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THE SIMPLEST B DECAY(S), PRECISELY !




Motivations
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» Why leptonic B decays ? ( ?) = Crlil Vi 87 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. Currently £ = 7, 4 are measured
with large uncertainties but Belle Il aims to reduce themto 5 — 6 %

[Belle Il Physics Book 1808.10567], (O(1%) will be an FCC-ee target.
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Motivations 2

CB- - £-5,) = G212| V., |2 2" ‘
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» Why leptonic B decays ? ‘ FIBLTubl = g 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. Currently £ = 7, 4 are measured
with large uncertainties but Belle Il aims to reduce themto 5 — 6 %

[Belle Il Physics Book 1808.10567], (O(1%) will be an FCC-ee target.

» Why QED corrections are needed?

— Pure hadronic effects are simple and well-understood:
(0] éy”ysbIBq(p» = iquP”
and quis known with O(1%) precision : qu = 190.0 £ 1.3 MeV (riac 2411.0a268]

— Not true for QED corrections : potentially few % and currently only partially accounted for.

— Could compete with QCD uncertainties !
— The major challenge is to include and estimate the impact of « structure-dependent » corrections.

— Necessary step before tackling more complicated 3-body decays !
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QED corrections: Real and Virtual

Premise: We have in mind the case where the experiment vetoes real radiation with
E\q > Eyp with Eqy < Agep, €8 By ~ S0MeV. The observable is ', 7, (Eyp)-

rad cut’
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QED corrections: Real and Virtual

Premise: We have in mind the case where the experiment vetoes real radiation with
E\q > Eyp with Eqy < Agep, €8 By ~ S0MeV. The observable is ', 7, (Eyp)-

rad cut’

» Electromagnetic corrections are sensitive to the lepton mass and the experimental
energy veto, yielding large (double) logarithmic corrections

mf Ecut mf Ecut
aln| — , oaln , aln|— ) In
mpg mpg mpg mpg
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QED corrections: Real and Virtual

Premise: We have in mind the case where the experiment vetoes real radiation with
E\q > Eyp with Eqy < Agep, €8 By ~ S0MeV. The observable is ', 7, (Eyp)-

I cut’

» Electromagnetic corrections are sensitive to the lepton mass and the experimental
energy veto, yielding large (double) logarithmic corrections

mf Ecut mf Ecut
aln| — , oaln , laln| — ]} In
mpg mpg mpg mpg

» For a sufficiently low experimental veto, real emissions are soft enough to see the

B meson as a point like (pseudo) scalar — eikonal approximation
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QED corrections: Real and Virtual

Premise: We have in mind the case where the experiment vetoes real radiation with
E\q > Eyp with Eqy < Agep, €8 By ~ S0MeV. The observable is ', 7, (Eyp)-

I cut’

» Electromagnetic corrections are sensitive to the lepton mass and the experimental
energy veto, yielding large (double) logarithmic corrections

mf Ecut mf Ecut
aln| — , oaln , laln| — ]} In
mpg mpg mpg mpg

» For a sufficiently low experimental veto, 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 Agcp, corrections are well under control :
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QED corrections: High and Low Scales

Above my and below Agcp, corrections are well under control :

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

corrections through the Wilson coefficients of the LEFT-operators,

V.LL V.LL
Z1grr 2 L0, —>

O = Gy PLb) [y, PLyy)

@ PRiSMA* 1tp Max Ferré (they/them) The simplest B decay(s), precisely ! 07.05.2026



QED corrections: High and Low Scales

Above my and below Agcp, corrections are well under control :

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

corrections through the Wilson coefficients of the LEFT-operators,

V.LL V.LL
Z1grr 2 L0, —>

O = Gy PLb) [y, PLyy)

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

,
B §%< £@< §%<N —_— Meson-effective-theory
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Structure dependent effects: Intermediate Scales

» Energetic virtual photons with E}, ~ mg and ]_5},| | p, can recoil against the soft spectator.

1%

% momentum transfer at the intermediate virtualityp},2 ~ NocpMip

@ PRiSMA* 1tp Max Ferré (they/them) The simplest B decay(s), precisely ! 07.05.2026



Structure dependent effects: Intermediate Scales

» Energetic virtual photons with E}, ~ mg and ]_5},| | p, can recoil against the soft spectator.

b 1%

% momentum transfer at the intermediate virtualityp},2 ~ NocpMip

4
» The light partons are the displaced on along the light cone, the hadronic soft currents

become non-local — Light-cone distributions (¢_(w), qb3g(a), @,))

» When QED is switched on, these distributions are no longer process-universal — QED is

sensitive to the direction of the charged external states (seneke et al (2108.05589)], [Beneke et al (2204.09091)]

@ PRiSMA* 1tp Max Ferré (they/them) The simplest B decay(s), precisely ! 07.05.2026




Structure dependent effects: Intermediate Scales

» Energetic virtual photons with E}, ~ mg and ﬁyl |]_55 can recoil against the soft spectator.

b 1%

% momentum transfer at the intermediate virtualityp},2 ~ NocpMip

4
» The light partons are the displaced on along the light cone, the hadronic soft currents

become non-local — Light-cone distributions (¢_(w), gb3g(a), @,))

» When QED is switched on, these distributions are no longer process-universal — QED is

sensitive to the direction of the charged external states (seneke et al (2108.05589)], [Beneke et al (2204.09091)]

» Complicated to estimate , QED factorization theorems available for only few channels :

- B, — /ﬁ/f [Beneke, Bobeth, Szafron, 1708.09152,1908.07011]
— B - 7K, B — D [Beneke, Boer et al 2008.10615,2107.03819]
— B — Zv[Cornella et al 2212.14430], [Rowe, Zwicky, 2209.06925] (via interpolating currents)
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Structure dependent effects: Mesonic excitations

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

)
B :< ;@< g#g( —>  Meson-effective-theory
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Structure dependent effects: Mesonic excitations

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

)
B <=< ;@< §=@<V —>  Meson-effective-theory

» (*) For looser veto E_,, ~ 50 — 150 MeV, contributions from the B — B*y,

B — B*7Y excitations become sizeable even below the hadronic scale.

e m

2mB
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Structure dependent effects: Mesonic excitations

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

)
B :< ;@< g#g( —>  Meson-effective-theory

» (*) For looser veto E_,, ~ 50 — 150 MeV, contributions from the B — B*y,

B — B*7Y excitations become sizeable even below the hadronic scale.
m, — m3

sz
» The B™ vector meson can appear as an intermediate off-shell propagator,

allowing for additional decay topologies :
1%
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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 :

+ my,my
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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

—— mZ, mW

- mB, mb

+ Hne =4/ Nocpmp

T+ M.~ Nocp

K = E Static scales dictated by the energy cut on the
m, additional final radiation

T Huse ™ E
mB
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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 :
1 my,my ”>2<‘ i : % ES{
+ Mg, M, u v

= mNAQCD O OE E E EEEEEEEEEEEE B DS S DS S EE .

U
T Hus = Ecut

U
T Huse ™ Ecut
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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 :
1 my,my ”><‘ i : % iSz
+ Mg, M, u v

+ Hhe = \V AQCDmB B-meson described as a superposition of Fock-states: |ib) @ |itbg) @ ---

[Beneke et al(2019),JHEP10232]

= mNAQCD O OE E E EEEEEEEEEEEE B DS S DS S EE .

