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m The B — (v decay serves as direct determination of the CKM element Vlfgd.

m [t is chirality-suppressed in the SM and thus highly sensitive to scalar new physics.

m Corroborating channel for testing lepton-flavor universality with y < 7:
— Belle II will measure both channels with 5—7% uncertainty. [Belle Il Physics Book]

Why are QED corrections important?

m Without QED, hadronic effects are well-understood, with QCD uncertainties < 1%

<0|q7f ’)’5b|B ) = lpr ’ fB =189.4+1.4MeV [FNAL/MILC 1712.09262]
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m The B — (v decay serves as direct determination of the CKM element Vlfgd.

m [t is chirality-suppressed in the SM and thus highly sensitive to scalar new physics.

m Corroborating channel for testing lepton-flavor universality with y < 7:
— Belle II will measure both channels with 5—7% uncertainty. [Belle Il Physics Book]

Why are QED corrections important?

m Without QED, hadronic effects are well-understood, with QCD uncertainties < 1%

<0|q7f ’)’5b|B ) = lpr ’ fB =189.4+1.4MeV [FNAL/MILC 1712.09262]

m In the exclusive channel, QED corrections can be sizeable, competing with QCD
uncertainties!
— A precise prediction is needed!
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m Consider scenario, where experiment vetoes additional radiation for E,,q > E
m Experimental resolution allows for very low veto energies, e.g. E.;; ~ 50 MeV

m Additonal radiation is of long wavelength compared to 1/Aqcp
= sees the meson as a point-like particle!

This reasoning tempts us into a simple Yukawa-theory description of the process

Lyu=(D,B"YD"B) — m3B'B — ys BUy + > p(ild—my)y
v
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How hard can it be?

m Consider scenario, where experiment vetoes additional radiation for E,,q > E
m Experimental resolution allows for very low veto energies, e.g. E.;; ~ 50 MeV

m Additonal radiation is of long wavelength compared to 1/Aqcp
= sees the meson as a point-like particle!

This reasoning tempts us into a simple Yukawa-theory description of the process

Ly =(DyB"D*B) — m5B'B — yp BUy + > (ilh—myhp
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and compute:
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~ = %=
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How hard can it be?

m Consider scenario, where experiment vetoes additional radiation for E,,q > E
m Experimental resolution allows for very low veto energies, e.g. E.;; ~ 50 MeV

m Additonal radiation is of long wavelength compared to 1/Aqcp
= sees the meson as a point-like particle!

This reasoning tempts us into a simple Yukawa-theory description of the process

Lyu=(D,B"YD"B) — m3B'B — ys BUy + > p(ild—my)y
v

and compute:

v v v v
~ = %=
14 ~ 14 ~y 14 v l

Captures some of the important QED corrections, but by far not all.
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Two important shortcomings of this approach:
Real corrections restricted to long wavelengths by E_;, but virtual ones are unaffected

= virtual corrections with short wavelengths probe inner structure of the B meson!
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Two important shortcomings of this approach:
Real corrections restricted to long wavelengths by E_;, but virtual ones are unaffected

= virtual corrections with short wavelengths probe inner structure of the B meson!
Structure-dependent effects are present well below the hadronic scale:
m2, —m?
53* = —B B ~45 MeV<<AQCD
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How hard can it be?

v v v v
<~ A
1 v 5 4 7 1
Two important shortcomings of this approach:
Real corrections restricted to long wavelengths by E_;, but virtual ones are unaffected

= virtual corrections with short wavelengths probe inner structure of the B meson!
Structure-dependent effects are present well below the hadronic scale:
m2, —m?
53* = —B B ~45 MeV<<AQCD
2m B

= allows for additional decay topologies:
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QED Corrections at High and Low Scales @

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

2
log® m; 1 E

agmlog” —, Ogm 108 — .
mp mp

The Simplest



QED Corrections at High and Low Scales @

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

2
log® m; 1 E

agmlog” —, Ogm 108 — .
mp mp

= At energy scales above mp and below Aqcp, corrections are well under control:

The Simplest



QED Corrections at High and Low Scales @

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

2
log® m; 1 E
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mp mp

= At energy scales above mp and below Aqcp, corrections are well under control:

m Atenergies harder than mp, the weak effective Hamiltonian captures all hard corrections
in the Wilson coefficients of the Fermi-operators,
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QED Corrections at High and Low Scales @

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

, m? E?
e 14

aEMm log 5 agmlog — .
mg Mg

= At energy scales above mp and below Aqcp, corrections are well under control:

m Atenergies harder than mp, the weak effective Hamiltonian captures all hard corrections
in the Wilson coefficients of the Fermi-operators,

Ligrr O Cr(u)- (QTMPL )(éryPLVZ —>><

m Radiation softer than Aycp sees the meson as a point-like object.
— description using meson-effective-theory.
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QED Corrections at Intermediate Scales @

= Energetic virtual photons with E, ~ m;, and p, || 7, can recoil against the light
spectator quark and transfer momentum between the lepton and the spectator.

V;
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= Energetic virtual photons with E, ~ m;, and p, || 7, can recoil against the light
spectator quark and transfer momentum between the lepton and the spectator.

m The light partons are then displaced along the lightcone, and the hadronic currents
become non-local. The corresponding hadronic matrix elements

{01g(z-)... hy(0)[B),  (01g(z-)... Guy(y-)... hy(0)B),

are lightcone distributions.
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QED Corrections at Intermediate Scales @

= Energetic virtual photons with E, ~ m;, and p, || 7, can recoil against the light
spectator quark and transfer momentum between the lepton and the spectator.

m The light partons are then displaced along the lightcone, and the hadronic currents
become non-local. The corresponding hadronic matrix elements

{01g(z-)... hy(0)[B),  (01g(z-)... Guy(y-)... hy(0)B),
are lightcone distributions.

m In the case of QED, due to the external states being charged, these distributions are no
longer process-universal because QED is sensitive to the directions of the charged final
State. [Beneke et al]
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Beyond leading order in QED, the process B — { v depends on a variety of both static and
dynamical scales (here discussing only £ = u)
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Beyond leading order in QED, the process B — { v depends on a variety of both static and
dynamical scales (here discussing only £ = u)

my
1 v
description of meson by Fock states |bg)+|bgg)+... [Beneke et al (2019), JHEP10 232]
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description of meson by point-like scalar
Agcpm
Qcp My,
A v s<
[Dai et al (2022), Phys.Rev.D 105 3]
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Beyond leading order in QED, the process B — { v depends on a variety of both static and
dynamical scales (here discussing only £ = u)

myy

. HPCXXK

Unc = +/ mBAQCD

description of meson by Fock states |bg)+|bgg)+... [Beneke et al (2019), JHEP10 232]

- e

Uusc =
mg [Dai et al (2022), Phys.Rev.D 105 3]



https://inspirehep.net/literature/1750326
https://inspirehep.net/literature/1850557

N ()

