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Motivations

2
. _ I 2 0 2 mBm§ ?
» Why leptonic B decays ? BB~ = 7vp) = 15Grf5| V| -
V; m3

— Direct determination of the CKM element |V, |
— Chirality-suppressed in the SM — powerful probe of (pseudo) scalar new physics

— Testing flavor universality in charged current : Belle Il will measurethe £ = 7, u
channels at 5 — 6 % (sl i hysics Bookl. FCC-e€ prospects are promising.
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» Why leptonic B decays ? BB~ = 7vp) = 15Grf5| V| -
V; m3

— Direct determination of the CKM element |V, |
— Chirality-suppressed in the SM — powerful probe of (pseudo) scalar new physics

— Testing flavor universality in charged current : Belle Il will measurethe £ = 7, u
channels at 5 — 6 % (sl i hysics Bookl. FCC-e€ prospects are promising.

» Why QED corrections are needed?

— Pure hadronic effects are simple and well-understood:
(Olgrysb|B,(p)) = ifg p*
and quis known with O(1%) precision : qu = 189.4 £ 1.4 MevV muaumicirzons)

— In the exclusive channel, with strong cuts on additional soft radiations, QED corrections can
be sizable and compete with QCD uncertainties — need a precise estimation
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QED corrections: Real and Virtual

» Electromagnetic corrections are sensitive to the lepton mass and the restriction
on additional radiation, yielding large (double) logarithmic corrections

m 2 JFmax
alog® <—f) , alog 4
Mmp
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QED corrections: Real and Virtual

» Electromagnetic corrections are sensitive to the lepton mass and the restriction
on additional radiation, yielding large (double) logarithmic corrections

m 2 JFmax
alog® <—f) , alog !
Mmp

» For a sufficiently tight cut on E;nax, real emissions are soft enough to see the

B-meson as a point like (pseudo) scalar — eikonal approximation

» Virtual corrections are unrestricted by such cuts, they live at higher scales and

can resolve the partonic substructure of the B meson.
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QED corrections: High and Low Scales

Above my and below A cp, corrections are well under control :
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QED corrections: High and Low Scales

Above my and below A cp, corrections are well under control :

» At energies harder than myp, the weak effective Lagrangian captures all the hard

corrections through the Wilson coefficients of the LEFT-operators,

4 GI(VM) V.LL
L EFT D — \/5 Vi Kew(p) O —_—

O = (qy" P b)ly,PLv,)
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QED corrections: High and Low Scales

Above my and below A cp, corrections are well under control :

» At energies harder than myp, the weak effective Lagrangian captures all the hard

corrections through the Wilson coefficients of the LEFT-operators,

4 GI(VM) V.LL
L EFT D — \/5 Vi Kew(p) O —_—

O = (qy" P b)ly,PLv,)

» Radiations softer than AQCD sees the meson as point-like(*).

,
B §%< %< §4< —>  Effective Yukawa theory
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QED corrections: Intermediate Scales

» Energetic virtual photons with £, ~ my and ﬁyl | p, can recoil against the soft spectator.

b 14
% % momentum transfer at the intermediate virtualityp},2 ~ NocpMp
q Y
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QED corrections: Intermediate Scales

» Energetic virtual photons with Ey ~ mg and ﬁyl | p, can recoil against the soft spectator.

% momentum transfer at the intermediate virtualityp},2 ~ NocpMp
» The light partons are the displaced on along the light cone, the hadronic soft

currents become non-local — Light-cone distributions (¢_(®), ¢, (@, @,))

» When QED is switched on, these distributions are no longer process-universal
— QED is sensitive to the direction of the charged external states

[Beneke et al (2108.05589)], [Beneke et al (2204.09091)]
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A multi-scale process

» Focusing on £ = u case, including QED effects introduce new scales (both static and dynamic)

to which B~ — u~v, is sensitive :

A
-’ mW
-’ mB
+ Hpe = \/AQCDmB
T m,u ~ AQCD
T Hus = EO
m

U
T Huse ™ EO_

B
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A multi-scale process

» Focusing on £ = u case, including QED effects introduce new scales (both static and dynamic)

to which B~ — u~v, is sensitive :

A
+ my
+ my
+ Hne = \/AQCDmB
T m,u ~ AQCD
T Hus = Eo Static scales dictated by the energy cut on the
m, additional final radiation
T Huse ™ EO_
B
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A multi-scale process

» Focusing on £ = u case, including QED effects introduce new scales (both static and dynamic)

to which B~ — u~v, is sensitive :

B KKK

=./Nocpm
T e CCD™B B.meson described as a superposition of Fock-states: |ib) @ |itbg) @ ---

[Beneke et al(2019),JHEP10232]
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A multi-scale process

» Focusing on £ = u case, including QED effects introduce new scales (both static and dynamic)

to which B~ — u~v, is sensitive :
A

- My

- Mp

B m,u ~ AQCD
us — EO

XK

=./Nocpm
r e CCD™B B.meson described as a superposition of Fock-states: |ib) @ |itbg) @ ---

[Beneke et al(2019),JHEP10232]

B-meson described as a point-like pseudo-scalar boson...

