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

> Large logarithmic In (m%/m%) enhancements can mimic
lepton-flavor universality violation

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

» Factorization theorems do not yet exist for QED

» 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
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By — it~

In the SM the process is
» loop suppressed (FCNC)

b "

» helicity suppressed (scalar meson decaying into energetic
muons, vector interaction), A ~ my,

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

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

Robert Szafron



Theory Status
Weak EFT (at the scale my) matching coefficients

» NLO EW |[C. Bobeth, M. Gorbahn, E. Stamou, 2014]
» NNLO QCD [T. Hermann, M. Misiak, M. Steinhauser, 2013]

B(Bs — p ™ )rH = (3.65 4 0.23) - 1072 [C. Bobeth, M. Gorbahn, T
Hermann, M. Misiak, E. Stamou, M. Steinhauser, Phys.Rev.Lett. 112, 101801,
2014]
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Theory Status
Weak EFT (at the scale my) matching coefficients

» NLO EW |[C. Bobeth, M. Gorbahn, E. Stamou, 2014]
» NNLO QCD [T. Hermann, M. Misiak, M. Steinhauser, 2013]

B(Bs — ptp~)ra = (3.654+0.23) - 1072 [C. Bobeth, M. Gorbahn, T.
Hermann, M. Misiak, E. Stamou, M. Steinhauser, Phys.Rev.Lett. 112, 101801,
2014]

» QED corrections below the my scale not included

Real radiation - only ultra-soft photons are important

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

074028 |
B, % B

» 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] G(0)7"75b(0) |Bq(p)) = ifg,p"

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

<O|/d4x ™ T{jqen(x), Las=1(0)}|By)

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

Leptonic decay of Bs is a
multi-scale problem
» Electroweak scale my,
» Hard scale my

| 2

>

>

We take Aqcp ~ my, so the soft
scale of HQEFT is also a soft
scale of SCET;
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Diagrams in the Weak EFT

Power-enhanced
s 14 s 14
A N
Not power-enhanced
b % §>-< >-<§
f if ,
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The correction at the amplitude level
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The correction at the amplitude level
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> Tree level amplitude
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The correction at the amplitude level

b
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» Helicity suppression x power enhancement factor
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The correction at the amplitude level
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» Convolution with the light-cone distribution function
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The correction at the amplitude level

b

E=l
~
E=l
~

~ ~
!

2y

I.A - mngchlo 7

Qq mymp qu/\/‘Z(l +’75)€

x{ fol du(1—u) GF(um?) [7° 22 ¢ (w) {In 5 4 u}

me 1—u

2 mp
— QG [T 2 gpi(w) | In e —2In —
4

» Double logarithmic enhancement due to endpoint singularity
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Helicity suppression
Can the helicity suppression be relaxed?

Without QED:

u(pe) = uc(pe) + O (%)

For my — 0 the amplitude has to vanish
Annihilation and helicity flip take place at the same point r <

1
mp
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Helicity suppression
Can the helicity suppression be relaxed?

With QED:

1
v/ MpAqep
It is still a short distance effect since the size of the meson is

1
r~ Aqcp

Annihilation and helicity flip can be separated by r ~

For my — 0 the amplitude still vanishes
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Operators at the hard scale

Qo
Q10
Q7

Qem , _ w -
P
o (Gy" PLb)(v,0)

e (g pub) (Byst)

Teﬁm" (g0 Prb) Fyu,

Four-quark operators can be treated as a modification of Cg and (7
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Co contribution

Typical SCET | — SCET Il problem but with m, # 0
Z C,' (,ub) O,‘ — Z / du 7‘[,‘ (U)j,' (U) s

Weak operators are matched on B-type SCET | currents

Ja(s,£) = X (ns)7% Pehy (0) | | e (nat) 7 0)

- dr .
Ix (u) = n+pe/27Texp [—iunyper] Ix (O, r)

Ho (u) = C§" (u) + O (avem)
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SCET I diagrams

> We need to convert the hc-quark into a soft quark
» For pure hc-interaction, mass is power suppressed
mg ~ N2, phe ~ ),

» For pure c-interaction, mass is included in the leading power
; 2 c
Lagrangian, my ~ A\° ~ p9,
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SCET Il

Two operators are relevant for the power-enhanced contribution

Jo (u) — /dw Ta (u; w) jilx (w) +/dw/dw TIp (u; w, w) jilx (w, w)

» Hard-collinear jet functions ~ % —J

() = {E(vn_)%FLPLhV(O)} [mgzc(O)rLeﬁ(O)] [Y+(0)YI(0)]
Bt = [we rmn o] [4motorneo] [novie)]
I = [ S ewlivel sk )

— d dt
Jilx (w,w) = nype / é / > &P [ivw — iwtny pg] Jfé( (t,v)
We use soft gauge QED-QCD invariant building blocks e.g.

as(x) = Y] () Y] gep()a(x)
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SCET Il

Two operators are relevant for the power-enhanced contribution

Jo 0) = [ d o (@) To @) + [ o [ o Ty (uito, ) T )

