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Motivation b /
[~ m? f%u ‘Vub‘z

Why B — v ? .

» direct determination of |V, |, largely unaffected by hadronic uncertainties
» chirality suppressed — powerful probe of (pseudo)scalar NP.

» testing Lepton Flavor Universality in charged currents
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Motivation b /

L'~ m? f%u ‘Vub‘z

Why B — v ? .

» direct determination of |V, |, largely unaffected by hadronic uncertainties
» chirality suppressed — powerful probe of (pseudo)scalar NP.

» testing Lepton Flavor Universality in charged currents

Why QED corrections?

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

» QCD matrix element is know with O( < 1%) accuracy:

(Olay*ysb|B(p)|) = ifg p*  fp, =189.4£1.4 MeV  [FNALMILC 1712.09262]

» QED corrections can be of similar magnitude or even larger, due to presence
of large logarithms a In(m,/m,) and a In(m,/E,)
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QED corrections to exclusive B decays

» QED effects are well under control for 4 > m, as well as for y < Agep:

» all short distance (¢ > m,) QED effects can be included in the weak

effective Lagrangian b v
4G E _ -
Lot = —WKEW(M) Vb (uy" Ppb) (L, Prve)
U 14

» photons with energy much smaller than Aqcp cannot resolve the hadron
structure and can be computed treating the B as point-like.
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QED corrections to exclusive B decays

» QED effects are well under control for 4 > m, as well as for y < Agep:

» all short distance (¢ > m,) QED effects can be included in the weak

effective Lagrangian b v
4G E o _
Lot = —WKEW(M) Vb (uy" Ppb) (L, Prve)
U 14

» photons with energy much smaller than Aqcp cannot resolve the hadron
structure and can be computed treating the B as point-like.

» Things are more complicated for Aqcp < g < my,: very active research topic.
QED factorization theorems available only for a few processes:

_ BS — ,u"',u_ [Beneke, Bobeth, Szafron, 1708.09152,1908.07011]

- B — 7K, B — Dn [Beneke, Boer et al 2008.10615,2107.03819]
- B, &> u"u"y [Beneke, Bobeth, Wang 2008.12494]
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QED corrections to exclusive B decays

Main challenges in formulating a factorization theorem:

» unlike in QCD, external states can be charged in QED

= “universal” hadronic quantities become process-
dependent, e.g. decay constants are not constants anymore
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QED corrections to exclusive B decays

Main challenges in formulating a factorization theorem:

» unlike in QCD, external states can be charged in QED

= “universal” hadronic quantities become process-
dependent, e.g. decay constants are not constants anymore

» beyond leading power convolutions have endpoint divergences.

» cannot be dealt with using standard renormalization techniques anad
require appropriate subtractions

» relevant here: the chiral suppression makes B — uu is a genuine next-
to-leading power process!
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Scales

In the presence of QED corrections,

B — ub is sensitive to eight different energy scales:

A

i§§

mbAQCD

~ AQCD

mMAQCD

GIp&s

&
3|3
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KKK

Fock-state description of B meson: |ib) + |iigh) + ...
[see: Beneke, Bobeth, Szafron 2019]

description of B meson as a point-like pseudo-scalar boson

K==

[see: Isidori, Nabeebaccus, Zwicky 2020; Zwicky 2021;
isee: Dai, Kim, Leibovich 2021]

5 Claudia Cornella



Strategy

We want to disentangle all these scales by

» identifying the appropriate EFT description

» deriving a factorization theorem to describe the multi-scale problem in
terms of convolutions of single-scale objects
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Strategy

We want to disentangle all these scales by

» identifying the appropriate EFT description

» deriving a factorization theorem to describe the multi-scale problem in
terms of convolutions of single-scale objects

In the following, we will

» describe the EFT construction across all scales
» discuss the factorization & refactorization of the “virtual” amplitude
» sketch the low-energy theory describing real emissions
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Power counting and relevant modes

» |In the B-meson rest frame, the muon and the neutrino are back to back.
= identify the muon direction of the “collinear” one.

ph=mg*,  v'=(1,0,0,0)

¢ nt
2 )
b p= 8 00 1= 22 ) R B (10,0, 4 1) = 2B
fU:LL —— p//l 2 < mg? A m% 2(’ s Uy ) 2
2 m’
My m
X nt Py = 1——()0 —1+— z—B(Lo,o,_l):_Bﬁﬂ
2 mg T 2 2
A, =— <1
my,
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Power counting and relevant modes

» |In the B-meson rest frame, the muon and the neutrino are back to back.
= identify the muon direction of the “collinear” one.

ph=mg*,  v'=(1,0,0,0)