:=@< ;% i@< z(<v [Dai et al (2022), Phys.Rev.D 105 3]

(*)including its first vector excited state as off-shell intermediate propagator !

J ¢
B z@ﬁ:@< [Becirevic et al (0907.1845) ]
B*
14
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The plan : running down with the scale !

Turning a multi-scale problem to a product of single scale objects by :
» Identifying the appropriate effective description at each scale.
» Performing a step-by-step matching between each EFT.

» Deriving a factorization theorem to break this multi-scale problem into a

convolution of single-scale objects.

» Using the renormalisation group to evaluate each object at its natural scale and
run it to a common scale to resum logarithms.
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The plan : running down with the scale !

Turning a multi-scale problem to a product of single scale objects by :
» Identifying the appropriate effective description at each scale.
» Performing a step-by-step matching between each EFT.

» Deriving a factorization theorem to break this multi-scale problem into a

convolution of single-scale objects.

» Using the renormalisation group to evaluate each object at its natural scale and
run it to a common scale to resum logarithms.

In this talk we are going to embark on an EFT journey :
» Discussing the (re)factorization of the virtual amplitude in the partonic picture.
» Constructing the proper EFT valid at low energy to include the real emissions.

» Deriving the factorization formula for the decay rate.

@ PRiISMA* 1tp Max Ferré QED corrections to exclusive leptonic B decays 09.09.2025



LEFT — HQET ® SCET;  u ~ m

m,  Nocp

Power counting: A =
mp mpg

Relevant scalings: p* =@ -p,n-p,p,)

p ~ (1,4%,2) « collinear »,
p*~m2~ 0%

— given by the lepton virtuality

P~ (L/L\/z) « hard-collinear »,
P>~ Nocpmy ~ O(2)

— soft and collinear quark X-talk

p~ </1,/1,/1) « soft »,

p*~ Noep ~ 0(A%)

— given by the spectator quark virtuality
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LEFT — HQET ® SCET;  u ~ m

» The b quark is described by a soft HQET field : Power counting: A = —% ~ Agcp
mp mpg
b(x) — e~ mplv) (1 + @(\/’_1)> h,(x) Relevant scalings: p* = (in-p,n-p,p,)

p ~ (1,4%,2) « collinear »,
p*~m2~ 0%

— given by the lepton virtuality

P~ (L/L\/z) « hard-collinear »,
P>~ Nocpmy ~ O(2)

— soft and collinear quark X-talk

p~ (/1,/1, /1) « soft »,
p*~ Noep ~ 0(A%)

— given by the spectator quark virtuality
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LEFT — HQET & SCET;

» The b quark is described by a soft HQET field :

b(x) — e~ (1 + @(ﬂ)) h,(x)

» QED corrections — hard-collinear momentum
exchange between partons & lepton.

— need a SCET; subleading power description for the

different modes of the spectator and the lepton :

U ~ mpg

m A CD
Power counting: A = A

mpg mpg

Relevant scalings: p* =@ -p,n-p,p,)

p ~ (1,4%,2) « collinear »,
p*~m2~ 0%

— given by the lepton virtuality

P~ (L/L\/z) « hard-collinear »,
P>~ Nocpmy ~ O(2)

— soft and collinear quark X-talk

p~ (/1,/1, /1) « soft »,
p* ~ Ngep ~ 0%

— given by the spectator quark virtuality
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LEFT — HQET & SCET;

» The b quark is described by a soft HQET field :

b(x) — e~ (1 + @(ﬂ)) h,(x)

» QED corrections — hard-collinear momentum
exchange between partons & lepton.

— need a SCET; subleading power description for the

different modes of the spectator and the lepton :

g - [ 1+ ! (i]/))i ED00+ 1+ ! eQ A A
in-D, 2 ]7°C in-D, 12

N

N

£(x) 1+ ! (D + )'1 ED00)+| 1+ ! QO A i
X) — l m,)— X e —
in-D, 72 )¢ in-D, 9 2

@ rrismat Ttp
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U ~ mpg

. mge AQCD
Power counting: A = ~
mpg mpg

Relevant scalings: p* =@ -p,n-p,p,)

p ~ (1,4%,2) « collinear »,
p*~m2~ 0%

— given by the lepton virtuality

P~ (1,/1,\/1) « hard-collinear »,
P>~ Nocpmy ~ O(2)

— soft and collinear quark X-talk

p~ (xl,/l,ﬂ) « soft »,
p* ~ Ngep ~ 0%

— given by the spectator quark virtuality

QED corrections to exclusive leptonic B decays
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1

