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Applications of factorization
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Colour-suppressed tree amplitude

• Relevant for Bd → π0π0, . . .
Naive factorization

C ∝ a2(ππ) = 0.220

• NNLO factorization

C ∝ a2(ππ) = 0.220− [0.179 + 0.077i]NLO − [0.031 + 0.050i]NNLO

+

[ rsp

0.485

] {
[0.123]LOsp + [0.053 + 0.054i]NLOsp + [0.072]tw3

}
= 0.26− 0.07i → 0.51− 0.02i (if 2× rsp)

rsp =
9fM1 f̂B

mbf Bπ
+ (0)λB

1

λB(µ)
=

∫ ∞
0

dω

ω
ΦB+(ω, µ)

No colour suppression at NLO. Large cancellation of one-loop and tree.
Amplitude dominated by spectator-scattering

Sizeable correction to imaginary part (phases), but cancellation between vertex
and spectator-scattering.

M. Beneke (TU München), QCD factorization “Flavourful Ways”, 30 October 2014 19



Branching fractions (tree-dominated decays) [MB, Huber, Li, 2009]

Theory I Theory II Experiment

B− → π−π0 5.43 +0.06 +1.45
−0.06−0.84 (?) 5.82 +0.07 +1.42

−0.06−1.35 (?) 5.59+0.41
−0.40

B̄0
d → π+π− 7.37 +0.86 +1.22

−0.69−0.97 (?) 5.70 +0.70 +1.16
−0.55−0.97 (?) 5.16± 0.22

B̄0
d → π0π0 0.33 +0.11 +0.42

−0.08−0.17 0.63 +0.12 +0.64
−0.10−0.42 1.55± 0.19

BELLE CKM 14: 0.90± 0.16

B− → π−ρ0 8.68 +0.42 +2.71
−0.41−1.56 (??) 9.84 +0.41 +2.54

−0.40−2.52 (??) 8.3+1.2
−1.3

B− → π0ρ− 12.38 +0.90 +2.18
−0.77−1.41 (?) 12.13 +0.85 +2.23

−0.73−2.17 (?) 10.9+1.4
−1.5

B̄0 → π+ρ− 17.80 +0.62 +1.76
−0.56−2.10 (?) 13.76 +0.49 +1.77

−0.44−2.18 (?) 15.7± 1.8

B̄0 → π−ρ+ 10.28 +0.39 +1.37
−0.39−1.42 (??) 8.14 +0.34 +1.35

−0.33−1.49 (??) 7.3± 1.2

B̄0 → π±ρ∓ 28.08 +0.27 +3.82
−0.19−3.50 (†) 21.90 +0.20 +3.06

−0.12−3.55 (†) 23.0± 2.3

B̄0 → π0ρ0 0.52 +0.04 +1.11
−0.03−0.43 1.49 +0.07 +1.77

−0.07−1.29 2.0± 0.5

B− → ρ−L ρ
0
L 18.42+0.23

−0.21
+3.92
−2.55 (??) 19.06+0.24

−0.22
+4.59
−4.22 (??) 22.8+1.8

−1.9
B̄0

d → ρ+L ρ
−
L 25.98+0.85

−0.77
+2.93
−3.43 (??) 20.66+0.68

−0.62
+2.99
−3.75 (??) 23.7+3.1

−3.2
B̄0

d → ρ0
Lρ

0
L 0.39+0.03

−0.03
+0.83
−0.36 1.05+0.05

−0.04
+1.62
−1.04 0.55+0.22

−0.24

Theory I: f Bπ
+ (0) = 0.25± 0.05, ABρ

0 (0) = 0.30± 0.05, λB(1 GeV) = 0.35± 0.15 GeV

Theory II: f Bπ
+ (0) = 0.23± 0.03, ABρ

0 (0) = 0.28± 0.03, λB(1 GeV) = 0.20+0.05
−0.00 GeV

First error γ, |Vcb|. |Vub| uncertainty not included. Second error from hadronic inputs.
Brackets: form factor uncertainty not included.
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Penguin amplitudes and (direct) CP violation

• Interference of QCD penguin is main source of direct CP violation.

[
Pc

T

]
ππ

,

[
T
Pc

]
πK
,

[
Pu

Pc

]
φK

•
Leff = −

GF√
2

∑
p=u,c

VpbV∗pD

(
C1Op

1 + C2Op
2 +

∑
i=pen

CiOi,pen

)

Two amplitudes Pu,c. Dominant contribution beyond tree-level from tree operatorsOp
1,2.

• Non-singlet amplitude Pu,c ∼ λ(D)
u,c
∑

q
[q̄sq][q̄D]

Very little known (experimentally) for singlet penguin Su,c ∼ λ(D)
u,c
∑

q
[q̄q][q̄sD].

(B→ πφ in the absence of ω − φ mixing.)
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Mixing-induced CP asymmetry and penguin contributions

BB̄ mixing through top box with
phase φd = 2β
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γ determination from time-dependent CP asymmetry
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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
global unitarity triangle fit
(CKMfitter, 2014):

γ = (66+1.3
−2.5)◦
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Penguin amplitudes – Comparison of P/T to data

Final state dependence in
good agreement with data.

PP ∼ a4︸︷︷︸
V∓A

+ rχa6︸︷︷︸
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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Comparison of direct CP viola-
tion in ∆D = 1 (upper plot) and
PV ∆S = 1 decays (lower plot).
(Triangles: theory [MB, Neubert, 2003;

MB, Rohrer, Yang, 2006])
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Summary/Outlook

I Mature theory at leading power (SCET).
Similiarities and difference from collider physics. Soft initial state. Power-suppressed
interactions relevant at LP.

Leik = ξ̄in−Ds
n/+

2
ξ L(1)

ξq = q̄sW†c iD/⊥cξ − ξ̄i
←−
D/⊥cWcqs

II Qualitative features of factorization evident in data (hierarchy of penguin amplitudes,
size of direct CP asymmetries and strong phases)

At the quantitative level, mixed conclusions. Often not clear whetherO(αs) [known] or
O(Λ/mb) effects [unknown] are more important.

III NNLO computation for charmless decays (nearly) completed

Soon ready for a major improvement of QCDF predictions (excluding polarisation):

• NLO → NNLO
• Improved input parameters

Belle-II start-up 2016, B2TiP effort started.
Still many unmeasured, but predicted observables.
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