¢ nt

pl=— 1+—OO +1-——L2)~—-201,0,0, +1) = Lp~

’U'LL —_—- H 2 mB m% 2 2

2 m2

e m
X nt Py = 1——()0 —1+— z—B(l,O,O, — 1) =B

2 mg T 2 2

A, =— <1
my

» Initial state quark are bound in the meson, with residual momenta of O(Aqcp)
A
QCD

Pp = My + kb , pq — k kb’ kq ~ mb(/l, /1, ﬁ) A= -
b
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Power counting and relevant modes

» |In the B-meson rest frame, the muon and the neutrino are back to back.
= identify the muon direction of the “collinear” one.

ph=mg*,  v'=(1,0,0,0)

¢ nt

pl=— 1+—OO +1-——L2)~—-201,0,0, +1) = Lp~

’U'LL —_—- H 2 mB m% 2 2

2 m2

e m
X nt Py = 1——()0 —1+— z—B(l,O,O, — 1) =B

2 mg T 2 2

A, =— <1
my

» Initial state quark are bound in the meson, with residual momenta of O(Aqcp)

AQCD
Pp = My + kb , pq — k kb’ kq ~ mb(/l, /1, ﬁ) A= -
b

» EXp. cut on real radiation introduces a third expansion parameter A, =—
my,
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Power counting and relevant modes

Expansion parameters:

A
\ — QCD
mp

m

g = —E ~
my
E

A\E = — ~ A
mp
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Power counting and relevant modes

(Expansion parameters:\
Aqep
= 9
my

m

g = —= ~
mp
/8

A\E = — ~ A
my

May 2023 || 10 years MITP

» Re

vV Vv VvV VvV Vv

evant modes for virtual QED corrections:

nard (17 17 1)
hard-collinear (A, 1,A7)
collinear

)\()\%7 17 )\E)

» Relevant modes for real QED corrections:

4
4

()\E7 )\E7 )\E)
)\E()\§7 17 )\ﬁ)

ultra-soft

ultra-soft-collinear

8 Claudia Cornella



U ~ my: from the Fermi Theory to HQET X SCET-1
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U ~ my: from the Fermi Theory to HQET X SCET-1

» Below my, radiation is too soft to affect the b-quark momentum
= the right description is HQET
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U ~ my: from the Fermi Theory to HQET X SCET-1

» Below my, radiation is too soft to affect the b-quark momentum
= the right description is HQET

» Remaining fields can have large momenta, but small invariant mass
= the right EFT is SCET-1
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U ~ my: from the Fermi Theory to HQET X SCET-1

» Below my, radiation is too soft to affect the b-quark momentum
= the right description is HQET

» Remaining fields can have large momenta, but small invariant mass
= the right EFT is SCET-1

» In practice, the fields & power counting we need at this stage are:

v X X Xy i~ A2
t — XELEC) hva ds ™~ >\3/2
b= hv ‘AIZCJ_’ glfij_ ™~ >\1/2
g = X3, gs / !

photons
(+ photons, gluons) gluons
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Construction of SCET-1 basis
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Construction of SCET-1 basis

To keep in mind when building the basis:
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Construction of SCET-1 basis

To keep in mind when building the basis:

» All operators stem from the Fermi Lagrangian
= massless fields (neutrino and spectator) have to be left-handed
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Construction of SCET-1 basis

To keep in mind when building the basis:

» All operators stem from the Fermi Lagrangian
= massless fields (neutrino and spectator) have to be left-handed

» The leading contribution to the amplitude is of order A°
= need operators with SCET-2 power counting 1° and mass dim 6
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Construction of SCET-1 basis

To keep in mind when building the basis:

» All operators stem from the Fermi Lagrangian
= massless fields (neutrino and spectator) have to be left-handed

» The leading contribution to the amplitude is of order A°
= need operators with SCET-2 power counting 1° and mass dim 6

» Only two irreducible Dirac structures can enter the leptonic current in

SCET-1: 7\) TPy with Ty = 1,7,
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Construction of SCET-1 basis

To keep in mind when building the basis:

» All operators stem from the Fermi Lagrangian
= massless fields (neutrino and spectator) have to be left-handed

» The leading contribution to the amplitude is of order A°
= need operators with SCET-2 power counting 1° and mass dim 6

» Only two irreducible Dirac structures can enter the leptonic current in

SCET-1: 7\) TPy with Ty = 1,7,

» forI', = 1 the muon is right-handed = the chirality flip gives a factor m,,
which we include in the operator definition

May 2023 || 10 years MITP 10 Claudia Cornella



Construction of SCET-1 basis

Given this, we have five classes of 4-fermion operators:

perators with soft spectator

perators with hard-collinear spectator

perators with soft spectator + hard-collinear photon

perators with hard-collinear spectator + hard-collinear photon
perators hard-collinear spectator + two perp objects

moow»
O O 0O O O
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Construction of SCET-1 basis

