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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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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,
logmy.
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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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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.
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Observables

IR finite observable is

o0
Tpnys = » T(B—f+n7, Y  Eyn < AE)

n=0 n

= w(AE) X I'non—rad. (B —>f)

EE 0] 5600 5800 GO

Signal window |mp —mg| < A = AE=A Ty MRV
Assume A < Agcp ~ size of hadrons [LHCb, By — p™" ™, 1703.05748]

Large In AE.
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Ultrasoft photons and the point-like approximation

Universal soft radiative amplitude

—eQip}'

AT k) = A i) x DD
ey

Jj=legs

Exponentiates for the decay rate, but the virtual correction is UV divergent in the soft limit.
Cut-off A. The amplitude implies that the charged particles (B-meson, pion, lepton, ...) are
treated as point-like.
i IAE\ "7 2i, 20 f(Bi)
=T % A
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Ultrasoft photons and the point-like approximation

Universal soft radiative amplitude

—eQip}'

AT k) = A i) x DD
ey

Jj=legs

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

inf IAE\ "7 2i, 20 f(Bi)
I'= Ftree X T

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,, \/mpAqep, Agep, My, AE

<=-AE--»
SCET SCET; 1 =1EFT S
HHPT ! il I AB=1EF1 M

| ! |

| . 1 | | T >

i Agep ik i, i eTeTEY
virtualities D = collinear | liare electroweak
aeD perturhative
dof partomnie
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Scales and Effective Field theories (EFTs)

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

Short-distance QED at p2m;, can be included in the usual weak effective Lagrangian (extended

Fermi theory) + renormalization group.

=-=AE--»>
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HHPT ! il i AR =1EF] 1
| |
| . 1 | | T >
i Agen Lk iy, e eneTgy
virtualities hard = collinear | Lard electroweak
QCD porturbative
dof

partonie
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Scales and Effective Field theories (EFTs)

Multiple scales: my, my, \/myAqcp. Agep. 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.

" |/
1 =

i PIETEY
virtualities b ! I electrowesk
QCD perturbative
dof

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

1708.09152, 1908.07011, with C. Bobeth and R. Szafron
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Status of By — put ™

N PPTT) . . -~ b . [T
“Instantaneous”, “non-radiative” branching fraction Wy /,-/
t M
L e
a2 < W wo
m
N *12 ©
Br(By — ptp”) = fB Ti,mi, Vi Vi -
64 35 s m%
B

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

M. Beneke (TU Miinchen), QED effects in B decays Oxford, November 26, 2020



Status of By — put ™

<

“Instantaneous”, “non-radiative” branching fraction

Br(By —>H+H_) = 64 3fBSTBJmBJ|th |2

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) — DB — pfuy) _ Cxcos(AMpyt) + Sy sin(AMp,1)

T(Bs(r) = puipy) + TBs(r) = pipy)  cosh(ut/7p) + AXp sinh(yyt/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) = pfpy) — DB — pfuy) _ Cxcos(AMpyt) + Sy sin(AMp,1)

T(Bs(r) = puipy) + TBs(r) = pipy)  cosh(ut/7p) + AXp sinh(yyt/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

iA = myfg, N Cio bvst +2 Qqu mofa, N E(1 +s)e

o g W
{/ du (1 —u) Cg (umb)mB/ —w®3+(w) |: ml? In—2 :|
0 w my 1—u

< dw ) 2
— 0,CS mB/ — ¢+ (w) |:ln2 m/7 —21In M + L
0 my

] me

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

jee)
fme/ —¢B+(w)~20 m? 6
my
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Interpretation of the enhanced correction

(0lgy*sb|By (p))

Local annihilation and helicity
flip.

(0| / d*x T e (x), £an—1(0)}By)

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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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

nt nt
o - + I
4 7"+P7 +"—PT+PJ_

nﬁ_:ﬂz =0, np -n_ =2,

p= (nqyp,piL,n_p), XN%fV% In ALp
20
e Modes in the EFT classified by
virtuality and rapidity 2
e Matching QCD+QED — SCET;
— SCETy 4
a4 AR AV Innp
e relative scaling absalute sealing virtuality &2
hared (1.1.1) (g, Ty 1y ) mi
hard-collinear (1,7, 4%) (e, /mdgen, Agen) mudgen
anti-hard-collinear 441 (Agep. ymyAgep, ) mplgen
callinear (1,42, A4 (. g, “’3-"; my) " ?;‘:
anticollinesr {34321) [rn;\_,f'm[,. g 1) Hr?,
soft (32,23, 2) (Agen. Agen. Agep) Ayen