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

cut [e.g. Isidori,Nabeebaccus, Zwicky 2020; Zwicky 2021;Dai Leibovich 2021]
¢
U
T Huse ™ Ecut B
mpg

...(¥)including mesonic excitations !
[Becirevic, Haas, Kou (2009) Phys.Lett.B681]
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The plan : running down with the scale !

In this talk we are going to embark on an EFT journey :

Goal : Derive a QED X QCD factorization theorem for the decay rate I'(£_ )

HHXPT ® bHLET SCET-2 . SCET-1 ! LEFT

: : i : i >
Ecu
n::u Ecut mM ~ AQCD \/mB AQCD mpg W
2

F~W, W, ®|K®S®JQH QKgy

» Partonic picture : Factorization formula for virtual corrections

» Mesonic picture : Factorization formula for the decay rate

» Numerical estimates
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The plan : running down with the scale !

In this talk we are going to embark on an EFT journey :

Goal : Derive a QED X QCD factorization theorem for the decay rate I'(£_ )

HHYPT ® bHLET ( SCET-2 . SCET-1 . LEFT J
o : P< : :
W:;nu Ecut my, ~ AQCD \/mB AQCD mpg 7]
2

FNWusc® ®|@Z®SI®J1®H1®KE@

(» Partonic picture : Factorization formula for virtual corrections )

» Mesonic picture : Factorization formula for the decay rate

» Numerical estimates
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The plan : running down with the scale !

In this talk we are going to embark on an EFT journey :

Goal : Derive a QED X QCD factorization theorem for the decay rate I'(E,,,)

( HEXPT © bHLET )( SCET-2 . SCET-1 : LEFT J

T ~ Aqep v/ msAqcp mp H

mp

L~ ®W, )@ |€< RS ®J,®H, ®KE@

(» Partonic picture : Factorization formula for virtual corrections

(» Mesonic picture : Factorization formula for the decay rate

» Numerical estimates
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@ PRISMAT

Partonic picture
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SMEFT — LEFT  u ~ m,, my,

» Below yu ~ my,, my, heavy SM particles (Z°, W*, H, 1) are integrated out leading

to effective four fermion and dipole operators — LEFT
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SMEFT — LEFT  u ~ m,, my,

» Below yu ~ my,, my, heavy SM particles (Z°, W*, H, 1) are integrated out leading

to effective four fermion and dipole operators — LEFT

» In the SM, our process is described by a single operator @Z’LL = (ﬁy”PLb)(z?yﬂPLz/f)

}(7/4) VLL [Marciano and Sirling (1993),PRL713629]
Vub KEW(IM) @f, [Dekens et al(2019),JHEP1910]

[Bigi et al(2023),JHEP11163]

ZLIEFT O —

Qsa p> 11 K
AtO(): Kewlp) =1+—~ 3Qulnm—%+? +(Qb+Q“)<1+Z>

K : Scheme dependent quantity — cancels against the LEFT matrix elements (see additional slides )
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RG improvement -1+ |(sonk s i) s ro(1+4)]

Z

» Evaluated around u ~ 1.5 GeV, (single) logarithmic corrections can become

sizeable — one can resum @ (aln(,uzlmg)) terms using RG evolution equation :

dKEw(M) 3a 04
= K, : with — —— —,0 =
YEW Ew(ﬂ) YEW Qf Qu 27 EW 4

dlInu
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RG improvement -1+ |(sonk s i) s ro(1+4)]

Z

» Evaluated around u ~ 1.5 GeV, (single) logarithmic corrections can become

sizeable — one can resum @ (aln(,uzlmg)) terms using RG evolution equation :

dKEW(,u) 3a Qa
= K : with = =y =
YEW Ew(ﬂ) YEW Qf Qu 27 EW 4

dlInu

» Solving this equation leads to the RG-improved expression

a(my) \" A a u 4
Kiw(u) = (a = ) 1+30,0,—In—5 | Kay(my) with S =—= D No?
B f

—We include the running of @ only from m, to my : ~ 0(4%) relative effect
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Kinematics and power counting

o’
n#
H — Iz / _ A
= MpV 2 _ =2 __ m CD
Pp B . —_—) n“=n" =0 Power counting: 1, = =2
N _ m m
p VH . n-n=?2 B B
y# = (1,0,0,0) . ings: pF = (5
TP\ Relevant scalings: p* = (i -p,n-p,p,)
(In the B meson rest frame) S
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Kinematics and power counting

o’
n#
Ho— H _ A
Py = mgV / 2 -2 = : my oCD
B ‘ _ﬂy‘ n n 0 Power counting: 1, = P A= -
v . n-n=?2 B B
v = (1,0,0,0) _ -
" 4 Relevant scalings: p* = (i -p,n-p,p,)
(In the B meson rest frame) S
Dy ~ (1,/1;, ﬁf) « collinear »,
» The final leptons sit on two opposite lightcones directions: p2~mk~ 0(12)

— given by the lepton virtuality

Mg 2 2y B Mg
=—(1+12,0,0,1 —12) ~—(1,0,0,1) = —n*
@ 2( 5= 25100 == )

-------------------------------------------------------------------------------------------------------
*

S
A
Il
l\.)|c§
Py
p—
I
"
X o
=
=
I
i
+
"
NN
) —
12
1\3|§
L
p—
N
=
I
p—
) ——
Il
E
S|
I

*
.
-------------------------------------------------------------------------------------------------------
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Kinematics and power counting

o’
nt
phk = mgv* / 2 _ 2
B B ‘ - n“=n-=0
H S. —
v . n-n=>2
V' = (1,0,0,0) N
n- 4
(In the B meson rest frame) S

» The final leptons sit on two opposite lightcones directions:

Mg 2 2y B Mg
=—(1+12,0,0,1 —12) ~—(1,0,0,1) = —n*
@ 2( 5= 25100 == )

-------------------------------------------------------------------------------------------------------
*

S
A
Il
l\.)|c§
Py
p—
I
"
X o
=
>
I
i
+
"
NN
) —
12
1\3|§
L
p—
=
=
I
p—
) ——
Il
E
S|
I

*
.
-------------------------------------------------------------------------------------------------------

» Initial quarks bound in the meson with residual soft momenta:

Py = mbvlu + k* ’ pq = k*

m Aoep
Power counting: 1, = o A= Q

mpg

mpg

Relevant scalings: p* = (i -p,n-p,p,)

Pe ™~ (1,/1,/%, /1f) « collinear »,

p; ~m; ~ 0(7)

— given by the lepton virtuality

Dy ~ (/1, A, /1) « Soft »,
P2~ ALy ~ O

— given by the spectator quark virtuality

@ PRiSMA*
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Heavy quark description

» The B meson is a QCD bound state characterised by two scales : ny, > AQCD
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Heavy quark description

» The B meson is a QCD bound state characterised by two scales : ny, > AQCD

Residual velocity of O(Aqcp/my) = O(4)

Aqep

» Effectively described by an on-shell b-quark + soft fluctuations — VZ (almost) conserved

» Soft fluctuations of the b quark defines the HQET field :

b(x) = e~ (1 +00/2)) b,
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A glimpse into SCET

» Light fields with large momenta but small invariant mass — SCET framework
A

T mg,m, "Hard"

., _ , — In practice, we split each field into
+ Hue =4/ Nocpmg " Hard Collinear .
modes and integrate out the hard ones !

