2-parton
contributions

• Calculable, no endpoint divergence.

• Numerically small relative to the dominant
annihilation contribution βc

3 to Pc, even
though βc

3 is a 1/m2
b effect.

No effect on phenomenology.
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Theoretical understanding of “endpoint divergences”

Basic problem with collinear/SCET factorization in higher orders in Λ/mbZ 1

0

du
u2

Φ(u) = ∞,

Z 1

0

du
u

Φp(u) = ∞, etc.

• kT -factorization (PQCD, Li et al.) does not help, unless it can be shown that there
is no contribution from kT ∼ Λ even for power corrections – unlikely!

• Rapidity factorization (Zero-bin factorization, Manohar, Stewart, 2006) does not help, until
it is clarified where the subtracted contributions are really accounted for –
which matrix elements?

Still no theory.
Some insight from non-relativistic systems (Bell, Feldmann, 2007) especially B → χcJK (MB, Vernazza, 2008):

• End-point contribution corresponds to NRQCD colour-octet matrix element

• End-point divergence not related to the kaon light-cone distribution amplitude

• End-point contribution is not real. Large phase.
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Sketch of spectator-scattering B → χcJK (MB, Vernazza)

��
����*

Endpoint div. in
hard spectator-scattering
(Song et al., 2002; Meng et al., 2005)

@@I

NEW

Large rescattering phase from endpoint
contribution, none from hard scattering.
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Specific decays and observables

• B → PP
very well studied, benchmarks for theory, CKM physics and New Physics searches

• B → PV, VP
α, penguin physics, better access to electroweak penguins [largely unexplored]

• B → VV
Longitudinal amplitudes similar to PV, VP: α
Polarization physics plagued by large theoretical uncertainties (Kagan, 2004; MB, Rohrer, Yang, 2006)

Useful strategies fit (transverse) penguin amplitudes to ΦK? and make predictions for ρK? etc.
(combine with “SU(3)” approach)

• B → VA, AV, AA (Cheng, Yang; 2007, 2008)

hadronic parameters less well known
some additional insights on polarisation

• B → SP (Cheng, Chua, Yang; 2006)

• B → SV (Cheng, Chua, Yang; 2007)

hadronic parameters less well known
quark composition of scalar mesons?

• B → three body
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1) Tree dominated B → ππ, ρρ, πρ decays

2) sin(2β) from b → s transitions

3) πK ratios and CP asymmetry difference

4) Transverse polarisation in B → VV
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Comparison of B → ππ and B → ρρ

B → ρρ B → ππ

|T|/(10−8 GeV−1) 4.74+1.29
−0.69 2.15+0.58

−0.55
rC 0.28+0.24

−0.24 0.57+0.34
−0.40

δC (−8+35
−42)◦ (−4+22

−23)◦

rP 0.10+0.05
−0.06 0.42+0.17

−0.15
δP (25+18

−38)◦ (0+26
−12)◦

(update of MB, Rohrer, Yang; 2006)

√
2 AL

B−→ρ−ρ0 = (TL + CL) e−iγ

AL
B̄0→ρ+ρ− = TLe−iγ + PL

−AL
B̄0→ρ0ρ0 = CLe−iγ − PL

• Difference in |T| reflects different smaller fπFBπ
+ (0) vs fρFBρ

+ (0).

• Non-universality of C/T follows from
C
T

=
α2 − αu

4 + . . .

α1 + αu
4 + . . .

and the non-universality of αu
4 ∼ P netween PP and VV.

Explains why Br(B0 → ρ+ρ−) ≈ (4− 5)× Br(B0 → π+π−) while
Br(B0 → ρ0ρ0) ≈ Br(B0 → π0π0) is possible.

• B0 → ρ+ρ− ideal for theory-driven determination of α, since the interfering
pengion amplitude is small.
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Comparison of tree-dominated
PP, PV, VV decays with pions
and ρ-mesons only.
(Triangles: theory [MB, Neubert, 2003;

MB, Rohrer, Yang, 2006])

Branching fractions

π0π0 and π0ρ0 somewhat low.
However, for π0π0:
0.08 (naiveF)→ 0.8 (QCDF)

Direct CP asymmetries

Major discrepancy is with the
BELLE value of C(π+π−).
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γ determination from time-dependent CP asymmetry
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-1
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1
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SL,ρρ

Sππ = −0.58± 0.09

⇒ γ = (65 +12
−8 )◦

Sπρ = 0.03± 0.09

⇒ γ = (69 +6
−6)

◦

Sρρ = −0.13± 0.19

⇒ γ = (69 +8
−8)

◦

Mutually consistent

γ = (68± 4)◦

and consistent with the
standard mixing-based fit
(UTfit, 2007):

γ = (61± 5)◦
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sin(2β) from b → s transitions (MB, 2005; Cheng, Chua, Soni 2005)

Br(B̄0(t) → f )− Br(B0(t) → f )
Br(B̄0(t) → f ) + Br(B0(t) → f )

