QED effects in rare exclusive B decays

M. Beneke (TU Miinchen)

Wien, January 19, 2021

1708.09152, 1908.07011, with C. Bobeth and R. Szafron [Bs — ;L+,u,_]
2008.10615, with P. Boer, J. Toelstede and K. Vos [B — 7K, charmless]
2008.12494, with C. Bobeth and Y. Wang [Bs — ™ 7]

Tm

TECHNISCHE
UNIVERSITAT
MUNCHEN

M. Beneke (TU Miinchen), QED effects in B decays Wien, January 19, 2021



Motivation: Precision

Flavour physics: search for new physics in small quantum fluctua-
tions in an intrinsically hadronic environment
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Motivation: Precision

Flavour physics: search for new physics in small quantum fluctua-
tions in an intrinsically hadronic environment

2001 (B factory turn-on) 2018 (Precision flavour physics)
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Traditionally focus on hadronic uncertainties. Time to look at QED.
QED effects violate isospin symmetry and can cause large “lepton-flavour violating” logarithms,
log my.
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Motivation: Theory

e Photons couple weakly to strongly interacting quarks — probe of hadronic physics,
requires factorization theorems.

e Photons have long-range interactions with the charged particles in the initial/final
state — QED factorization is more complicated than QCD factorization.
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Motivation: Theory

e Photons couple weakly to strongly interacting quarks — probe of hadronic physics,
requires factorization theorems.

e Photons have long-range interactions with the charged particles in the initial/final
state — QED factorization is more complicated than QCD factorization.

Factorization theorems for electromagnetic corrections
don’t exist. Theory still needs to be developed.
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Motivation: Theory

e Photons couple weakly to strongly interacting quarks — probe of hadronic physics,
requires factorization theorems.

o Photons have long-range interactions with the charged particles in the initial/final
state — QED factorization is more complicated than QCD factorization.

Factorization theorems for electromagnetic corrections
don’t exist. Theory still needs to be developed.

Observables
< o

IR finite observable is 3 —= 8w
z e B

Combinatorial
B} —h'h”
« By — m(K)utv,

B 00y

o0
Tpnys = » T(B—f+n7, Y  Eyn < AE)

o - Y T N Y I A=,
Bl — Jhym'vy,
= W(AE) X Thon—rad. (B = f) sE_ W+
k= P O e = S == S m—-—
5000 5200 5400 5600 5800 6000
., MeV/@)

Signal window |mp —mg| < A = AE=A
Assume A < Agcp ~ size of hadrons
Large In AE.

[LHCb, By — p ™. 1703.05748)
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Ultrasoft photons and the point-like approximation

Universal soft radiative amplitude k

ifty iof _erpJH
AT (py k) = A (py) % D
oes TiPI k4 ie
Jj=legs @
The form of the amplitude assumes that the charged particles (B-meson, pion, lepton, ...)
are treated as point-like. Exponentiates for the decay rate, but the virtual correction is UV
divergent in the soft limit. Cut-off A.
r =T x

tree

IAE\ 7 2i, 20 f(Bi)
(%)
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Ultrasoft photons and the point-like approximation

Universal soft radiative amplitude k

—eQip}'

AT k) = A i) x DD
ey

Jj=legs a

The form of the amplitude assumes that the charged particles (B-meson, pion, lepton, ...)
are treated as point-like. Exponentiates for the decay rate, but the virtual correction is UV
divergent in the soft limit. Cut-off A.

r=r>x

tree

IAE\ 7 2i, 20 f(Bi)
(%)

Whatis A?
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Ultrasoft photons and the point-like approximation

Universal soft radiative amplitude k

—eQip}'

AT k) = A i) x DD
ey

Jj=legs @

The form of the amplitude assumes that the charged particles (B-meson, pion, lepton, ...)
are treated as point-like. Exponentiates for the decay rate, but the virtual correction is UV
divergent in the soft limit. Cut-off A.

r=r>x

tree

IAE\ 7 2i, 20 f(Bi)
(%)

Whatis A?

e Present treatment of QED effects sets A = mp (e.g. using a theory of point-like mesons)

e Experimental analyses uses the PHOTOS Monte Carlo [Golonka, Was, 2005], which in
addition neglects radiation from charged initial state particles.