Given this, we have five classes of 4-fermion operators:

(A Operators with soft spectator A
B. Operators with hard-collinear spectator
_C. Operators with soft spectator + hard-collinear photon

D. Operators with hard-collinear spectator + hard-collinear photon
E. Operators hard-collinear spectator + two perp objects

Only these are needed at O(a).
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Construction of SCET-1 basis

A. Operators with soft spectator

power counting

May 2023 || 10 years MITP 12 Claudia Cornella



Construction of SCET-1 basis

A. Operators with soft spectator

»  Obtained from hard matching: power counting

b 4 b 'é l 1 y

>< K o =me (apPum ) (%25 Poxi?
y \g 1 ¢ h (2]

v X (5) <_ ph ) <_<e> 1 (v)

— Oy s =my | Gs Prhy Xhe Prx—

k><£ | X - 2 e
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Construction of SCET-1 basis

A. Operators with soft spectator

»  Obtained from hard matching: power counting

l _ i @ 1 ()
>< K - <%5PL”” Xhe oo G e
/C) 1 5
e K e )
m -

» Only the first contributes at tree level:

, 141G 2my [ _ _
P Atree T _75 ub [(vq’yLPLub)(ue’uﬂPLvy) + pro. (UquLub) (uePLvu)]
lepton EOM: faﬂ = ﬂuﬁ — Qﬂwﬁ ﬁvy =0
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Construction of SCET-1 basis

A. Operators with soft spectator

»  Obtained from hard matching: polwer counting
b L b L 1 )
q v q % n 0 in- 0
‘ X (5) <_ 1t ) <_(e> 1 <u>>
— Oy s =my | Gs Prhy Xhe Prx—
b L > : . A2 2 h m hc

c

» Only the first contributes at tree level:

jecti B meson
| e _no projection (_)n Iy /- )
1A troe = _TQF ub Fﬁﬁ%@ﬁﬁ%) + o (UquLub) (UEPLUV)]

m Im2 7
lepton EOM: ﬂeﬁ — —Eﬂe — _257—%% 7 ﬁ
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Construction of SCET-1 basis

A. Operators with soft spectator

»  Obtained from hard matching: polwer counting
1 v
- 0

qs V)

ol

» Only the first contributes at tree level:

e no projection on B meson
: F _ _
zAtree = — ub W@ﬁﬁ% { PLub (UEPL’UJ

o my 2m?
lepton EOM: UpL = —uy — —ug— —vy =0
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Construction of SCET-1 basis

B. Operators with hard-collinear spectator

)
Xe

(v)

ol

May 2023 || 10 years MITP

7/2
053,/1)=(("’)

o/ = ( (@)
Og) = My (

13

h62

7

1
fgzlhj;v Prhy

X

) (X%C)VLNPLX( )),

1

ﬁPLh ) (xﬁfc)—\:zlhsPLx(”))
m - 0

)

1
—;PLth) -
in- 0

Claudia Cornella



Construction of SCET-1 basis

B. Operators with hard-collinear spectator

1
Og,/f) — (X(q) — ZE_LS%’Y PLh ) (X%c)’Y_L,uPLX( )) 3
i - 6’

h %/e)
_ 1 v
= [ o = (0 §rim ) (0 —1i i )
qs 'qu (v) m 8
< 1
Ogl) =My (X;(ICIC)Z&Pth> (X;fc)—;PLth) .
in - 0

» Their one-loop matrix elements reproduce the hard-collinear loops in the
Fermi theory
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Construction of SCET-1 basis

B. Operators with hard-collinear spectator

| S e _ y
Xm O(BZ,/12) — (ngqc)ﬁzm_Lsgfy_ﬁPth) (ngc)’y_l_,uPLX(‘ )) )

C
hy m -
_ _ _ I < "
= Og,/;) = (X&?%Pth) (ngc) TFZIpLsPLX%C)) )
qs 'Xa::.)_ (V) n- 8
Y 1
2 - 0

» Their one-loop matrix elements reproduce the hard-collinear loops in the
Fermi theory

» B operators are power-enhanced with respect to A ones, but need one
iInsertion of the (power-suppressed) soft-collinear interactions

= they contribute at the same order
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Construction of SCET-1 basis

C. Operators with with soft spectator + hard-collinear photon
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Construction of SCET-1 basis

C. Operators with with soft spectator + hard-collinear photon

» Arise from hard-collinear emission from muon, b or spectator quark
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Construction of SCET-1 basis

C. Operators with with soft spectator + hard-collinear photon

» Arise from hard-collinear emission from muon, b or spectator quark

9s X_

he Prh ) (Xhe Pex?)
) (th)vAth XELVC)) ;

o 1
Ocy = ( sﬂécﬂ—rgviPth> (%32 Pex?)