≡ Sf sin(∆mB t)− Cf cos(∆mB t) ,

Main result from QCD factorization:
∆Sf ≡ Sf (b→s) − sin(2β)J/ψKS

is small and positive except for ρKS and ηKS.
(Numbers are an update from MB, 2005)

sin(2βeff) ≡ sin(2φe
1
ff)

b→ccs

φ K0

η′  K0

KS KS KS

π0 KS

ρ0 KS

ω KS

f0 K
0

K+ K- K0

-0.2 0 0.2 0.4 0.6 0.8 1

World Average 0.68 ± 0.03

Average 0.39 ± 0.17

Average 0.61 ± 0.07

Average 0.58 ± 0.20

Average 0.38 ± 0.19

Average 0.61 +-
0
0
.
.
2
2
5
7

Average 0.48 ± 0.24

Average 0.85 ± 0.07

Average 0.73 ± 0.10

H F A GH F A G
LP 2007

PRELIMINARY
Mode ∆Sf (Theory) ∆Sf [Range∗]

π0KS 0.07+0.05
−0.04 [+0.03, 0.13]

ρ0KS −0.08+0.08
−0.12 [−0.29, 0.01]

η′KS 0.01+0.01
−0.01 [+0.00, 0.03]

ηKS 0.10+0.11
−0.07 [−0.76, 0.27]

φKS 0.02+0.01
−0.01 [+0.01, 0.05]

ωKS 0.13+0.08
−0.08 [+0.02, 0.21]

? from a random scan of 2 · 105 input parameter sets and requiring that experimental branching fractions are reproduced within±3σ
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A(B̄ → f ) = λcac
f + λuau

f ∝ 1 + e−iγdf df = εKMd̂f with εKM =

˛̨̨̨
VubV∗us

VcbV∗cs

˛̨̨̨
∼ 0.025

∆Sf = −ηf Sf − sin(2β) =
2 Re(df ) cos(2β) sin γ + |df |2 (sin(2β + 2γ)− sin(2β))

1 + 2 Re(df ) cos γ + |df |2

πKS d̂f ∼
[−Pu] + [C]

[−Pc]
ρKS d̂f ∼

[Pu]− [C]

[Pc]

η′KS d̂f ∼
[−Pu]− [C]

[−Pc]
φKS d̂f ∼

[−Pu]

[−Pc]

ηKS d̂f ∼
[Pu] + [C]

[Pc]
ωKS d̂f ∼

[Pu] + [C]

[Pc]

[Quantities in square brackets have positive real part.]

|Pu/Pc| ≈ 0.02 are roughly independent of f but (magnitude of real parts)

Pc(πK) ∼ 2Pc(ρK) ∼ 0.4Pc(η′K) ∼ 2.3Pc(ηK) ∼ 1.3Pc(φK) ∼ 2.3Pc(ωK)

hence the influence of C determines the difference between the different modes.
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B → πK ratios and asymmetries
Construct ratios with little dependence on γ, but sensitive to electroweak penguins.
Difference in CP asymmetries in final states with charged kaons.

R00 =
2Γ(B̄0 → π0K̄0)

Γ(B− → π−K̄0)
= |1 − rEW|

2 + 2 cos γ Re rC + . . .

RL =
2Γ(B̄0 → π0K̄0) + 2Γ(B− → π0K−)

Γ(B− → π−K̄0) + Γ(B̄0 → π+K−)
= 1 + |rEW|

2 − cos γ Re(rT r∗EW) + . . .

δACP = ACP(π0K±)− ACP(π∓K±) = −2 sin γ
“

Im(rC)− Im(rT rEW)
”

+ . . .

theory: rEW ≈ 0.12 − 0.01i, rC ≈ 0.03[×2?]− 0.02i, rT ≈ 0.18 − 0.02i

theory data

R00 0.79 ± 0.08 0.92 ± 0.07

RL 1.01 ± 0.02 1.07 ± 0.05

δACP 0.03 ± 0.03 0.14 ± 0.03

Same for ρK etc.?

rEW =
3

2
RπK

αc
3,EW(πK̄)

α̂c
4(πK̄)

rC = −RπK

˛̨̨̨
˛̨λ(s)

u

λ
(s)
c

˛̨̨̨
˛̨ α2(πK̄)

α̂c
4(πK̄)

rT = −

˛̨̨̨
˛̨λ(s)

u

λ
(s)
c

˛̨̨̨
˛̨ α1(πK̄)

α̂c
4(πK̄)

where RπK = (fπ/fK ) · (FB→K
0 /FB→π

0 ) ≈ 1.
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No qualitative change since 2006:

• Enhancement of |C/T| (or smaller Br(π0K0)) helps for ratios.

• No significant evidence for anomaly in electroweak penguins from ratios but
room for modifications if purely imaginary (new weak phase).

• δACP difficult to explain. Two options:

• Large colour-suppressed tree with large imaginary rC . Not possible in
SM + factorization.

• Enhancement of rEW to about 0.3i.
Should have spectatcular effects in ρK, πK∗, ρK∗!
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Polarization in B → VV (MB, Rohrer, Yang, 2005/2006)

Three helicity amplitudes A0,−,+ or A0,‖,⊥
(A‖,⊥ = (A+ ±A−)/

√
2)

Longitudinal amplitude can be taken from PP
calculations.