However, the derivation implies that A < Aqcp ~ size of the hadron (B-meson). Otherwise
virtual corrections resolve the structure of the hadron and higher-multipole couplings are unsup-
pressed.
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Scales and Effective Field theories (EFTs)

Multiple scales: myy, my,, \/myAqcp, Aqep, My, AE

<--AF-->
HIL DT 1 SCETn SCETy AB=1EFT SM
X 1
! : L
1 i 1 1 | 1 >
0 AQCD [he 1y Hw energy
virtualities soft /collinear § hard—collinear hard electroweak
QCD nonperturbative | perturbative
dof hadronic partonic
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Scales and Effective Field theories (EFTs)

Multiple scales: mwy, Mp, \/ mbAQCDa AQCD, m,,,, AE

Short-distance QED at p2m;, can be included in the usual weak effective Lagrangian (extended
Fermi theory) + renormalization group.

<-AE--»
SCET; SCET AB=1EFT SM
HH\PT I 1 !

! : L

| | T | T | >

0 AQCD Hhe 23 Hw energy
virtualities - soft /collinear ; hard—collinear hard electroweak
QCD nonperturbative | perturbative
dof hadronic partonic
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Scales and Effective Field theories (EFTs)

Multiple scales: mwy, Mp, \/ mbAQCD, AQCDs my, AE

Short-distance QED at x> m;, can be included in the usual weak effective Lagrangian (extended
Fermi theory) + renormalization group.

Far IR (ultrasoft scale) described by theory of point-like hadrons.

SCET; AB =4JFFT SM
[ | I )
Hhe Hb Hw energy
virtualities hard — collinear hard electroweak
QCD perturbative
dof partonic

Goal: Theory for QED corrections between the scales m;, and Agcp (structure-dependent effects).

M. Beneke (TU Miinchen), QED effects in B decays Wien, January 19, 2021



By — N—I_HJ_

1708.09152, 1908.07011, with C. Bobeth and R. Szafron

M. Beneke (TU Miinchen), QED effects in B decays Wien, January 19, 2021 6



Status of By — put ™

5 ey . . b " u*
“Instantaneous”, “non-radiative” branching fraction Whp0y
t
W
W
+, - 12 A, )
Br(By — pp”) = fB Ti,mi, Vi Vi -
64 305 ‘ my
5

2m
—(C19 = Cly) + (Cp — Cp)

2 4m2
«{ (12 e i
mp mBA

e SM only Cig[57yuPLb][fy*~s€] = helicity suppression. Sensitive to scalar couplings.

s

e SM Cj calculations includes NNLO QCD, NLO EW matching corrections at EW scale,
NNLL renormalization-group evolution to the b-quark mass scale including QED logarithms

e LHCb [1703.05747] (3.0f8:g) x 102 vs. Theory [Bobeth etal.. 1311.0903] (3.65 + 0.23) x 1077
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Status of By — put ™

> PETENT . . b + W
“Instantaneous”, “non-radiative” branching fraction Whp0y
t
W
W
+, - 12 A, )
Br(By — pp”) = fB Ti,mi, Vi Vi -
64 305 ‘ my
5

e SM only Cig[57yuPLb][fy*~s€] = helicity suppression. Sensitive to scalar couplings.

e SM Cj calculations includes NNLO QCD, NLO EW matching corrections at EW scale,
NNLL renormalization-group evolution to the b-quark mass scale including QED logarithms

e LHCb [1703.05747] (3.0f8:g) x 102 vs. Theory [Bobeth etal.. 1311.0903] (3.65 + 0.23) x 1077
Theory uncertainties [Bobeth et al., 1311.0903]

e Parametric: f (4.0%), CKM (4.3%), m; (1.6%), T (1.3%), as(0.1%)

e Non-parametric: Higher-order corrections at my (0.4%), QED scale variation (0.3%), m;
pole—m conversion (0.3%), other (0.5%) [e.g. dim-8 operators] — total of 1.5%
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Some facts about B, — AN/

e Long-distance QCD effects are very simple. Local annihilation. Only
(01" ~sb1By (p)) = ifs,p"
Task for lattice QCD (1.5% [Aoki et al. 1607.00299], 0.5% [FNAL/MILC 1712.09262]).
e Only the operator Qj¢ from the weak effective Lagrangian enters.
o No scalar lepton current £¢, only £sf =