Beyond leading order in QED, the process B — { v depends on a variety of both static and
dynamical scales (here discussing only £ = u)

my

‘uhC = 4 / mBAQCD u 4

m A description of meson by Fock states |bg)+|bgg)+... [Beneke et al (2019), JHEP10 232]
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[Dai et al (2022), Phys.Rev.D 105 3]

— Factorization of scales requires a number of different EFT constructions
(LEFT, HQET, SCET} 1, bHLET, ...)
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Virtual Corrections at the weak scale @

Relevant LEFT operators at the weak scale:
-g[EFT > LX'LL (Z)’MPL Vg)(l:l'}"uPLb)'i‘ LX’LR (Z'}"UPL Vg)(l_l')"uPR b)
+ L) (P w)(@Prb)+ Ly (E Py ve)(@Pb)+ L™ (La* Py v) (@0, P b)
Ly L GuruPrve) ey PLp),
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Relevant LEFT operators at the weak scale:

-z[EFT > LX’LL (Z'}’MPL Vg)(a}’uPLb) VLR (Z'}"UPL Vg)(u'}"uPR b)
+ LM (P w)(@Prb)+ L) It (P, v)(@P.b)+ L™ (La" P, v) (@0, P b)
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Matching coefficients in the SM are:
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Virtual Corrections at the weak scale @

Relevant LEFT operators at the weak scale:
-z[EFT > LX’LL (Z'}’MPL Vg)(a}’uPLb) VLR (Z'}"UPL Vg)(u'}"uPR b)
+ LM (P w)(@Prb)+ L) It (P, v)(@P.b)+ L™ (La" P, v) (@0, P b)
Ly L GuruPrve) ey PLp),

Matching coefficients in the SM are:

4G
L/t =— Jg Vi Kew(p)
211
Kew(u )—1+QL[3Qu(n“—+ )+(Qb+ou)( )+ o
mZ 4

[Dekens, Stoffer 2019]
Here k is a scheme-dependent parameter!

The Simplest BD



Dirac Reduction Schemes @

1
KEW(m—HQL[ssQu(l nes o 2)+(Qb+ou)( +)

zZ

+0(a?)

It arises from box diagrams in the matching producing additional Dirac structures:
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+0(a?)

It arises from box diagrams in the matching producing additional Dirac structures:

b v

2 W ; N(Wﬂﬂ’v?’pPL Uv)(qu,},.u,},vprLub) + ...
u ¢

bt

These structures can be reduced only in d =4 spacetime dimensions:

TulvrpPrerty "y p, = "16y,P, ®7"P,
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Dirac Reduction Schemes @

1
Kot =1+ 22 |aq, (10 4 4@+ @u1+)

zZ

+0(a?)

It arises from box diagrams in the matching producing additional Dirac structures:

b v

2 W ; ~(L_t137’u7’v7’pPL vv)(ﬁqy“y”prLub) + ...
u ¢

bt

These structures can be reduced only in d =4 spacetime dimensions:
Yur 7o PL®T ' YP PL =" 167, PL@ " P,
In dim-reg, one generalizes this relation to the multiplicative identity

TulvYpPr@y!y’ P PL=(16+xke)y, PLor"P,

with the standard choice in the literature k =—4(1 + €).
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Dirac Reduction Schemes @

The dependence cancels bewteen the matching coefficient Kg,y and the matrix element,
allowing to convert between schemes:

(W)

_ 4GF Ix] a u
HEFT —_WvubKEw[l_QE(Qb +Qu)ﬁ’<] Yu®r +...
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The dependence cancels bewteen the matching coefficient Kg,y and the matrix element,
allowing to convert between schemes:
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_ 4GF Ix] a u
HEFT ——WvubKEw[l—Qé(Qb +Qu)m’<] Yu®r +...

> K=K [1- (@ + QU 1= (k—)):

When working with EFTs that decompose Lorentz structures (like HQET, SCET, ...) working
with k¥ =0 is convenient, so we will translate the literature result to x = 0.
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Dirac Reduction Schemes @

The dependence cancels bewteen the matching coefficient Kg,y and the matrix element,
allowing to convert between schemes:

4G4 [x] a
HEFT =_7VubKEw[l_QE(Qb +Qu)m’<] Tu®rh+...

> K=K [1- (@ + QU 1= (k—)):

When working with EFTs that decompose Lorentz structures (like HQET, SCET, ...) working
with k¥ =0 is convenient, so we will translate the literature result to x = 0.

For example in Sudakov coordinates,
— L
Tu=7,tr, 7,

reduction identities are no longer multiplicative and finding reductions consistent with the
LEFT scheme is difficult.
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Soft-Collinear Effective Theory
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Heavy-Quark and Lightcone Kinematics @

Next, integrate out dynamics of the “hard scale” ), ~ mp. Consider momenta:

b v
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Heavy-Quark and Lightcone Kinematics @

Next, integrate out dynamics of the “hard scale” ), ~ mp. Consider momenta:

b v
p, =my vt +q"
2
m m
pj‘: “Bppp L
2 2m3

v*=(1,0,0,0)
n*=(1,0,0,1)
n*=(1,0,0,—1)
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Heavy-Quark and Lightcone Kinematics @

Next, integrate out dynamics of the “hard scale” ), ~ mp. Consider momenta:

b v
p, =my v’ +q" v =(1,0,0,0)
Do m m2
pl=="Lnt+ Lt n#=(1,0,0,1)
2 2m3
2
Mp _ " u 74
=| — — n n- = 1,0,0,—1
U / Py (2 sz) ( )

This motivates an EFT construction in which the fields are split into large and small
components:

¢b=e_im"”'x(1;¢+ 5 )wb—b +H,
vo= (B4 T ez v,
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Heavy-Quark and Lightcone Kinematics @

Next, integrate out dynamics of the “hard scale” ), ~ mp. Consider momenta:

pl‘)‘:mbv“+q” v"*=(1,0,0,0)
2
m m:
pg“:TBnM—Zn; it n*=(1,0,0,1)
B
2
m m
pV:(TB_Zé)ﬁ‘u fl‘u:(l’oyoy_l)
mpg

This motivates an EFT construction in which the fields are split into large and small
components:

¢£=(¢Tﬁ+7)¢555c+m

For the heavy field, this is called Heavy-Quark Effective Theory, for the energetic light field
it is called Soft-Collinear Effective Theory.
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Modes and Scales in SCET @

The effective theory below mp has - a priori - the following degrees of freedom (and
associated virtualities):

Light quarks, gluons s, Ag k%~ Agyep “soft”
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Modes and Scales in SCET

The effective theory below mp has - a priori - the following degrees of freedom (and
associated virtualities):

Light quarks, gluons s, Ag k% ~ Agyep “soft”
Heavy-quark fluctuation field b, q*~ AéCD “soft”
Lepton and collinear photons Eer A pf ~ mf “collinear”

But the momentum transfer between soft and collinear modes scales as:
(pe + kY ~ 2 pe-k ~ mpAgep “hard-collinear”

Introduces an additional matching step between mg and Agcp.
b

Ve

’
3%
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Modes and Scales in SCET c

The effective theory below mp has - a priori - the following degrees of freedom (and
associated virtualities):

