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Why QED corrections in flavor physics ?

« Flavour physics in high precision in experiments and theoretic aspects

» experimental data from eTe™ “B-factories” and hadron colliders, Belle 11,
BESIII and LHC.

» QCD corrections in a, and 1/m, and controllable hadronic input parameters

« “Flavour Anomalies” : deviations between theory and experiment for

some flavor observables in recent years e g R(D™), |V, |, V,,],...

*,-\ 04 ﬂl?—| 4.8 = T L T L T L T LI | T LI | =
2, 9 4.6 :_ Exclusive IV, 68% CL contours _:
035 _g 44 :_ Exclusive IV | Inclusive _:
’ > = IV, IV, IV,yJ: GGOU 3
= 42 - IV |: global fit —]
- - Average —— ]
= 4 =
03 C -
F 38 =
B 3.6 -
0.25 B 5 34 3
5 32F 3
02 4 HFLAV SM Prediction R(D) =0.347 + 0,025, — k)= HFLAV =
- R(D) = 0.296 = 0.004 R(D*) =0.288 £ 0.012,,, - C [ 2023 |
R(D¥) = 0.254 = 0.005 ]F;&Z-;)S?”% . 28 3
e C A R TR S | R B
0.2 0.3 04 0.5 R(D) 36 38 40 42 44 5
IV, [107]

« QED corrections are important in high precision process

a, ~ a’ ~0.01



Why QED corrections in Leptonic Bdecay? B;, - "t ,B, > w

« B decay modes receive large uncertainties from the B meson light-cone distribution
amplitudes (LCDA)

@ B, ,—~>7C £~ is highly suppressed in the SM and can be computed with a good precision!

& B, — ¢ v for determination of |V, |largely unaffected by hadronic uncertainties

(Olay*ysb|B,(p)) = ifgp”
fz = (190.0 = 1.3)MeV [FLAG 2024] as]
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Why QED corrections in Leptonic Bdecay? B;, - "t ,B, > w

« B decay modes receive large uncertainties from the B meson light-cone distribution

amplitudes (LCDA)

@ B, ,—~>7C £~ is highly suppressed in the SM and can be computed with a good precision!

& B, — ¢ v for determination of |V, |largely unaffected by hadronic uncertainties

<0| ﬁyﬂ 75b|BM(P)> — lfB pﬂ FIAG2024
fp=(190.0 = 1.3)MeV [FLAG 2024]

N

51

Especially for B, - 7v (B,~ 107, B,~1077, B, ~1071?)

[Vub| x 103

3.5

» Recently, Belle II measured its branching fracti/a xiv: 2502.04885 ]

BB, > tv) = (1.24 = 0.41(stat.) £ 0.19(syst.)) x 10~

and updated the value |V, ;| = (4.41’:8:%‘9‘) X 1073

36 38 40 42 44

» Belle II will measure the 7 channels with 5 — 7 % uncertainty
[Belle Il Physics Book]

=> QED correction in B, — 7 v become important
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ultra-soft photon approximation

@ In most cases, QED analyses focused solely on ultra-soft photon approximation

e.g. B— Kft¢~ [G. Isidori, etc. JHEP 12,104 (2020) ]

» pointlike B meson when photons are extremely low-energy (“ultrasoft™)

» ultra-soft photon approximation assume pointlike photon couplings to charged
hadrons up to energy scales of O(my)

« The result 1s just the pure-QCD amplitude timing with Bloch-Nordsieck factor
a m

D In—2>)

T AE

~ exp(—



Beyond ultra-soft photon approximation

& When scale Agcp < 4 < my, , the photon emitting from lepton can recoil against

the light spectator quark which is then delocalized along the light cone

P The hadronic currents become non-local, the corresponding ———
. . K photon 1/ mbAQCD
hadronic matrix element becomes

ﬁ a4
<O | qS(VI/l_) Y(vn_,O) 7-*_ PL hv(O) | B> Fmeson 1/AQCD

is light cone distribution ~ ¢z(w), and it is the
structure-dependent QED effects

[Fig from Robert Szafron's talk]



Beyond ultra-soft photon approximation

& When scale Agcp < 4 < my, , the photon emitting from lepton can recoil against

the light spectator quark which is then delocalized along the light cone

P The hadronic currents become non-local, the corresponding ———
. . K photon 1/ mbAQCD
hadronic matrix element becomes