AAp=1  Cy=8,=0

T(Bs(1) = pfpy) — DBs() = puipy) _ Cx cos(AMp 1) + Sy sin(AMp1)

T(By(t) = i uy) + T(Bs(r) — pfpuy)  cosh(ut/7p,) + AR p sinh(v/7p,)
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Some facts about B, — AN/

e Long-distance QCD effects are very simple. Local annihilation. Only
(01g75b1By(p)) = ifs,p"
Task for lattice QCD (1.5% [Aoki et al. 1607.00299], 0.5% [FNAL/MILC 1712.09262]).
e Only the operator Qj¢ from the weak effective Lagrangian enters.
o No scalar lepton current £¢, only £sf =

AAp=1  Cy=8,=0

T(Bs(1) = uiny) ~T(Bs(1) » ufuy)  Cxcos(AMg1) + Sy sin(AMp 1)

T(By(t) = i uy) + T(Bs(r) — pfpuy)  cosh(ut/7p,) + AR p sinh(v/7p,)

None of these are exactly true in the presence of
electromagnetic corrections
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Enhanced electromagnetic effect

Surprise: mp /A power-enhanced and logarithmically enhanced, purely virtual correction

_ 1o} _
iA = mefg N Cio Lryst + ﬁQqu mofg, N A(1 +~s)L

+

1 ) o 4 )
x{/ du(l—u)cgﬂ(umg)mg/ & b (w) {m S U }
0 0 w my 1—u
}+...

The virtual photon probes the B meson structure. B-meson LCDA and 1/ enters.

; " dw mpw m 2
—Qecs‘f"w/ — (@) [l 2 2 ﬂ+i
0

I’I’l/ m[

o g
?7m3 opiw) ~20 W™ 6
B 0 w mu
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Interpretation of the enhanced correction

(0lgy*sb|By (p))

(0| / d*x T e (x), £an—1(0)}By)

Local annihilation and helicity
flip.
Helicity-flip and annihilation delocalized
by a hard-collinear distance

The virtual photon probes the B meson structure. Annihilation/helicity-suppression is “smeared
out” over light-like distance 1/+/mpA [— B-LCDA]. Still short-distance.

Logarithms are not the standard soft logarithms, but due to hard-collinear, collinear and soft
regions.
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Numerical size of the correction

Include through the substitution

3 2
— TB, M 2
BB, - rH-) = 87&/3 WE L
Y m

4m2 Q,
- TZ [C1ol?, Cio = Cio+—=0p0y Agep
B, m 4

Byg

where
Agep = (33...119) +i(9...23)

e Reduction of the branching fraction by 0.3-1.1 %
Uncertainty entirely due to B-meson LCDA.

e Cancellation of a factor of three between the C$ (um?) and double-log enhanced CS
term:

—0.6% = 1.1% (CF) — 1.7% (=)

o Significantly larger than previously estimated QED correction.
QED uncertainty almost as large as other non-parametric uncertainties (1.2%)

e Small time-dependent rate asymmetries are generated.
[Cx = —na 2rRe(Agep) = 0y 0.6%]
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M. Beneke (TU Miinchen), QED effects in B decays

All orders, EFT, summation of logarithms

Back-to-back energetic lepton pair
Collinear (lepton n4 p, large) and anti-collinear (anti-lepton n_ pj large) modes

iz iz
2 2 m m— t+ w
n+:n_:0, ny on_ =2, P :"+P7+n—PT+PJ_

Agcp mpu
~ ZQeb B
my, my

p=(nyp,p1,n_p), A Innyp

)\0
e Modes in the EFT classified by
virtuality and rapidity

e Matching QCD+QED — SCET]

A2

— SCETH \
A4 A2 A0 Inn-p
mode relative scaling absolute scaling virtuality k2

hard (1,1,1) (i, gy, M) m?

hard-collinear (1,\,0%) (msp. /rmyAqep, Aqep) myAqep

anti-hard-collinear (AZ,0,1) (Aqep- VmsAqep. my) myAqep
collinear (1,22, 0%) (mp, my, mZ/mb) "’E
anticollinear (A%, 021) (mﬁ/mb. My, mp) mﬁ

soft (A2,0%,)2) (Aqep- Aqep- Aqep) A%}CD
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SCET interpretation of the one-loop result

e Typical SCETy problem 2
Oa
> hard-collinear pz,. ~ myA 240
» collinear pf ~ Az,mi e he f b