1 AQCD Ilsoﬁ”

u(x) = uy(x) + uy, (x) + ulx)
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A glimpse into SCET

» Light fields with large momenta but small invariant mass — SCET framework
A

T mg,m, "Hard"

., _ , — In practice, we split each field into
+ Hue =4/ Nocpmg " Hard Collinear .
modes and integrate out the hard ones !

i AQCD Ilsoﬁ”

u(x) — @Q) + uy, (x) + uy(x)

(x) 1+ : ('Dl)ﬂ W)+ : Q i i (x)
u X) = l —_— X e —U\X
he i7i -0 2 ) A T g R ey s
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A glimpse into SCET

» Light fields with large momenta but small invariant mass — SCET framework
A

T mg,m, "Hard"

., _ , — In practice, we split each field into
+ Hue =4/ Nocpmg " Hard Collinear .
modes and integrate out the hard ones !

i AQCD Ilsoﬁ”

u(x) — @Q) + uy, (x) + uy(x)

in-o in-o

| N @ | i
u,(x)=14+——0D )5 77 (X)+— eQudhCEus(x)

Hard-collinear SCET field
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A glimpse into SCET

» Light fields with large momenta but small invariant mass — SCET framework
A

T mg,m, "Hard"

., _ , — In practice, we split each field into
+ Hue =4/ Nocpmg " Hard Collinear .
modes and integrate out the hard ones !

i AQCD IISOﬁH

u(x) — @Q) + uy, (x) + uy(x)

1
Up(x) = (1 +

(ipl)ﬁ 20+ : eQ, I Eu (x)
i+ 0 D ) e 17 W hen T

in-o

Hard-collinear SCET field Hard-collinear/Soft interaction

@ PRiSMA* 1tp Max Ferré (they/them) The simplest B decay(s), precisely ! 07.05.2026




A glimpse into SCET

» Light fields with large momenta but small invariant mass — SCET framework
A

- mg,my, "Hard"

., _ , — In practice, we split each field into
+ Hue =4/ Nocpmg " Hard Collinear .
modes and integrate out the hard ones !

1 AQCD Ilsoﬁ”

u(x) — @Q) + uy, (x) + uy(x)

in-o

| N @ 1 i
u,(x)=14+——0D )5 77 (X)+— eQuthzus(x)

in - o
Hard-collinear SCET field Hard-collinear/Soft interaction

1

» Key difference vs HQET and LEFT : non-locality along 7# — p
n -

0
fx) = [ ds f(x + si)

» To describe interaction between the soft quark and the collinear lepton we need an

intermediate hard-collinear scale — subleading power interactions !
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LEFT — HQET & SCET;

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

b@y»fmﬂﬂo+@@&ﬁ@u)

» 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(x) — <1 +

£(x) — (1 + __1
in -

in -

! (iz/)l)ﬁ> 2P0+ <1 + eQ Ay ﬂ) 1, (x)
ifi - 0 2 ) “he

a(il/)i+mf)§> f>(x)+<1+ le hc§>f(x)

//t d mB, mb

m Aocp
Power counting: 1, = =2

mpg mpg

Relevant scalings: p* = (i -p,n-p,p,)

Pe ™~ (1,/1,/%, /1f) « collinear »,
p; ~ m; ~ 0()

— given by the lepton virtuality

Phe ™~ (1,/1, \/Z ) « hard-collinear »,
Pie ~ Nocpmg ~ O(2)

— soft and collinear quark X-talk

Dy~ (/1,/1,/1) « soft »,
pi ~ Ajep ~ O(4%)

— given by the spectator quark virtuality
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1

SCET; operators o' =nuo+ J dy [ HE()OF()+HE()OL )]
0
We build our SCET; basis with the following power counting :

bv’ U, ~ @(/13/2) The ~ @(/1 1/2) ﬂil_c ~ @(/1 1/2)

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

SCET; operators o' =m0+ J dy [ HE()OF()+HE()OL )]
0
We build our SCET; basis with the following power counting :

bv’ U, ~ @(/13/2) The ~ @(/1 1/2) !Qyil_c ~ @(/1 1/2)

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

rb v b v b v by \
XK AKX
(L VAT 14 U V4 U J
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1

SCET; operators @;’LL=H;“O;‘+J dy [ HE()OF()+HE()OL )]

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

bv’ U, ~ @(/13/2) The ~ @(/1 1/2) !Qyil_c ~ @(/1 1/2)

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

rb v b v b y b, \
>< i i i A% [0 (@,...b)(7)...1.)
\ = i e . y

[0B] (@,...b,)( ;75;2 ). .yg)ﬂ}{c[y]

~

)
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1

SCET; operators @;’LL=H;“O;‘+J dy [ HE()OF()+HE()OL )]

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

bv’ U, ~ @(/13/2) The ~ @(/1 1/2) !Qyil_c ~ @(/1 1/2)

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

(0] (@,...b,)(7\")..

~

V)

v,

[0F) (@,...b)(7\)...v)sl;,

~

hely]

)

[OF1 (Zyy, - b} vo)
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SCET; — SCET; K~ Hpe ™ \/ Agcpip

» At 4 ~ p, ., we lower the virtuality removing hard-collinear modes — pure SCET/; construction
where collinear and soft carry the same virtuality :

pe~ (LA2Az),  py~ (AAA),  pl~pl~0Q211)

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

—a (=) (=)
n-&qs’ n-o ° n-@qs’

— Contains more fields but are of the same order !
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SCET; — SCET; K~ Hpe ™ \/ Agcpip

» At 4 ~ p, ., we lower the virtuality removing hard-collinear modes — pure SCET/; construction
where collinear and soft carry the same virtuality :

Pc~ (1’/12’/1f)' DPs ™~ (ll’;t’ﬂ)’ p02 Npsz ~ @(/12/}%,%)

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

—a (=) (=)
n-&qs’ n-o ° n-@qs’

— Contains more fields but are of the same order !

» These operators can overcome the chiral suppression and generate power enhanced

structure-dependent contributions : e.g. in B, — u™ 1™ [Beneke, Bobeth, Szafron 2017, 2019])

» Not true for B~ — u"p, : for OX’LL such enhanced contributions are evanescent. But they

can appear in presence of generic NP, e.g. for LLX’LR #= (!
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SCET; basis 0y =3 1o o) (5} (o) ®,, 0X((x}. {w)

JX

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

[04] [Of]
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SCET; basis 0y =3 1o o) (5} (o) ®,, 0X((x}. {w)

JX

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

8 [ )

[04] [Of] 0] [0F]
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SCET; basis 0y =3 1o o) (5} (o) ®,, 0X((x}. {w)

JX

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

041 06 (104 C 10f] )

|iubg) @ -
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Factorization formula (virtual corrections)

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

Gl(fﬂ)

A iy = — 2 Vo Kew() (Cv| ZLscer ngnoer | B)

4 GW ,
= ———V,, Kegw(@) D HX D) ®, Y Joreor(Iyh, {x), {o)) ®,,, (QF ({x}, {0 ))
,X J,X'

2
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Factorization formula (virtual corrections)

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

GI(:”)

A iy = — 2 Vi Kew() (V| ZLscer n1guoer | B)

4 GW ,
= ———V,, Kegw(@) D HX D) ®, Y Joreor(Iyh, {x), {o)) ®,,, (QF ({x}, {0 ))
i,X J.X'

2

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

(OF({x}, {@)) = (O jnaa | B) £V | icp | 0)

, P, L .
= 5¥ o (0] X" —== |B) KX (1x)) =L (fulh,Pral0)
me B
\—\/—_J

R(.B)

» They define matching coefficients to the low energy theory hadronic and leptonic currents.
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Endpoint divergences : 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 ~ O(A) ) from

soft modes.
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Endpoint divergences : 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 ~ O(A) ) from

soft modes.