SCET; operators o/ =0} + | ay[Hm0k+H 31050

0
We build our SCET; basis with the following power counting :

h,g,~ OG0 gy~ 00V At~ 00"7) g~ 0Q) AE~00)  y.~ OQ)

At O(ax), three classes of 4-fermions operators are relevant:
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1

SCET; operators o/ =0} + | ay[Hm0k+H 31050

0
We build our SCET; basis with the following power counting :

h,g,~ OG0 gy~ 00V At~ 00"7) g~ 0Q) AE~00)  y.~ OQ)

At O(ax), three classes of 4-fermions operators are relevant:

~

(02 (G, )7 D 2

J
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1

SCET; operators o/ =mu'o}+ J dy [ HA()OP )+ HE ()OS ()

0
We build our SCET; basis with the following power counting :

hy.qo~ 0077 ye~ 00"  de~00"%) x.~0Q) dr~0Q) y:~ O0Q)

At O(ax), three classes of 4-fermions operators are relevant:

~

(01 (G, )7 x2)

v,

~

)
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1

SCET; operators o/ =mu'o}+ J dy [ HA()OP )+ HE ()OS ()

0
We build our SCET; basis with the following power counting :

hy.qo~ 0077 ye~ 00"  de~00"%) x.~0Q) dr~0Q) y:~ O0Q)

At O(ax), three classes of 4-fermions operators are relevant:

~

(01 (G, )7 x2)

v,

W
) [0]] (C]_s---h\v)()(_c(f)---)(é)ﬂé[y]

)

~

[OF1 G- 1) - xe)

y,
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SCET; — SCET; K~ Hpe ™ \/ Agcpip

» At i ~ ., we lower the virtuality removing hard-collinear modes — pure SCETj; construction
where collinear and soft carry the same virtuality :

pe~ (LA%4),  po~ (LA4), pi~pl~0Q%

» Integrating out hard-collinear propagators introduces non-localities even in soft product :

L () ()

— Contains more fields but are of the same order !

» Contrary to the B, — p" ™ case, those structure-dependent contributions to B~ — WU, carry

the same suppression as the tree level result and do not overcome the chiral suppression.
[Beneke, Bobeth, Szafron 2017, 2019]
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° X — , X'
SCET;; basis ¢ )= Y Joror () () {0)) &, QX (x), (@)

J. X'

» Starting from our SCET; operators, we can construct our SCET; basis, at O(a) we get:

[0
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° X — , X'
SCET;; basis ¢ )= Y Joror () () {0)) &, QX (x), (@)

J. X'

» Starting from our SCET; operators, we can construct our SCET; basis, at O(a) we get:

a )

[0

(0] (0]

|B) = | ub)
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° X — , X'
SCET;; basis ¢ )= Y Joror () () {0)) &, QX (x), (@)

J. X'

» Starting from our SCET; operators, we can construct our SCET; basis, at O(a) we get:

[0/ g (0] [0€] (0 ef )
G}

\_ W,

|B) = | iab) ® |ibg) @ -
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Refactorization

» The matrix element of C-type SCET | operators involve an endpoint-divergent integral— the theory fails
to properly separate hard-collinear modes with low energy (hard-collinear fraction ) from

soft modes.
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Refactorization

» The matrix element of C-type SCET | operators involve an endpoint-divergent integral— the theory fails
to properly separate hard-collinear modes with low energy (hard-collinear fraction ) from
soft modes.

» This region can be identified with the energetic limit of the soft region — we rearrange terms between
the two (RBS scheme) I[Liu, Neubert 2019; Liu, Mecaj, Neubert, Wang 2020; Liu, Neubert, Schnubel, Wang 2022; Beneke et al. 2022]
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Refactorization

» The matrix element of C-type SCET | operators involve an endpoint-divergent integral— the theory fails
to properly separate hard-collinear modes with low energy (hard-collinear fraction ) from
soft modes.

» This region can be identified with the energetic limit of the soft region — we rearrange terms between
the two (RBS scheme) I[Liu, Neubert 2019; Liu, Mecaj, Neubert, Wang 2020; Liu, Neubert, Schnubel, Wang 2022; Beneke et al. 2022]

HE) oo (02 0, &) = HEQ) 5 o0 (3, 0)
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Refactorization

» The matrix element of C-type SCET | operators involve an endpoint-divergent integral— the theory fails
to properly separate hard-collinear modes with low energy (hard-collinear fraction ) from

soft modes.

» This region can be identified with the energetic limit of the soft region — we rearrange terms between
the two (RBS scheme) I[Liu, Neubert 2019; Liu, Mecaj, Neubert, Wang 2020; Liu, Neubert, Schnubel, Wang 2022; Beneke et al. 2022]

0 <n = A/mgz <1 :arbitrary scale

Hy (0 Joc—oe (0,0, A) = HE (D I e (0, @) = 001 = WIHT DI og g (0, @)1

Singular fory - 0 ~1 +%ln(y) ~yTi=e
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Refactorization

» The matrix element of C-type SCET | operators involve an endpoint-divergent integral— the theory fails
to properly separate hard-collinear modes with low energy (hard-collinear fraction ) from

soft modes.