m hc

» Moving to SCET-2, these reproduce the collinear loops of the Fermi theory
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u ~ +/myA: from SCET-1 to SCET-2
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u ~ +/myA: from SCET-1 to SCET-2

» At u ~+/my/\, integrate out hard-collinear modes and lower virtuality
= now collinear and soft modes live at the same scale: SCET-2
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u ~ +/myA: from SCET-1 to SCET-2

» At u ~+/my/\, integrate out hard-collinear modes and lower virtuality
= now collinear and soft modes live at the same scale: SCET-2

pe~ (LALX),  ps~(MAN),  pE~pi~O(N)

» When integrating out hard-collinear modes, intermediate propagators
iIntroduce non-local operators:

Ve = Ve ot W o+ Woyr+

T(3 :s T(:

C * he § hce — he S+ ..
1 1 1
st (mat) (ge)
n-(‘?qs (n-c‘? Ls n-(‘?qs

» = now contain more fields, but are of the same order!
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(Not) overcoming the chiral suppression
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(Not) overcoming the chiral suppression

» Inverse derivative operators can probe the meson structure, and possibly
overcome the chiral suppression

(o] (15) -1

B> ~ i ~O (Aé}m)
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(Not) overcoming the chiral suppression

» Inverse derivative operators can probe the meson structure, and possibly
overcome the chiral suppression

(o] (15) -1

» Happens for B, — u*u~, but not for B — JU,  [Beneke, Bobeth, Szaffon 2017, 2019)

B> ~ i ~O (Aé}m)
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(Not) overcoming the chiral suppression

» Inverse derivative operators can probe the meson structure, and possibly
overcome the chiral suppression

(o] (15) -1

» Happens for B, — u*u~, but not for B — JU,  [Beneke, Bobeth, Szaffon 2017, 2019)

B> ~ i ~O (Aé}m)

» For left-handed currents, these contributions come with evanescent Dirac
structures:
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(Not) overcoming the chiral suppression

» Inverse derivative operators can probe the meson structure, and possibly
overcome the chiral suppression

(o] (15) -1

» Happens for B, — u*u~, but not for B — JU,  [Beneke, Bobeth, Szaffon 2017, 2019)

B> ~ i ~O (Aé}m)

» For left-handed currents, these contributions come with evanescent Dirac
structures:

(mjy,} [U — m"’} U)E — 2(v — a) (’5%PLU) ) (ﬂPRv)e +O ()

N,
(vg'YLV_VLPLu >

h

= structure-dependent contributions to B — ,uDM carry the same
suppression as the tree level result!
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SCET-2 basis

o omy [ ﬁ —(2) (v)
QA,l — 0T - 8c ( 82Pth> (Xc P Xe )
Qaa = mmza (E%Pth) ()_(gE)PLXéV))
1 DL o
_ u)l ? S _ v
Op1 = | gi—e=AM L RIS (xﬁg)’ijLxé ))
- 0, - 0,
1 (u) L 7 (0) Dy (v)
Op2 = s.—:Ac IP hy ¢ T Prxs
m - S m - C
Ops = Gt A Pp g ) (50 p @)
’ in-0, 4 T 0.
| T SO L A®)Lp W)
QB,4 — in- o ds §7J_’7_LPLh’U (Xc Yu 'Acu PLXE )
1 v
Opjs = P (%%Pth) (ng)Agg)lPLxg ))

u 1 _ v
QB,6 — <QS~A£7J)_,T% ﬁL_Pth> (Xg)’)/i_PLXg ))
m - 0

C
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SCET-2 basis

descend directly from A-type operators in
SCET-1

1 uw) L ? s _ v
Qp1 = | fo—e AV 2 ﬁfvﬁfPth (xﬁg)'yjPLxé ))
m - 04 m - 0,
1 u lﬁ S 14
e (o 5 A8 (5 )
m - S m - C
]. u — 174
B3 = _s.—:Aé )LMP hy @ , = PLX((; )
- 0 4 m - 0.
QB4 = ! q ﬁW”V” Prh (X(E)’YLA(b)LPLX(—V))
) in - 0, So Il 1 v c IpYtev c
1 _(0) 4OLp _(v)
OBs = i o (qsszhv> (XC A’ Prxe )

u 1 _ v
QB,6 — (q_sAg,J)_—:% iPth> (Xg)’)’i_PLXg ))
m - 0

Cc
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SCET-2 basis

descend directly from A-type operators in
SCET-1

1 uw) L ? s _ v
Qp1 = | fo—e AV 2 ﬁfvﬁfPth (xﬁg)'yjPLxé ))
m - 04 m - 0,
1 u lﬁ S 14
e (o 5 A8 (5 )
m - S m - C
]. u — 174
B3 = _s.—:Aé )LMP hy @ , = PLX((; )
- 0 4 m - 0.
QB4 = ! q ﬁW”V” Prh (X(E)’YLA(b)LPLX(—V))
) in - 0, So Il 1 v c IpYtev c
1 _(0) 4OLp _(v)
OBs = i o (qsszhv> (XC A’ Prxe )