Light quarks, gluons s, Ag k% ~ Agyep “soft”
Heavy-quark fluctuation field b, q*~ AéCD “soft”
Lepton and collinear photons Eer A pf ~ mf “collinear”

But the momentum transfer between soft and collinear modes scales as:

(pg+k)2 ~ 2prk ~ mpAgep “hard-collinear”

Introduces an additional matching step between mg and Agcp.
b
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Operators in SCET-1 (excerpt) @

Type-A Operators:

m _ _
OIA: ﬁﬂfhc (usﬁPL by)(x(}f)c PL V(»)
m _
0f = ——— (i, pP, b,) (XY P ;)
n-?hc
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Operators in SCET-1 (excerpt) @

Type-A Operators:
my

OIA: —" (I:ts ﬁPL by)(D_C(,f)CPL V(»)

n-JYpe
oA= "

n-Jhe
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Operators in SCET-1 (excerpt) @

Type-A Operators:

b v b v b
m . -
0)'= ﬁ.ﬂfhc (25 7Py by ) (X5, P ve) A ‘ ¢
m _
Of =~ (@, Py ) (X)) P, ve)
n-?hc

U 14 U ( u
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Operators in SCET-1 (excerpt) @

Type-A Operators:
b v b v b
my

OlA:ﬁ.?hc(i‘sﬁPva)(jc%)cPLvé) >< {>< B (
m _
O?jq: ~ : (as ﬁPLbU)(x(}f)CPL VC) u u ( u
n-?hc
Type-B Operators:
I
o/ = P (@ PLb,)(X hc"ﬂhc[y P ve)
I .
O2B: i-Phe (uSﬂPLbV)( hc‘ﬂhc[y]PL VC)
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Operators in SCET-1 (excerpt) @

Type-A Operators:

b v
Of = 7 — (@ PLb,)(X) P )
n-JYpe
m -
O =— : (it ﬁPLbU)(DC(}f)CPL ve) " i
n-?hc
Type-B Operators:
1 .
OlB: in-Pp. (MSﬁPLbV)( hc"ﬂhc[}’ Py VC)
1 .
OzB: P (usﬂPL b,,)( hc%hc[y]PL VC)
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Operators in SCET-1 (excerpt) @

Type-A Operators:

b v b v b v by e
ny _ <
o= b)) e
Oé“: = o (as ne; bv)(jc(ff)c 153 VC) u tou Lo £ e
in-Ppe
Type-B Operators:
1 .
OlB: in-Pp. (s 7P by )(X hc“ﬂhC[y PLve)
1 .
OZB = P (us hP; b,,)( hc%hc[y]PL VC)
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Operators in SCET-1 (excerpt) @

Type-A Operators:

O = =2 (i jt Py by ) (X Py )
n-Jpe
m _
O =— : (it ﬁPLbU)(DC(}f)CPL ve) " i
n ':Phc

Type-B Operators:

1 _

0F = (2 PLB,) (X)) Mgy P )
1 _

of = T (e Py b, ) (X5, “ﬂhc[y]PL ve)

m Y, -
=% :thc (%2 7P b ) (5 Py ve)
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Type-A Operators:

O = =2 (i jt Py by ) (X Py )
n-Jpe
m _
O =— : (it ﬁPLbU)(DC(}f)CPL ve) " i
n ':Phc

Type-B Operators:

1 _

0F = (2 PLB,) (X)) Mgy P )
1 _

of = T (e Py b, ) (X5, “ﬂhc[y]PL ve)

m Y, -
=% :thc (%2 7P b ) (5 Py ve)
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Operators in SCET-1 (excerpt) @

Type-A Operators:

b v b

v b v by
ny _ Y
0f =+ (0, 1,5 ) D % -
- _
Oft = =" (e . ) (X}, P ) ' “

U 14 1 ( l % 130}
n-Fpe

Type-B Operators:

1 _

0F = (2 PLB,) (X)) Mgy P )
1 _

of = T (e Py b, ) (X5, “ﬂhc[y]PL ve)

m Y, -
=% :thc (%2 7P b ) (5 Py ve)
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Factorization of Virtual Corrections - Endpoint Divergences

In SCET, operators with multiple collinear fields are distributions in the momentum
fraction of the shared direction, matrix elements are convolution integrals:

4G m _
lﬂfl‘g’lr_fzv TSKEW(M)Vubm_iKA(mUu(PE)PL v(py)

1
'lHA(mb)SA + fdwf dy HC(mb»J’)‘]C(mbwry)‘SC(U))]
0
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Factorization of Virtual Corrections - Endpoint Divergences

In SCET, operators with multiple collinear fields are distributions in the momentum
fraction of the shared direction, matrix elements are convolution integrals:

4Gp
lﬂfl‘g’lr_fgv —KEW(.u KA(m€ (p)PLv(py)

w+ f dwf dy He(my, y)- Jc(mye, y): Sc(w)]

. S, =(0|@(0)fP, b,(0)|B)
local matrix element — HQET decay constant Fg(u)
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Factorization of Virtual Corrections - Endpoint Divergences

In SCET, operators with multiple collinear fields are distributions in the momentum
fraction of the shared direction, matrix elements are convolution integrals:

4Gp
lﬂfl‘g’lr_fgv —KEW(.u KA(m€ (p)PLv(py)

w+ f dwf yHelmy, y)- Je(myo,y) Sc(w)}]

;- Sa = (0] @(0)it P, b, (0)| B)
local matrix element — HQET decay constant Fg(u)

as e b,

Sc(w fds e'“S(0|@(sn)it P, b,(0)|B)
energetlc -photon exchange — LCDAs

The Simplest BD



Factorization of Virtual Corrections - Endpoint Divergences

4G m _
i/, S ﬁF KEw(u)Vubm—ZKA(mg)u(m)PLv(pv)

1
'[HA(mb)SA+f dwf dy Hc(mb,J’)']c(mbw,y)'sc(w)]
0
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Factorization of Virtual Corrections - Endpoint Divergences

4G m _
i/, S ﬁF KEw(u)Vubm—ZKA(mg)u(m)PLv(pv)

1
'[HA(mb)SA+f dwf dy Hc(mb,J’)']c(mbw,y)'sc(w)]
0

m At y =0 and y =0, one collinear field has anomalously low energy
and the mode separation between soft and collinear modes fails.
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Factorization of Virtual Corrections - Endpoint Divergences

VII 4G m —
i3y D= Kewl Vi o Kalma)poPLv(p)

1
'lHA(mb)SA+f dwf dy Hc(mb,y)-fc(mbw,y)-Sc(w)]
0

m At y =0 and y =0, one collinear field has anomalously low energy
and the mode separation between soft and collinear modes fails.

m A symptom of this failure are endpoint-divergences. They can be
cured by a rearrangement of the factorization theorem.
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Factorization of Virtual Corrections - Endpoint Divergences

. ir 4G m ~
iy, S —7; Kew() Vi m_f, Ka(my)a(py)PLv(py)

1
HA(mb)SA‘i'f dwf dy Hc(my,y)- Je(mpw, y)-Sc(w)
0

m At y =0 and y =0, one collinear field has anomalously low energy
and the mode separation between soft and collinear modes fails.

m A symptom of this failure are endpoint-divergences. They can be
cured by a rearrangement of the factorization theorem.

m This rearrangement begins with identifying the small-y region of the second term
with a contribution to the first one, this is called refactorization.