» This region can be identified with the energetic limit of the soft region — we rearrange terms between
the two (RBS scheme) I[Liu, Neubert 2019; Liu, Mecaj, Neubert, Wang 2020; Liu, Neubert, Schnubel, Wang 2022; Beneke et al. 2022]

0 <n = A/mg <1 :arbitrary scale =yv@-pyl@-v) : new soft scale

N
Hy (0 Joc—oe (0,0, A) = HE (D I e (0, @) = 001 = WIHT DI og g (0, @)1

Singular fory - 0 ~1 +%ln(y) ~yTi=e

J

(Conditions: [HE)] = HY : [Voc—oc (v, ®)lldy =
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Refactorization

» The matrix element of C-type SCET | operators involve an endpoint-divergent integral— the theory fails

to properly separate hard-collinear modes with low energy (hard-collinear fraction y ~ (/1) ) from

soft modes.

» This region can be identified with the energetic limit of the soft region — we rearrange terms between

the two (RBS scheme) I[Liu, Neubert 2019; Liu, Mecaj, Neubert, Wang 2020; Liu, Neubert, Schnubel, Wang 2022; Beneke et al. 2022]

0 <n = A/mg <1 :arbitrary scale w=y@-pyH{-v)~ O :new soft scale

N
Hy (0 Joc—oe (0,0, A) = HE (D I e (0, @) = 001 = WIHT DI og g (0, @)1

Singular fory - 0 ~1 +%ln(y) ~yTi=e

_J

. . ]T
(Condmons : [[ch(y)]] — HlA SIC((I)) : [ocoge (v, )ldy = Soc o (@. 0))—6?)
oy

R(.B) y

Soft function S‘ﬁ =
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Refactorization

» The matrix element of C-type SCET | operators involve an endpoint-divergent integral— the theory fails

to properly separate hard-collinear modes with low energy (hard-collinear fraction y ~ (/1) ) from

soft modes.

» This region can be identified with the energetic limit of the soft region — we rearrange terms between

the two (RBS scheme) I[Liu, Neubert 2019; Liu, Mecaj, Neubert, Wang 2020; Liu, Neubert, Schnubel, Wang 2022; Beneke et al. 2022]

0 <n = A/mg <1 :arbitrary scale w=y@-pyH{-v)~ O :new soft scale

~

Singular fory - 0 ~1 +%ln(y) ~yTi=e

J

—
g d
Add it back (Condmons: [HET = HASC(0): Woe e (s )lidy = Soe e (@, ) —
1 1 1 1 0, )

<O ‘ 7, [1 - 9T<— ’D = A)] AP, h, v\ ‘ B> )
),

Soft function S‘ﬁ(A) = RED)

[Cornella, Konig, Neubert 2023]
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Refactorization

» The matrix element of C-type SCET | operators involve an endpoint-divergent integral— the theory fails

to properly separate hard-collinear modes with low energy (hard-collinear fraction y ~ (/1) ) from

soft modes.

» This region can be identified with the energetic limit of the soft region — we rearrange terms between

the two (RBS scheme) I[Liu, Neubert 2019; Liu, Mecaj, Neubert, Wang 2020; Liu, Neubert, Schnubel, Wang 2022; Beneke et al. 2022]

0 <n = A/mg <1 :arbitrary scale w=y@-pyH{-v)~ O :new soft scale

~

Singular fory - 0 ~1 +%ln(y) ~yTi=e

J

oy ] -
Add it back (Cond't'ons  [HCO) = HASC@)s Wopge (s )y = Spe e (. 0)
- ® )

(oo [1=a(= = A)]arsr i |s) A
— o [ (A )

New hadronic parameter | )

Soft function S‘ﬁ(A) = RED)

[Cornella, Konig, Neubert 2023]
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Refactorization

» The matrix element of C-type SCET | operators involve an endpoint-divergent integral— the theory fails

to properly separate hard-collinear modes with low energy (hard-collinear fraction y ~ (/1) ) from

soft modes.

