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• Power enhancement in


• QED corrections with SCET


• LCDA with QED 


• Numerical results
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Ultra-soft photons
• Typically we can impose a cut on the photon energy forcing it to be 

ultra-soft


• This leads to simple classification 


• Ultra-soft photons: based on eikonal approximation, well 
understood, under the assumption that 

• Non-universal, structure dependent correction 
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Both effects are important - even with a cut on real photons         the virtual photons 
can resolve the structure of the meson! Virtual photons can couple to initial and final 
state and may have wave-lengths smaller than the typical meson size
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Eikonal approximation
Spin-universal ultra-soft photon limit
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Ultra-soft corrections exponentiate
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Scales relevant for QED 
corrections  

  This depends on the process and observables


For                       there are several relevant kinematical and dynamical 
scales


• Hard scale given by kinematics


• heavy b quark mass — expansion parameter in HQET


• soft scale, typical momentum of the quarks in the meson (or inverse 
radius of the meson)


• collinear scale, muon mass acts as a regulator for collinear divergences  
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QED Logs in flavour physics
We need a more systematic approach than eikonal (soft) expansion!
Different logarithms appear 


Expansion parameter is                    rather than just 


Mixed QED-QCD logs are essential! 
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We will consider                      and perform power expansion in


EFT approach allows for a resummation of QED and QCD corrections, i.e. we can 
work to all orders in coupling constant but to a fixed order in 


Beyond ultra-soft photon 
approximation

• Heavy quark expansion — works well for inclusive observables


• QED corrections on the lattice — currently only light mesons


• Effective Field Theory Approach — systematic expansion in the ratio of 
scales 
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• Loop suppressed (FCNC)


• Helicity suppresses (scalar 
meson decaying into energetic 
muons through vector 
interactions)


• Precisely known in SM thanks 
to purely leptonic final state 
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Can the helicity suppression be 
relaxed?  

b
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Annihilation and helicity flip take place at the same point 
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Can the helicity suppression be 
relaxed?  

10
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m!
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Annihilation and helicity flip can be separated by


 

It is still a short distance effect since the size of the meson is 
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Tower of EFTs …
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∆E
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We understand quite well the long-distance physics — when mesons look 
point-like


Short distance physics is also under good control — pQCD works well
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If we want to understand structure dependent QED corrections we need to 
also understand intermediate scales
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… SCET …
• Soft-collinear effective field theory is designed to describe long-

distance physics associated with energetic particles


• Different modes are represented by different fields
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…and modes
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QED correction on the partonic 
level
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Power-enhanced correction

b(pb)

q(lq)
γ
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"(p!)
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Regions:


 Hard-collinear


Collinear


Soft (no power enhancement)

External quark is always 
soft
Photon can be collinear or 
hard-collinear

Virtual quark is always 
hard-collinear
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Regions and EFT interpretation
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full QED
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Hard matching
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Hard matching
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Hard-collinear running
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Convolution for B-type currents
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SCET operators have cusp anomalous dimension

Not relevant for LL

Additional part related to 
light quark charge



Hard-collinear running
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Sudakov double logs 
dressing the amplitude
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Solving the RGE at LL accuracy we find

b(pb)

q(lq)
γ
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"(p!)

"(p!)

QCD corrections 
dressing the 
QED diagram
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Hard-collinear matching
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First, the non-enhanced operator

is matched on SCET II operator 

Soft Wilson lines
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Integrating out the hard-
collinear modes
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To convert hard-collinear 
quark into a soft quark we 
need power suppressed 
interaction
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Non-locality of the soft modes 
in SCET II
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Small component of hard-collinear momentum 
scales the same as soft momentum

Soft fields become 
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SCET II factorisation

Soft, collinear and anti collinear modes do not 
interact with each other at LP in SCET II

States are defined with respect to the LP 
Lagrangian

Factorisation
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Soft operator
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Both operators have the same soft part

We must subtract the overlap between soft and collinear and anti-collinear regions 


Collinear or factorisation anomaly
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Similar to  
TMD PDF

T. Becher, G. Bell, 
arXiv:1312.5327 



Soft anomalous dimension
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also in pure QCD
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Additional process dependent 
contributions 



Soft Matrix element
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For LL accuracy we can use standard LCD and evolve it with QED 
corrections in the cusp anomalous dimension 

Depends on  
charges of the 

final state 
leptons



QED effects in B-meson
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Process dependent decay constant 

RGE for the LCDA follows from the operator RGE

Formall solution



Soft scale expansion
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The leading terms in the expansion coincide with the standard B-meson decay 
constant and LCDA defined in the absence of QED at the soft scale
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Higher-order terms in the expansion define non-universal, non-
local QCD (more precisely, HQET) matrix elements that have to be 

evaluated nonperturbatively.