u 1 _ v
QB,6 — (q_sAg,J)_—:% iPth> (Xg)’)’i_PLXg ))
m - 0

Cc
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SCET-2 basis

QB,l — ] c
- 0,
QB2 =
in- 0
1 u
Ons = | (w) L 77

m - S

_ 1 (u)J.%'ﬁ _(¢ iBJ_,S
( s'—(?:Ac Pth> (Xg)—:

— 1 U "/lD S — v

iﬁ' 80

PLX£V)>
™m

Prhy | [ x%¥ _:e PLxé”)
) (0.5 )

1 ,
Qp4 =~ (rjﬂviﬂPth) (XD ADL P

) (XA Px?)

n -0, 2

1

OB5 = - (q—S%PLh’U

Z’Flz'ac 2

Cc

May 2023 || 10 years MITP

— u 1 — 1%
6 = (quﬁ,l—:,_ %i ffPth> (Xg)’Y,f Pyt )>
m - 0

17

descend directly from A-type operators in

SCET-1

stem from matching B-type SCET-1
operators to SCET-2 at tree level

Claudia Cornella



Factorization formula (virtual corrections)

convolution

[

virtual __
A=) H S K +) H®J®S®K,
Jj [
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Factorization formula (virtual corrections)

convolution

Ay =N @S K +) @R, ® SQK,.

J

» hard function: matching corrections at u ~ m,,
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Factorization formula (virtual corrections)

convolution

[

A =N H, S, K, + Y H, @)® S, ® K.
j ]

» hard function: matching corrections at u ~ m,,

» hard-collinear function: matching corrections at y ~ (m,Agcp) '’
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Factorization formula (virtual corrections)

convolution

[

virtual __
dyil= ) H S K +) H®J®SK,
Jj [

» hard function: matching corrections at u ~ m,,

» hard-collinear function: matching corrections at y ~ (m,Agcp) '’
) function: leptonic matrix elements, u ~ m,,
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Factorization formula (virtual corrections)

convolution

[

virtual __
A=) H S K +) H®J Q85K
Jj [

» hard function: matching corrections at u ~ m,,

» hard-collinear function: matching corrections at y ~ (m,Agcp) '’
) function: leptonic matrix elements, u ~ m,,
4 (& ) function: HQET B meson matrix elements
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Factorization formula (virtual corrections)

convolution

. /
Ayl =Y H S K + ) H ®J® S0K,.
Jee i
SCET-1 operators with soft
spectator (A-type)

» hard function: matching corrections at u ~ m,,

» hard-collinear function: matching corrections at y ~ (m,Agcp) '’
) function: leptonic matrix elements, u ~ m,,
4 (& ) function: HQET B meson matrix elements
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Factorization formula (virtual corrections)

convolution

[

AN =N H S, K, + Y H ®J ®S®Kl,

Joe 1
SCET-1 operators with soft SCET—1 operators with hc
spectator (A-type) spectator (B-type)

» hard function: matching corrections at u ~ m,,

» hard-collinear function: matching corrections at y ~ (m,Agcp) '’
) function: leptonic matrix elements, u ~ m,,
4 (& ) function: HQET B meson matrix elements
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Factorization formula (virtual corrections)

» Neglecting O(aa,) corrections, two main contributions

. 4G m
AVlrtual - FKEW(,“)‘/UI) Hi KA(mﬁ) ﬂ(pE)PLv(pl/)

B—ftv — \/i

1
[HA(mb)SA+/dw/ dx Hp(mpy,x) Jp(myw, x)Sp(w) ®=n-p,
0

May 2023 || 10 years MITP 19 Claudia Cornella



Factorization formula (virtual corrections)

» Neglecting O(aa,) corrections, two main contributions

. 4G m
AVlrtual - FKEW(,“)‘/UI) Hi KA(mﬁ) ﬂ(pE)PLv(pl/)

B—ftv — \/i

1
[HA(mb)SA+/dw/ dx Hp(mpy,x) Jp(myw, x)Sp(w) w=n-p,
0
—

SCET-1 operators with soft
spectator (A-type)
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Factorization formula (virtual corrections)

» Neglecting O(aa,) corrections, two main contributions

. 4G m
AVlrtual - FKEW(M)‘/UI) Hi KA(mﬁ) ﬂ(pE)PL/U(pI/)

B—ftv — \/i

1
[HA(mb)SA+/dw/ dx Hp(mpy,x) Jp(myw, x)Sp(w) w=n-p,
0
—

SCET-1 operators with soft
spectator (A-type)