> softpi ~ p;

e Matching to SCETy non-zero only

he R
at sub-leading power (helicity-flip & .
required) ;
NLP SCET problem he c Ve (e
e After tree-level matching to SCET] c e

need matrix element of

SCET; [! cry oo _
= I/ du <C§ff(u) + % Kne (#pe)Chy Che (up )T b (py)
0

e Sum of hard-collinear and collinear loop in SCETy; gives a structure-dependent collinear
logarithm ln(mbA/mi)

e Endpoint (rapidity) divergence for u — 0 in C%ff term
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SCET interpretation (II)

Endpoint divergence is cancelled by the one-loop matrix element of the SCET; operator

Xhe (P)Y! Iy Al?q L (r7) (third diagram below)

7
9 =tmy
o~ 0y

I'?

he

e Involves power-suppressed SCET interactions and soft fermion (lepton) exchange

e Endpoint divergence results in another power of In(m,A/ m? ). Fully calculable in
perturbation theory, since the spectator quark is highly virtual (hard-collinear).

e Factorization and resummation of logs only understood for the Qg operator up to now.
[BBS, 2019]
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Matching, RGE, leading-(double) log resummation — sketch

A full QED | SCET[ ‘ SCETH ‘
| . |
wT? Qo o \Ou o @ |
> v | |
tree matching ML | |
N S |
s I | X+ Sl | ‘
‘ ¢ RG ‘ ‘
| | |
| he e & | hy T - & |
I \ d I P |
e : X("}’ .\A tree m.n‘« hing WA’ :
St N
I g g e |
I A I . I
| | ‘ R ‘
! v,
| | A |
| | y 5 |
! ! mixing |
| | |
| | |
et | | |
| | |
| | as |

e (g operator only.
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Matching, RGE, leading-(doubl

A full QED SCETy
IZa b Qo e hy Oy ’
»
>_ < N
tree matching Rl
I/‘ A%
s [ peas
ho
\ #
Uhe™T™ \(;" .m{‘Ab
s »A(‘L
Je =T
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e) log resummation — sketch

SCET),

L&

-

|
|
|
|
|
|
slo |
|
|
|

L

1) Matching QED — SCET; @ tree-level
|

= yields operator Og with
mat,
[

tree
hard-collinear light quark x ¢
hard-collinear lepton L7

(N
anti-hard-collinear anti-lepton £
@

|
|
|
|
: 2) RG running from i, — ftpe

|

| 3) Matching SCET; - SCET, @ tree-level

: change hard-coll. light quark x ¢ — soft gs
| via power-suppressd L¢q = additional Ac,

Wien, January 19, 2021
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Matching, RGE, leading-(double) log resummation — sketch

A full QED SCET

mT \0
pd 4 )
ho i hy

\ »

the X(:A .% _tree matching
' o lo qs

4) Matching SCET; — SCET; @ tree-level

= yields operator 4, with soft light quark gs

(anti-)collinear lepton £; (££)
c
collinear photon Ac,
5) RG running from pipe — jic

= 1-loop mixing into T4y = Tmy yields In bl
He

6) Bq — p1jz matrix element of Jm, @ tree-level

e Operator mixing in SCETy

SCET),

RGE with cusp anomalous dimension — double logarithms o X a'(':) In?+!
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SCETy; factorization and soft rearrangement

T (1) =g, ()Y (vn—,0) %Pth(O) [V Y-1(0) [le(0)2A. 1 (i) Pr)(0)] = Ti0 Te® T

anti — ('(?ll(‘:ll'
{A‘V .z

e s, ¢, ¢ do not interact in SCETYy;. Sectors are
factorized.
Anomalous dimension should be separately
well defined.

e But the anomalous dimension of the soft

graphs is IR divergent.
hy hy, hy
L]
) 6) )
qs qs qs

hy hy hy

2 1) i:?
L]
(6)
qs qs’ qs
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SCETy; factorization and soft rearrangement

TR (1) =g, (va_)Y(vn_,0) %Pth(o) [Yi Y_1(0) [€:(0)(2.A. 1 (tn4)Pr)€(0)]

e s, ¢, ¢ do not interact in SCETYy;. Sectors are soft
factorized. h,
Anomalous dimension should be separately

|
well defined.
By

e But the anomalous dimension of the soft
graphs is IR divergent.

