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Why do we need to know the QED corrections in flavour
physics?

I Large logarithmic ln
(
m2

b/m
2
`

)
enhancements can mimic

lepton-flavor universality violation

I Soft photon approximation employed so far is not suitable for
virtual photons that can resolve the B-meson.

I Factorization theorems do not yet exist for QED

I Expected precision of measurements may require the inclusion
of QED corrections or at least a proof that no effects above
1% exist

Our starting point

Bs → µ+µ−

Robert Szafron
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Bs → µ+µ−

In the SM the process is

I loop suppressed (FCNC)

I helicity suppressed (scalar meson decaying into energetic
muons, vector interaction), A ∼ mµ

I purely leptonic final state allows for a precise SM prediction,
QCD contained in the meson decay constant fBs

Robert Szafron
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Bs → µ+µ−

In the SM the process is

I loop suppressed (FCNC)

I helicity suppressed (scalar meson decaying into energetic
muons, vector interaction), A ∼ mµ

I purely leptonic final state allows for a precise SM prediction,
QCD contained in the meson decay constant fBs

Highly suppressed in SM and can be computed with a good
precision!

Robert Szafron
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Theory Status
Weak EFT (at the scale mb) matching coefficients

I NLO EW [C. Bobeth, M. Gorbahn, E. Stamou, 2014]

I NNLO QCD [T. Hermann, M. Misiak, M. Steinhauser, 2013]

B(Bs → µ+µ−)TH = (3.65± 0.23) · 10−9 [C. Bobeth, M. Gorbahn, T.

Hermann, M. Misiak, E. Stamou, M. Steinhauser, Phys.Rev.Lett. 112, 101801,

2014]

I QED corrections below the mb scale not included

Robert Szafron
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B(Bs → µ+µ−)TH = (3.65± 0.23) · 10−9 [C. Bobeth, M. Gorbahn, T.

Hermann, M. Misiak, E. Stamou, M. Steinhauser, Phys.Rev.Lett. 112, 101801,

2014]

I QED corrections below the mb scale not included

Real radiation - only ultra-soft photons are important

I ISR is small [Y. Aditya, K.Healey, A. Petrov, Phys.Rev. D87 (2013)

074028 ]

I FSR - included in the experimental analysis [A. J. Buras, J.

Girrbach, D. Guadagnoli, G. Isidori, Eur.Phys.J. C72 (2012) 2172]
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QED corrections in QCD bound-states

The final state has no strong interaction – QCD is contained in the
decay constant

〈0| q̄(0)γµγ5b(0) |B̄q(p)〉 = ifBqp
µ

This is no longer true when QED effects are included – non-local
time ordered products have to be evaluated

〈0|
∫

d4x e iqxT{jQED(x),L∆B=1(0)}|B̄q〉

This can be done for QED bound-states but QCD is
non-perturbative at low scales

Robert Szafron
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Scales in the problem

Leptonic decay of Bs is a
multi-scale problem

I Electroweak scale mW

I Hard scale mb

I Hard-collinear scale√
mbΛQCD

I Soft scale ΛQCD

I Collinear scale mµ

We take ΛQCD ∼ mµ so the soft
scale of HQEFT is also a soft
scale of SCETI

SM

Weak EFT

SCETI ⊗ HQEFT

SCETII ⊕ HQEFT

m2
W → ∞

m2
b → ∞

mbΛQCD → ∞

Robert Szafron
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Diagrams in the Weak EFT

Power-enhanced
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The correction at the amplitude level
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I Tree level amplitude
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I Helicity suppression × power enhancement factor
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I Convolution with the light-cone distribution function
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The correction at the amplitude level
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I Double logarithmic enhancement due to endpoint singularity
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Helicity suppression
Can the helicity suppression be relaxed?

b

q̄

ℓ

ℓ̄

Bs ℓ̄γµγ5ℓ → mℓ
mb

ℓ̄cγ5ℓc̄

b

q̄
ℓ

ℓ̄

Bs ℓ̄γµγνℓ → mℓ
ΛQCD

ℓ̄cγ5ℓc̄

Without QED:

u(p`) = uc(p`) +O
(
m`
E`

)
For m` → 0 the amplitude has to vanish

Annihilation and helicity flip take place at the same point r . 1
mb

Robert Szafron
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Can the helicity suppression be relaxed?

b

q̄

ℓ

ℓ̄

Bs ℓ̄γµγ5ℓ → mℓ
mb

ℓ̄cγ5ℓc̄

b

q̄
ℓ

ℓ̄

Bs ℓ̄γµγνℓ → mℓ
ΛQCD

ℓ̄cγ5ℓc̄

With QED:

Annihilation and helicity flip can be separated by r ∼ 1√
mbΛQCD

It is still a short distance effect since the size of the meson is
r ∼ 1

ΛQCD

For m` → 0 the amplitude still vanishes

Robert Szafron
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Operators at the hard scale