Oxford, November 26, 2020
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SCET interpretation of the one-loop result

e Typical SCETy problem

> hard-collinear pz,. ~ myA
2

> collinear p> ~ A%, m m

> softpi ~ p;

e Matching to SCETy non-zero only
at sub-leading power (helicity-flip
required)

NLP SCET problem

e After tree-level matching to SCET]
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 SCET]; gives a structure-dependent collinear
logarithm In (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?c, L (r7) (third diagram below)

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

e Endpoint divergence results in another power of In(mp 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
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Matching, RGE, leading-(double) log resummation — sketch

A full QED SCET) SCET}

5 i -
mt b oy ¢ s Do i
—_— e
tree matching A
> “
- e
= £ yoet el

e [ .
! \ T 1) Matching OED ~ SCET, @ tise-lovel
X - — = yields operator Oy with
A 1y troecuals
.,"d‘i:r.; i hard-collinear ight quark x ¢
) Ac hard-collinear lepton ¢,

anti-hard-collinear anti-lepton ié

I o

2) RG running from g, — e

3) Matehing SCET, — SCET; @ Ires-level

change hard-coll. light quark ¢ — soft gs
via power-suppressd Ceq = additional Ag,
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Matching, RGE, leading-(double) log resummation — sketch

4 [l QED SCET, SCET},
ot Iy & - ¥ R o - =3
o oo Tkl L
'\\ whhing . N
N el R~

f = [

D47 T e mdehing

Tl

LI T %
4) Matching SCET, — SCET, @ tree-level
= yields operator 7 4, with saft light quark gs

{anti-Jeollinear lepton £ (2
;
collinear photon A,
5) RG running from p. — pic
= 1-loop mixing into T4, — T, Yyields In e,
e

6) By — pji matrix element of T, @ tree-level

e Operator mixing in SCETy
RGE with cusp anomalous dimension — double logarithms o X o/(’ 5) In?*+!
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SCETy; factorization and soft rearrangement

TG00 =2, )Y, 0) = P )Y ] (0) (o)

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.

\‘“‘1.

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

2A.1 (n)PR)E0)] = T:®Tc®T=

i eollinear 1

Oxford, November 26, 2020



SCETy; factorization and soft rearrangement

T (1) =g, ()Y (vn—,0) %Pth(O) (YL Y-1(0) [Le(0)2A. L (in4)PR)(0)] = Ti0 Te® T

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.

n.,% fe,§:?. -'r,j\,:2 callinear 1
%; >,; - . : <0{ [YI— Y_] (0)|()> =RyR_
5 L5 Vet T

e Soft rearrangement jy ® :7; ® jg = ? Jlg ® R+jc ® R,j\g
+ -

Soft matrix element defines a generalized B-LCDA
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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)

1 [
X Jm(”;“}“hc)+/(]dW"A(W“’vW?th) My (w3 pae) — In Mem

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
2
m
_2a In
) +,-1 [ 22F "(H%)
=TV[Bg > pip ]| — 4
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.
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i >

JLis TRy
virtialities larel : electrowenk
QCD perturbative

{of

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.
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By — N_I_HJ_'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]
(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 ()

M. Beneke (TU Miinchen), QED effects in B decays Oxford, November 26, 2020

22



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
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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]

2 2 type—B Bg—V 2 2
q T, q dr cv g, T (0) 1
R = / ‘max dqz 1265 / / ‘max dqz Lpz ~ dr g1 « fy « 5
2 dg Jq* dg Qq4FB, myly qg\ax

qmm
q

min

A 57 for ¢(1020)

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

()]

Re,Im [ApLy

-0.61

¢ [Gev?
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Rate predictions

=== 1Res,
1 Res
=== 1 Res,
3 Res
3 Res

=== 3 Res

L L = 0.0
L =02
L =04
Ll =00
i = 0.5

Ars(q®)

Ll =10

i

=== 1Res, rp = 0.0
— 1Res, rip = 0.2

~LOF e 1 Res, 1 = 04

--- 3Res, rf}p

— 3Res, rPp =05

= 3Res, rfp = 1.0

o 1 2 3 4 5 6 7 0 1
¢ [GeV?]
4 bin LF NLP unciTtainty of “NLEP all”
[GeV?] | LO NLO | loe  loc+A  all | pys g7 rep o tobal
232 296 | 351
2, 6.0 | o4 034 | 081
[30.60) | nae 022 | 019
[4.0, 6.0) 0.15 | .12
1 1415
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2

3 4 5 6 7
¢ [Gev?)