R
% 2; % (][l v-]0]0) = Ry R

®R+$®R A

e Soft rearrangement $ ® Jc ® \7c =
+ -

Soft matrix element defines a generalized B-LCDA

M. Beneke (TU Miinchen), QED effects in B decays

collinear I
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Structure of the final result

Amplitude [evolved to pc]

Ao — So(ps e) L Sa(ips 1ne) . o QED . .
iAg = ¢ T4 (pe) X A due 2Hg (5 pp) A dw U™ (ppes piss w) mpy Fp (ppe) - (wi pe)

I QoW
X [Jm(u;W;uhc)vL/O dw Ja (u; w, W3 fpe) (MA(W: He) — ln"lcm>:|

BO,em

= el 1) o Ay [7e (1 + 5)ve]
— defines the non-radiative amplitude Ag. QED+QCD Logs between m;, and p. summed.

Decay rate [including ultrasoft photon radiation]

mp, 2
R (1410 + 49 + 47 4 B2 |9 + 49 %) x [0 1O 25 g, vy, AE)

non-radiative rate ultrasoft radiation
20 (14 n,
(0) + - 2AE\ T +in ’"%;
=TV [By —»pp ]| — q
mp,

S(ve,vg AE) = Z\(XA}S 08y, (0)|0>{ 0(AE — Ey,)  Ultrasoft function
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Size of (structure-dependent) leading logarithms

e Once the final-state virtual Sudakov logs

2
)esz (b, pe) ‘ are combined with the ultrasoft
function, the remaining structure-dependent
logarithms are small.

= justifies the naive treatment A — mp
a posteriori

e Reduces the enhanced QED correction by
20% — almost exlusively due to mixed QED +
QCD logs.

e The energy resolution logarithms give a large
correction to the radiative branching fraction.

M. Beneke (TU Miinchen), QED effects in B decays
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AB =4FFT V
] I )

o Hw energy
virtualities hard electroweak
QCD perturbative
dof partonic

Can sum leading logs, and calculate all QED effects between scale m;, and
a few times Aqcp.

BUT: matching of SCET; to the ultrasoft theory of point-like hadrons at a
scale 1 ~ Agcp must be done non-perturbatively.

M. Beneke (TU Miinchen), QED effects in B decays Wien, January 19, 2021



Charmless hadronic B two-body
decays (B — 7K, ...)

2008.10615 and in preparation, with P. Boer, J. Toelstede and K. Vos
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Charmless decays, B — wrn™ vs. u" ™

e Same kinematics, charges, composite pions instead of elementary leptons.

QED effects similar, identical for ultrasoft photons.
= w -
TR, ¢
B g
i
i

e But QCD dynamics is very different.

- ey

:I Q_I

B — #JFH* B—ntr
(0|g~v"~sb|B) (w7~ |0ilB)
Lefr = — Z 7bV:D (Cl Op + CZOP + Z Cfoi)
V2,52, i=(EW)pen, mag

Ol , = (I'b) (DI'p)  Ojqcppen = (DTV) > (@)

g=u,d,s,c,b

o Different CKM amplitudes, strong rescattering in (w7~ |Q;|B) = (direct) CP violation,
determination of CKM angles, search for new physics

e Branching fractions 1073 , first measured by CLEO in the late 1990s, now O(50 — 100)
different two-body final states MM, measured.
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QCD theory

“QCD factorization” [MB, Buchalla, Neubert, Sachrajda, 1999-2001], later understood and formulated as a
SCETy problem:

remove hc

SCET; — SCETy (C7 c, S)

remoye h
—

QCD

[ —

.
(MiM|Qi|BY = F5M1 (0) / duT! (1) By, ()
SN——J0

form factor

1 00 1
+/ dzdu H'(z, u)/ dw/ dvJ(w,u,v) ®p(w)Puy, (v)P, (1)
0 0 0 N—_——————

LCDAs

e Rigorous at leading power in Aqcp/my,

e Strong rescattering phases are § ~ O(as(my), A/myp). SCET; matching coefficients
only. Direct CP asymmetry is calculable at LP
Acp(MiMs) = ajag + aya + ...+ O(Agep /my)
~
1999 2020 [Bell, MB, Huber, Li]