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

[Liu, Neubert 2003.03393; Liu et al. (2009.04456, 2009.06779, 2112.00018); Beneke et al. (2008.04943,
the two (RBS scheme) £205.04479): Bell et al (2205.06021): Feldmann et al (2211.04209); Hurth, Szafron (2312.10450)]
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Endpoint divergences : 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 ~ O(A) ) from

soft modes.

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

[Liu, Neubert 2003.03393; Liu et al. (2009.04456, 2009.06779, 2112.00018); Beneke et al. (2008.04943,
the two (RBS scheme) £205.04479): Bell et al (2205.06021): Feldmann et al (2211.04209); Hurth, Szafron (2312.10450)]
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Endpoint divergences : 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 ~ O(A) ) from

soft modes.

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

[Liu, Neubert 2003.03393; Liu et al. (2009.04456, 2009.06779, 2112.00018); Beneke et al. (2008.04943,
the two (RBS scheme) £205.04479): Bell et al (2205.06021): Feldmann et al (2211.04209); Hurth, Szafron (2312.10450)]

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

Hy () Jog— e (0,0, A) = Hf (0I5 e (v, @) = 01 = »IHT DI og g (0, @)1

Singularfory -0~ Y ¢ ~ yTl=e
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Endpoint divergences : 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 ~ O(A) ) from

soft modes.

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

[Liu, Neubert 2003.03393; Liu et al. (2009.04456, 2009.06779, 2112.00018); Beneke et al. (2008.04943,
the two (RBS scheme) £205.04479): Bell et al (2205.06021): Feldmann et al (2211.04209); Hurth, Szafron (2312.10450)]

0 <n = A/mg <1 :arbitrary scale @=y[@-pyl@-v)~ O(): new soft scale

N
Hy () Jog— e (0,0, A) = Hf (0I5 e (v, @) = 01 = »IHT DI og g (0, @)1
Singularfory -0~ Y ¢ ~ yTl=e
Y,
daw )
(Conditions C [HEDWD = HASE (@) Woenoe (- @)1dy = Spc_ e (@, 0)—
®_J
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Endpoint divergences : 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 ~ O(A) ) from

soft modes.

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

[Liu, Neubert 2003.03393; Liu et al. (2009.04456, 2009.06779, 2112.00018); Beneke et al. (2008.04943,
the two (RBS scheme) £205.04479): Bell et al (2205.06021): Feldmann et al (2211.04209); Hurth, Szafron (2312.10450)]

0 <n = A/mg <1 :arbitrary scale @=y[@-pyl@-v)~ O(): new soft scale

~N
Hy () Jog— e (0,0, A) = Hf (0I5 e (v, @) = 01 = »IHT DI og g (0, @)1
Singularfory -0~ Y ¢ ~ yTl=e
W,
daw )
(Conditions : [[ch(y)]] = HlA Slc(a_)) : ocoge (v, @)ldy = Spc_ gc (@, 0))3)
<0 7. itP,b, Y,gfﬁ) ‘B) A
. A
Soft function S = RCB )
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Endpoint divergences : 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 ~ O(A) ) from

soft modes.

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

[Liu, Neubert 2003.03393; Liu et al. (2009.04456, 2009.06779, 2112.00018); Beneke et al. (2008.04943,
the two (RBS scheme) £205.04479): Bell et al (2205.06021): Feldmann et al (2211.04209); Hurth, Szafron (2312.10450)]

0 <n = A/mg <1 :arbitrary scale @=y[@-pyl@-v)~ O(): new soft scale

~

Hy () Jocoge (0,0, A) = Hf (0I5 e (v, ) = 01 = »IHT DI og ge 0, @)1

Singularfory -0~ Y ¢ ~ yTl=e

J
"N

Add it back (Conditions - [Hf W =HASE@);  [ocsoe (0 )]ldy = Spe_, e (@, 0)—
),
B ifi- D )

<0 usll - 9T<— s —A)] iP,b, Y,§f>T‘B>
Soft function  S{(A) = P

J
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Endpoint divergences : 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 ~ O(A) ) from

soft modes.

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

[Liu, Neubert 2003.03393; Liu et al. (2009.04456, 2009.06779, 2112.00018); Beneke et al. (2008.04943,
the two (RBS scheme) £205.04479): Bell et al (2205.06021): Feldmann et al (2211.04209); Hurth, Szafron (2312.10450)]

0 <n = A/mg <1 :arbitrary scale @=y[@-pyl@-v)~ O(): new soft scale

~

Hy () Jocoge (0,0, A) = Hf (0I5 e (v, ) = 01 = »IHT DI og ge 0, @)1

Singularfory -0~ Y ¢ ~yl-€
J
dd
Add it back (Conditions: [HFD) = HASE(@); o oe (v a)lldy = Spe_ pe (@, a))gj
_ in- D )
<0 usll - 9T<— s —A)] iP,b, Y,§f>T‘B>
Soft function Sf(A) = @B x F_(A, p)

New hadronic parameter ! J
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Endpoint divergences : 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 ~ O(A) ) from
soft modes.

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

[Liu, Neubert 2003.03393; Liu et al. (2009.04456, 2009.06779, 2112.00018); Beneke et al. (2008.04943,
the two (RBS scheme) £205.04479): Bell et al (2205.06021): Feldmann et al (2211.04209); Hurth, Szafron (2312.10450)]

0 <n = A/mg <1 :arbitrary scale @=y[@-pyl@-v)~ O(): new soft scale

~
Hy (0 Joggp (0, @, @0, N) = HE () IG o (9, @, 0) = 01 = DIHT I o¢— o 10 @, @)
Singularfory >0~y ¢ ~ yTl=e
Y,
d)
. itions - c A oCy ~ _ E aw
Add it back (Condltlons : [[[—]1 W] = Hi Sl (@) ; [[JO]c_)Qf (v, m, a)g)]]dy = SOIC—>Q55 (o, w, a)g) p
J
ifi- D )
(o|a]1-or(-%2 - a)|arp, v |B)
Soft function Sf(A) = @B x F_(A, p)
’ New hadronic parameter !
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Generalized decay constant (-2 - [ wsnn?)

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

(_d_rown = ~0,0,7Ucl A)[ C— -
dnA Fo) 20y N NS
o e 1 ® + W, 1
—2[ da){ da)g In — qﬁfg(a), Wy, 1) + @(as)]
L 0 0 W, w @ + W, J
(" d )
F_(A,p) = —yp (N 1) F_L(A, 1)
dInu
Q,a Pdo ~ 5 /42
vr (A 1) = rlay) + 4— -60,-30,—4 QfJ — Ud(p, )| + O(a ayln —2)
V4 A D A )
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Generalized decay constant (-2 - [ wsnn?)