Sa = (Oy)
O, =i, iy"Prh,S,

VVLﬂ
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Factorization formula (virtual corrections)

» Neglecting O(aa,) corrections, two main contributions

. 4G m
Aprtval — _TQFKEW(M>Vub Hj K a(my) u(pe)Prv(py)
1

[HA(mb)SA+/dw/ dx Hg(myp,x) Jp(mpw, x)Sp(w) w=n-p,
- ° — —— _

SCET-1 operators with soft SCET-1 operators with hc

spectator (A-type) spectator (B-type)
S = <0A>
O, =i, iy"Ph, S}
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Factorization formula (virtual corrections)

» Neglecting O(aa,) corrections, two main contributions

. 4G m
Ayrtual — _TZFKEW(M)Vub ﬁi K a(my) u(pe) Pro(py)
1
[HA(mb)SA+/dw/ dx Hp(mpy,x) Jp(myw, x)Sp(w) ®=n-p,
- ’ — —— _
SCET-1 operators with soft SCET-1 operators with hc
spectator (A-type) spectator (B-type)
SB — <0B>
SA — <OA> s
Op(w) =71 [—eiwfas(m)[m,O]yﬂP h,(0) S (0)
OA — ﬁ,u ﬁs}/ﬂPth S\L ’ ' 2n g ’
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Factorization formula (virtual corrections)

» Neglecting O(aa,) corrections, two main contributions

. 4G m
AVlrtual - FKEW(,“)‘/UI) Hi KA(mﬁ) ﬂ(pE)PLv(pl/)

B—ftv — \/i

1
[HA(mb)SA+/dw/ dx Hp(mpy,x) Jp(myw, x)Sp(w) ®=n-p,
0
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Factorization formula (virtual corrections)

» Neglecting O(aa,) corrections, two main contributions

4G m
— E Kew (1) Vi Hﬁ K a(mye) u(pe)Pro(py)

Avirtual _

B—flv — \/i
1

[HA(mb)SA—I—/dw/ d:cHB(mb,JB(mwaB(w) w=n-p,
0

» Focus on second term: z
)

» Hard and jet function share a variable x = collinear momentum
momentum fraction carried by the spectator

» Theyscaleas Hp ~ x 7€ Jp ~ x~17¢ u

= Hy ® Jz has an endpoint divergence in x = 0!
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Factorization formula (virtual corrections)

» Neglecting O(aa,) corrections, two main contributions

4G m
— E Kew (1) Vi Hﬁ K a(mye) u(pe)Pro(py)

Avirtual _

B—flv — \/i
1

[HA(mb)SA—I—/dw/ d:cHB(mb,JB(mwaB(w) w=n-p,
0

» Focus on second term: z
)

» Hard and jet function share a variable x = collinear momentum
momentum fraction carried by the spectator

» Theyscaleas Hp ~ x 7€ Jp ~ x~17¢ u

= Hy ® Jz has an endpoint divergence in x = 0!

» This cannot be removed with standard RG techniques, but is systematically
treatable with refactorization-based subtraction (RBS) scheme

[Liu, MN 2019; Liu, Mecaj, MN, Wang 2020; Beneke et al. 2022;
Liu, MN, Schnubel, Wang 2022]
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Refactorization

: 4G m _
Avirtual 228 g (1) Vs ﬁj K a(myg) a(pe) PrLo(p,)

V2 1
[HA(mb)SA+/dw/O dx Hg(mpy,x) Jg(myw, x)Sp(w)
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Refactorization

. 4G m
ARl = TgKEW(M)Vub — K a(my) @(pe) PLo(p,)

a(mg SA+/ u[/dSCHB my, T) Jp(mpw, @S (w )]

» Start from the second term
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Refactorization

. 4G m
ARl = T;TKEW(M)V p — K a(myg) u(pe) PLo(py)

[ (s SA+/ u[/dxHB my, T) Jp(mpw, f} (w )]

\l{

1
G dx [HB(mb, xX)Jg(myw, x) — 0(A — x)[[Hg(my,, x)]1[[/5(m,w, x)]]] J

0

0<i<1€” [[f]] = singular part of fforx — O

» Start from the second term
» Remove the divergence from Hy ® Jz with a plus subtraction
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Refactorization

. 4G m
ARral = — T;TKEW( )Vub—eKA(me (pe)PLU(pu)

Py
.
.
.
.
.
.
.
.
.*
‘

(HA(mb)S§A>) 1 :
G dx [HB(mb, xX)Jg(myw, x) — 0(A — x)[[Hg(my,, x)]1[[/5(m,w, x)]]] J

0

0<i<1€” [[f]] = singular part of fforx — O

» Start from the second term
» Remove the divergence from Hy ® Jz with a plus subtraction