Theory of including QED effects is conceptually similar to By — 1~ . More detailed slides
than the following, see [Béer, Vos, talk at CERN, 16.10.2020, https://indico.cern.ch/event/953761/]

M. Beneke (TU Miinchen), QED effects in B decays Wien, January 19, 2021
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Including virtual QED effects into the factorization theorem
SCET] operators

Ol(r) = [xe(m-)i_vsxel [Xch]

O(1,5) = [Xe(m-)f_vsxel [XcAc, 1 (sn4 )]

@ et

QCD Factorization Formula

1
<M1M2\O.-\B>=FB*M'(q2=0)fU AU T(0) fy, gy (1)

00 1
+f dw/ dudv T (u,v.w) fu, éu, (V) fu, da, (1) Fapp(w)
0 0
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Including virtual QED effects into the factorization theorem

SCET] operators

0'(1) = [Re(m-)i_sxel [xe S, ]

(Om,)

@ 2;57 e \@% O 0" (1,5) = [xe(mn-)h_~sxe) [tcAc, 1 (n4) 817" ]

oo
S,S"i) = exp {*que / dsniAg (mi)}
JO

QCD xQED Factorization Formula
(MM |G 1B) e, = F (2 70)f0 duT! g, (U) Py, Oat, (1)

/dw/ dudy Tf'g (u,v.w) Zi, bu, (v) Fu, S, (U) T D ()

e Formula retains its form, but the hadronic matrix elements are generalized. They become
process-dependent through the directions and charges of the other particles.

o Computation of O(cem) corrections to the h and he short-distance coefficient (all poles
cancel).
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LCDA of a charged pion in QCD xQED

Re(m | (tn_ )'J’2 oo )|O)7—1Ef du el z__o__ (u)

Renormalization/evolution kernel for the (anti-)collinear operator well-defined after soft rearran-
gement

aemQu, n w 30m,
) = — — sy n -~ g, n—" 4 =M
) N <Qd TR T TR S

(2 2maa) () B

<< <

e The endpoint logarithms In u, In(1 — u) and energy dependence are a remnant of the soft
physics.

SR

e Gegenbauer polynomials are no longer eigenfunctions, asymptotic behaviour

D (u, p) nee 6u(1 — u) no longer holds. QED evolution is asymmetric and endpoint
behaviour changes from linear.
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B-LCDA alias soft function in QCD xQED

Soft Function for B® — M; M,

img f dwe S, g (w)= g (0187 ()it 0)i) " o (51,053 ) |87

@ B — MM, decays: four different soft functions for various charge assignments

@ different objects compared to standard B meson LCDA in QCD
— final-state rescattering, different support properties, . ..

> . ; . >7h‘ y b > :
@ coupling of soft photon/gluon to incoming b quark with n_pp, = mp —

— w € [0,0)

@ coupling of soft photon to outgoing anti-coll. 7= with n_q = mp — o

— ‘ QED B LCDA has support w € (—oco,00) if anti-coll. meson is charged

Slide from [Bder, Vos, talk at CERN, 16.10.2020, https://indico.cern.ch/event/953761/]
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B-LCDA alias soft function in QCD x QED (II)

Anomalous Dimension for ¢4

OcsCF
47

Qem Og
47

+

M (w,w'ip) = (

) {B(wfw’) (EIOg— — ) — 4Fs (w,w’ }

Qem

aem ~p | @sCF
Fe(w,w'ip) = Qi+
<(wwip) (471' & 4
aem

20[{02 { (w—w')2 Iog

2

2QyQ { (w—w )2|og = - 2G> (w,w’
™

)-5

72G<(w w )} -

Qem

026w Wim

){J(wfw)(Elog 5 5)74F<(ww }
2

Qlem

QR (w — w' )i

@ contains plus-distributions and generalized plus-distributions, e.g.