QED Expansion 



Leading Logarithmic evolution
The leading terms have different evolution than the pure QCD LCDA
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At LL accuracy in QED
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Anti-Collinear sector
Jc ⌘ Ji,c = R�`c(0)

<latexit sha1_base64="u4DLKA3iQK1YtvYa2Nrk+AJylCs="></latexit>

d

d lnµ
Jc(µ) = ��c Jc(µ)

<latexit sha1_base64="t9jCpM9+NT7Pp2BSmo+ihcwFLdU="></latexit>

�c =
�c

2

✓
ln

mBq

µ
� i⇡

2

◆
� ↵em

4⇡
3Q2

`
<latexit sha1_base64="mA4r/ZxN9wMkbAVk1eNLdnMBf/Q="></latexit>

Uc(µ, µc) = exp


� 4⇡

↵em(µc)

Q2
`

�2
0,em

⇣
g0(⌘em) +

↵em(µc)

2⇡
�0,em ln ⌘em ln

mBq

µc

⌘�

DL��! exp


��c

4

✓
ln2

mBq

µc
� ln2

mBq

µ

◆�

<latexit sha1_base64="SxG+6BaA184v9XIwSfeY6khfDuM="></latexit>

It is just a 
single field

Evolution factor

Combines with a 
similar part in h.c. 
evolution factor

cusp part

Evolution from 
the hard to the 
collinear scale
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Collinear operators
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At LL, we retain cusp and 
the off-diagonal term

This structure of 
the RGE is typical 
at NLP
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Factorisation of the amplitude
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We already know the hadronic matrix element — now we take the leptonic 
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We already know the hadronic matrix element — now we take the leptonic 
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Factorisation of the amplitude
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We already know the hadronic matrix element — now we take the leptonic 

soft part — 
LCDA

Hard 
matching 
coefficient

Hard-collinear 
matching 

coefficients
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Ultra-soft photons
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the matrix element factorises

Non-radiative 
amplitude that we 

just computed in EFT

Ultra-soft 
matrix 

element

41
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For there are no further LL 



Ultra-soft function and 
exponentiation
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We square the  amplitude and sum over all possible ultra-soft states with an 
energy cut

The scale dependence cancels with the Sudakov factor in the amplitude

With the non-radiative decay rate
We recover standard 

QED factor
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QED corrected amplitude
Ignoring resummation for a moment, the one loop correction is
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We need the inverse logarithmic moments

�B(µ0) = 275(75)MeV

�1(µ0) = 1.5(1.0)

�2(µ0) = 3(2)
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Results
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Neglecting  QED resummation, but using QCD resummation
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QCD resummation is 
important! QED can 
be safely neglected



Scale dependence
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Resummation effect on 
the  QED correctionsexp [Sq]
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only

Ultra-soft photons



Summary

• LCDA becomes process dependent when QED corrections are included 
— one cannot naively generalise QCD to QCD+QED


• QCD resummation effects are needed on top of the one-loop QED 
corrections


• It is important to consider structure depended corrections in addition to 
the standard ultra-soft photon approximation
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Rate asymmetry
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Measurement of the time-dependent rate asymmetry gives access to additional 
observables 
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Scalar QED
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Some results for QED corrections exist in the point-like approximation

[S. de Boer, T. Kitahara, I. Nisandzic, 1803.05881]

B
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PHOTOS Monte Carlo program

[P. Golonka, Z. Was, hep-ph/0506026] 



Why strange B-meson?  

• Neutral meson — ultra-soft 
photons decouple from the 
hadronic initial state


• Presence of heavy quark allows 
to apply perturbative methods 


• Good place to look for new 
physics, in particular 
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B to A mixing
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B-type 
current

Single fermion matrix 
element — A type

Off-shell to regularise IR 
divergence
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No mixing for massless 
fermions
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B-type 
current

Single fermion matrix 
element — A type

Off-shell to regularise IR 
divergence
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A remark on the dipole 
contribution
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If the photon is hard, we can 
perform tree-level matching and 
the situation is similar as before
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A remark on the dipole 
contribution

Hard-collinear region Collinear region
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Soft region



A remark on the dipole 
contribution

Hard-collinear region Collinear region

54

�̄hchvAhc? !

qsi
 ��
n�@

�1
s hv

h 1

(in+@c)(in�@s)
`c`s

i h 1

(in�@c)(in+@s)
`s`c

i

<latexit sha1_base64="/30sCigAe1ybGp5USjocqUGhnTs="></latexit>

Q7 =
e

(4⇡)2
mb

⇥
q̄�µ⌫PRb

⇤
Fµ⌫

<latexit sha1_base64="wscM2j7VKcsswCFPekTLyqdDMIs="></latexit>

Soft region

The QCD sector is the same for both as before 
and cusp is diagonal in momentum fraction

We can resume QCD double logs



SCET beyond LP
 Allows for systematic expansion in �
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 Permits to parameterise non-perturbative physics in terms of matrix elements 
of specific operators

Two sources of power-suppression
 Subleading Lagrangian interaction (within a single collinear sector)


 Subleading currents (connects different sector after integrating out 
hard modes)
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Subleading Lagrangian
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M. Beneke, T. Feldmann, hep-ph/0211358

Soft gluon/photon emission at NLP

Soft quark/lepton emission at NLP
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Converts collinear fermion into soft fermion and a collinear boson



Subleading currents
 Constructed from collinear gauge invariant building blocks and  
soft gauge covariant


 Each field carries extra suppression
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Subleading currents
 Constructed from collinear gauge invariant building blocks and  
soft gauge covariant


 Each field carries extra suppression
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