[Liu, Neubert (2003.03393); Liu et al (2009.04456, 2009.06779, 2112.00018); Beneke et al (2008.04943, 2205.04479)]
[Bell et al (2205.06021); Feldmann et al (2211.04209); Hurth, Szafron (2312.10450)]




Refactorization-Based Subtraction @

. i 4G m, _
iy, D= Kewli)Vi o Kalm)apoPLv(p)

1
'[HA(mb)SA +J de dy Hc(my,y)- Je(mpw, y)- Sc(w)]
0

endpoint-divergent

Sa=1(0]0,|B) Jo=—0,0 a eEYEF(e)( u? )6(1+1 26)
OAZﬂ_ls’f“)LhuBYn(m 7 ¥Man 1-e mpwyy y
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<

Refactorization-Based Subtraction

vir 4G m, _
iy, D= Kewli)Vi o Kalm)apoPLv(p)

1
'[HA(mh)SA+fdwf dy[Hc(mb,y)-]C(mba),y)-SC(a))
0

—9(A—mby)[[Hc(mb,y)]]-[uc(mbw,y)ﬂ]-sc(w)]

subtract small-y

Sa=(0|04|B) a efTET(e 2 ‘r1
_ (Ot Je==QQu- - ( )( = ) ( +1—2e)
OA:qSﬁPLhUB Yn 2nt 1—e€

€YET 2 €
Uel=—QQu2° (6)( “ )%

2 1—e \mywy
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<

Refactorization-Based Subtraction

4G
iy, S T;Kﬁw(mvub%KA(mﬂa(mPLv(m
[HA(mb f de> f dy [He(my, y)- Te(myw, y)- Sc(w)

—9(A—mby)[[Hc(mb,y)]]-[uc(mbw,y)ﬂ]-sc(w)]

Je -0, 2 eEYEF(G)( 5 _)6(1 +1_26)

2n 1—e€ mpwyy
i a eTET(e) 2 \1
it ack el =—QiQu5- ( )
T l—e€ mywy ) y

A A
st =(010%"|B)
0N =G, 07(in- D +A)jtP b, YO
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<

Refactorization-Based Subtraction

4G
iy, S T;Kﬁw(mvub%KA(mﬂa(mPLv(m
[HA(mb f de> f dy [He(my, y)- Te(myw, y)- Sc(w)

—9(A—mby)[[Hc(mb,y)]]-[uc(mbw,y)ﬂ]-sc(w)]

Je -0, 2 eEYEF(G)( 5 _)6(1 +1_26)

2n 1—e€ mpwyy
a eTET(e) 2 \1
el =—QiQu5- ( ) =
T l—e€ mywy ) y

stV =(0j0Y|B) .
3 W gy —_* B) (O
0" =G,0r(ifi- D, +N)itP, b, V! (0105"B) = =2 v/ m5E.(A, u) (01, ¥, |0)
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Matching at the Hard-Collinear Scale @

Integrating out the hard-collinear modes yields (showing only a subset) operators that
follow directly from SCET-1:
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Matching at the Hard-Collinear Scale @

Integrating out the hard-collinear modes yields (showing only a subset) operators that
follow directly from SCET-1:

=i

m _ —i B -
Q= —fz-iéc (us[l—eT(—ﬁ' : —A)]ﬁPL b, Y,,f“*)(x(c“PL ve)
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Matching at the Hard-Collinear Scale @

Integrating out the hard-collinear modes yields (showing only a subset) operators that
follow directly from SCET-1:

A my _ —lﬁB
Ql’ngl'fpc (us[l_eT( .

4
1, _
Qf = = (i P b, V)T AL )
Cc

—A)] fiP b, Yn(“*) (Xp; )

=S
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Matching at the Hard-Collinear Scale @

Integrating out the hard-collinear modes yields (showing only a subset) operators that
follow directly from SCET-1:

A my _ —lﬁB
Ql’ngl'fpc (us[l_eT( .

4
1, _
Qf = = (i P b, V)T AL )
Cc

—A)] fiP b, Yn(“*) (Xp; )

=S

...and some with delocalized quarks:
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Matching at the Hard-Collinear Scale @

Integrating out the hard-collinear modes yields (showing only a subset) operators that
follow directly from SCET-1:

A my _ —lﬁB
Ql’ngl'fpc (us[l_eT( .

4
1, _
Qf = = (i P b, V)T AL )
Cc

—A)] fiP b, Yn(“*) (Xp; )

=S

...and some with delocalized quarks:

QF = =T (910 AP I ) (X Py )
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Matching at the Hard-Collinear Scale @

Integrating out the hard-collinear modes yields (showing only a subset) operators that
follow directly from SCET-1:

o= (=0 pm )R )
=3 -lfPC (as P by Y, ) (XA P ve)
...and some with delocalized quarks:
Qr = flmgl;c (Qujoy A PLIC) (X P, ve)
OF = i Qo8 PP 0)
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RG Evolution of all component functions in the virtual corrections to a common scale p:

- Kew

K; :E: H;
@

m

uw  Aqcp Ko /mpAgcp mg, my my; U
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RG Evolution of all component functions in the virtual corrections to a common scale p:

: KEW
K; :E: H;
| | | —
my Aqep Mo y/mgAqcn mg, My, mz W

Achieves resummation of large logs in virtual corrections - up to subtraction A.
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RG Evolution of all component functions in the virtual corrections to a common scale p:

< Kgw
C] =E< H;
-
| >
mu AQCD .Uo \/TQCD mg, My my U

Achieves resummation of large logs in virtual corrections - up to subtraction A.

Recall: Endpoint subtraction shuffles contributions between soft functions and
jet-functions.
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RG Evolution of all component functions in the virtual corrections to a common scale p:

: KEW
=:< H;
@
I —
mu AQCD .Uo \/TQCD mg, My my U

Achieves resummation of large logs in virtual corrections - up to subtraction A.

Recall: Endpoint subtraction shuffles contributions between soft functions and
jet-functions.

Choice for subtraction scale A:
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RG Evolution of all component functions in the virtual corrections to a common scale p:

: KEW
K; :E: H;
I I I I I —
my Aqep Mo y/mgAqcn mg, My, mz W

Achieves resummation of large logs in virtual corrections - up to subtraction A.

Recall: Endpoint subtraction shuffles contributions between soft functions and
jet-functions.

Choice for subtraction scale A:
Alarge = largelogsin soft function logA/Aqgcp
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RG Evolution of all component functions in the virtual corrections to a common scale p:

< Kew
K; =§< H;
I I I I I —
my Aqep Mo y/mgAqcn mg, My, mz W

Achieves resummation of large logs in virtual corrections - up to subtraction A.

Recall: Endpoint subtraction shuffles contributions between soft functions and
jet-functions.