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

(_d_Fow = ~0,0, Ul A)[ £ -
I Foep(p) 227 BN T
0 o 1 ® + W, 1
-2 [ dw [ dw, In — @(as)]
L 0 0 W, ) w + W J
(" d )
71 F_(A,p) = —yp (N 1) F_L(A, 1)
npu
Q,a Pdo . ~ 5 ,uz
vE (A 1) = yy(ag) + 4— -60,-30,—4 Qf[ — Uc(p, @) | + O(a a;ln —2)
V4 A D A J
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Generalized decay constant (-2 - [ wsnn?)

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

( > )
d F_(Apw [ 7
== , A + 1
TinR Foent =~ 20z Uete M|l
o o 1 o+ 0, 1
_z[ da)[ dor, [ —1n - @(o@]
- 0 0 W, 0 @ + W, »
4 d ™
dl F—(A’ /’t) - = }/F_(A’ /’t) F—(Aa /’l)
n u
Q,a Hdo . _ 5 'u
ve (N 1) = rlay) + 4, -60,-30,—4 Qf[ — U(u, @) | + O(a a;1n —
T A D A )

» Before refactorization, F'_(u) mixes with matrix elements of non-local operators under RGE.
» After refactorization, F'_(/A, u) renormalizes multiplicatively yet non trivially due to the
presence of the subtraction scale A.

—Non-linear dependence on In i in y : at every step along the u trajectory, have to evolve the
cutoff from A to u. Seems to be a generic feature of SCET NLP problem:s.
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Virtual amplitude, resummed

» We can then RG evolve all component function in the virtual corrections to a common scale
//lo = 15 GCV .

;4 KEW
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Virtual amplitude, resummed

» We can then RG evolve all component function in the virtual corrections to a common scale
//lo = 15 GCV .

< Kew
K; >§< H;
i S ; .
my,  Agcp Mo +/mpAqcp mpg, my, my; U

» Virtual corrections are then all contained in the resummed expression :

id i (B = £7Tp),, = iy/2 G V,pmy fz-a(ve) PLV(D,) Z T (pp)

,X
5 2
2 ZX(MO) _ <a(mZ) > Ho

Mg Ny

ysoft/ 2

R

virt
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Virtual amplitude, resummed

» We can then RG evolve all component function in the virtual corrections to a common scale

//lo = 15 GCV:

< Kgw
@ > H;
. i ; .
my,  Agcp Mo +/mpAqcp mpg, my, mz; WU

» Virtual corrections are then all contained in the resummed expression :

id i (B = £7Tp),, = iy/2 G V,pmy fz-a(ve) PLV(D,) Z T (pp)

,X
= ( ysoft/a
amH)\™|(  ug
X _
3 i) - o) =
T a(mpg) mpg My
’ k )
2 2 2
a m d
Vsoft = Q? —(In—=-2 In% = @((x a, In 'M—O, a? In? o
will cancel scale dependence of real emissions (Approx.) scale independent
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Structure dependent virtual corrections

» All virtual structure dependent are captured in &, :

a(odo . | F_(mg, pp) A = mg
‘%Virt = exp _QfQu_ TUc(/fl , @) FQC (ﬂo) (But result is A independent )
mg D
r pt 3 pu 1% 7> 5 2 1
X3 1+— QI -2+ In —2 + - =
iz | 2 Qf m,/ﬂ Qb n mB ( 2)0,0,In % 12 9 Qf
1 Z%Inz 7’ )
_ + —+ + 27— 2Liy(1 —2) = — | 0,0, — (2 +31n 2)Q;
Two particles 2 z—1
contribution .
a (* du Uc(p',mp)
+0 Qu—[ ®
) T 11— e In 2= _ ‘ do ¥, 1) In 2
0 v
002 | — L 50u0) | Doy
— n — , M
L M I )
4 = B i T )
Three particles ) Q g UC(IMO’ B) J de i ¢3g(a)’ We> #) 1 In wer W _ 1 .
contribution L Z 7 11— 5(”0) 0 0 § W, W, ) w + Wy )

07.05.2026
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Low-energy theory : modes and scales

» After integrating out the physics above y < AQCD, few scales remain

AN

1< ANocp

~

~
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Low-energy theory : modes and scales # < Ayep

» After integrating out the physics above y < AQCD, few scales remain

A ( )

e The experimental radiation veto £ _

T ™~ AQCD

+ E

cut
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Low-energy theory : modes and scales # < Ayep

» After integrating out the physics above y < AQCD, few scales remain

A )
A r. The experimental radiation veto £_
= m/l ~ QCD
. e The mass splitting between the B meson
T cut . - . . _ mé* — mé
and its first excited state B*: = S < Agep
2mB

1 O S ~ O(1?) Op;, Oz ~ O()

| i,
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Low-energy theory : modes and scales # < Ayep

» After integrating out the physics above y < AQCD, few scales remain

A )
r. The experimental radiation veto £_
= m/l ~ AQCD
. e The mass splitting between the B meson
[ N e = m
+ m,x and its first excited state B*: = S < Agep
Kn 2mB
e Masses of light pseudoscalar mesons :
& ~ quQCD’ mq=u’d’s < AQCD J
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Low-energy theory : modes and scales # < Ayep

» After integrating out the physics above u < AQCD, few scales remain

A )

ro The experimental radiation veto £_
=l mﬂ ~ AQCD

e The mass splitting between the B meson
T Hus™ Ecut mZ* L m2
4+ mg and its first excited state B*: =2 £ < < Agep
Kn 2mg
1 o, ~ Ecut—ﬂ e Masses of light pseudoscalar mesons :
Mp
L ~ M, Nocpr My=y a5 << Agep D

» Relevant modes (region analysis) for the real emissions feel the radiation veto in the B
frame (where the measurement is done)

l 111 b
és ~ Ecut ultrasoft modes

H + - 1 mé mz’ﬂ 11 . 1
Pl = (Pases Pases Pise) ™~ ﬁ’l’m_ E_ ., ultrasoft-collinear modes
B B

= uniform p ~ E_ m,/mgin the lepton rest frame, boosted to the B one !
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The leptonic sector: bHLET

» Since AQCD ~ m, > , the muon becomes infinitely heavy. We describe it
as a boosted heavy lepton field (bHL) with p” = m,fvb’,f
p 74/
( )(x) —_ elmf(vf )C)h (_x)_ + [Fleming et al (hep-ph/0703207); Beneke et al (2305.06401)]
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The leptonic sector: bHLET

» Since AQCD ~ m, > , the muon becomes infinitely heavy. We describe it
as a boosted heavy lepton field (bHL) with p” = m,fvb’,f
p 74/
( )(x) e elmf(vf X)h (_x)_ + [Fleming et al (hep-ph/0703207); Beneke et al (2305.06401)]

» At leading power, the (V-A) weak leptonic current matches to

m _
J{e‘p(x) £yt P v, — ™Y C (fﬁ(x) h(o) P, v+ P " hg(;) P; v,
¢

» The lepton is decoupled (superscript 0 ) from eikonal radiation via an ultrasoft-
collinear Wilson line

Céf)(x) = exp{ ile[ dsv, A, (x+ Svf)}

0
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The hadronic sector : HMET

» Below y ~ AQCD, guarks hadronize — point-like meson regime !