ﬁ a4
<O | qS(VI/l_) Y(vn_,O) 7-*_ PL hv(O) | B> Fmeson 1/AQCD

is light cone distribution ~ ¢z(w), and it is the
structure-dependent QED effects

» Soft photon interacting with final charged lepton can decouple

from lepton to introduce a Wilson line S,gf )T
. [Fig from Robert Szafron s talk]

. h, _ n, p
G,(vn) Yn_0)—= Py 1,(0) = g,(vn_) Yn_,0)—= Py h,(0) ST

=> B-LCDASs need to be redefined /M. Beneke, etc. 2022 ]

« Thus charged leptonic B decays become as complicated as non-leptonic decays
when photon in Agep < g < my,

f; — B-LCDA — QED-redefined B-LCDA




Virtual QED corrections can reach 0(1%)accuracy

& When scale Agcp < 4 < my, , the photon emitting from lepton can recoil against

the light spectator quark which 1s then delocalized along the light cone

» Power enhanced effects arising from the propagator of the

resolved spectator quark | .

n_kq AQCD

d
<«

» More QED Logarithms appear besides logs involving final leptonic

scale and soft photon cut AE
mf mg

In—, In—, In
mgy AQCD

ny,

_ . . aem 2 . aem
=> the expansion parameter is — log~ , rather than just —
T T

1 o

Aocp T



Power enhancementin B, — ¢~

& Power enhanced effects exist in B, ; — £¥¢~ and overcome its helicity

suppression m,/m,,

@ Thus B, — ¢ £~ is a leading power process, and we only need to calculate this

power enhancement term

» Non-local time ordered products have to be evaluated

<0 | Jd“x ' T {joep™), Z ap=1(0)} |B>

» The dynamical enhancement by a power of 1,/ Agcp and by large logarithms

In my, Agep/ m;

=> 1% of Br (B, — u* ™), four times the size of previous estimates of NLO
QED effects a,,.,/m ~ 0.3 % /M. Beneke, etc. 17 & 19]

=>(.4% of Br (B, — t777) due to hard-collinear scale tau mass

in In m, AQCD/mrz [Y.K Huang, Y.L.Shen, X.C.Zhao, SHZ 23]



B, — ¢ v isasubleading power process

@& Power enhancement happens for B, ; — ¢* ¢~ with y*(1 + y5), but not for

B, — ¢ v with left-handed currents y#(1 — ys) by cancellation ,

19 yf 4 7_ (1 =7s) hv][l’zc Yiu?1v (I =yl =0
=> No power enhanced effectin B, - v ! u ¢

« We need to consider all power suppressed contributions to B, = £v

(a) (b) (c)

NLP Local contribution NL calculated to NLP

< mixed (QED+QCD) and NLP are the main challenges for EFTs in building
the factorization theorem

» endpoint divergences in NLP ? [Feldmann, Gubernari, Huber, Neubert, Seitz 2022,
Hurth, Neubert, Szafron 2023, Neubert etc.2023 |

» QED IR regulator in EFTs ?



A muti-scale process

focus on B, — 7 v new scales appear in the present of QED effects

« Foru > m,, Fermi theory

Gr _
Lot = 5 Viplay, (1 =y bI[€y* (1 —ys) 1]

& Intermediate scale Agcp < p < my, , virtual photons

b T
m, ~ \/ m,Aoep ? X | can resolve the substructure of B meson which be

dependent on final lepton (e, i, or 7)

7,5C
.) different effective field-theory constructions for
different final lepton scale
L B ~E B ® 1 < Agep ultra-soft photon approximation
Y, us T, USC

v

In this talk, we focus on the virtual QED corrections to B, — v
M



modes and EFTs

@ Relevant momentum modes p ~ (n,p,n_p, p,) for virtual QED corrections

» Hard (19,29, 19) Expansion parameters:
» Hard-collinear (A%, 22, 1) 12 = Aqcp
ny,
» Soft (12,12, 42)
p=" )
» Soft-collinear  A2(1/b,b,1) ~ (A, 43,1?) my,

« Factorization requires a number of different EFT constructions

n.p

Fermi theory

Hard- Hard

20 collinear (Weak i
Soft- (SCET I) EFT)
yRE Collinear HQET X SCETI
(bHLET)

12 Soft anti-h.c. \L

(HQET) (SCETI)
e HQET x bHLET

« The factorized amplitude can be expressed as ofvirtual _ Z H S + Z J H]J IS

XX X

(a) (®) (©)