Choice for subtraction scale A:
Alarge = largelogsin soft function logA/Aqgcp

Asmall = largelogsin jetfunction logA/mp
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RG Evolution of all component functions in the virtual corrections to a common scale p:

< Kgw
K; =§< H;
I I I I I —
my  Aqcp Ko /mpAgcp mg, my, my; U

Achieves resummation of large logs in virtual corrections - up to subtraction A.

Recall: Endpoint subtraction shuffles contributions between soft functions and
jet-functions.

Choice for subtraction scale A:
(Alarge = largelogs in soft function logA/Aqcp}— our choice
Asmall = largelogsin jetfunction logA/mp
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SCET-2 Matrix Elements @

Matrix elements in SCET-2 factorize into soft, hadronic and collinear, leptonic:

((V1Qx|B) ~ (01 j1B) x (¢4 ]*10)
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SCET-2 Matrix Elements @

Matrix elements in SCET-2 factorize into soft, hadronic and collinear, leptonic:

((V1Qx|B) ~ (01 j1B) x (¢4 ]*10)

Hadronic (2-particle):

Jhad(A, ) = g éT( - D +A) fiP b, YO

(A u)—useT(m D+ )ﬁPva asll
]élad(w U): Qs[a)] fiPLH

]zilad(w U)— s[w] ﬂPL
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SCET-2 Matrix Elements @

Matrix elements in SCET-2 factorize into soft, hadronic and collinear, leptonic:

((V1Qx|B) ~ (01 j1B) x (¢4 ]*10)

Hadronic (2-particle): Leptonic:
— — .1
JYA, ) = it HT( - Dy +A) P b, YO, 3iP(w)=mXOP v,
P =XO4L Py,
= [x] LYéer
JRad(A, ) = @ eT(zn D+ )ﬁPL b, Y01
]élad(w U) = Qs[a)] fiPLH

]zilad(w U)— s[w] ﬂPL
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SCET-2 Matrix Elements @

Matrix elements in SCET-2 factorize into soft, hadronic and collinear, leptonic:
. 1
{{1QxIB) ~ (01jB) x (¢v]];10)

Hadronic (2-particle): Leptonic:

— lep(

JYA, ) = it éT( - Dy +A) fiP b, YO w)=m XOP v,

T

P, w)=XOnL P e,
]?ad( H)—USHT(ZI’Z clx] c
jhad(eo, u)= Qs[w] iP K

]zilad(w U)— s[w] ﬂPL

+A)ﬂPLb y©

with the collinear functions: )
5
Ky (u)= 1+Q[2 Za (logz——ilogi+ﬂ——l)
¢

a 1
Ko(x, u)=—Qy Ex(log%—logx—i)
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Soft-Function Renormalization @

The hadronic soft functions of the subtracted operators, defined as

(o

_i5.
as[l—eT(L —A)] fP, b, v E(A,p),

n-v
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Soft-Function Renormalization @
The hadronic soft functions of the subtracted operators, defined as
iym
——SCE(A ),

i- D,
<0 us[l OT( i A)]ﬁPLbU yOf B>=
n-v
renormalize non-trivially due to the presence of the subtraction scale A
u —
do UC(‘ur ) o U
Au)= +—11+ — ( | )
re M) =rniles)+ o . @ Unwa) ™Plon 8
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Soft-Function Renormalization @
The hadronic soft functions of the subtracted operators, defined as
iym
——SCE(A ),

i- D,
<0 us[l OT( i A)]ﬁPL b, Y01 B>=
n-v
renormalize non-trivially due to the presence of the subtraction scale A
u —
do Uc(u,
2af,  ["do Uclw.a) p( 1og2“)]
@& Un(, @) 97

e (A u)=rnlas)+ gy )

Note the non-Linear dependence on log i in the anomalous dimension!
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Soft-Function Renormalization @
The hadronic soft functions of the subtracted operators, defined as
iym
——SCE(A ),

i- D,
<0 us[l OT( i A)]ﬁPLbU yOf B>=
n-v
renormalize non-trivially due to the presence of the subtraction scale A
u —
do Uc(u,
— |1+ __a) cli & ) p( logz‘u)]
@& Un(, @) 97

e (A u)=rnlas)+ gy )

Note the non-Linear dependence on log i in the anomalous dimension!
(at every step along the u trajectory, have to evolve the cutoff from A to u)
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Soft-Function Renormalization @
The hadronic soft functions of the subtracted operators, defined as
iym
——SCE(A ),

i- D,
<0 us[l OT( i A)]ﬁPLbU yOf B>=
n-v
renormalize non-trivially due to the presence of the subtraction scale A
u —
do Uc(u,
— |1+ __a) cli & ) p( logz‘u)]
@& Un(, @) 97

e (A u)=rnlas)+ gy )

Note the non-Linear dependence on log i in the anomalous dimension!
(at every step along the u trajectory, have to evolve the cutoff from A to u)

Skipping over lots of details here: complete expressions require two-loop calculation

expected to be generic to NLP SCET,
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Soft-Function Renormalization @
The hadronic soft functions of the subtracted operators, defined as
iym
——SCE(A ),

i- D,
<0 us[l OT( i A)]ﬁPLbU yOf B>=
n-v
renormalize non-trivially due to the presence of the subtraction scale A
u —
do Uc(u,
— |1+ __a) cli & ) p( logz‘u)]
@& Un(, @) 97

e (A u)=rnlas)+ gy )

Note the non-Linear dependence on log i in the anomalous dimension!
(at every step along the u trajectory, have to evolve the cutoff from A to u)

Skipping over lots of details here: complete expressions require two-loop calculation

expected to be generic to NLP SCET,

= to be explored in more detail in future!
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Virtual Correction Resummed @

When the dust settles, all virtual corrections are contained in a scary expression:




Virtual Correction Resummed @

When the dust settles, all virtual corrections are contained in a scary expression:

do ~ /- (mBqu)
me Ui, & )] Facep(uo)

R = exp[ o j

m2 nt 27
@ In—8 4| 202

3
it fgnts 2t
Z B

1 z2%lnz 2

+z—2Liz(1—z)—E)Qng—(2+3lnz)Ql2}]

z—

" du’ Ue(w', mp)

+Q£Qu . W 1—6(u)
P I S — (8 (o)) | T (o, m5)
(4 uo | 1= 5(uo) | mpw_ (o) 110U c\WMo, Mp

a Uc(Uo, 1 wWtwg 1
QfQunTmJ d‘”f d”g¢3g(””g’“°)[_gl“ o ot

}
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Heavy-Hadron Chiral Perturbation Theory
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Modes and Scales in HHy PT @

After integrating out pyhsics above Agcp and my, relevant modes are those feeling the
radiationveto — modes with py ~ E; in the B-frame
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Modes and Scales in HHy PT @

After integrating out pyhsics above Agcp and my, relevant modes are those feeling the
radiationveto — modes with py ~ E; in the B-frame

pli~ Eoy “ultrasoft modes”
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Modes and Scales in HHy PT @