0w —w)

w —w

O(w’' — w)d(w)

W (W —w)

G>:w[

7

Slide from [Bder, Vos, talk at CERN, 16.10.2020, https
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Numerical estimate of QED effects for 7K final states

Up to now virtual corrections to the non-radiative amplitude.
Add (ultra)soft photon radiation.
e Electroweak scale to mp: QED corrections to Wilson coefficients included

o mp to pe: O(aem) corrections to short-distance kernels included.
QED effects in form factors and LCDA not included.

e Ultrasoft photon radiation included (same formalism as for p+ ™ with m w = Mg, MK)

2, 2
IAEN — aun (QB+QM1 [H—ln ]+QM2 [H—ln Z]>
U(Mle) = TB .

(

U(ﬂ'OK) U(K 9 =0.976
(
(

T
K 7r0) [for AE = 60 MeV]
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Isospin-protected ratios / sum rules

Consider ratios / sums where some QCD uncertainties drop out.
[MB, Neubert, 2003]

2Br(7°K°) + 2Br(7°K )
Br(m=K°) + Br(r+K~)

QCD N -
R = = R, + cosyRe &g + oy

R(L)CD — 1= (1 + 2)% 55 ~ 0.1% 5(/ = 5.800
QED correction larger than QCD and QCD uncertainty, but short-distance QED negligible.

[Gronau, Rosner, 2006]
o1 (7°K )

r(ﬂ'iK )ACP( RO) - W

A(K) = Ace(z*K™) + oK)

Acp(7°K™)

2r(n°K®) 00y _ D
~ TR )A p(1°K%) = AK)EP 4 5A(7K)

AFK)P = (054 1.1)%  5a(nK) = —0.4%

QED correction of similar size but small.
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By — N_I_PJ_'Y

2008.12494, with C. Bobeth and Y. Wang
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Basic features of By — '~y

o Same final state before, but consider energetic photon, E~ > 1.5GeV ~ mp/2
e Very rare, branching fraction 10710 — 1078 depending on the q2 =Myt - bin.
Not yet observed. Only LHCb can reach these small BRs.

o First calculation with systematic factorization methods.
Want: QCD at NLO at LP in Aqcp/E~ and Aqcp /my, and LO at NLP,
no QED corrections
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Basic features of By — '~y

o Same final state before, but consider energetic photon, E~ > 1.5GeV ~ mp/2

e Very rare, branching fraction 10710 — 1078 depending on the q2 =Myt - bin.

Not yet observed. Only LHCb can reach these small BRs.

o First calculation with systematic factorization methods.
Want: QCD at NLO at LP in Aqcp/E~ and Aqcp /my, and LO at NLP,
no QED corrections

A-type B-type

e Theoretically shares features with B — €7y [Descotes-Genon, Sachrajda, 2002; Lunghi, Pirjol, Wyler,
2002; Bosch et al., 2003] (— B-LCDA at LP) and B — K<*)M [MB, Feldmann, Seidel, 2001]
(charmonium resonances, stay below q2 = 6GeV?)

e Standard SCET calculation, except for light-meson resonances in the B-type contribution.
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Structure of the theoretical result

LP amplitude

= New ey, {( vsT(a?) + ’;—B" Vst (g? >> Ly, + Vi (@)L, } TH (k)

= . Qe
-Alype—A = e
4

— & dmyE.
Aype—p = ic New en — 2 VT = o)Ly, T (9)
‘I

SCET correlation function of electromagnetic and flavour-changing current

T = [ O e, 0. G PRI E)

J(n-r, rz,w)

match to SCETp
= 72/ T oF
re/neor—i

) Qq By™MB,
(g;iu 4 lE’iV) 979
e ——
photon left-handed

/ dw by ()
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Structure of the theoretical result

LP amplitude

— @ my, mp,
Agpe—s = ic —4”“ Newel, { (vef%q =Y Vit (g >> Ly, + Vig (6)La, } T ()
us

— « 4mpE~
-Alypc—B = T V (k =0)Ly,, T,w(‘l)

SCET correlation function of electromagnetic and flavour-changing current

THE = [ O e, 0, e PO} B)
2
match to SCETyp wv | . pv Q4 F Bq mp, J(n-r,rr,w)
= (g +iel") ——— d“¢+(‘“)m'
e ——
photon left-handed
Resonance amplitude [Do no show other NLP contributions]
— mp, 4mpE. cyfym Iﬂq 0
Apes = (g““ +ieh?) 2‘1 b il Ve“(())L v/vvi()

mv — imyTy — ¢

Corresponds to By — V[— utu™ |y
Resonances ¢(1020), ¢(1680), ¢(2170) with widths 4.249(12), 150(50), 104(20) MeV