Q9 =
αem

4π
(q̄γµPLb)(¯̀γµ`)

Q10 =
αem

4π

(
q̄γµPLb

)(
¯̀γµγ5`

)
Q7 =

e

16π2
mb

(
q̄σµνPRb

)
Fµν

Four-quark operators can be treated as a modification of C9 and C7

C eff
7 C eff

9 (q2)
Robert Szafron
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C9 contribution

Typical SCET I → SCET II problem but with m` 6= 0∑
i

Ci (µb)Oi →
∑
i

∫
du Hi (u) J i (u) ,

Weak operators are matched on B-type SCET I currents

J9 (s, t) =
[
χC (n+s)γµ⊥PLhν (0)

][
`C (n+t) γ⊥µ `C (0)

]

JX (u) = n+p`

∫
dr

2π
exp [−iun+p`r ] JX (0, r)

H9 (u) = C eff
9 (u) +O (αem)

Robert Szafron
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SCET I diagrams

I We need L(1)
ξq to convert the hc-quark into a soft quark

I For pure hc-interaction, mass is power suppressed

m` ∼ λ2, phc⊥ ∼ λ, L(1)
hc,m

I For pure c-interaction, mass is included in the leading power

Lagrangian, m` ∼ λ2 ∼ pc⊥, L(0)
c,m

Robert Szafron
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SCET II
Two operators are relevant for the power-enhanced contribution

J9 (u)→
∫

dω Ja (u;ω) J
A1
mχ (ω) +

∫
dω

∫
dw Jb (u;ω,w) J

B1
Aχ (ω,w)

I Hard-collinear jet functions ∼ 1
ω

I Additional QED soft Wilson lines

JA1
mχ (v) =

[
qs (vn−)

/n−
2

Γ⊥PLhv (0)

] [
m` `c (0) Γ⊥`c (0)

] [
Y+ (0)Y †− (0)

]
JB1
Aχ (t, v) =

[
qs (vn−)

/n−
2

Γ⊥PLhv (0)

] [
Aν⊥ (n+t) `c (0) Γ⊥`c (0)

] [
Y+ (0)Y †− (0)

]

J
A1
mχ (ω) =

∫
dv

2π
exp [ivω] JA1

mχ (v)

J
B1
Aχ (ω,w) = n+p`

∫
dv

2π

∫
dt

2π
exp [ivω − iwtn+p`] J

B1
Aχ (t, v)

We use soft gauge QED-QCD invariant building blocks e.g.

qs(x) = Y †+(x)Y †+QCD(x)q(x)

Robert Szafron
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Factorization

A = −ifBqmbm`Z` Z` T+

∫
du H9 (u)

×
∫

dω φ+ (ω)

(
Ja (u;ω) +

∫
dwJb (u;ω,w)M (w)

)
T+ - contains kinematical dependence

Z`uc (p) = 〈` (p)| `c (0) |0〉

m`Z`uc (p) γµ⊥ M (w) =

∫
dt

2π
e−iwn+p`t 〈` (p)| `c (0)Aµ⊥ (n+t) |0〉

Modified B-meson LCDA

φ+(ω) ∼ 〈0| [q (n−v)]β [hv (0)]α Y+ (0)Y †− (0)
∣∣Bq (p)

〉
The anticollinear contribution is symmetric → multiply by 2 to get
the total result

Robert Szafron
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Resummation

Anomalous dimension is (almost) known

I SCET I: B-type current with fermion number 2: [M. Beneke,

M. Garny, R. Szafron, J. Wang JHEP 1803, 001 2018]

→See talk by M. Beneke

I SCET II: B-type current with fermion number 1: for m` = 0
[R. J. Hill, T. Becher, Seung J. Lee, and M. Neubert, JHEP 0407, 0814

2004]

I for m` 6= 0, B-type current mixes into mass suppressed A-type
current

I soft part [B.Lange, M. Neubert, Phys.Rev.Lett. 91, 102001, 2003]

+ additional contribution from the soft Wilson lines

Robert Szafron
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C7 contribution

I when the photon is hard
→ H9 ∼ C7

u
I endpoint divergence u → 0
I additional logarithmic

enhancement

I when the photon is h-collinear →
new SCET I operator

[χCΓhv ]AC

I In SCET II this leads to

Robert Szafron



15/18

C7 contribution

I when the photon is hard
→ H9 ∼ C7

u
I endpoint divergence u → 0
I additional logarithmic

enhancement

I when the photon is h-collinear →
new SCET I operator

[χCΓhv ]AC

I In SCET II this leads to

JA3
qqχ

(
v ,w ,w ′

)
=

[
qs (vn−)

/n−
2

Γhv (0)

] [
`c (0) Γ`s (wn−)

] [
`s
(
w ′n+

)
Γ`c (0)