» B and B* mesons nearly mass-degenerate — collect into superfield H ~ 2 of SU(2),

_._( - ) [Wise 1992]
o~ imp(v-x - 1+ v .
- —H, Wi - — with a common rephrasing 7, = mp + A .
Oy th ( v5) h hrasing  7iig = mp + A,

\/2mg 2
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The hadronic sector : HMET

» Below y ~ AQCD, guarks hadronize — point-like meson regime !

» B and B* mesons nearly mass-degenerate — collect into superfield H ~ 2 of SU(2),

— [Wise 1992]
e~ 1+ v
O, > ———H,  with =—— (4, — @,ys)  withacommon rephrasing 7z = mg+ A,.
2y 2
» A single subleading dim-5 operator responsible for a B(*)B*y coupling
Q € Cpp*
cgg/IET Tr[ ] — LpH .
8A, 2A,
» Mass splitting via insertion of SU(2),, spurion : mag(ﬂ)
ny,
Tr ( magO"“”) Oy ~ 3 of SU(2),, can be read off from ZLyogr at O(1/my,)

Smb
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The hadronic sector : HMET

» Neglecting (virtual) QED corrections, the weak hadronic currents in HMET read

. o ZLO}HMET(ﬂ)
JE () — e C,%B)(er) T [

r| "
24/2

weak
» Currents are introduced as sources of SU(2), breaking via the spurion :

|

¥ =@ () P+ I () viPp ~ 2,

weak
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The hadronic sector : HMET

» Neglecting (virtual) QED corrections, the weak hadronic currents in HMET read

Ty > e E Ti|

r|I* ]
2v/2

weak
» Currents are introduced as sources of SU(2), breaking via the spurion :

¥ =@ () P+ I () viPp ~ 2,

weak

» At leading power, our HMET decay constant simply matches to the HQET one

FME () =\ /my f [1 - <31 7—2> +@(05s2)] = Focp(K)
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Low-energy Lagrangian : bHLET @ HMET

» The leptonic and hadronic Lagrangians take the form
g{ = EV// (ivf . a) hv/‘l'

_H0); 0 0), (0 H0) (4 0) (0) ,u(0
L= v 0)p"=omgp V! )—p\,i, (iv - )+ Smy. pl )/){,’( :

! V.U

leCpspx

Y tu(0) v(0) us
P p U E
2A

V puv b

eCBB* o
+—ZL (v O OFs e ) -
2A,

c

» Combining leptonic and hadronic currents, we obtain the effective weak Lagrangian

L =i2GPV,, VHTH y OOt

Ve

Jpmy 7 Jps M 7 m, ii-pl
X B hig) P v——= |yp hi(? Py l/5+yg>x< — h\(/(z)PL Vg
\/ZmB / \/sz* / Mg« 1N -V /
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Low-energy Lagrangian : bHLET @ HMET

» The leptonic and hadronic Lagrangians take the form
g{ = Evﬂ (ivf . a) hv/‘l'

L= v 000" =my ) Vp = pl Vv - )l O+ 8m |V p

[€Cppy

Tu(0) v(0) us 4
Py p ,
2N\

,L/L

€Cppx
e R R
2A,

c

» Combining leptonic and hadronic currents, we obtain the effective weak Lagrangian

Lre=iV2GWV,, v TH y ot

m * Mpx - m, n- —
x { 2 G, 070 p - T2 e [ym? Pyl —— =2 hﬁ?&%]
¢ .v :

\/2 mg 4 2 mps

»y; = 1 + O(a) = QED corrections determined by matching to the partonic picture

Ysoft

| am)\* [ w* \°
Only for y, we need the O(a) piece: yp(p) = R yirt

a(mpg) Mmpg My
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Decay channel topologies
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Decay channel topologies

. Direct e chirally suppressed BV interaction a
Vg Vg
m — _
Wl FOTE YO OO RO Py,
Py =mmmmee Py =mmmes \/Tlfl’lB ’ ’
L P, Yuswse w, ® photon emission is unsuppressed »
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Decay channel topologies

. Direct e chirally suppressed BV interaction a
Vg Vg
m — _
________ Il PO T® O OO R Py
Py = Pu \/Tlan
L P, Yuswse w, ® photon emission is unsuppressed »
* . . . \
Indirect e BB*y transition is power-suppressed
Py 21
% e subsequent B* — £ decay is unsuppressed
o Sl RO O 40P,
\ 2mB>k )

@ PRiSMA* 1tp Max Ferré (they/them) The simplest B decay(s), precisely ! 07.05.2026



Decay channel topologies

C Direct e chirally suppressed BZv interaction )
Vg Ve
Py =eeeee Poeee \V/2myg ! N v °
L ve Yuswse w, ® photon emission is unsuppressed »
* . . . \
Indirect e BB*y transition is power-suppressed
Vs e CBB*}/ H
Py 21
% e subsequent B* — £ decay is unsuppressed
s e L T T VO TR 0P,
\ 2mB* )
Ve
» No extra virtual corrections below Agcp -
—All contained in yp ~ .
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Including the pions : HHyPT

» To include the light mesons we implement the chiral SU(3)y, @ wise 1992
e His promoted to a triplet H, (a = 1,2,3) describing the mesons (B(*)_, B0, Bg*)o)-

e |t couples to the pseudo scalar octet 1 1
I +_
V26
L i/2 7% 2¢ o TOAT _Lop L
=< " =exp , Wi \/5 = NG NG

T
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Including the pions : HHyPT

» To include the light mesons we implement the chiral SU(3)y, @ wise 1992
o H is promoted to a triplet H, (a = 1,2,3) describing the mesons (B~, B0, B0,

e |t couples to the pseudo scalar octet 1 1
I +_
V2 /e
L i/2 7% 2¢ o TOAT _Lop L
= =exp|——— |, Wi \/5 - V2 \/6

» After the field redefinition H — Hé’*, interactions with pions are encoded in
1

— they do not couple directly to weak interaction, the only effect of pion loops is to

correct FHMEL 8pp+yand § = gpp«, (Our input parameters)!

» Conclusion : No relevant O(a) virtual corrections in the hadronic picture.

— All are scaleless, power suppressed, or already accounted for via our input choice.
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Indirect contribution from pions

» The HHyPT Lagrangian generates an indirect contribution via an on-shell 7’

(BB*7%) _ gBB*n( 0
HHyPT
g V2f,

— Looks like B — Zv,(y) if the Ecal only measures the total energy deposition!
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Indirect contribution from pions

» The HHyPT Lagrangian generates an indirect contribution via an on-shell 7’

(BB*7%) _ gBB*n( 0
HHyPT
g V2f,

— Looks like B — Zv,(y) if the Ecal only measures the total energy deposition!