Fermitheory — HQET X SCET; (¢ < my)

Integrating out hard modes to reach to HQET X SCET;,

« Field redefinition of heavy quark field /FHeavy Quark Physics]

b(x) — ™" X1 + O(1%)) h(x)

//4,,
® Hard-collinear lepton fields are described in SCET; N
v\
[Bauer, Fleming, Pirjol and Stewart, 01°], [Beneke, Chapovsky, Diehl \\V
and Feldmann, 02°], [Becher, Broggio and Ferroglia, 14’] ! .
hoh, h, h_
£(x) = Cox),  vlx) = Ve(x)
4 4
« Spectator light quark can also be hard-coll. firstly hy he
\ p
_ 4
q(x) = Xc(x)

with power counting parameter :
13

hvaqu/13 fhc’yh_c’)(;gz) ~ A ‘lejz_c ~ A



Fermi theory — HQET X SCET; (x4 < my)

® Construction of HQET X SCET; operators: Local and Nonlocal operators

» local operator with soft spectator O,

b £ b £ b £ h 2 Cne
A
—> AN @Az [qshv][fhcl/%]
AS
g v q v 4 v s N Uke
» local operator with soft spectator and Og
b ¢ b £ b £ h, o e
//ﬁl/
— X — 7 7 _
. Op = 1q,...h]1¢.... V5]
\(\\
q N
v q v q v q Vie

» nonlocal operator with O,

b 14 b Z b 4 h,
R
q v q v q 1% Xhe ’ S v

@ hard functions H; ; are obtained from the above matching gvirtual _ Z H.J.S, + Z J H J J.S,



SCET, — bHLET (u < \/ myAocen)

lower the virtuality to remove the hard-collinear mode to reach to bHLET

o become to a soft-collinear (sc) field in boosted HLET
after integrating m, [Fleming, Hoang, Mantry and Stewart, 07°], [Dai, Kim and Leibovich, 21°]

. h
fhc — e_lm””vf'x(l + b T-I_) bﬂsc

soft scale to 7, boosted in the B frame with , _

hv ,,th mb
A
\\‘\\ ~
9 ) Vhe hV f,s"(.‘
6 ~ h _
4 ’ AB _ 7 _+ ()
, g . jm — [qs_Pth]Sn_ [Z’ﬂSCPLDF]
h fhr ‘ 2
e qs R Local operators
\\‘\\
g Ve
Op

o".

are obtained from the above matching

o Virtual _ ZHiJiSi + ZJ [-]JJ J]S]
; i Ju @



SCET,; —HQET x bHLET (u < \/ myAocp)

o9, (q)

& " — g,by nserting the following NLP and NNLP interactions

[Beneke, Garny, Szafron, Wang, 18’]
321)()0 = G, )[W:eWel' ()i Doy Ec(x)+h.c.

@) _ P . | L h,
3§q (]C) = qS (.x_) [Wg’hc th] (.X) (l n_Dhc + 1 DhCJ_ (l n+DhC) l Dth_) 751’16()(:) + ...

\ 74 7 n, O (0) [2
FmV) = [g,(vn_)Y(vn_0) - P h,(0)]S,”(0) [£,.(0) P vz(0)]
non-local operators

g, 102
O I

&q
X122




SCET,; — HQET x bHLET (u < \/mbAQCD)

..‘0.

— ¢, by inserting the following NLP and NNLP interactions
[Beneke, Garny, Szafron, Wang, 18’]

LX) = g, () WecWel ()i Doy éc(x) +h.c.

@) _ P . | L h,
gch ()C) = qS (x_) [Wé,hc th] (.X) <ln_Dhc + 1 DhCJ_ (l n+DhC) l Dhcl) 751’16()(:) + ...

\‘X’ ’f 7 iy O (0) [7
Fnv) = [g,(vn_)Y(vn_0) - P h,(0)]S,”(0) [£,.(0) P vz(0)]
g, 14? non-local operators
) I

X12

.0‘0.

are obtained from the above matchings

virtual _ . . Bd,s - utu
o4 Z iJiS; + Z H;| J;5;  endpoint div. (1/u — oo, when u— 0) ? B, — uv
Neubert etc.2023
m 2 l+r U @mg
J = Zem "0, 0 |In— T+ | 0@ T =~
i NPy @rmyn_py 1 vy

=> No endpoint div. in B, - 7 v when convoluting to hard function due to !

subtractions scheme independence




Numerical prediction

.0‘0.