Many previous calculations of the transverse
amplitudes (Cheng, Yang, 2001; Li,Lu, Yang, 2003; Kagan

2004; Rohrer 2004; Yang, Wang, Lu, 2004; Das, Yang, 2004;

Zou, Xiao, 2005).
None complete, all with errors except (Kagan 2004;

Rohrer 2004)

P1

P2

V2

V1

Q2

Q1

ϑ1

2ϑ’

ϕ

dΓB→V1V2→...

dcosϑ1dcosϑ2dϕ
∝ |A0|

2 cos2
ϑ1 cos2

ϑ2 +
1

4
sin2

ϑ1 sin2
ϑ2

“
|A+|2 +

˛̨
A−

˛̨2”
− cosϑ1 sinϑ1 cosϑ2 sinϑ2

h
<
“

e−iϕA0A
∗
+

”
+ <

“
e+iϕA0A

∗
−

”i
+

1

2
sin2

ϑ1 sin2
ϑ2 <

“
e2iϕA+A∗−

”
,
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Amplitude hierarchy

• A quark model (Körner, Goldstein, 1979) or naive factorisation analysis indicates a hierarchy of
helicity amplitudes

Ā0 : Ā− : Ā+ = 1 :
Λ

mb
:

 
Λ

mb

!2

Follows from V − A weak interactions and helicity conservation in short-distance QCD
interactions.

• Amplitude hierarchy is inverted by electromagnetic penguin effects:

Ā0 : Ā− : Ā+ = 1 :
αEMmb

Λ
: αEM

Transverse colour-allowed electroweak penguin amplitude completely different in magnitude
and sign from the naive factorization expectation.

• Weak annihilation is comparatively (one factor of mb/Λ!) more important (but still
power-suppressed) (Kagan, 2004)

P−

P0
≈

A−
ρK∗

A0
ρK∗

αc−
4 + βc−

3

α
c,0
4

≈
0.05 + [−0.04, 0.10]

0.12
,

Large transverse polarization possible for penguin-dominated decays but no precise results from theory
alone.
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fL / percent

Theory Experiment

B− → ρ−ρ0 95.9+0.2
−0.3

+3.4
−5.9 91.2+4.4

−4.5
B̄0 → ρ+ρ− 91.2+0.5

−0.4
+5.6
−6.4 96.8 ± 2.3

B̄0 → ρ0ρ0 90+3
−4

+8
−63 87 ± 14

B− → ωρ− 93.5+1.3
−1.1

+5.0
−8.4 82 ± 11

B̄0 → ωρ0 39+9
−5

+61
−15 n/a

B̄0 → ωω 93+2
−4

+5
−23 n/a

B̄s → K∗+ρ− 92.1+0.7
−6.6

+5.3
−7.6 n/a

B̄s → K∗0ρ0 93+2
−2

+5
−57 n/a

B̄s → K∗0ω 93+2
−3

+5
−54 n/a
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fL / percent Theory Experiment

default α̂c
4 from data

B− → K∗−φ 42+0
−0

+64
−38 50+0

−0
+22
−20

+0
−1 50.0 ± 7.0

B̄0 → K̄∗0φ 42+0
−0

+63
−37 49+0

−0
+22
−20

+0
−0 49.1 ± 3.2

B− → K∗−ω 49+11
−9

+49
−24 64+6

−9
+24
−23

+2
−11 n/a

B̄0 → K̄∗0ω 49+1
−2

+59
−38 55+3

−3
+38
−35

+0
−2 n/a

B− → K̄∗0ρ− 44+0
−0

+59
−40 67+0

−0
+14
−10

+0
−3 48.0 ± 8.0

B− → K∗−ρ0 61+8
−6

+43
−44 89+1

−2
+6
−5

+1
−3 96+6

−16
B̄0 → K∗−ρ+ 41+2

−0
+55
−20 70+3

−4
+13
−10

+1
−6 n/a

B̄0 → K̄∗0ρ0 33+2
−1

+61
−18 34+3

−3
+23
−14

+2
−0 57 ± 12

B̄s → K∗−K∗+ 43+5
−4

+54
−32 83+2

−2
+8
−11

+0
−5 n/a

B̄s → K∗0K̄∗0 44+0
−0

+60
−45 80+0

−0
+9
−12

+1
−4 n/a

B̄s → φφ 37+0
−0

+66
−33 55+0

−0
+21
−19

+2
−4 n/a

B− → K∗0K∗− 50+1
−1

+54
−46 70+1

−0
+12
−12

+0
−3 n/a

B̄0 → K∗0K̄∗0 53+0
−0

+52
−51 75+3

−2
+11
−13

+2
−5 n/a

B̄s → K∗0φ 43+2
−2

+59
−31 55+6

−5
+27
−22

+4
−0 n/a
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Conclusion

• Almost all two-body final states are being explored.

• Overall picture quite satisfying with some problems.

• Calculations of radiative corrections are proceeding to NNLO: important to
complete the calculation of the QCD penguin amplitude.

• Theoretical understanding of power corrections crucial for further progress –
perhaps too hard.
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