» Looks O(ar?), but the pion is very narrow and almost exclusively decays to yy

0 2 m3
I' ~T'(z" = yy) ~ P E ~ 7.8eV
Effectivel : T s 2) — O(a?)
ectively : — s, —m-) = 0(a
(Syy o m;%)z + (mzr Fn)z my FJZ' " "

» If this background is not remove — dominant contribution for E

cut > m][ !
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Resummed direct contribution

» The direct contribution factorizesinto :  ['y. (E. ) = ['yee | V5(Ho) |2R(Ecut, Ho)
—— \— —
with  y(u) = Kpy(p) @ H(pu) @ J (1) @ K1) @ Siu) Non-radiative  Radiative
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Resummed direct contribution

» The direct contribution factorizesinto: Ty (E. ) = ['ee | V5(1o) |2R(Ecut, Ho)
—— \— —
with  y(u) = Kpy(p) @ H(pu) @ J (1) @ K1) @ Siu) Non-radiative  Radiative

» The radiative function can be expressed as squared matrix elements of Wilson lines :

(]

= Zﬁjdni(%)] S(w. — g —

| n,,=0 i=1

0 Nyse

(& ’ 5C usc
W{sc(wm‘cr) = Z H [dHJ(QJ)] ‘ <nusc}/usc(CI/) | C,%B)CVZH | O> | 6(Wusc - CI(I)“ ' ’ q() = Z CIOj
J

| 7,,5.=0 j=1

convoluted with the measurement function implementing the radiation veto

R(Ecut’ /’t) = J' dwsJ da)sc 6<Ecut — Wyg — wusc> Wusc(a)usc’ //l)
0 0
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Resummed direct contribution

» The direct contribution factorizesinto: Ty (E. ) = ['ee | V5(1o) |2R(Ecut, Ho)
—— \— —
with  y(u) = Kpy(p) @ H(pu) @ J (1) @ K1) @ Siu) Non-radiative  Radiative

» The radiative function can be expressed as squared matrix elements of Wilson lines :

= iﬁjdni(%)] S(w. — g —

| n,,=0 i=1
o0 Nyse 2
W{sc(wm‘cr) = Z H [dHJ(QJ) ‘ <nusc}/usc(CI/) | C,%B)CVZH | O> | 6(Wusc - CI(I)”C ’ q(L)”C = Z CIOj
| n,,,=0 j=1 J
convoluted with the measurement function implementing the radiation veto
0 (0]
R(Ecut’ /’t) - J' dwsJ da)sc 6<Ecut — Wy — wusc> Wusc(a)usc’ //l)
0 0

» Renormalizing in Laplace space yields to the resummed expression :

2) —Vsoft 2E 27/soft —ZyE Ysoft 2 a 2
R(Ecut’ /’l) - - ( Cut) W Wlth W - - 1 + Qf 2 — ﬂ—
mpg mgy Mmpg F(l + 2}/soft) 2r 3
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@ PRISMAT

Numerical estimates
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Hadronic input parameters

» Decay constants f, f, [+ well determined from the lattice  FiaG 2024, Hracp 2015, ETMC 2017]

» For LCDA moments, we assume exponential models, yielding (Grozin, Neubert; Braun et al 2017]

= w AR — A2
J do 5 (w, uy) In — = M — Vg
0 @y 18 w3
© oo 1 w+w 1 yryy;
do | do,d (0,0, — In g e R : |
L L g P20 @ o) W, ) w + w, 36 w§

Wlth the inpUtS /1E, /1H’ a)O = /13, [Nishikawa, Tanaka 2014; Khodjamirian et al 2020]
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Hadronic input parameters

» Decay constants f, f, [+ well determined from the lattice  FiaG 2024, Hracp 2015, ETMC 2017]

» For LCDA moments, we assume exponential models, yielding (Grozin, Neubert; Braun et al 2017]

*© @ /1 — )2
J dw qbf(a),ﬂo) In—="2_""1 —VE
© oo 1 w+w 1 yryy;
do| do,ds(w,wn,, — In < =Lt "H
L L g¢3g( ¢ Ho) W, ) @ + o, 36 w3

Wlth the inpUtS /1E, /1H’ a)O = /13, [Nishikawa, Tanaka 2014; Khodjamirian et al 2020]

» The subtracted decay constant F'_(A, u) is a new, unknown QED corrected quantity:

g pg) =0£ 1

— Accounted for in the error budget

F_(Ap) = Foeo() |1+ = fOA ) + O(a?)

» We take gpp«, and gpp+, from LCSR and lattice, respectively. [Puliin, zwicky 2021, R8C/ukaco 2016]
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Numerical estimates

9

(o) _ (s <2E> Y R

I a(mg) mg virt

tree

2
m]% fé*mB* a £ 7l o O 81%3% E ] m, Ops
T T (8B Ecu) ’ + > s
m{ f BmB 67[ Ecut 247[ fyr Ecut Ecut
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Numerical estimates

Electroweak logs ~ 1.014

9

[(Eu) _ (a(mz> )% <2E> VR

F a ( mB) mB virt

tree

2
m]% fé*mB* a £ 7l o O 81%3% E ] m, Ops
T T (8B Ecu) ’ + > s
m{ f BmB 67[ Ecut 247[ fyr Ecut Ecut
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Numerical estimates

Radiation-veto logs =~ 0.94 — 0.96 for E_,, € [25,100] MeV

Electroweak logs ~ 1.014

9

[(Eu) _ (a(mz> )% <2E> VR

F a ( mB) mB virt

tree

2
m]% fé*mB* a £ 7l o O 81%3% E ] m, Ops
T T (8B Ecu) ’ + > s
m{ f BmB 67[ Ecut 247[ fyr Ecut Ecut
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Numerical estimates
Radiation-veto logs =~ 0.94 — 0.96 for E_,, € [25,100] MeV

Electroweak logs ~ 1.014 Boost logs ~ 1.69 - 1073

2Y ot
I'(E.,0) <a(m)> <2E > R
1—‘tree a (mB) Mg "

2
m]% fé*mB* e/ E vrlo Op+ 81%3% Eey ] m, Ops
+ 9) 2 (gBB*}/ Cut) s + 9)
m{ f BB or Ecut 24rn fyr Ecut Ecut
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Numerical estimates
Radiation-veto logs =~ 0.94 — 0.96 for E_,, € [25,100] MeV

Electroweak logs ~ 1.014 Boost logs ~ 1.69 - 1073

2ysoft . .
( t) a(m ) 2E Structure-dependent virtual corrections
- < W R,

VlI't
iree a(mp) mp 1 +(158+4.8,0+18, £1.1,) 107
) i 2 2 |
mg fpmpg« | a £ 7l o Op 8pn [ Ecut ] m, Opx
+ > 6 (gBB*y cut) > E 2472 E ’ E
mf f BmB 4 cut T f b4 cut cut
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Numerical estimates
Radiation-veto logs =~ 0.94 — 0.96 for E_,, € [25,100] MeV

Electroweak logs ~ 1.014 Boost logs ~ 1.69 - 1073

2ysoft . .
( t) a(m ) 2E Structure-dependent virtual corrections
- ( W R,

virt
iree a(mp) mp 1 +(158+4.8,0+18, £1.1,) 107
2 £2 i 2 2 |
mg fgiigs | @ £ 7 o Ops 8sp*x [ Ecut / M,  Ops
+ > 6 (gBB*y cut) ’E Y472 E ’E
mf f B"Mp T cut T f /4 cut cut
1%
Indirect contributions B B
(structure-dependent real corrections)
S
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Numerical estimates

1.06 [ ' ]

[ F/Ftree ' ]

1.04 | Pdir/rtree '

o) ! (Fdir + FB*’Y)/Ftree ]

iﬂ 1.02 .

