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Motivation

2 2\ 2
Why B — v ? B(B — lv) = TBG%‘f%u’Vumegme ( - m_2£>
T

» direct determination of |V, |,
» chirality suppressed — powerful probe of (pseudo)scalar NP.
» testing Lepton Flavor Universality in charged currents
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Motivation

m m2 m2 :
Why B — v ? B(B — tv) = 16GH 5. |Vis]? ]g ‘ ( - —2£>
70 mB
» direct determination of |V, |,
» chirality suppressed — powerful probe of (pseudo)scalar NP.
» testing Lepton Flavor Universality in charged currents
Why QED corrections?
Belle Il will measure the 7, 4 channels with 5 — 7 % uncertainty. [Belle Il Physics Book]
| | b {

Pure hadronic effects are simple:  (0|gy*ysb| B (p)|) = ifp D" \\ W
fB, is known with O(1%) precision:  fp, = 189.4 £ 1.4 MeV

[FNAL/MILC 1712.09262 ] " v

With strong cuts on additional radiation, QED corrections are in the same ballpark
—> precise estimate needed!
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QED corrections to exclusive B decays

QED effects are well under control for u > my, as well as for u < Agep:

» above my, QED can be included in the weak effective Lagrangian +
renormalization group

» 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 u > my, as well as for u < Agep:

» above my, QED can be included in the weak effective Lagrangian +
renormalization group

» 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 Agcp < u < my,: very active research topic.
QED factorization theorems available only for a few processes:

- B, — put 1~ [Beneke, Bobeth, Szafron, 1708.09152,1908.07011]

- B —> 7K, B - Drx [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.
These cannot be dealt with using standard renormalization techniques and require
appropriate subtractions.

Relevant for us: because of the chiral suppression, B — ur is a genuine next-to-
leading power process.
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Scales

In the presence of QED corrections, B — uv is sensitive to many scales:

©Matthias Konig

" KKK

description of meson by |bg) + ... [Beneke et al (2019), JHEP10 232]
my, ~ Nqcp o .
description of meson by point-like scalar
m,ANocp
E ~—22
Mg £
B == ;% i@( ——
E ﬂ Y
Smb [Dai et al (2022), Phys.Rev.D 105 3]
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Plan

We want to disentangle all these scales and the associated logarithms.
In practice, this means:

» |dentify the appropriate EFT description for all relevant scales

» Derive a factorization theorem to break the multi scale process into a
product of single-scale objects

» Use the renormalization group to evaluate each objects at its natural scale
and evolve them to a common scale to resum logarithms
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Plan

We want to disentangle all these scales and the associated logarithms.
In practice, this means:

» |dentify the appropriate EFT description for all relevant scales

» Derive a factorization theorem to break the multi scale process into a
product of single-scale objects

» Use the renormalization group to evaluate each objects at its natural scale
and evolve them to a common scale to resum logarithms

In this talk:

- general description of EFT construction
- focus on factorization of the amplitude above E; (virtual corrections only)
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Kinematics and power counting

n
¢
To get the scaling of physical momenta, b /

v/’l’ ——

analyze the kinematics of the non-radiative process. \

7
pp=mpv,  vi=(1000) “collinear” "

m m m
ph="2 (144200, +1-22) » =2(1,0,0, + 1) = =n

m m m
ﬂ=—B<1—z200 —1+/12>z—3100 1) = B
pl/ 2 u>=2 72 U A 2(7 s Vo ) 2”
. :mﬂ 1 “anticollinear”
- * <«
H mb
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Kinematics and power counting

To get the scaling of physical momenta,
analyze the kinematics of the non-radiative process.

Py =g 7= (LT “collinear”

m m m
ph="2 (144200, +1-22) » =2(1,0,0, + 1) = =n

m m m
ﬂ=—B<1—z200 —1+/12>z—3100 _ 1) = 2B
pl/ 2 u>=2 72 U A 2 ( s Vo Uy ) 2 n
. :mﬂ 1 “anticollinear”
- M«
H mb
nH nt

“lightcone coordinates™  p = (n-p)—+ (@ p)—+p| = ((n
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Kinematics and power counting

To get the scaling of physical momenta, y
/U —— @

analyze the kinematics of the non-radiative process.

