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• Introduction and overview

• NLO phenomenology

• Factorization and NNLO

• Power-suppressed effects

• Summary and further results
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Overview

I NLO Phenomenology

• Charmless B decays, radiative/electroweak decays
• CP violation

II The next order

• 1-loop spectator scattering, concepts and calculations
• 2-loop vertex kernels

III Developments in factorization

• All orders
• Power corrections
• Further processes

G. Bell, S. Bosch, F. Campanario, T. Feldmann, S. Jäger, T. Huber, X.Q. Li, B. Pecjak, J. Rohrer,
J. Rohrwild, D. Seidel, O. Tarasov, P. Urban, L. Vernazza, Y. Wang, D. Yang
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EW scale effects and the effective Lagrangian
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tree

QCD penguin

EW penguin

+ any new heavy
particles (Z′, gluino
KK states, ...)

Leff = −
GF√

2

∑
p=u,c

VpbV∗pD

(
C1O1 + C2O2 +

∑
i=pen

CiOi,pen

)
A(B̄→ f ) =

∑
i

[λCKM × C × 〈f |O|B̄〉QCD+QED ]i

• Effective local interactions with a variety of flavour, colour
and spin structures (D = d, s)

b→ Dγ, b→ Dg, b→ q1q2q̄3, b→ D`+`−

• Many transitions only at the loop-level, all FCNCs
Loop-induced transition can be dominant, e.g. b→ suū

VubV∗us ∼ 8 · 10−4 VtbV∗ts ∼ 4 · 10−2

• 〈f |O|B̄〉 – “Hadronic matrix element” depends on spin and
parity of final state, and whether reached only through
annihilation. CP violation depends on rescattering phases.
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Charmless B decays at leading power [MB, Buchalla, Neubert, Sachrajda, 1999]
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Form factor term +
Spectator scattering

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

C(µh)×
{

FB→M1 × T I(µh, µs)︸ ︷︷ ︸
1+αs+...

? fM2 ΦM2 (µs)

+ fBΦB(µs) ? T II(µh, µs)︸ ︷︷ ︸
αs+...

? fM1 ΦM1 (µs) ? fM2 ΦM2 (µs)
}

+ 1/mb-suppressed terms

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

Direct CP asymmetries [B→ f vs. B̄→ f̄ ]
ACP ∝ αs, ΛQCD/mb!
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Charmless NLO phenomenology

B = Bd,Bu,Bs
P = π0, π±,K0K̄0,K±, K̄±, η, η′

V = ρ0, ρ±,K∗0K̄∗0,K∗±, K̄∗±, ω,Φ

• 96 PP or PV final states

• Br, ACP, S

• 34 VV final states

• Br, ACP, S, polarisation fractions,
angular distributions
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Branching fractions of tree- and penguin-
dominated B → PP decays (upper) and
penguin-dominated ∆S = 1 pseudoscalar-
vector (PV) final states.

(Triangles: theory NLO(S4) [MB, Neubert, 2003];

Squares: BaBar/Belle data until 2007)
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MB, Rohrer, Yang, 2006])

Note: Identically zero at LO
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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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Systematics of factorization

M. Beneke (TU München), C1 – B decays SFB TR9, September 18, 2014 11



M. Beneke (TU München), C1 – B decays SFB TR9, September 18, 2014 12



M. Beneke (TU München), C1 – B decays SFB TR9, September 18, 2014 13



Status of radiative calculations (non-leptonic)

〈M1M2|CiOi|B̄〉Leff =
∑
terms

C(µh)×
{

FB→M1 × T I(µh, µs)︸ ︷︷ ︸
1+αs+...

? fM2 ΦM2 (µs)

+ fBΦB(µs) ?
[

HII(µh, µI)︸ ︷︷ ︸
1+...

? JII(µI , µs)︸ ︷︷ ︸
αs+...

]
? fM1 ΦM1 (µs) ? fM2 ΦM2 (µs)

}
+ 1/mb-suppressed terms

Other non-leptonic and B→ (M, γ)(γ, `+`−, `ν) at NLO (= partly 2-loop).

from G. Bell [FPCP 2010/CKM2014]
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Operator matching for spectator scattering

QCD→ SCETI matching (T̃ I (̂t) and H̃II (̂t, ŝ) are short-distance)

Q =

∫
d̂t T̃I

(̂t)OI
(t) +

∫
d̂td̂s H̃II

(̂t, ŝ)OII
(t, s) where HII

(u, v) =

∫
d̂td̂s ei(ût+(1−v)̂s) H̃II

(̂t, ŝ).