» Hard-collinear jet functions ~ %

» Additional QED soft Wilson lines

) = [ Srrn o] [mioreo] [ ovio)]
Bt = [we rmn o] [4motorneo] [novie)]

—AL dv .
Im@) = [ 5 ewlival 2 (v)

— d dt
Jilx (w,w) = nype / é / > &P [ivw — iwtny pg] Jfé( (t,v)
We use soft gauge QED-QCD invariant building blocks e.g.

as(x) = Y] () Y] gep()a(x)
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Factorization

A = —iqumbngg ZZ TJr /du 7‘[9 (U)
X /dwd>+ (w) (ja(u;w)—i—/dwjb (u;w, W)M(W)>
T, - contains kinematical dependence

(£(p)| Lc (0) |0)
/%ew"”’“ (€(p)|Lc (0) A"t (nit)|0)

Zytc (p)

meZytc (p) v M (w)

Modified B-meson LCDA

¢+(w) ~ (0] [g (n-v)]s [hv ()], B4 (P))

The anticollinear contribution is symmetric — multiply by 2 to get

the total result
Robert Szafron



Resummation

Anomalous dimension is (almost) known

» SCET I. B-type current with fermion number 2: [V Beneke,
M. Garny, R. Szafron, J. Wang JHEP 1803, 001 2018]
—See talk by M. Beneke

» SCET II: B-type current with fermion number 1: for my =0
[R. J. Hill, T. Becher, Seung J. Lee, and M. Neubert, JHEP 0407, 0814
2004]

» for my # 0, B-type current mixes into mass suppressed A-type
current

» soft part [B.Lange, M. Neubert, Phys.Rev.Lett. 91, 102001, 2003]
+ additional contribution from the soft Wilson lines
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(7 contribution

» when the photon is hard
— Ho ~ =L
> endpomt divergence u — 0
» additional logarithmic
enhancement
» when the photon is h-collinear —
new SCET | operator

[YCrhv] 'Af
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(7 contribution

» when the photon is hard
— Hg ~ %
» endpoint divergence u — 0
» additional logarithmic
enhancement b

» when the photon is h-collinear —
new SCET | operator
[T A Ac
> In SCET Il this leads to

JA3

B (vow,w) = [a(vn_)%rhv (0)] [Zc 0) res(wn_)] {Zs (w'n+)ref(0)]

Soft fermion exchange — mass comes from the soft fermion
my

propagator ;-

—
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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]

e [ e

(1)
on(p) _ dw ko
s (1) :/o » ¢B+(W 14)

Ag(1 GeV) = (275 £+ 75) MeV
01(1 GeV) =15+1

o2(1 GeV) =3+£2
Power-enhancement factor

B

dw m
mB/ 7¢B+( )'“kwNTBXO'k
0
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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 C; and Cg part
central value:

—0.6% =1.1% — 1.7% (G, Gy parts)

Uncertainty comes from Ag, o1, 02. (7 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.
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Summary and outlook

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

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

» The effect is zero for BT — /"1, due to the V-A structure of
the current
» Outlook
» Next-to-leading power QED corrections (non-enhanced terms)
» Factorization theorem for (7 part & Resummation of the
power-enhanced logs
» QED factorization and electromagnetic effects in other
processes (e.g. B — K*{()
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Auxiliary slide: Input parameters

[ Parameter | Value [ Reference |
o) (my) 0.1181(11) PDG 2016
/T3, [ps] 1.609(10) PDG 2016
g [MeV] 228.4(3.7) S. Aoki et al., Eur. Phys. J. C77, 112 (2017)
Vi Vie/ Ve 0.982(1) M. Bona (UTfit), PoS ICHEP2016, 554 (2016)
Vool 0.04200(64) | P. Gambino et al., Phys. Lett. 5763, 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]

st = 230-7(0~8)stat(0-8)syst(0-2)f,r,PDGMeV
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Auxiliary slide: Uncertainty breakdown

» Parametric: +0.167; 4.7%
» Non-parametric non-QED: +0.043; 1.2%
- Qe 3% 3%

added in quadrature

The QED uncertainty is almost as large as the non-parametric
non-QED uncertainty.
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Auxiliary slide: Experimental status

Bs — ptp~ 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 LHCh Collaboration, Nature
522, 68-72]

r — 0.7 —

B(Bs — p 1" )uacproms = (2.8%g:6) - 107°

Most recent update
B(Bs — M+M_)LHCb = (301_82) .107° [R. Aaij et al. (LHCb
Collaboration), Phys. Rev. Lett. 118, 191801]
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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

we find
Arr = 1-r}Aqepf>~1-1.0-107°
C)\ = 1\ 2r Re(AQED) ~ M 0.6%

5)\ = 2r|m(AQED) ~ —0.1%

r= Qlem Qqu

where r = e o

and 7, /gr = £1 and Aqgp defined by

«
Cio — Cio + ﬁQquAQED

with
Agep = (33 —119) +i (9 — 23)
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