Py = mpv*, v =(1,0,0,0) “collinear”
ﬂ=—B<1+,1200 +1—z2) —(100 F = wmy (1, 2, 4)
Py p>2 [ o) b > TH
_ mB 2 2 ~ —_ m ~ 2
pl == (1-42.0.0 —1+zﬂ)x7<1 0.0, = )= =27 ~my (27 1, 2,)
En% “anticollinear”
/1M=—<<1
my,
n* n#
“lightcone coordinates”™.  p* = (n -p); + (7 -p); +pl=((n-p), @ p).py)
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Kinematics and power counting

o
To get the scaling of physical momenta, b /
analyze the kinematics of the non-radiative process. v - °
N N
pg — mBV” o V’u —_ (1,0,0,0) “CO”Iﬂear” n
pM=_3<1+1200 _|_1_/12) _(100 _|_1) m_nﬂNm( 1 12 /1 )
M oo u ) b > Ay
_ B 2 2\ ~ _ R 2
pﬁ—7<1—/1ﬂ,0,0,—1+/1ﬂ>;\/7(1OO — =2~y (AL )
En% “anticollinear”
L =— <1

H mb
M n/’t

“lightcone coordinates”™.  p* = (n -p)% + (7 -p)7 +pl=((n-p), @ p).py)

Initial state quarks are bound in the meson, with residual momenta of O(Aqep):

AQCD
pb mbv + kb 0 pq — k kb’ kq ~ mb(/l, A, /1) A= m,
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Region analysis of virtual corrections

Compute one loop graphs in the Fermi theory,
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Region analysis of virtual corrections

Compute one loop graphs in the Fermi theory,

b { b Y 2 b /4
4G _
[ T X ! P Lrori = TF@VMPLb)(fVﬂPLV)
2
q v 9 Vv 9 Vv
Find momentum regions responsible for singularities: R
hard l;l’NmB(l,l,l) + Mg
hard-collinear [ ~mg(4,1 ,ﬂ ) T/ MsNqep ~ /Mg,
. 2
collinear e ~mp (47, 1,4) 1 A
M, ~ AQcp
' ~mp(A,A,4)
U 3 2 -+ mﬂAQCD
soft-collinear lie ~mg(A7,4,47) "y
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1 ~ my: from the Fermi Theory to HQET ® SCET 1

Below the hard scale, radiation is too soft to affect the b momentum.
The appropriate description is HQET:

b(x) — e_imb"'xhv(x)
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1 ~ my: from the Fermi Theory to HQET ® SCET 1

Below the hard scale, radiation is too soft to affect the b momentum.
The appropriate description is HQET:

b(x) — e_imb"'xhv(x)

Light fields can have large momenta, but small invariant mass.
Relevant momentum modes as in the last slide: hard-collinear, collinear, soft
The right EFT is Soft Collinear Effective Theory (of type 1): “SCET 1”
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1 ~ my: from the Fermi Theory to HQET ® SCET 1

Below the hard scale, radiation is too soft to affect the b momentum.
The appropriate description is HQET:

b(x) — e_imb"'xhv(x)

Light fields can have large momenta, but small invariant mass.
Relevant momentum modes as in the last slide: hard-collinear, collinear, soft
The right EFT is Soft Collinear Effective Theory (of type 1): “SCET 1”

In practice: split each field in modes, integrate out the hard ones:
=R+, +C.+7,

Different modes are different fields, with distinct momentum scaling!
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u ~ my: from Fermi to HQET ® SCET 1

Loops with virtuality p; ~ ©(m?) match onto four-fermion operators in SCET 1
INvolving a (“A-type” or direct contributions)

Only one contributes at tree level:

H 1 Yo~ O(4)
) JLL —(£) &)
OA = my > (qs yﬂPLhV> < - . <5PL)(C > q., hv ~ @(13/2)