» This region can be identified with the energetic limit of the soft region — we rearrange terms between

the two (RBS scheme) I[Liu, Neubert 2019; Liu, Mecaj, Neubert, Wang 2020; Liu, Neubert, Schnubel, Wang 2022; Beneke et al. 2022]

0 <n = A/mg <1 :arbitrary scale w=y@-pyH{-v)~ O :new soft scale

~
Hy () Joggp (0, 0, @0, N) = HE D) TG o (9, @, 0) = 01 = DIHT I og— o 10 @, @)
Singular fory — 0 ~ 1 +%1n(y) ~ y_l_e
J
do )
Add it back Conditions:  [HF(W] = HAS{(@0);  [oeoop - a)lldy = S r (@0, a))?)
(ol [ 1ol A)|ar |5 A
Soft function Sﬁ(A) = R o (A1)
’ New hadronic parameter | )

[Cornella, Konig, Neubert 2023]
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Factorization formula (virtual corrections)

» Taking SCET;; matrix elements, we obtain a factorisation theorem for the virtual corrections :

A ive = (V| ZLscEr 1o HoET | B)
= Y HXD @, X Jor-gr(ivh (xh (0) @, (X (), {0 1)
i X I5%
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Factorization formula (virtual corrections)

» Taking SCET;; matrix elements, we obtain a factorisation theorem for the virtual corrections :

A iry = (V| ZLscEr 1 ® HQET | B)
= Y HX (D ®, Y Jor_or((v). (). (@) B, (QF ({x}. {@ )
1,X

J.X

» SCET;; operators factorizes into non perturbative soft hadronic contributions and purely
leptonic perturbative collinear functions :

(X (1x), () = (B —2=|0) KXUx)=E (£u1h,Prc]0)
2mg mp

\—\/—_J
R.B)

» They define matching coefficients to the low energy theory hadronic and leptonic currents.
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Virtual amplitude at NLO QED

A st = V2 G Kew (W)Y, b—\/— F_(A.p)a(p,)P, v(p»Z/%(u)

€IR mj 2 m; 2 m; 12
i 2 2 2 2
H H Iz fr
— —In>—-2In-—4+In‘=-14+—
Qs m3 m3 m3 12]

2 (o) 2 A2 2 A 2
+0,0, —5—21n'u—+J dw ¢_(w,p)| In i In —21In s +1n——2—ﬂ— ,
L | ml/% 0 @ mBA ml% a)\/mBA mB 3 J
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Low-energy theory : bHLET @ HSET # < Agep ~m,

» Below y1 ~ AQCD, guarks hadronize and the meson can be described by a charged
scalar of mass my. We can describe it with a heavy scalar (HS) :

—img(v-x)

Dp(x) = ———¢,(x)
2mp

»Since Agcp ~ my, also the muon becomes infinitely heavy.
We describe it as a boosted heavy lepton field (bHL) :

[Fleming et al (hep-ph/0703207);
Beneke et al (2305.06401)]

)(éf)(x) — e_imf("f'x)hn(x)
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Low-energy theory : bHLET @ HSET # < Agep ~m,

» Below y1 ~ AQCD, guarks hadronize and the meson can be described by a charged
scalar of mass my. We can describe it with a heavy scalar (HS) :

—img(v-x)

Dp(x) = ———¢,(x)
2mp

»Since Agcp ~ my, also the muon becomes infinitely heavy.
We describe it as a boosted heavy lepton field (bHL) :

[Fleming et al (hep-ph/0703207);
Beneke et al (2305.06401)]

)(éf)(X) — e—imf(vf-x)hn(x)
» We match the resulting low energy EFT by taking the hadronic matrix element :

(V| ZSCET, oHQET! B) = (¢V| LBHLETHSET | B)

PP - KK
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A theory of Wilson lines ?

A
-+ mW
» We can decouple the interactions of the B and the muon with ultrasoft and 0
ultrasoft-collinear photons : T °
)t £y B B 0 £ 10 T /=Y Aocpms
YO )y (x) = YT ) YP ) CPx,) o (x) hy(x) = C\7(x) B)(x)
0 . 0 T " AQCD
Y}ﬂ")(x) = g)exp{ieQiJ dsr- Aus(x + SI”)} C}gl)(x) - ‘@exp{ieQi[ dsr- Ausc'(x + Si")} T MMS = EO
: : : T ~ 0
» Real corrections can be expressed as matrix elements of these Wilson e mpg
lines, convoluted with the measurement function implementing the v
. L. ultra-soft photon to the
experimental radiation veto muon boosted in the B frame

00 ) EO
R(EO’ ,Lt) - [ da)s'[ da)sc 0 (7 — Wy — wusc) Wus(a)us’ M)Wusc(a)usc’ /’t)
0 0
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Factorization formula...

» Using this framework, we can write the factorization formula for B~ — ;4_17” at

the level of the decay rate.

» Real emissions are factorized at the level of the decay rate . Ultrasoft/ultrasoft-
collinear logarithms can be resummed in Laplace space ( ~ ©O(10%) corrections).

» The virtual corrections already factorize at the amplitude level and appear as an
effective Yukawa coupling containing the hard/hard-collinear logarithms (which
could be resummed but lead to a ~ O(1%) correction).

I'=T,|yz(u)|° R(Ey, 1)
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Factorization formula...

» Using this framework, we can write the factorization formula for B~ — ;4_17” at

the level of the decay rate.

» Real emissions are factorized at the level of the decay rate . Ultrasoft/ultrasoft-
collinear logarithms can be resummed in Laplace space ( ~ ©O(10%) corrections).