The non-radiative QED corrections to branching fraction of B, — v for
central values of the parameters

BrOB, - ) = (0.89( () = 0.01 (1 ) ) x 107

NLP+NLO+LL QED virtual correction changes the branching fraction by ~ 1 %
be comparable with QCD uncertainties o fé ~ 1.4 %

o".

Determining the CKM matrix element using the latest data
from Belle II

FLAG2024

4.5

inclusive

V.| = [(4.41+o.01[5QED]) + 0.03(th.)fg;g§(exp.)] % 1073

the experimental uncertainty would reduce to ~ 0.08 x 1073
based on ~ 50 ab~lof electron-positron collision data

18




Summary
« QED corrections are important in high precision process
& QED corrections in B, — 77t~ ,B, = v

« Charged leptonic B decays become as complicated as non-leptonic decays

« Subleading power factorization formula for QED corrections to B, — v
derived in SCET, HQET and bHLET

» no endpoint divergences in this factorization at NLP (due to tau mass)

=> subtractions scheme independence

» NLP+NLO+LL QED virtual correction changes the branching fraction by ~ 1 %,

are critical for |V, | determination.

19

Thank you
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Generalized decay constant and LCDA

‘ « After two-step matching, we reach to the factorized amplitude

B—tv

.....mb

m; ~ \/ mbAQCD

B AQCD’ ET, G

« QED-generalized decay constant and LCDA /M. Beneke, etc. 2022 ]

1, .
(01g,5 PLh, S| B) IR div.
Fp = -
(0]1[S20)S7(0)]]0) — Redefination new nonperturbative
(01g,(vn_) Y(vn_0) == P, ,(0) S (0) | BY
F g Og(v) = -

Agrual HypJyp{t V| In’|B,) + [

1

0

0 0

HQET X bHLET operators
n _
St = 1a,— PSPyl

S = [g,(vn_) Y(vn_0) % Py h,(0)] S177(0) [£,,(0) Py, v(0)]

du H,(u) J dw J(u; o) (t7v| 7% |B,)

qs gs

Soft photon
decoupling from lepton

hadronic parameters

(0115P0) ST 0)110)

« [t 1s interesting to determine 1n Lattice or to estimate in QCD SR



Decay amplitude including virtual QED corrections at NLP+NLO

, B,(1,2
; (1,2)

; gvintual _ ~ - ™y, w (Pe) Pove(p,) | D H(WI(u) Fy(w) +
i=A,1

X2 1 o0
ZJ du Hu, ﬂ)J deo J(u; @, 1) F s (1) @ (0, 1)

j=y.1 0 0 ]
AVirtual —ﬁ mefB'u, Pr vz X—er 2Qb (L—21ns—s—1)L— le-I—
\/§ u SC C 47r 2
21 2 82 — 2 . _2
n“s + 8_11n3+2L12(1—s)—s—1+12 —6(2Qp — Q) —
1 B 7.(.2 /1 ~ “2
Qe (2L + 12) +4 [ du@Q + Qungg

1 B 2 1+ 1
4Qu/o du/o dw ¢ (w) (1 + a) [ln{ﬂm,%_ r In(1+7) + (1+a)arln(1+7')‘}

Large (double) logarithms L, L’
22

° ¢4 (w) demonstrates explicitly the structure-dependent QED effects



C'FO‘s
W

1 w 41_\DA w
- _In= 92— ln— 2
- <2 nu)+ 3w ( nﬂ)]’(g)

which exhibits a negative radiation tail
for w »> u

w
82w, 1) =N =5 /0 19w — w)
0

Seung J. Lee and Matthias Neubert hep-ph/ 0509350



FTAG2024
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> s
£ 35.0; 17.5 2 B-D _ ,
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g 30.0; 15.0 £
= ) " 41
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5 25.0f 12.5 § —
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g 20.0¢ 110-0 = [Belle Il Physics Book] ;3
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Figure 1: Projection of uncertainties on the branching fractions B(B* — u* +v,) and B(B* —
Tt + v;). The corresponding uncertainty on the experimental value of |V,,| is shown on the right-
hand vertical axis.