The hard matching generates more operators, e.g. (qsnyth> <;z§f y'Py ;(g/)),
but these have no projection on the B.
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but these have no projection on the B.
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u ~ my: from Fermi to HQET ® SCET 1

To reproduce the hard-collinear region of the partonic one-loop graphs we need
operators with a hard-collinear spectator (indirect or “B type”)

\%

| v
(91(37,/12) _ (ngqc) — gleLsgvﬁPth) (ngc)'UuPLx( )) |

m -

1 v
oG = (xé‘??P h ) (XEQ —;a iD 1 Prx )) ,

(AL’

1

mn -

These operators are power-enhanced with respect to the A ones, but the matrix
elements need one insertion of the power-suppressed soft-collinear interactions
— they contribute at the same order.
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pu ~ +/my, A: from SCET 1 to SCET 2

Below u ~ /my/A we integrate out hard-collinear modes and lower the virtuality.
Now collinear and soft modes live at the same scale:

Pe~ (LALN), ps~(WADY),  pEPapi~aO (A2) “SCET 2”
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pu ~ +/my, A: from SCET 1 to SCET 2

Below u ~ /my/A we integrate out hard-collinear modes and lower the virtuality.
Now collinear and soft modes live at the same scale:

Pe~ (LALN), ps~(WADY),  pEPapi~aO (A2) “SCET 2”

When integrating out hard-collinear modes, the intermediate propagators introduce
non-local operators:

Whe — Yo T Yoy T+ l//c-z//f+...

C S C
Q—F——I— —»ié —‘,—#S—i—

he he  he

1 1 1
M -
n-9% (n-@ALS) (n-@qs)'

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

Inverse derivative operators can probe the meson structure:

0 Lan)- )~ &~

and possibly overcome the chiral suppression!
Happens for B, = uu, but not for B — uv . Why?
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(Not) overcoming the chiral suppression

Inverse derivative operators can probe the meson structure:

<0' (n%%) By B> ~ i ~ O (Agép)

and possibly overcome the chiral suppression!
Happens for B, = uu, but not for B — uv . Why?

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

(%t ) (ot [255]0) = 20— (s5pin) (apw) +010
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(Not) overcoming the chiral suppression

Inverse derivative operators can probe the meson structure:

<0' (ﬁqs) By B> ~ i ~ O (Agép)

and possibly overcome the chiral suppression!
Happens for B, = uu, but not for B — uv . Why?

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

(%t ) (ot [255]0) = 20— (s5pin) (apw) +010

These could still give a finite contribution to observables,
but here they cancel exactly between matrix elements and matching coefficients.
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(Not) overcoming the chiral suppression

Inverse derivative operators can probe the meson structure:

<0' (ﬁqs) By B> ~ i ~ O (Agép)

and possibly overcome the chiral suppression!
Happens for B, = uu, but not for B — uv . Why?

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

(%t ) (ot [255]0) = 20— (s5pin) (apw) +010

These could still give a finite contribution to observables,
but here they cancel exactly between matrix elements and matching coefficients.

structure-dependent contributions to B — uv carry the same suppression as
the tree level result!
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Factorization formula for virtual corrections

.. convolution

“
“
.
154

virtual __
Ayl = Y H S K+ ) H® @5 @K,
j i
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Factorization formula for virtual corrections

. convolution

“
“
*
154

Ay =N HSK+Y H®J®S ®K,,
j ]

» hard function: matching corrections at u ~ my
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Factorization formula for virtual corrections

. convolution

“
“
.
154

virtual __
Ay = LH S K D H® @S @K,
j [

» hard function: matching corrections at u ~ my

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

. convolution
e
A =N HS K+ H®J,QS®K,.
J i
» hard function: matching corrections at u ~ my
» hard-collinear function: matching corrections at u ~ (m,Agcp) '’

» collinear function: leptonic matrix elements, y ~ m,
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Factorization formula for virtual corrections

. convolution

“
“
*
154

virtual __
Ayt = Y H S K+ Y H®J,Q5 8K,
j ]

» hard function: matching corrections at u ~ my

» hard-collinear function: matching corrections at u ~ (m,Agcp) '’