]
Soft fermion exchange – mass comes from the soft fermion

propagator m`
l2−m2

`Robert Szafron
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Numerical prediction: Non-perturbative contribution

Non-perturbative physics is encoded in the moments of B-meson
light-cone distribution function [M. Beneke, G. Buchalla, M. Neubert,

and C. T. Sachrajda, 1999]

1

λB(µ)
≡
∫ ∞

0

dω

ω
φB+(ω, µ),

σn(µ)

λB(µ)
≡
∫ ∞

0

dω

ω
lnn µ0

ω
φB+(ω, µ)

λB(1 GeV) = (275± 75) MeV
σ1(1 GeV) = 1.5± 1
σ2(1 GeV) = 3± 2
Power-enhancement factor

mB

∫ ∞
0

dω

ω
φB+(ω) lnk ω ∼ mB

λB
× σk

Robert Szafron
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Numerical prediction: the power-enhanced correction

Total power-enhanced correction changes
the branching fraction by:

−(0.3− 1.1)%

Cancellation between C7 and C9 part
central value:

−0.6% = 1.1%− 1.7% (C7,C9 parts)

Uncertainty comes from λB , σ1, σ2. C7 part is surprisingly large
thanks to double logs enhancement.

The previous estimate of QED uncertainty was 0.3%, obtained by
scale variation method. This uncertainty is still present due to
non-enhanced corrections.

Robert Szafron
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Summary and outlook

I Radiative corrections in bound states can have surprisingly
complex pattern and exhibit power-enhancement Photon acts
as a weak probe of the meson structure

I Systematic progress is possible thanks to EFT approach;
interesting effect – power suppressed interaction lead to power
enhanced correction!

I The effect is zero for B+ → `+ν` due to the V-A structure of
the current

I Outlook
I Next-to-leading power QED corrections (non-enhanced terms)
I Factorization theorem for C7 part & Resummation of the

power-enhanced logs
I QED factorization and electromagnetic effects in other

processes (e.g. B → K∗``)

Robert Szafron
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Auxiliary slide: Input parameters

Parameter Value Reference

α
(5)
s (mZ ) 0.1181(11) PDG 2016

1/ΓsH [ps] 1.609(10) PDG 2016
fBs [MeV] 228.4(3.7) S. Aoki et al., Eur. Phys. J. C77, 112 (2017)

|V∗
tbVts/Vcb| 0.982(1) M. Bona (UTfit), PoS ICHEP2016, 554 (2016)
|Vcb| 0.04200(64) P. Gambino et al., Phys. Lett. B763, 60 (2016)

Remaining parameters are the same as in [C. Bobeth, M. Gorbahn, T.

Hermann, M. Misiak, E. Stamou, and M. Steinhauser, Phys. Rev. Lett. 112,

101801 (2014)]

New lattice results not yet included [arXiv:1712.09262]

fBs = 230.7(0.8)stat(0.8)syst(0.2)fπ ,PDGMeV

Robert Szafron
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Auxiliary slide: Uncertainty breakdown

I Parametric: ±0.167; 4.7%

I Non-parametric non-QED: ±0.043; 1.2%

I QED: +0.022
−0.030; +0.6

−0.8%

added in quadrature

The QED uncertainty is almost as large as the non-parametric
non-QED uncertainty.

Robert Szafron
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Auxiliary slide: Experimental status

Bs → µ+µ− was observed by LHCb and CMS in 2013
[R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett. 111, 101805]

[S. Chatrchyan et al. (CMS Collaboration), Phys. Rev. Lett. 111, 101804]

Joint publication: [CMS Collaboration and LHCb Collaboration, Nature

522, 68–72]

B(Bs → µ+µ−)LHCb+CMS = (2.8+0.7
−0.6) · 10−9

Most recent update
B(Bs → µ+µ−)LHCb = (3.0+0.7

−0.6) · 10−9 [R. Aaij et al. (LHCb

Collaboration), Phys. Rev. Lett. 118, 191801]

Robert Szafron
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QED effects in other observables

QED generates a scalar operator that can mimic New Physics, but
the effect is small.
For observables related to the time-dependent rate asymmetry
[K. De Bruyn, R. Fleischer, R. Knegjens, P. Koppenburg, M. Merk, A.

Pellegrino, N. Tuning Phys. Rev. Lett. 109, 041801] we find

Aλ∆Γ = 1− r2|∆QED|2 ≈ 1− 1.0 · 10−5

Cλ = −ηλ 2r Re(∆QED) ≈ ηλ 0.6%

Sλ = 2r Im(∆QED) ≈ −0.1%

where r ≡ αem
4π

Q`Qq

C10
and ηL/R = ±1 and ∆QED defined by

C10 → C10 +
αem

4π
Q`Qq∆QED

with
∆QED = (33− 119) + i (9− 23)

Robert Szafron