‘ HQET X bHLET — Low-energy theory (1 < Agcp)

-1 My
® 1 < Agep, the hadronic B meson can be described as
T " a effective theory (HSET)
m, ~ \/mbAQCD (I)B(X) — e—ivaB X MgV ~ U
T AQCD’ Er, sc e : -
& < u,,soft-coll. (sc) field in bHLET turned into
? in bHLET-2
fsc — eV MgV ~ Hse
[ Ey,us i Er,usc o
@ HQET x bHLET — HSET x bHLET;; # ~ Aqcp

Y, Us

2

. 2 —
power parameters: Ag = >

p~ (A5, 28, 27)
25
p~Az(1/b,b,1)

—ultrosoft scale to 7 boosted in the B frame




Construction of HQET X SCET; operator

only two irreducible Dirac structures

1. local operator with soft spectator O, £,.T,Pvi-] with I'y =1, yﬂl

b £ b £ b ¢ h, L ne
4//
P A _ 1= =(¢
. ( OV = 1q,.. - W17 ]
A
9 v 9 v 4 v s N Vie

o on, i
My [QS 7 PL hv] [Z’ﬂhc

S
~
\O
~
|

— PL Vh_c]

ln+ahc

@f,)z = [g,7,1 P [} }’f P gl ><

26



Construction of HQET X SCET; operator

2. local operator with soft spectator and hard-collinear photon Oy

ﬂ/J—
b £ b £ b £ h, L. ¢,
//,/
—> X WD — [7 7 1 ot
S @B = [qshv] [th"'th] ﬂ/l(‘
\\\
q N
v q v q v g, Vhe

1 N _
Opy = ———la— 1 &3 PLI G Pve]
+%Yhc
O — 15 gL M 5
@Bz = 14, th_ «— Yul Pph,J1Z ), YLPLV%]
| ) in+ahc 2
00 = : [G ﬁ+P W1, H49 P, v-]
B3 in+ahc s 2 L™y hc hel - L% he

27



Fermitheory — HQET X SCET;,
b ¢ b l b , h //f/hc
/”4//
> ¢

A ]
Q, = [uy* P, bl [y, P ] @f,)l = my|q, 7+ P 1y - = Py vyl
LN, 0pe

E, = [ay*y"y" PLOIC Y, 1, 7,PLv] — 160, Or = [g; 7+ VYL P A v V1, Prvse]

evanescent operator

<Q1> = <@A,1>

(Ep) = 6(D=4)(04,) — 3(0Op) ~ 0O(e) AY ,,

(D) — A (1) 4(0) (1) 0 _ 0) (D)
HA,I _ Al,(A,l) + Zext Al,(A,l) + Z(A,l)j Aj,(A,l) Hé% </“‘b) Z(A,l)(A,l)

A

1
Zy gl = P 0,0, +20)




Y(z,y) = exp !iqu /yx dzuA’s‘(z)] P exp [z’gs /yx dzuG’s‘(z)] :

Yi(x) =exp [—z’ng /OOO dsnzAg (T + sn;)] :

Sr'(i)(x) = exp —ite-J dsr-Aus(x+s-r)]
0

C,D(x) = exp —ieQiJ dsr-AuSC(x+s-r)]
0



Why QED corrections in flavor physics ?

@ Compared to QCD corrections, QED corrections can lead to certain short-distance
contribution which can mimic new physics.

» c.g. QED corrections to B, — zv have effects on |V, | extraction

« B decay modes receive large uncertainties from the B-LCDA, QED and QCD at low
energies introduce new LCDA.

« Theoretic calculation on soft photon radiation to consistent with phenomenological
analyses of experimental data.

» Soft real photons contribution can be simulated with MC tools such
as PHOTOS in /P Golonka, Z. Was, hep-ph/0506026 ]

30



Summary

« QED corrections are important in high precision process

« Charged leptonic B decays become as complicated as non-leptonic decays

« Subleading power factorization formula for QED corrections to B, — 7v
derived in SCET, HQET and bHLET

» no endpoint divergences in this factorization at NLP (due to tau mass)

=> subtractions scheme independence

» Structure depended QED corrections arising from hard, hard-collinear

photons exchange — important source of large logarithmic corrections

» Soft photon still resolve the B meson structure ( decoupling from leptonic
field) to produce generalized B decay constant and LCDA — new hadronic

parameters

» NLP+NLO+LL QED virtual correction changes the branching fraction by ~ 1 %,

are critical for |V, | determination. 31

Thank you