» collinear function: leptonic matrix elements, y ~ m,

3 function: HQET B meson matrix elements
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Factorization formula for virtual corrections

. convolution
e
o
dynil= Y HS Kt ) H®JL®S K,
Je o i
SCET | operators with soft
spectator (A-type)

» hard function: matching corrections at u ~ my

» hard-collinear function: matching corrections at u ~ (m,Agcp) '’

» collinear function: leptonic matrix elements, y ~ m,

3 function: HQET B meson matrix elements

February 2023 || KEK workshop 15 Claudia Cornella



Factorization formula for virtual corrections

. convolution
e
oual
Ayt = Y H S K+ Y H®J,Q5 8K,
S, S S —
SCET | operators with soft SCET | operators with hc
spectator (A-type) spectator (B-type)

» hard function: matching corrections at u ~ my

» hard-collinear function: matching corrections at u ~ (m,Agcp) '’

» collinear function: leptonic matrix elements, y ~ m,

3 function: HQET B meson matrix elements
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Factorization formula for virtual corrections

Neglecting O(aa,) corrections, two main contributions:
b

4GF Ty

Avirtual _ KEW(M)VUZ? ﬁb KA(mg) ﬂ(pﬁ)PLU(pl/)

B—ftiv — \/§

[HA(mb)SA + / i /0 de He(my, 2) T (myw. 2)S5 ()|

dt .
Op(w) = 'MJz—ﬂe“‘)tﬁs(m)[tn,O]y”Pth(O) S‘];(O) w=n-p,

February 2023 || KEK workshop 16 Claudia Cornella



Factorization formula for virtual corrections

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

1%

b

: m _
Ay = =5 Kew (1) Vas 1 Ka(me) u(pe) PLo(py)

1
[HA(mb)SA+/dw/ dx Hg(my, x) Jg(myw, x)Sp(w) [u ¢
0

(collinear) momentum fraction
carried by the virtual hc spectator

with O, =n,uy*Ph, S‘L

dt .
Op(w) = ﬁﬂJZ—Eew)tﬁs(m)[tn,O]y”Pth(O) S‘];(O) w=n-p,
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Factorization formula for virtual corrections

Neglecting O(aa,) corrections, two main contributions:
b

1%

: m _
Ay = =5 Kew (1) Vas 1 Ka(me) u(pe) PLo(py)

[HA(mb)SA + / i /0 do He(my, @) T (myw, 2S5 ()|

~ x € ~ x 1€ (collinear) momentum fraction
carried by the virtual hc spectator

/

Op(w) = nﬂj ;’;ew)tu (tn)[tn,0]y* P h (0) ST (O) w=n-p,
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Factorization formula for virtual corrections

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

b 1
| e m .
AR = =~ Kew(0)Vay = Ka(me) a(pe) PLo(py)

V2

1
[HA(mb)SA+/dw/ dr Hp(mpy,x) Jg(mpw, x)Sp(w) |u ¢
0

~ x € ~ x 1€ (collinear) momentum fraction
carried by the virtual hc spectator

with O, =n,uy*Ph, S‘L

dt .
Op(w) = ﬁﬂJz—ﬂe’wtﬁs(m)[tn,O]y’“‘Pth(O) SQ;(O) w=n-p,

— H, ® Jy has an endpoint divergence in x = 0!
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Factorization formula for virtual corrections

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

1%

b

: m _
Ay = =5 Kew (1) Vas 1 Ka(me) u(pe) PLo(py)

1
[HA(mb)SA+/dw/ dr Hp(mpy,x) Jg(mpw, x)Sp(w) |u ¢
0

~ x € ~ x 1€ (collinear) momentum fraction
carried by the virtual hc spectator

dt .
Op(w) = 'MJz—ﬂe"’”ﬁs(m)[tn,O]y’“‘Pth(O) SQ;(O) w=n-p,

— H, ® Jy has an endpoint divergence in x = 0!

» endpoint divergences — poles that cannot be removed with standard RG techniques.