» The virtual corrections already factorize at the amplitude level and appear as an
effective Yukawa coupling containing the hard/hard-collinear logarithms (which
could be resummed but lead to a ~ O(1%) correction).

[ =Tylys(u)|° R(Ey, p)
Non-radiative

V() = Kew(p) @ H(p) @ J(11) @ K(p) ®
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Factorization formula...

» Using this framework, we can write the factorization formula for B~ — ;4_17” at

the level of the decay rate.

» Real emissions are factorized at the level of the decay rate . Ultrasoft/ultrasoft-
collinear logarithms can be resummed in Laplace space ( ~ ©O(10%) corrections).

» The virtual corrections already factorize at the amplitude level and appear as an
effective Yukawa coupling containing the hard/hard-collinear logarithms (which
could be resummed but lead to a ~ O(1%) correction).

[ =Tyl yg(w) |” R(Ey, )
Non-radiative Radiative
V() = Kgy(p) ® H(u) ® J(1) ® K(p) ®
R(Ey, p) = W, (Ep, 1) @ W, (Ep, 1)
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...incomplete !

» Below AQCD , the initial B meson can emit a photon and transition into an excited state X :
[Becirevic et al (0907.1845) ]

4 ¢
—1

B A 2my(E, + by)

1
» For £y S AQCD, only the B* needs to be included (heavy-spin symmetry), contributions from

higher states being power-suppressed — Pole-dominance approximation

)
5X = w 5 lfrnaX = E 53* ~ @(/12) (SBI/, (SB;:: ~ @(/1)
2mB 4 2 )
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...incomplete !

» Below AQCD , the initial B meson can emit a photon and transition into an excited state X :
[Becirevic et al (0907.1845) ]

—1
2mB(E}, + 5)()

» For £y S AQCD, only the B* needs to be included (heavy-spin symmetry), contributions from

higher states being power-suppressed — Pole-dominance approximation

2 9
5= TXTME  prax _ Lo S ~ O(2) S0 Ops ~ O()
2m -~ 2 -
B
J ¢

» The B — B*y interaction carries the same power

suppression as the effective Yukawa.
14

» gpp+ IS unobserved, has to be estimated by a mixture of QCD sum rules, quark
models and lattice QCD.
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Factorization formula.... now complete !

I =Ty ( 1y > RCGEg, 1)+ v | Rye(Ep)
R e ——

Non-radiative  Radiative Structure-dependent radiative corrections
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Factorization formula.... now complete !

I =Ty ( 1y > RCGEg, 1)+ v | Rye(Ep)
R e ——

Non-radiative  Radiative Structure-dependent radiative corrections

» We get an estimation of the branching ratio
BB~ — p0,)=RByB™ > u )1 +8BB > u0,)),

for various values of E*** = E;/2

Tree level: BoB~ — u5,) = (371£0.29, +£0.05,).107.
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Factorization formula.... now complete !

I =Ty ( 1y > RCGEg, 1)+ v | Rye(Ep)
R e ——

Non-radiative  Radiative Structure-dependent radiative corrections

» We get an estimation of the branching ratio
BB~ — p0,)=RByB™ > u )1 +8BB > u0,)),

for various values of E*** = E;/2

Tree level: BoB~ — u5,) = (371£0.29, +£0.05,).107.

-

OAB(B~ — Ko,

(630 +0.28,£0.12, ) - 1072,
QED corrections: )

(Preliminary)

Epax=25MeV

SBB~ — u0,)

<—4.26 +0.28,,%+0.12, +0.05,
E}f,“ax=100 MeV ) o

\_

) 1072,

J
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Factorization formula.... now complete !

I =Ty ( 1y > RCGEg, 1)+ v | Rye(Ep)
R e ——

Non-radiative  Radiative Structure-dependent radiative corrections

» We get an estimation of the branching ratio
BB~ — p0,)=RByB™ > u )1 +8BB > u0,)),

for various values of E*** = E;/2

Tree level: BoB~ — u5,) = (371£0.29, +£0.05,).107.

-

OAB(B~ — Ko,

(630 £0.28,£0.12, ) - 1072,
QED corrections: )

(Preliminary)

Epax=25MeV

SBB~ — u0,)

<—4.26 +0.28, % 0.12, +0.05, .
Eme=100 MeV ) ol

\_

) 1072,

J

@ PRiISMA* 1tp Max Ferré QED corrections to exclusive leptonic B decays 09.09.2025



Precision for the extraction of V ,

B = Bo( | yp(1) 1> R(Eg, 1)+ 5 | Rpu(Ey))

0 00 ! ! ! ! I ! ! ! ! I ! ! ! ! I ! ! ! ! I

—0.02}

. —004]
| i
=1
N 0.06]
T
|
[ 008 -
% : — 5Btot(B — e )
~0.10 — 0Buir (B~ — vy 4
— 5Bp.l.(B_ — ljufu_)
_0.12 ]
o 50 100 150 200

EmXMeV] (= Ey/2)
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Fully inclusive differential rate

dgr dK (A)(Ey)

1000 ——p——

Q(B*)( E},) ~

800 -

600 -

/—F\\ B
-

@ L

400

200

0
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Conclusions

» The exclusive leptonic decay B~ — u~r,, is an important channel for test of physics in

SM and beyond. Since future experimental accuracy calls for percent precision in the
theory prediction, QED corrections are needed.