» Add the subtraction term back, combining it with the other term in the
factorization formula
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Refactorization

. 4G m
ARral = — T;TKEW( )Vub—eKA(me (pe)PLU(pu)

Py
.
.
.
.
.
.
.
.
.*
‘

\l{

1
G dx [HB(mb, xX)Jg(myw, x) — 0(A — x)[[Hg(my,, x)]1[[/5(m,w, x)]]] J

0

0<i<1€” [[f]] = singular part of fforx — O

» Start from the second term
» Remove the divergence from Hy ® Jz with a plus subtraction

» Add the subtraction term back, combining it with the other term in the
factorization formula
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Decay constant

I\/Mp
S{Y =010V |B~() = = ———F(w, A) (0IS;7S7710)

A _ a e7ET (e \
01(4) — usﬁPthB SQ%H 1+ QEQ’U« €I 6(1 _(5)) /dw¢—(w) (:_A) ]

May 2023 || 10 years MITP 22 Claudia Cornella



Decay constant

» The “new” soft function S defines a renormalized decay “constant”:

N
2

SN = (01O B~ (1) =~ F(u, A) (0185785771 0)

A _ a e7ET (e \
01(4) — usﬁPthB SQ%H 1+ QEQ’U« €I 6(1 —(6)) /dCUQb—(w) (:_A) :|
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Decay constant

» The “new” soft function S defines a renormalized decay “constant”:

I\/Mp
F(u, A) (0] S8 0)

SN =00V |B~(n) = -

€EVYE 2 )
O _ aiPih, 51 [1+Q Qu o 6(71 E(E))/dwqb—(w) (:_A) ]

» Evolution in u and A well-defined and insensitive to IR regulators:

dln F 3as 3o A?
= Cp - (Qe Q} + QeQuln—>

dln p 47
dln F wA
= " — In— —1
Jln A QgQ [/dwqﬁ ( ) n ,u2 + . ]
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Decay constant

» The “new” soft function S defines a renormalized decay “constant”:

I\/Mp
F(u, A) (0] S8 0)

SOV = (0] OV | B~() = -

€EVYE 2 )
O _ aiPih, 51 [1+Q Qu o 6(71 E(E))/dwqb—(w) (:_A) ]

» Evolution in u and A well-defined and insensitive to IR regulators:

dln F 3as 3o A?
= Cp - (Qe Q} + QeQuln—>

dln p 47
dln F wA
A —QgQu [/dwqﬁ(w)ln?—l—l—...]
» Related to lattice QCD result for the B decay constant:
QCD a(my)
Vmgfy = |1-Cp F(my, my)
a—0
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Virtual correctionsto B — uv

Decay amplitude including virtual QED corrections at O(a):

AR5 = V2 Kiw (1) Vi 0/ Bty mp ) w(pe) Pro(pe) | Map (1) + My (1)

with:
B Croag |3 mg
Mop(p) =1+ = [51]3?— ]
o 5 [3. m? 1. 5 m? m3 m? 52
"‘E{Qb [§lnﬁ — ] — Qv Qs [§ln F—FQIH? _3lnﬁ+1+§
+2Q,Q /Ood (@)™ 2| L (™M _p) p Ly Ly ey T
Kuo w_wnluz “ler nm% 2n,u2 2n,u2 12
e > > 1 Wy 1
Mg, (1) = ;QEQU/O dw/o dwg P3q(w,wy) L}g In (1—|— w) w—|—wg]
= significant hadronic uncertainties in O(a) terms! [CC, Kénig, Neubert 2022]
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Virtual correctionsto B — uv

Decay amplitude including virtual QED corrections at O(a):

ARG = VG Ko (1) Vao /iy Bty w) (pe) Pr o (p) | My () + Mp(1)

with:

Cras [3. m? IR divergence cancels against
Mop(p) =1+ AT [2 n u? ] real soft photon emission

o 5 [3. m? 1. mb 2 m? 572

o —In—> — 2| — — 2l — — 3In — + 1

4 {Qb [2 e ] Qe [2 e e T e Ty

o%e) 1 2 1 2 1 2
+2Q£Qu/ dw ¢ (w)In 22 4 Q3 [— (1nm—§ _ ) +§1n2@ _ 51nm—§+2+
0 M

p? 7

Map(p) = %QeQu/o dw/o dwg d3g(w,wy) L}—gln (1 T %) B w—|—wg]

= significant hadronic uncertainties in O(a) terms! [CC, Kénig, Neubert 2022]
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Virtual correctionsto B — uv

Decay amplitude including virtual QED corrections at O(a):