» standard problem of factorization beyond leading power, systematically treatable with

refactorization-based subtraction (RBS) scheme  [Liu, Neubert 1912.08818,
Liu, Mecaj, Neubert, Wang 2009.04456]
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Factorization formula for virtual corrections

In practice:
. 4G m
virtual F V4 _
] R Vi — P 5
AR 7 Kew (1) Vup , K a(mye) w(pe) Pro(py)

[HA(mb)SA—i—/dwfold:v Hp(my,z) Jg(myw, x)Sp(w)
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Factorization formula for virtual corrections

In practice:
- 4GF My _
Ayirtual - 222 g Vb — Ka(my) u(pe) Prv(p,
B = =5 Kow () Vi o Ka(me) i(po) Pro(py)

1
[HA(mb)SA—i—/dw/ dx Hg(myp, ) Jg(mpyw, x)Sp(w)
0
1
J dx [HB(mb, x)Jg(myw, x) — 9(_/1 — x)[[Hg(my,, x)]1[[/z(m,o, x)]]]
0 ;

0<i<14" [[f]] = singular part of ffor x — 0

» remove the divergence from Hy ® Jz with a plus
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Factorization formula for virtual corrections

In practice:
- 4GF My _
Aprtual — T K Vo, — K a(my) (pe) Pro(p,
B = = Kew (1)Vaa 1 K a(me) (o) Pro(p)
1
[HA(mb)SAJr/dw/ dx Hg(myp, ) Jg(mpyw, x)Sp(w)
0
o
H,(m,)S"

1
J dx [Hymy, ) my, x) = 00, = D[ Hymp, N[ plrm,, 1]
0 :

0<i<14" [[f]] = singular part of ffor x — 0

» remove the divergence from Hy ® Jz with a plus

» add it back, combining it with the other term in the factorization formula
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Factorization formula for virtual corrections

In practice:
- 4GF My _
Aprtual — T K Vo, — K a(my) (pe) Pro(p,
B = = Kew (1)Vaa 1 K a(me) (o) Pro(p)
1
[HA(mb)SAJr/dw/ dx Hg(myp, ) Jg(mpyw, x)Sp(w)
0
o
H,(m,)S"

1
J dx [Hymy, ) my, x) = 00, = D[ Hymp, N[ plrm,, 1]
0 :

0<i<14" [[f]] = singular part of ffor x — 0

» remove the divergence from Hy ® Jz with a plus
» add it back, combining it with the other term in the factorization formula
» define renormalized decay constant:

I\/Mg

2

P =(0]0W|B~(v) = - Fu, Amy, v - vy)
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Factorization formula for virtual corrections
O(a) result (for A = 1):

. , m _
AR = iV2G p Kgw (1) Vas ﬁi Vg F(p,m,v - ve) - @(pe) Pro(py) Y Mi(p, A v - ve)
j

M (1) - Qs 3111”2 2| +Qu(Q Q)/wd¢()2l ”2+7T2+3
—part. — - — = —5 — woQ_\W n
2—part. ([ A b ng e\ e bo — 3
1 112 112 112 52
——In°— +2ln — — 31 — —1 2 K. :
+QbQ£[ 5 I m§+ nm% 3 Ilm% 15 + Q7 Kc(p, mg,v - vp)
P
| Cras() [—éln—’ug_Qla
41 my

Ms_part. (1) = —%Qe(Qe — Qb)/o dw/O dwg ¢34(w,wy) [ "y (1 + %) R ] :

Wg w+wg
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Factorization formula for virtual corrections
O(a) result (for A = 1):

. , m _
AR = iV2G p Kgw (1) Vas ﬁi Vg F(p,m,v - ve) - @(pe) Pro(py) Y Mi(p, A v - ve)
j

M (1) 1+a Q3 31 i 2| + Qu(Q Q)/Ood¢()21 e +7T2+3
—part. — 1 9 2 B wo—w =
2—part. (1 o) e Qng e\l bo mpw 3
1. o p? s p> 57’ 2
‘|‘QbQ€ [_ilﬂ m—§‘|‘21ﬂm—g—glnm%_ 12 —1 —|—Q£K€(/j,mg,v"l}£>
2
+Cpozs(u) —éln”—2—2 |
4 2 my