» On top of large logarithms of lepton mass and photon cuts, we find (single logarithmic)
structure-dependent effects in the virtual & real corrections:

— virtual: hard-collinear photons between the lepton and light spectator quark
— real: B* contribution; gets more important for a looser cut.

» These corrections introduce new uncertainties: they probe the inner structure of the B
meson & introduce new hadronic parameters which need to be estimated (Sum rules,
lattice determination ?)

» These EFT methods can be adapted to tackle other leptonic decays ( D, D,,...) and need

to be extended for semi-leptonic channels (B — #n£v, B — DZv,...), crucial for the
extraction of |V, |and |V_,|.
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Belle Il projections

< \ | _
=, 40.0 20.0 5
B’ | e
£ 35.0; 17.5 2
8 | £
g 30.0! 115.0 £
= | 8
S 25.0; 125 §
2 ' )
T 20.0 110.0 2
g . = [Belle Il Physics Book]
~ 15.0; 75 ©
éT» 10.0} 50 =
" o,
5 5.0/ 25 &
Q Belle II . ‘

i 10 50

Integrated Luminosity [ab ']

Figure 1: Projection of uncertainties on the branching fractions B(B* — u* + v,) and B(BT —
Tt + v;). The corresponding uncertainty on the experimental value of |V,;| is shown on the right-
hand vertical axis.
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SCET/; basis - =

» SCET; operators contributing at O(a) - =n-p,, 0y =
g )
[A] 0t = (a1 = o= =A)Jar ) (ZOPY) ( Local operators »
01 =2 1 iy v ) (R
B <ﬁ'1?”c>(2 Rl W)
a0 s )
: m
- fw) = (ﬁ-;c)< P, )( /Op, ;(gv))
)= e )00
JE] OF(w, w) = mi(”—")j( AP, ><fc<f>PM§u>> )
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Generalized decay constant

» The QED corrected of local operators define a generalized decay constant :
<0‘ [1 —9T<— —A)]ﬂPL ‘B> = (0] 10) = 1(0S)
A) = .
. = Pexpy ieQ; dsr-
iy /Mg { ’J_oo }
- 2 F_(A,p) [Beneke et al (2108.05589)]

» Fora — 0, F_ reduces to the standard HQET decay constant :

B CFaS ﬂ_ 2] —
\/m_BfB [1 - (3 In p 2) + O(ay)| = F_(A\, 1)

= FQCD(,“)

a—0
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Generalized decay constant

» F'_(A, u) is an unknown non-perturbative parameter following evolution equations for A and x :

s aQ,0, A B
F_(A,u) =exp M¢_(A, u) + M¢3(,u) In N F_(Ay, p)
1 2 2 A
M, (A, p) = Z[dw 4’_(60,/4)<ln2 f\l—w — In? /C)G) +2 In TO) ,  two-particle LCDA
1 1
My (n) = J]dco da)g- +—1In v : three-particle LCDA
L W, W+ w, @ + W, J

a 2 Ho
F_(A,u) =exp lz—ﬂQfQu <ln — —In X)] F_(A, pp)

» Need to be computed at a single value of A and u. Lattice determination ? QCD SR estimate ?
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Generalized decay constant

» F'_(A, u) is an unknown non-perturbative parameter following evolution equations for A and x :

aQ,0,

T

A
F_(A,p) = exp[ (qu_(A,m + M, () In TO)]FJAO, n

F—(A’ ,Ll) = €Xp [%QﬁQu <1H2% - n2 %)] F—(A’ IMO)

» To estimate the uncertainty linked to additional QED effects, we define:
d
F_(Ag, po) = Foep(p) <1 + 4—ﬂf (Ao, ﬂo))

» We assign an O(1) parametric uncertainty to f(l)(AO, Ho) at Ag = py = p, = 1.4GeV,
where this quantity is free from logarithmic enhancements.
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Coft Wilson-lines cancellation

» One can also define F_(A, u) using time-like Wilson-lines :

(0

_ Dt | p=
qsll - 9T<— —A>] iP S| B >
B l
015D 0)

/Mg
A )=
2

» Those time-like WL can be splitted between soft and soft-collinear (coft) contributions :

SP(x) = CP(x,) = COx)C@(x,) SV(x) = Ci(x)
» After soft-collinear decoupling, h, = Cg’) , g — C](;])

contributions from the coft Wilson-lines cancel in the ratio :

(Ofs[ - - )]ary |5

(0] 10)

A =

I\/mg
2
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A theory of Wilson lines ?