OI
(t) = (χ̄Wc2)(tn−)

n/−
2

(1− γ5)(W†c2χ)
[

q̄n/+(1− γ5)b
]

OII
(t, s) =

1

mb

[
(χ̄Wc2)(tn−)

n/−
2

(1− γ5)(W†c2χ)
] [

(ξ̄Wc1)
n/+
2

[W†c1iD/⊥c1Wc1](sn+)(1 + γ5)hv

]

Hadronic matrix elements (light-cone distribution amplitude and generalized light-cone form factor)

〈M2|(χ̄Wc2)(tn−)
n/−
2

(1− γ5)(W†c2χ)|0〉 =
ifM2 mB

2

∫ 1

0
du eiût

φM2 (u)

〈M1|(ξ̄Wc1)
n/+
2

[W†c1iD/⊥cWc1](sn+)(1 + γ5)hv|B̄〉 = −mbmB

∫ 1

0
dτ eiτ ŝ

ΞM1 (τ)

〈M1M2|Q|B̄〉 = im2
B

{
f

BM1
+ (0)

∫ 1

0
du TI

(u) fM2φM2 (u)−
1

2

∫ 1

0
dudz HII

(u, z) ΞM1 (1− z) fM2φM2 (u)

}

ΞM1 (τ) factorizes further [SCETI→ SCETII matching]

ΞM1 (τ) =
mB

4mb

∫ ∞
0

dω
∫ 1

0
dv J‖(τ ; v, ω) f̂BφB+(ω) fM1φM1 (v)
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Amplitudes and ππ branching fractions with NLO spectator scattering
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• Γ[π0π0]/Γ[π+π−] can be
enhanced from 1/50 to 1/7.

106 BrAv Theory (NLOsp) Exp.

π−π0 5.5+0.3
−0.3(CKM)+0.5

−0.4(hadr.)+0.9
−0.8(pow.) 5.7± 0.5

π+π− 5.0+0.8
−0.9(CKM)+0.3

−0.5(hadr.)+1.0
−0.5(pow.) 5.2± 0.2

π0π0 0.73+0.27
−0.24(CKM)+0.52

−0.21(hadr.)+0.35
−0.25(pow.) 1.31± 0.21

M. Beneke (TU München), C1 – B decays SFB TR9, September 18, 2014 16



All-order factorization, power corrections and “endpoint divergences”

〈M1M2|Q|B̄〉 = im2
B

{
f

BM1
+ (0)

∫ 1

0
du TI

(u) fM2φM2 (u)−
1

2

∫ 1

0
dudz HII

(u, z) ΞM1 (1− z) fM2φM2 (u)

}

ΞM1 (τ) =
mB

4mb

∫ ∞
0

dω
∫ 1

0
dv J‖(τ ; v, ω) f̂BφB+(ω) fM1φM1 (v)

Why not

f BM1
+ (0) =

∫ ∞
0

dω
∫ 1

0
dv K(v, ω) f̂BφB+(ω) fM1φM1 (v) ? K(v, ω) ⊃

∫ 1

0

du
u2

Φ(u) =∞

(Brodsky, Szczepaniak, 1990)

• All-order factorization (convergence) for ΞM1 (τ) [MB, Feldmann, 2003]

• Basic problem with collinear/SCET factorization in higher orders in Λ/mb: operator
interpretation of end-point contributions and their estimation.
[Known as rapidity factorization in collider physics.]

Every amplitude receives corrections Λ/mb, which cannot be calculated in general.

• Some insight from non-relativistic systems [Bell, Feldmann, 2007] especially B→ χcJK [MB,

Vernazza, 2008]
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Sketch of spectator-scattering B → χcJK [MB, Vernazza, 2008]
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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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All-order factorization, and power corrections

• Cannot be extended to relativistic case.

• All-order factorization and NNLO computation of part of the power-suppressed
contributions to the (scalar) QCD penguin amplitude.

• B→ γ`ν – phenomenology and factorization at order 1/mb [MB, Rohrwild, + Kirilin, 2011 –]

• B→ Xu`ν for m2
X � m2

b [MB, Campanario, Mannel, Pecjak, 2004]

Semi-inclusive semi-leptonic decay
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Tree-level results
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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 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.

III LHCb: Electroweak penguin decay B→ K(∗)``

NLO [2001/2004] → NNLO (3-loop b→ s`+`− and 2-loop spectator-scattering)?
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