Ms_part. (1) = —%Qe(Qe — Qb)/o dw/O dwg ¢34(w,wy) L}igln (1 + %) R ] :

w+wg

» 2- and 3-particle B meson LCDAs encode structure dependence of QED corrections
stemming from hard-collinear virtual photons
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Factorization formula for virtual corrections
O(a) result (for A = 1):

. , m _
AR = iV2G p Kgw (1) Vas ﬁi Vg F(p,m,v - ve) - @(pe) Pro(py) Y Mi(p, A v - ve)
j

M (1) 1+a Q3 31 i 2| + Qu(Q Q)/Ood¢()21 e +7T2+3
—part. — 1 9 2 B wo—w =
2—part. (1 o) e Qng e\l bo mpw 3
1. o p? s p> 57’ 2
‘|‘QbQ€ [_ilﬂ m—§‘|‘21ﬂm—g—glnm%_ 12 —1 —|—Q£K€(/j,mg,v"l}£>
2
+Cpozs(u) —éln”—2—2 |
4 2 my

Ms_part. (1) = —%Qe(Qe — Qb)/o dw/O dwg ¢34(w,wy) L}igln (1 + %) R ] :

w+wg

» 2- and 3-particle B meson LCDAs encode structure dependence of QED corrections
stemming from hard-collinear virtual photons

» Process-dependent decay constant
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Factorization formula for virtual corrections
O(a) result (for A = 1):

. , m _
AR = iV2G p Kgw (1) Vas ﬁi Vg F(p,my, v - ve) - w(pe) PLo(py) ) M;(p, A v - ve)

J

M (1) = 1+ 02| 3m 2| +Qu(Q Q)/Ood¢()21 L
—part. L Y 2 - =
2—part. (14 b |75 nmg Nl ™ b “ v mpw 3
1 2 2 5 2
+QbQ€ [—— HZM——FQIH——SIH — n —1]+Q%K€(/L,mg,v‘@£>}
2 mb mb me 12
2
4 mb

» 2- and 3-particle B meson LCDAs encode structure dependence of QED corrections
stemming from hard-collinear virtual photons

» Process-dependent decay constant
— QED corrections suffer from *relevant* hadronic uncertainties! (*to be quantified)
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p ~ Nocp ~ m, - quarks become hadrons, the muon gets heavy

Below u ~ Agcp quarks hadronize can move to an effective description with a Yukawa
theory, with the meson playing the role of a heavy scalar.
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p ~ Nocp ~ m, - quarks become hadrons, the muon gets heavy

Below u ~ Agcp quarks hadronize can move to an effective description with a Yukawa
theory, with the meson playing the role of a heavy scalar.

L, =ye MmBDpp ()_((E)PLXQ/)) + h.c.

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

(v | LscETI0HQET | B) (lv | LsceETI0HSET | B)

PP - < KX K
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p ~ Nocp ~ m, - quarks become hadrons, the muon gets heavy

Below u ~ Agcp quarks hadronize can move to an effective description with a Yukawa
theory, with the meson playing the role of a heavy scalar.

L, =ye MmBDpp ()_((E)PLXQ/)) + h.c.

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

(v | LscETI0HQET | B) (lv | LsceETI0HSET | B)

PP - < KX K

Since Agep ~ my,, We can integrate out the muon in the same matching step.
Below m,, the muon looks infinitely heavy to the remaining radiation, and we can
descrlbe it with a HQET-like field.
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Region analysis of the real corrections

To understand the d.o.f. of the low-E theory, do a region analysis of the real corrections.
Which photons can survive the cut?

» need at least one ~ E, component to probe the cut
» either all components are of this order, or other components are smaller

» the largest component (if existing) should point in the collinear direction
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Region analysis of the real corrections

To understand the d.o.f. of the low-E theory, do a region analysis of the real corrections.
Which photons can survive the cut?