M. Beneke (TU Miinchen), QED effects in B decays Wien, January 19, 2021

31



Global duality violation and form factors

The resonance contribution to the differential branching fraction is formally
O(AéCD/mi) but dominates any ¢ bin, in which it is contained, if its width is small
[MB, Buchalla, Neubert, Sachrajda, 2009]

3 v,o\2
o= /qfnax a4 s / /q,znax i aripet e [(EaT) 7777 (0) y 1 L]
Trvin d? LI dq? Qul, myly —qﬁz‘a"

9min

A 57 for ¢(1020)

e Zero of real part implies
forward-backward asymmetry
o< cos 6y, but its observation
requires B tagging — not
observable at LHCb.

()]

Re,Im [ApLy

-0.61

¢ [Gev?
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Rate predictions

1 Res,
1 Res,

- 1Res,

3 Res,
3 Res,
3 Res,

rp = 0.0
rip = 0.2
rip = 0.4
=00
=05

e =1.0

-0.5
-== 1Res, 7ip = 0.0 ==+ 3Res, r
o — 1Res, 7p =02 — 3Res, 1l = 05
10T e T Res, rip = 04 eeie 3Res, 1l = 10 ]
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
¢* [GeV?) ¢* [GeV?
¢° bin LP NLP uncertainty of “NLP all”
[GeV?) LO  NLO | loc  loc+A all | e Ap,, ﬁg: rp total
By — ypjt 5 5
[4m2,6.0] | 232 296 | 381 403 1243 L MG aw o osm Bins ab.OVIe q >2 GeVl.a.re
[20,6.0] | 040 034 | 031 036 030 FooL A A0 402 theoretically on more S‘? id
[3.0,6.0] | 0.30 022 | 019 022 021 Il rLy o fole o+ ground but have branching
5.U, 0. - £ - 13 2 - —0.03 —0.07 —0.08  —0.10 f . b 1 10_9
4.0,6.0] | 022 015 | 012 015 015 0y et O Hee ractions below :
[4.0. 6.0] 5 12 .15 L5 o2 ~0.05 —0.05  —0.08
[m?2,8.64] | 2.77  3.24 | 405 434 1274 Fogn R NEL N

M. Beneke (TU Miinchen), QED effects in B decays

Wien, January 19, 2021

33



Summary

@ QED factorization is more complicated than QCD due to charged external states. SCET
applies and we now understand how to systematically include QED effects, but it requires
new non-perturbative matrix elements, generalizing the familiar hadronic matrix
elements.
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Summary

QED factorization is more complicated than QCD due to charged external states. SCET
applies and we now understand how to systematically include QED effects, but it requires
new non-perturbative matrix elements, generalizing the familiar hadronic matrix
elements.

@ For By — p ™ there is a power-enhanced virtual electromagnetic correction.

e More long-distance QCD than fp
e Effect of the same order as the non-parametric uncertainty, larger than previously
estimated QED uncertainty

For charmless hadronic decays the QCD x QED factorization formula takes a similar

form as in QCD alone, but the generalized pion (etc.) and B-meson LCDA exhibit novel
properties (asymmetric evolution, soft rescattering phases in the B-LCDA)

@ Structure-dependent logarithms turn out to be small
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Summary

@ QED factorization is more complicated than QCD due to charged external states. SCET
applies and we now understand how to systematically include QED effects, but it requires
new non-perturbative matrix elements, generalizing the familiar hadronic matrix
elements.

@ For By — p ™ there is a power-enhanced virtual electromagnetic correction.

e More long-distance QCD than fp
e Effect of the same order as the non-parametric uncertainty, larger than previously
estimated QED uncertainty

@ For charmless hadronic decays the QCD x QED factorization formula takes a similar
form as in QCD alone, but the generalized pion (etc.) and B-meson LCDA exhibit novel
properties (asymmetric evolution, soft rescattering phases in the B-LCDA)

Comparison to experiment now requires precise statements how QED effects are treated
in the analysis. Ideally compare theoretically well-defined and calculable radiative
branching fractions and use Monte Carlo generators only to estimate efficiencies.

@ Structure-dependent logarithms turn out to be small
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