After integrating out pyhsics above Agcp and my, relevant modes are those feeling the
radiationveto — modes with py ~ E; in the B-frame

pli~ Eoy “ultrasoft modes”
2
-~ m my ‘ .
Pl =Pl P puLSC) ~ Eoy- (—g, 1, —) ‘ultrasoft-collinear modes”
m mpg
B
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Modes and Scales in HHy PT @

After integrating out pyhsics above Agcp and my, relevant modes are those feeling the
radiationveto — modes with py ~ E; in the B-frame

pli~ Eoy “ultrasoft modes”

2

— m m( « : ”

ph . =Pl Poser puLSC) ~ Eoyee —g, 1, — ultrasoft-collinear modes
myg mpg

The second mode is simply an ultrasoft mode boosted to the lepton rest frame!
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Modes and Scales in HHy PT @

After integrating out pyhsics above Agcp and my, relevant modes are those feeling the
radiationveto — modes with py ~ E; in the B-frame

pli~ Eoy “ultrasoft modes”

2

— m m( « : ”

ph . =Pl Poser puLSC) ~ Eoyee —g, 1, — ultrasoft-collinear modes
myg mpg

The second mode is simply an ultrasoft mode boosted to the lepton rest frame!
Low energy theory deals with the scales:

Ecut ny

Mus ~ Ecut Uyse ~
mpg
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Modes and Scales in HHy PT @

After integrating out pyhsics above Agcp and my, relevant modes are those feeling the
radiationveto — modes with py ~ E; in the B-frame

plo~ Eoy “ultrasoft modes”

2

— m m( « : ”

ph . =Pl Poser puLSC) ~ Eoyee —g, 1, — ultrasoft-collinear modes
myg mpg

The second mode is simply an ultrasoft mode boosted to the lepton rest frame!
Low energy theory deals with the scales:

Ecut ny

Mus ~ Ecut Uyse ~
mpg

Note: virtual corrections are scaleless since they do not feel the radiation veto E_!

The Simplest



EFT below the hadronic scale: Leptons @

Since my, ~ Aqcp > Ecy — leptons also considered infinitely heavy at the low scale!
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EFT below the hadronic scale: Leptons @

Since my, ~ Aqcp > Ecy — leptons also considered infinitely heavy at the low scale!

| | Described by a boosted HLET With p;l =my Uél [Fleming et al 2008] [Beneke, Finauri, Vos, Wei 2023]

Z'}"UPL Ve — eim‘—’ vex Cl(}fﬁ()(f)l: ill(}?)]’liPL Ve + —

- 7l I:lgl)) PL Ve ]
n-py
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EFT below the hadronic scale: Leptons @

Since my, ~ Aqcp > Ecy — leptons also considered infinitely heavy at the low scale!

| | Described by a boosted HLET With p;l =my Uél [Fleming et al 2008] [Beneke, Finauri, Vos, Wei 2023]

Z'}"UPL Ve — eim‘—’ vex Cl(}fﬁ()(f)l: ill(}?)]’liPL Ve + —

- nt I:lgl)) P v ]
n-py

with an ultrasoft-collinear Wilson line

Cgf)(x) =exp [—i Qe J

0

o0

dsn-Au(x +sv£)e”]
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EFT below the hadronic scale: Leptons @

Since my, ~ Aqcp > Ecy — leptons also considered infinitely heavy at the low scale!

m Described by a boosted HLET with pél =ny Uél [Fleming et al 2008] [Beneke, Finauri, Vos, Wei 2023]

fpve = e o RO R e + L A B |

n-py

with an ultrasoft-collinear Wilson line

Cgf)(x) =exp [—i Qe J

0

o0

dsn-Au(x +SU5)€ES:|

m Describes the ultrasoft radiation in the rest-frame of the lepton, boosted to the
B-meson frame.
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EFT below the hadronic scale: Leptons @

Since my, ~ Aqcp > Ecy — leptons also considered infinitely heavy at the low scale!

m Described by a boosted HLET with pél =ny Uél [Fleming et al 2008] [Beneke, Finauri, Vos, Wei 2023]

Z'}"UPL Ve — eim‘—’ vex Cl(}fﬁ()(f)l: ill(}?)]’liPL Ve + —

- nt I:lgl)) P v ]
n-py

with an ultrasoft-collinear Wilson line

Cgf)(x) =exp [—i Qe J

0

o0

dsn-Au(x +SU5)€ES:|

m Describes the ultrasoft radiation in the rest-frame of the lepton, boosted to the
B-meson frame.

m Superscript “(©)” denotes decoupling (leading-power photon couplings in Cl(,f))
(superscript omitted from now on)
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EFT below the hadronic scale: Hadrons @

The matching step u ~ Aqcp takes us into the point-like meson regime:
® B and B* meson nearly mass-degenerate — collect into superfield

o e—in‘zgzwx 1+ l/’( )
3—2—%7 P,—¥Pu7s

with a common rephasing by mp = mpg+A,.
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EFT below the hadronic scale: Hadrons @

The matching step u ~ Aqcp takes us into the point-like meson regime:
® B and B* meson nearly mass-degenerate — collect into superfield
e—ith S l/’

(I)B = Z—rnBT (l,ﬂl _SfrfYS)

with a common rephasing by mp = mpg+A,.

m Atdimension-5, a single subleading operator responsible for a BB*y coupling:

HMET Que g Uy €CpBry u v Y pus
Cdip BA. Tr[crw,HH]I”S — W(v P, Yl,)lm +...
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EFT below the hadronic scale: Hadrons @

The matching step u ~ Aqcp takes us into the point-like meson regime:
® B and B* meson nearly mass-degenerate — collect into superfield
e—irhg S l/’

(I)B = Z—rnB? (l,ﬂl _SfrfYS)

with a common rephasing by mp = mpg+A,.
m Atdimension-5, a single subleading operator responsible for a BB*y coupling:

amer Que v €CBBry s
Cdlp 8A, TI[GHV H H] I‘zfls) - 2A, ( ,upl Pv ) Iulll
m SU(2),-breaking spurions give subleading operators:

Az
8mb

T /1 (Cinago™”) H oy | + ...