ARG = VG Ko (1) Vao /iy Bty w) (pe) Pr o (p) | My () + Mp(1)

with:
large double logarithms
Cras [3. m? J g
Map(p) =1+ & [ ]
2 57.‘.2
e i
- +1 12]
2 2 2
oMy 1., ™y om”
In e 21n,u2+2 12]}
Map(p) = £ QuQu [ der [ dr gl [~ (142 ) -
SpU—ﬂ_ Euo WO Wqg P3g\W, Wy wgn 5 W+ w,
= significant hadronic uncertainties in O(a) terms! [CC, Kénig, Neubert 2022]
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u < A ~ m,: understanding the low-energy theory

Ly =ye ™ op (XOPXY)) +hc.
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u < A ~ m,: understanding the low-energy theory

» Below u ~ Agcp quarks hadronize: move to effective description with a
Yukawa theory, with the meson treated as a heavy scalar

Ey _ ye—imB(v-x)SpB (X&E)PLX?)) + h.c.
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p < A ~ m,: understanding the low-energy theory

» Below u ~ Agcp quarks hadronize: move to effective description with a
Yukawa theory, with the meson treated as a heavy scalar

Ly =ye ™ Nop (O P + he.

» Yukawa coupling is fixed by matching hadronic matrix elements between
this and the previous description:

(lv| LsceTngusET | B)

(lv|LsceTngHQET | B)

PP - <X K
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p < A ~ m,: understanding the low-energy theory

» Below u ~ Agcp quarks hadronize: move to effective description with a
Yukawa theory, with the meson treated as a heavy scalar

Ly =ye e U0op (xOPx”) + hee.

» Yukawa coupling is fixed by matching hadronic matrix elements between
this and the previous description:

(v | LscET9HQET | B) (¢v| LsceTneuSET | B)

PP - <X K

> Since Agep ~ my,, We integrate out the muon in the same step and
describe it as a boosted heavy lepton field: £(x) = e "V (%)

= low-E theory is a heavy scalar effective theory @ bHLET
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u < A ~ m,: understanding the low-energy theory

g 0
Y, ®) (z) = Pexp - ie/ dsv-As(x—l—sv)}

c /0
Y59 () = Pexp ie/ dsv - Asc(x + 31})}

Wiwsm) = | > ] / lLi(g) | | (nse(@) | YOV 0)8 (we — )

2
5 (W.sc _ Q(()SC))

Wee(wse, ) = | > |1 [ di(a5) |<nsc%c<qj>|YASC”YUSSC) 0)
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u < A ~ m,: understanding the low-energy theory

» It's a theory of Wilson lines: all interactions of the B and the muon with

ultrasoft and ultrasoft-collinear photons can be moved into Wilson lines, and
decoupled from them via field redefinitions:

g 0
Y, ®) (z) = Pexp - ie/ dsv-As(m—l—sv)}

c /0
Y59 () = Pexp ie/ dsv - Asc(x + sv)}

» Real corrections are matrix elements of these Wilson lines:

Ws(ws, ) =

Wsc (wsm /1/) —

May 2023 || 10 years MITP

o

oo

S

| ng=01=1

Nns

NIE

[ nse=07=1

s s 2 s

2
5 (W.sc - q(()SC))

(07) | | (necne @) V1Y 5 0)
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u < A ~ m,: understanding the low-energy theory

» Convoluted with the measurement function involving the experimental cut,
they vyields the complete radiative function:

Eg,p / dw, / dwsc( Wsc) W (ws, /J’)Wsc (wsca /J')

» Integration and renormalisation of the bare functions can be carried out in
Laplace space = resummation of ultra-soft and ultrasoft-collinear logs.

» Full factorization formula:
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u < A ~ m,: understanding the low-energy theory

» Convoluted with the measurement function involving the experimental cut,
they vyields the complete radiative function:

Eg,p / dw, / dwsc( Wsc) W (ws, ,LL)WSC (wsca ,U')

» Integration and renormalisation of the bare functions can be carried out in
Laplace space = resummation of ultra-soft and ultrasoft-collinear logs.

» Full factorization formula:

T — ‘Avirtual|2 R Wus (M) R Wusc(,u)
— J \ J

N ~
non-radiative radiative
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Conclusions

» We derived a factorization formula for QED corrections to B = uv, which separates

all scales in the process and allows for the resummation of the associated
logarithms.

» We used a multi-step matching procedure involving a combination of HQET, SCET 1
& 2, and boosted HLET. The derivation can be systematically extended to higher
orders in the coupling constants and power counting.

» The exchange of virtual hard collinear photons gives rise to structure-dependent
corrections. Unlike in B, — uu, these are not enhanced. Nevertheless, they are
present and constitute a potentially important source of uncertainty in the prediction.

» Channels with other lepton flavors cannot be obtained simply by replacing the
muon mass: they have different scale hierarchies, matching threshold, EFT
constructions....
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