» need at least one ~ E, component to probe the cut T "B
» either all components are of this order, or other components are smaller 1
P & \/mBAQCD
» the largest component (if existing) should point in the collinear direction
1 m’u
Two options:  p,, ~ mg(A*,4*,4%)  pi~2* T E
4 12 93 2 16 . my, kg
DPye ~ Mp(A7, 47, A7) pa.~ A (ultra) soft-collinear —+
ny,

February 2023 || KEK workshop 20 Claudia Cornella



Region analysis of the real corrections

To understand the d.o.f. of the low-E theory, do a region analysis of the real corrections.

Which photons can survive the cut?

» need at least one ~ E, component to probe the cut ]
» either all components are of this order, or other components are smaller |

» the largest component (if existing) should point in the collinear direction

Two options:  p,, ~ my(A*,A*,4%)  pi ~A*

Dye ~ m(A*, 4%, 27) pZ ~ A° (ultra) soft-collinear -

What is this soft-collinear mode?
In lepton rest frame:  p,. ~ m, (A%,1%,2%)

"""" > It is just an ultrasoft photon to the muon, just as the other mode is to the B!

------- > muon needs to be described by a “boosted HQET” construction, “oHLET”
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Understanding the low-energy theory

— our low energy theory is a

heavy scalar effective theory @ ® boosted heavy lepton effective theory

Pp(z) = ¢ " Dop U(z) = =M Dy, ()

Interactions of the B and muon with ultrasoft and soft-collinear photons can
be moved into Wilson lines

g 0
Yv(s)(a:) = P exp < z'e/ dsv - As(x + sv)}

( 0
Y59 () = Pexp <Li6/ dsv - Asc(x + sv)}

and decoupled from them via field redefinitions.
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Understanding the low-energy theory

Real corrections are matrix elements of these Wilson lines:

Ws(ws, ) = Zoo: / } [CRACHIN D A |0>‘2 ( —q(())),

| ng=0 1
Wee(wse, 1) = Z / }\<nscvsc<qj>|YéSC”YéiC> 0)| &

—:

I
[l

s

07=1
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Understanding the low-energy theory

Real corrections are matrix elements of these Wilson lines:

Ws(ws, p) =

Wsc (wsc, /i) —

ZOO: ﬁ/dﬂi(%)

| ns=0i=1

S S 2 S
7 (@) YOYLO 05 (w = o)

2
%) (UJ.SC — Q(()SC))

> 11 / dnj<qj>} \<nscvsc<qj>|Yé“”ns“) 0)

| nse=07=1

The convolution with a measurement function containing the experimental cut yields
the radiative function of the process:

00 00 E,
S(Esa ,U) — /O dws/o dwsc 0 (7 — Ws — wsc) W (w37 M)Wsc(wsm ,LL)

Integration and renormalisation of the bare functions can be carried out in Laplace
space and allow to resum soft and soft-collinear logarithms.
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Understanding the low-energy theory

Real corrections are matrix elements of these Wilson lines:

Ws(ws, u) = Z ﬂ/dﬂi(qi)

| ns=0i=1

S S 2 S
7 (@) YOYLO 05 (w = o)

2
%) (UJ.SC — Q(()SC))

Wie(wse:) = | 3 ]] / de(qj)} [(acvec(a) | VY [0)

| nse=07=1

The convolution with a measurement function containing the experimental cut yields
the radiative function of the process:

00 00 E,
S(Esa ,U) — /O dws/o dwsc 0 (7 — Ws — wsc) W (w37 M)Wsc(wsm ,LL)

Integration and renormalisation of the bare functions can be carried out in Laplace
space and allow to resum soft and soft-collinear logarithms.

Full factorization formula: = |A" N2 @ W (1) @ Wse(1t)
L — _J L o J
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.
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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 an important source of uncertainty in the prediction.
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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 an important source of uncertainty in the prediction.

» Still some work to do to get to a number: inclusion of O(aa,) corrections,
resummation, proper estimate of hadronic uncertainties...
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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 an important source of uncertainty in the prediction.

» Still some work to do to get to a number: inclusion of O(aa,) corrections,
resummation, proper estimate of hadronic uncertainties...

» 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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