0 0
YO(x) = @exp{ieQiJ dsr-A,(x+ sr)} CO(x) = @exp{ ieQiJ dsr-A, (x+ sr)}

» We can decouple the interactions of the B and the muon with ultrasoft and
ultrasoft-collinear photons :

YT, = VTG0 )Y CP () () h,(x) = C{7(x) h(x)

» Real corrections can be expressed as matrix elements of Wilson lines :

-
us 2
W@, = | ) HJdni(Qi)] | (7@ [ YPYSO10)| 0, =) 5 g 2‘1(»
| n,,=0 i=1
[ o0 Nyse . 2
Widoyom) = | Y denjmj)] | 7@ | CPCIO10) | 8000 = ™) i =
L71,5.=0 j=1 J

L. M W

L My

Hie = 1/ Nocp™s

P Hys = EO

my,
P | Huse ™ EO_
Mp

Soft photon to the muon

qq; boosted in the B frame

» These radiative functions are convoluted with the measurement function implementing the

experimental radiation veto
(6 9)

= E,
S(Ey, p) = [ da)s[ dw, 9(— — W,
0 0 -

SC> LtS(a)I/tS’ //l) MSC(a)MSC’ //l)
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HHyPt (Heavy Hadron Chiral Perturbation theory)

» Using approximate heavy spin symmetry, the B and B* can be put into a superfield:

1+
H = —(ﬁv —_ COV}/S) where H — S H under SU(Z)V [Wise (PhysRevD.45.R2188),

2 - — o] Boyd et al. (9402340),...]
H->HS
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HHyPt (Heavy Hadron Chiral Perturbation theory)

» Using approximate heavy spin symmetry, the B and B* can be put into a superfield:

1+
H = —(’d COV}/S) where H — S H under SU(Z)V [Wise (PhysRevD.45.R2188),

2 - — Boyd et al. (9402340),...]

H— HS!

» Expanding over = AO we can derive an EFT for the heavy meson valid for £ < A

Ly =— %Tr[ﬁi(v . 0)H]
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HHyPt (Heavy Hadron Chiral Perturbation theory)

» Using approximate heavy spin symmetry, the B and B* can be put into a superfield:

1+V
H = —(’d COV}/S) where H — S H under SU(Z)V [Wise (PhysRevD.45.R2188),
2 - — 1 Boyd et al. (9402340),...]
H—- HS™
X — § 2 -1 A =mg—my, ~ O(Aycp)

» Expanding over = AO we can derive an EFT for the heavy meson valid for £ < A

/_\2

1
Sy = =S TrHiv - OH+ o

Tr[ﬁZé”HGW]
mp

» SU(2), breaking effects arise via the chromomagnetic/magnetic operator

g 7 XY 1+ vt 1+
——(h,6"*h )G,  sivingrise to the spurion : > = i
dmg " voTHE Mg 2 myp 2
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HHyPt (Heavy Hadron Chiral Perturbation theory)

» Using approximate heavy spin symmetry, the B and B* can be put into a superfield:

1+V
H = —(’d qgv}/s) where H — S H under SU(Z)V [Wise (PhysRevD.45.R2188),
2 - — 1 Boyd et al. (9402340),...]
H—- HS™
X — § 2 -1 A =mg—my, ~ O(Aycp)

» Expanding over = AO we can derive an EFT for the heavy meson valid for £ < A

/_\2

1
Sy = =S TrHiv - OH+ o

_ ec, S
- Tr[HZé“’HGW] + S—ATr[HGWH]FZ‘S

» Subleading B — B*y and B* — B*y interactions at O({) are described by a single
SU(2), conserving operator :

Cpxpxy = Cppxy = € = 8pp+/\
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HHyPt (Heavy Hadron Chiral Perturbation theory)

» Using approximate heavy spin symmetry, the B and B* can be put into a superfield:

1+V
H = —(’d qgv}/s) where H — S H under SU(Z)V [Wise (PhysRevD.45.R2188),
2 - — 1 Boyd et al. (9402340),...]
H—- HS™
X — § 2 -1 A =mg—my, ~ O(Aycp)

» Expanding over = AO we can derive an EFT for the heavy meson valid for £ < A

4 | R cN* ec, _ A
Ly =—=Tr[Hi(v-0)H]+ Tr[HZé“’HGW] +—Tr[Ho, H]F"
2 My SA .

_¢v(lv a)qpv pv,u(lv a)pllj_l_éB*pv,upv

)

+ _ 4 ((pvvﬂpvaus + h.c. ) —7’pvpquus
\_ 2\ 2\
B A2
with : CB*B*)/ = CBB*]/ = () = gBB*A ; 53* = — 16C1—2
B
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