— [ =~ (Fdir + FB*fy + FByy)/Ftree

s [ - i

0.98 : 1 Direct contribution only
20 40 60 80 100 120 140 160

Ecut [MGV]
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Numerical estimates

1.06 F

[ - F/Ftree : -
.04 = Fdir/Ftree '
. - — (Tair + T'B+~) /Tiree f 1 B *y contribution: becomes
) = . .
R 1.02 o (D + T 4+ D) /T ; | sizeable around 50 MeV, then
o 10of : 1 rises with E_
0.98 Direct contribution only
0.96 |
20 40 60 80 100 120 140 160
Eew [MeV]

@ PRiSMA* 1tp Max Ferré (they/them) The simplest B decay(s), precisely ! 07.05.2026



Numerical estimates

1.06 F ___ /T | Pion contribution: dominates
ree .
[ | 1 quickly for E m
1.04F = Fdilr/l—wtree : = a Y cut ~ d
. [ — (Tair + I'se5)/Tiree f 1 B *y contribution: becomes

: Lo2f (Cair + Tier + ) /Tiree ] sizeable around 50 MeV, then
o= 100f ' 1 rises with E_,

0.98 Direct contribution only

0.96 |

20 40 60 80 100 120 140 160
Ecut [Me\/]
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Numerical estimates

1.06 F ___ /T | Pion contribution: dominates
ree .
[ | 1 quickly for E m
1.04F = Fdir/Ftree : = a Y cut ~ d
. [ — (Tair + I'se5)/Tiree f 1 B *y contribution: becomes

ngj 1.02 g (T + Ty + Tis)/Tiree ] sizeable around 50 MeV, then
O Loof ' 1 rises with E_,

0.98 Direct contribution only

0.96 |

20 40 60 80 100 120 140 160
Ecut [MeV]

» QED corrections induce a —3.9(5) % — 0.1(7) % shift in the rate for E_, € [20MeV, m_]

» The structure-dependent component is always positive: 1.6(5) — 3.0(8) %

< 100 MeV, the uncertainty on the QED shift is dominated by & (f1),
Above, comparable contribution from gpp-,

» For E

cut
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Conclusions

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

and beyond. Since future experimental accuracy calls for percent precision in the theory
prediction, we analysed QED effects beyond point-like approximation.

— State of the art prediction for the rate including radiation up to £,

< Agep
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Conclusions

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

and beyond. Since future experimental accuracy calls for percent precision in the theory
prediction, we analysed QED effects beyond point-like approximation.

— State of the art prediction for the rate including radiation up to £,

< Agep

» On top of large logarithms of lepton mass and photon cuts, we find 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.
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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, we analysed QED effects beyond point-like approximation.

— State of the art prediction for the rate including radiation up to £,

» On top of large logarithms of lepton mass and photon cuts, we find 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 . The dominant uncertainty is given by the
unknown QED-induced shift to the standard decay constant.
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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, we analysed QED effects beyond point-like approximation.

— State of the art prediction for the rate including radiation up to £,

» On top of large logarithms of lepton mass and photon cuts, we find 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 . The dominant uncertainty is given by the
unknown QED-induced shift to the standard decay constant.

» These EFT methods can be adapted to tackle other leptonic channels (7 is work in
progress). They need to be extended for semi-leptonic channels (B — n£v, B — D¢v,...),
crucial for the extraction of |V, |and |V, |.
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@ PRISMAT

Thanks for listening !
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Reduction scheme  sam-1+%% | v @voi(1+5)

» Box diagrams in the matching generate additional Dirac structures
b 1%
d=4: I = 16}/ﬂPL®y"PL
U'=vyrr, PL® 'y v P
d#4: I'= (16+K€) 7,PL®r'PpL

U Y /

» The dependence cancels between the matching coefficient Kgy, and the matrix element

allowing to convert between schemes :
AGE o
ALEFT = - \/5 VubKEW 1 — Qbﬂ(Qb + QM)EK 7/” ® }//" + ...

= Ky = Kiy (1 ~ 00, + Q) —(k - Kf)>
EW — TEW £A<b W6

» Working with EFTs that decompose Lorentz structures, like SCET, in which

7 n# p
Y ’ ro ot

k = Qs particularly a convenient choice— simplifies construction of evanescent
operators and avoids spurious power-enhanced contributions at intermediate steps.
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Power enhanced NP contributions

» Including NP physics contributions, LEFT operators describing our process are given by
Zrerr 2 L0100, 1,PLve) (2 7#PL 1) Ly = Wyl sy
+LH (ay, Pb) (€ y*PLyy) + LR iy, Prb) (€ 7Py uy)
+L3RE (i Prb) (£ Ppuy) + LSRR (iPb) (€ PLvy) + LIRR (i 6,,P, b) (€ 6" Ppuy)

» At tree level, this leads to the following expression for the rate :

2 2 2\ 2 2 2
rLEFT _ 7 mpf5- G LVLL _ [ VLR | Mg [S-RL _ [ S.RR
tree 647 m2 4 4 m, (my, + 4 4
B ¢ My, mu)

» Power-enhancement ~ mg/m, vs NP suppression ~ mg, /A3y, the NP contribution

competes with the SM one for scales Ayp <5 TeV !
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SCET/; basis

» SCET,; operators contributing at O(a) :

b, u, ~ O(3?)

H,=YOTYWip ¢’ =Y (iD"Y)

@S=MSY§ZM)T w:n'pq,a)g=n-pg

Cr.w,0,~0Q)  y.dr,my~ O()

- ; — A
4 sV in-Dy it O\ [ =)
A] 0N =T (”s[l —9T<— - —A>],-l,vPvaYn )(1 PL”E) « Local operators »
my,(m-v)/ i _
03 =~ (B Pb V) (1 Pusc) :
n-v i
[B] Of(x) = TR (I/_ts . P.D, Ylgfﬁ> <)?S/ﬂ)’gyi_[x]PLDE)
By _ v o GAYEGI :
L Q2 (.X) (7’_1 . g)c) (Ms v PLbV Yl’l )()(c ‘ch[x]PLl/E>
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Radiation-energy spectrum

4z 1 dT(E.,,)
a 1—‘tlree dErad

Q(Eq) =

9

1.0 T T T T T T
- - Qtot(Erad)
0.8 _ - Qdir(Erad)
T;‘ - - QB*’y(Erad)
z T ] — 14270
X ~ soft
; Qdir(Erad) Erad
R 3
& QB*;/( rad) ~ E Sus)2
i ( rad + B*)
0.2 i
0.0 I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
50 100 150 200
Erad [MGV]
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Numerical estimates for the 7 channel

88 F

=TT Ur

10° - By

L PR TR R T N TN T TR T NN T T T -
200 250 300 350

S0 10 150
Eeu [MeV]
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Lepton flavor universality (LFU) ratio

2
2 2
FB——VC—DT m, mp—m,
RTM — T . . 2 2 ’
B~—uu, my Mg — Nz
1.06 -— .
i — R, ]

| — p(bkg)
1.04 [ RT,u ®

1.02F
i 5
=
A~ [
1.00 F
0.98 |
0.96 | |
50 100 150 200
Eow [MeV]
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