2 2
. mg, —my
generate the mass-splitting: 0 Bx =242 Cnag/ My = BT

mp
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Low-Energy Lagrangian @

Gathering our results so far, the low-energy Lagrangian takes the form:

Lamer =L+ Ly + L
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Low-Energy Lagrangian @

Gathering our results so far, the low-energy Lagrangian takes the form:
Lamer =L+ Ly + Ly

2g=hU[l.l}g'DhU[
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Low-Energy Lagrangian @

Gathering our results so far, the low-energy Lagrangian takes the form:

Lamer =L+ Ly + L

2g=hU[l.l}g'DhU[

— AT " I T u t u)
Ly=p,iv-9p,—0mgy, p,—p, v-0p +omp.p, p

eCBB*
L EoBBy

u tv, . us
A, (v P, ¢ E +h.c.)+...

uv

The Simplest BD



Low-Energy Lagrangian @

Gathering our results so far, the low-energy Lagrangian takes the form:

Lamer =L+ Ly + L

2g=hU[l.l}g'DhU[

— AT " I T u t u)
Ly=p,iv-9p,—0mgy, p,—p, v-0p +omp.p, p

e CBB*}’
20\,

(v“p]}”gl, Fus +h.c.)+...

uv

L =ivV2GEV,, VT v

Uy

yolfgtmg foompe Lo e _

... plus many more.
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Decay Topologies in the HMET @

“Direct contribution” . .
m from the B/ v interactions,

VoS5 M=) s
I Dy meeeee e dp =meeee D)= ),, 4 . - B
@ ¢ T Yy, C. Y CU[ 0, hy, Ppve
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m chirally suppressed by the lepton mass
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“Direct contribution” . .
m from the B/ v interactions,

J’BfQCD My —(B)—(B) )
Py oo B B =B ot ~0F,, T i
@ @ S v, Cc.Y CU[ ¢y hy, Ppve

m chirally suppressed by the lepton mass

m virtual corrections from y3, real corrections from Wilson lines

“Indirect contribution” .
m BB*y transition, from the power-suppressed operator

€ Cpp+y T S Us
——vp, v F
2,

uv
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Decay Topologies in the HMET @

“Direct contribution” . .
m from the B/ v interactions,

J’BfQCD My —(B)—(B) )
Py oo B B =B ot ~0F,, T i
@ @ S v, Cc.Y CU[ ¢y hy, Ppve

m chirally suppressed by the lepton mass

m virtual corrections from y3, real corrections from Wilson lines

“Indirect contribution” .
m BB*y transition, from the power-suppressed operator

€ Cppsy pH tv, Fus
2A-C v Yl, AII]Y

m subsequent B* — { v decay unsuppressed

Ve

Yus P,

1 £QCD
+J B* mp« —(B)—(B
_ VBB B Y(/,I)C(ﬁ)

AOF oWt 4L
sz* }” CU{‘ hU[[j[,PL V&
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So far, we have ignored another important low-energy scale: f; ~130MeV.
To implement the chiral SU(3)y, promote heavy-hadron field to a triplet: [Wise 1992]

1+p
H—H,= T (/P va Yﬂl',a')’S)

and couple it to the pseudoscalar meson octet, with
1 0, 1 p— -+
27-[{7 A(l :‘T” A’a ﬁ“ + 1@ 08 1 N 1 I‘
= T ——=1"+ =1 K°
V2 V2

V6

1\7 I{,O _@”8
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Chiral Perturbation Theory @

So far, we have ignored another important low-energy scale: f; ~130MeV.

To implement the chiral SU(3)y, promote heavy-hadron field to a triplet: [Wise 1992]
1+9p
H—-H,= T (/P va \;1',(/7’5)

and couple it to the pseudoscalar meson octet, with

L”7'0 L e s+
/270 )@ 748 V2 +ﬁ’/8 T K
: — ] — = /i L 7{0+Lr}8 KO
V2 V2 V6 C

K~ K° —\/gr]é;

The relevant terms can be written as:
1 . 1 - g -
-ZHH){PT =—ETI'[HZU'DH]+ZTI'[HH v- []—ZTI‘[HHy’)%]-i—

with the left-handed meson current ../ =>i DH#>..
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Using our newly acquired Lagrangian, we can compute virtual corrections
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Are pions irrelevant then? No! the HH y PT generates a new indirect contribution

()
HHyPT — zﬁfﬂ

To{ 1717 63 w070 — 8BBT ol 17 77 43 L
[ ] 2af [ Tu¥s)
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Are pions irrelevant then? No! the HH y PT generates a new indirect contribution

()
HHyPT — zﬁfﬂ

To{ 1717 63 w070 — 8BBT ol 17 77 43 ot
[ ] 2af [ Tu¥s)
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Are pions irrelevant then? No! the HH y PT generates a new indirect contribution

8BB*r

2V2fz

()
HHyPT — zﬁfﬂ

Te[ 11 v-on"— Te[ /1 H Py ,ys|otn’ -

At first glance O(a?), but the pion is extremely narrow & almost exclusively decays to y7:

2 mg
— ~7.8eV
6473 f;

L~ T(n0 - yy)~
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Are pions irrelevant then? No! the HH y PT generates a new indirect contribution

(n°)

_ 8BBn
HHyPT — zﬁfﬂ

T 7 H 3 lv-07"—
L LW 73

Tr[ /1 H Pyyrs|otn’ - sk
70
s,
e B4

At first glance O(a?), but the pion is extremely narrow & almost exclusively decays to y7:

2 3
L~ T(n0 - yy)~ M 786V
" 64m3 f2
Effectively replaces the pion propagator by:
1 2y _ -2
——0(sy—my) = O(a”)

—
(Syy - m721')2 + (mnrﬂ)z mﬂrn
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Are pions irrelevant then? No! the HH y PT generates a new indirect contribution

(n°)

_ 8BBn
HHyPT — zﬁfﬂ

T 7 H 3 lv-07"—
L LW 73

Tr[ /1 H Pyyrs|otn’ - sk
70
s,
e B4

At first glance O(a?), but the pion is extremely narrow & almost exclusively decays to y7:

2 3
L~ T(n0 - yy)~ M 786V
" 64m3 f2
Effectively replaces the pion propagator by:
1 2y _ -2
——0(sy—my) = O(a”)

—
(Syy - m721')2 + (mnrrr)z mﬂrn

— Turns out to be leading contribution once E_; > m,!
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Resummation of Real Radiation @

Real corrections to the direct contribution are given by matrix elements of the ultrasoft and
ultrasoft-collinear Wilson lines

oo
II\ [IS E

n=0

oo

Wyse(@use) = Z

n=0

=
=

dd 1
i a7 ‘ 6(eus ZE)

d''q, B o
Tl (AL [ (T ZE)
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Resummation of Real Radiation @

Real corrections to the direct contribution are given by matrix elements of the ultrasoft and
ultrasoft-collinear Wilson lines

oo

dq;
1/\ us Z Jl_[(ZTE)d 12E <7’us|Y, ‘ (C()us ZE)

o
_dv'q; &
_ 0f
Wosclsc)= f [ gz ot i of s{eue ZE)
convoluted in a radiation function
o
R(Ecutnu)z dwusf d(f‘)uscH(Ecut_(")ux_wusc)Vvus(wusuu)Wusc(wuscnu)
0 0
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Resummation of Real Radiation @

Real corrections to the direct contribution are given by matrix elements of the ultrasoft and
ultrasoft-collinear Wilson lines

oo

d?- lqz n f[” ]
Z l_[(zn)d o |l 7. 0] 8~ ZE)

o
_dv'q; &
_ 0f
Wosclsc)= f [ gz ot i of s{eue ZE)
convoluted in a radiation function
o
R(Ecutnu)z dwusf dwuscH(Ecut_c’)ux_wusc)V\/I/s(wuxuu)Wusc(wuscnu)
0 0

Convolution and renormalization best done in Laplace space, we obtain:

R(Egyp, 1) = _pimg )TN _eZieton 1+ aQ; 2_”_2 _(_#mp T W
e (2Ecut)2 my Iﬂ(1'|'27’s0ft) 2m 3 a (ZECUT)Z my '
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Hadronic Input Parameters @
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= For LCDA moments, we assume exponential models, yielding [Grozin, Neubert|[Braun et al 2017]
o 2 _ 52
w Ap—A
B _2ETH
dw@”(w, ) In— = 2 TE
0 (On) 18 wy

oo o0
1 wtow 1 A2 —22
dw dw, 3 (v, w,, —1 & _ =-£ H
L fo g D3l g‘UO)(a)g "o a)+a>g) 36 w3
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o 2 _ 52
w A=A
B E_"H
dw¢_(w,po)In—==—2"5"—7x
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Hadronic Input Parameters @

m Decay constants [, fz, fz- well determined from the lattice. [FLAG 2024, HPQCD 2015, ETMC 2017]
= For LCDA moments, we assume exponential models, yielding [Grozin, Neubert|[Braun et al 2017]
S 2 2
w A=A
B E H
f dw@”(w, ) In— = 1802 —TE
0 @o Wp
00 )
B 1 w+og 1 AL — A%
dCI) dC()g ¢3g(a),wgnu0) —1In — = 2
0 0 Wg w w+wg 36wy
With the inputs AE ) AH, Cl)o. [Nishikawa, Tanaka 2014][Khodjamirian et al 2020]
m We take 8BB+y and ggp+, from LCSR and lattice, respectively. [Pullin, Zwicky 2021][RBC/UKQCD 2016]

m The subtracted decay constant F (A, u) is a new and unknown quantity:

F(A ) = Faoplp)[ 1+ = FV (A )+ 0(c?)] S pto, o) =01
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Decay Rate - Factorization Formula @

W R

virt

[(Eew) _ (a(mz))i’o (2Ecut)2rsoﬂ .

a(mpg) mp

m2 2* mp- a 5 * g2 * E 2 m 5 *
+_I§ fBz z _(gBB*yEcut)zI(Oy B ) + BB ; ( cut) I( T ) B )
mg f B MB 67 Ecut 24m f T Ecut Ecut

rtre e
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Decay Rate - Factorization Formula @

electroweak logs ~ 1.014

f
[(Eew) _ (a(mz))% (2Ecut)2rsoﬂ .

a(mg) mpg

m% f2mg. [ a 0 g 2 e (B \2 [ M, Ope
TR [ (g o 1(0,20) 4 St (B e )
mg f B MB 67 Ecut 242 frz Ecut Ecut

W R

virt

rtre e
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Decay Rate - Factorization Formula @

radiation-veto logs
0.94-0.96 for E.,; €[25,200] MeV

electroweak logs ~ 1.014 ‘

f
[(Eew) _ (a(mz))% (ZEcut)zrsnﬂ _

a(mg) mpg

m% f2mg. [ a 0 g 2 e (B \2 [ M, Ope
TR [ (g o 1(0,20) 4 St (B e )
m, 1 B Mp 67 Ecut 24m2 \ f; Ecue Ecut

W R

virt

rtre e
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Decay Rate - Factorization Formula @

radiation-veto logs
0.94-0.96 for E, € [25,200]MeV

direct real radiation~1—1.69-1073

+

W R

virt

electroweak logs ~ 1.014

f
[(Eew) _ (a(mz))% (ZEcut)zrsnﬂ _

a(mg) mpg

m% f2mg. [ a 0 g 2 e (B \2 [ M, Ope
TR [ (g o 1(0,20) 4 St (B e )
mg f B MB 67 Ecut 242 frz Ecut Ecut

rtre e
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Decay Rate - Factorization Formula @

radiation-veto logs
0.94-0.96 for E, € [25,200]MeV

electroweak logs ~ 1.014 direct real radiation~1—1.69-1073

+ o ) + structure-dependent virtual corrections
T(Eeud) _ (a(mz))” (ZEcut) T g~ 1+(6.9+48/u+ 1.6, +1.1,) 107

I‘tree a( mpg ) mpg virt
m% f2mg. [ a 0 g 2 e (B \2 [ M, Ope
+ _I; fBz == (gBB*y Ecut)zI(Oy B ) + 855 g ( cut) I( T ) B )
mg f B MB 67 Ecut 24m f T Ecut Ecut
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Decay Rate - Factorization Formula @

radiation-veto logs
0.94-0.96 for E.,, €[25,200] MeV

electroweak logs ~ 1.014 direct real radiation ~1—1.69-1073

+ o ) + structure-dependent virtual corrections
[(Ee) _(@mz)\® (2B YT, 22 = 1+(6.9+4.8/0 % 1.6, +1.1,) 107
- a(mpg) mg virt

m2 fimp [ a 0 2 e (Eet\2 (M, Op.
o e o 2 - SR
my fymp |67 Ecut 24m2 \ fr Ecut Ecut

B indirect B
z i contributions 7
1 gLLlﬂ,

v v

rtre e
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Decay Rate vs Radiation Veto @

1.06 - —_— F/Ftree ]
1.04 ' I Fdir/Ftree '
[ — (Fdir + FB*V)/Ftree

£ 102} .
l'_df == (Fdir + PB*Fy + ]-_‘Blfy)/rtree
100 : ]
0.98 direct contribution only
0.96 |
20 40 60 80 100 120 140 160
Ecut [MeV]
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Q 1
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Decay Rate vs Radiation Veto @

1.06 [ — T /Thee

1.04 ' - Fdir/Ftree _
[ — (Fdir + FB*V)/Ftree

pion contribution dominates
quickly for E > m;

. :
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Decay Rate vs Radiation Veto @

1.06 [ — T /Thee

1.04 ' - Fdir/Ftree _
[ — (Fdir + FB*V)/Ftree :

pion contribution dominates
quickly for E > m;

. :
l'jé B (Cair + Ty + I'iyy) /Tiree _ BB*y contribution rises with E_;
E 1.00 | ' ! B, estimated to be small
0.98 | direct contribution only
0.96 .
20 T 4I0 T 6I0 T 8I0 - Il(I)OI I I12I0I I Ilﬁll()l I I160
Eew [MeV]

Implementation of radiation veto makes a crucial difference!
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m We have analyzed the exclusive leptonic decay B — ¢ v, which is an important channel
for tests of physics in SM and beyond.
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m We have analyzed the exclusive leptonic decay B — ¢ v, which is an important channel
for tests of physics in SM and beyond.

m QCD uncertainties < 1% at LO QED, but QED corrections are sizeable due to large
logarithms of lepton mass and photon cuts.

m Beyond leading order in QED, radiative corrections probe the inner structure of the B
meson.

m Energetic “hard-collinear” radiation exchange between the lepton and light spectator
quark described via non-local currents in SCET.

m Subtraction of endpoint-divergences and rearrangement of the factorization theorem
introduces “generalized decay constant” F (A, u).

= At low energies 1 < Agcp structure-dependent corrections exist in the form of excited
virtual B mesons.

m These corrections get more important the more energetic the photon is allowed to be.

Thanks for listening!
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