Bins above q2 > 2GeV? are
theoretically on more solid
ground but have branching
fractions below 107,
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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.

e But QCD dynamics is very different.

o w
SR 37 e
W) d H g
B u T
B T T
d d d d
B~>y+u77 B~>7r+7|'77
(0lg~*~sb|B) (w7~ |0ilB)

G
Leff = *72— > VobVop (Cl O + 05 + 3 C,Oi)

p=u,c 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

S
(MiM|Qi|BY = F5M1 (0) / duT! (1) By, (1) T . -G
—— J0

form factor 4 il IR

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
Ace(MiMz) = ars + a0 + ... + O(Agep /my)
~
1999 2020

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

M. Beneke (TU Miinchen), QED effects in B decays Oxford, November 26, 2020

27


https://indico.cern.ch/event/953761/

Including virtual QED effects into the factorization theorem

SCET] operators

O'(1) = [xe(m—)t_vsxe) [xeh)

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

QCD Factorization Formula
1
(MiMe[O/18) = ¥ (6 = 0) [ auTi(u) o, (1)
o

o |
4+ [ dw‘/ dUdVT}I(U‘V.w} fM1 DMy (v) fM2 t-'JMz(U) fagg(w)
40 i)
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Including virtual QED effects into the factorization theorem

SCETj operators

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

O"(t,s) = [xe(m=)t_~vsxe] [XcAc, 1 (sny) SIiQ,wz)hv]

o0
S,(,qi) = exp {7que/ ds niAS(mi)}
0

QCDx QED Factorization Formula
i
MM QB | ponra. = Fi ™ (P = 0) fo QuT! g () Fag, b (1)

1
+ [m.[o dudv T (0,v,0) T, Sat, (V) Tty Out, (1) F 05, ()

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

-1 s
chrwfg’?{m_}"’ stg”lto)m}:_sef duel® & __(u)
Jo

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

aemOm, Iz p 30m,
) = — M sy = —gum—r =M
() T =" <Qd " 2Eu Quln 2E(1 — u) + 4

(2 a0 () o (g

(<<

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

SR

1= +

e Gegenbauer polynomials are no longer eigenfunctions, asymptotic behaviour

D (u, p) iy 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 x QED

Soft Function for B® — M; My

img f dwe= ™ Ey , bg . (w)= ﬁ (0139 (tn_)[tn_ .O]L‘E%msﬁ,j“es,?f};éf‘)

@ B — My M., 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, ...

D Je 5%, 50

@ coupling of soft photon/gluon to incoming b quark with n_py = My — oo
— w € [0,00)

@ coupling of soft photen to outgoing anti-coll. == with n_g = mp — =

. | QED B LCDA has support w £ (—oc,o0) 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 &,

M (w0’ p) = (ﬂoﬁ i “SCF) {a(* = '}(2Iog 5) — AF (@ )}

AT 4T

2
— "*mzodaz {ﬂ-(w —o')2 Fog el 263{*‘&} Lem @B o(w — w')im

[ {w, w;u) = ({::Oﬁ e "}:SF) {J[w N (Zlog ) —4F(w,w' }

: 2
= %20602 {5@; — w2 Eog_*f_'ﬁ — EG<(w.u’}} - %@ﬁ(w —wh)ix

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

Gy =w [“’('w" = wJH(wJ] I [H(u’ 2

wiw' —w) W —w

Slide from [Bder, Vos, talk at CERN, 16.10.2020 https://indico.cern.ch/event/953761/]
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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 7
2AE> — Zem <Q3+QM1 [1+1n T] +QM2 [1+1n o ])

U<M1M2) - ( mp

<

(ntK™) =0914

(x°k~) = UK~ ") = 0.976
(m™

(K

S <

k%) = 0.954
7r0) [for AE = 60 MeV]

[~
>g=]
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Isospin-protected ratios / sum rules

Consider ratios / sums where some QCD uncertainties drop out.

[MB, Neubert, 2003]
_ 2Br(n°K®) + 2Br(x°K )

RQCD Re 5 ;
= r ~Re i 0,
__KO}—O—BI‘(?T"'K_) L+ €OSYRE O + Oy

Ry

RIP —1=(1+2)% Ser~01% 6y =58%
QED correction larger than QCD and QCD uncertainty, but short-distance QED negligible.

[Gronau, Rosner, 2006]

A(FK) = Ace(7 K ) + %Acp(w%”) = %A@(HK-)
|2-Ir-(” KQ)}AC (7°K®) = A(K)® + 68 (xK)

AFK)P = (054 1.1)%  5a(nK) = —0.4%

QED correction of similar size but 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.
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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 — pt ™ 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 — pt ™ 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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