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Three reasons to study B — v0v, Y00~ Ll 0" e, > Agen)

o Radiative electroweak FCNC decay B — ~v¢T £~ less hadronic than K (gt
unfortunately not true

e For a measurement of A\p and the leading-twist B-meson LCDA.
Appear in almost all exclusive B decays in LP in the heavy-quark expansion (spectator
scattering)

PP (o) = 5 [ dre™ 01(@ 1) (- 2541 ) (OB,

1 /oodw
= — ®pq(w, ),
) Jo w T

e Factorization theory beyond LP
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e Factorization theory beyond LP

e For their own < this workshop
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Basic physics

1 = [ a0 @ (1 B O} 8 )

Kk 14 o 4 v
g e 7
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tq—l ll’b—q ,Eﬁ,/
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WW<[7/ w <T;[ %

(a) (b) (c)

(a) Short-distance x ~ 1/my, heavy quark-W* vertex
Light-cone expansion of jem (x)jweak (0), x> ~ 1/(mpA) < 1/A>
Even when q2 =0,aslongasnyq ~ my (or > A) [nyq=2E, for > = 0].

(b), (c) Always, short-distance, fp
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Basic physics

T =[x O ()@ (1 = 2)B) 0} B

ot s :
b W= T b v b q+pe ‘
[q -1 ll’b —q ,gt, =~
- N - Vi L k ‘ w-
i —e—r ’ i ——2 i
Ww< - e < , u -
4 (4 Ve
(a) (b) (c)
(a) Short-distance x ~ 1/my, heavy quark-W* vertex
Light-cone expansion of jem (x)jweak (0), x> ~ 1/(mpA) < 1/A>
Even when q2 =0,aslongasnyq ~ my (or > A) [n4q = 2E, for 4 =0l
(b), (c) Always, short-distance, fp
Euclidean 0 resonances m1,A (hC) m;‘i (h)
= q2 axis
ntq ~ mp
v v 77 v v
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Basic physics
radiative-semileptonic

(vév)

four-lepton (£ ¢("))

radiative-electroweak
FCNC (~£0)

double-radiative (y7)

LP Vv

e main issue are soft power corrections

time-like photon virtuality — resonances

e longitudinal form factor

local and global parton-hadron duality
violation

when real photon from FCNC weak current,
time-like virtual photon — resonances ....

[as above]

four-quark operators, charmonium resonances
CP asymmetries (very small for By)

as above, without resonances
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B~ — L)

2102.10060, with P. Boer, P. Rigatos and K.K.Vos

Other work employing factorization methods:

Bharucha, Kindra, Mahajan 2102.03193; Wang, Wang, Wei 2111.11811

Resonance / hadronic models and dispersion relations:

Danilina, Nikitin, 2017 + 2309.11164; Danilina, Nikitin, Toms, 1911.03670; Ivanov, Melik-
hov, 2107.07247, 2204.2792; Kiirten, Zanke, Kubis, van Dyk, 2210.09832
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Form factor decomposition b

6—4 [Ward identity] ——> 3 [massless lepton limit]

_ (g“UV g — V/l,ql/) }ATAL + I»Ep,uoﬁ an;dFV o }ATAH V“q” 4 (q/l,’ kl/) terms

Include final-state emission in Fy | , F, Ay Redefine F, A to correspond to longitudinally polarized

virtual photon and vanishes as O(q?) as ¢* — 0

For non-identical lepton flavours

d*Br (B_ — LDy Z’E/) . TBG%-|Vub 2Olgm ﬂ 1 4m§, m%
dqz di? 2832ﬂ3m15!§ qz qz

2 A2
X (8k2 <m§ +¢ - k2) |Fa, |” + 82X |Fy > + 7z |Fa, \2)

Keep lepton mass in phase-space.
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Factorization

removye h remove he
— —

QCD SCET; SCETn

Accuracy: O(ay) at LP, O(a?) at NLP A /nyg
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Factorization
QCD rcmi\;c h SCET[ rcmi;) he SCETU
Accuracy: O(ay) at LP, O(a?) at NLP A /nyg

Leading power (rigorous, all orders)

T (p,q) = 25 / e e OIT {1 ser, (), [aney PLhu)(0) } 1B7)

Only F1 = (Fy + Fa, )/2 # 0 at LP due to helicity conservation for nyq > A.
F = F =0.

2
FIEP _ Cg,A(J)(/I/) QuFp(p)mp / J(n+q,q°, w; 1)

oo B )
dw ¢ (w; p) x
n+q 0 w

_ 2
— [n_q=q"/nyql
—_——

B-LCDA
Generates rescattering phase
2 .
Chonllgpifx ]gA—dependent inverse moment of | /w . 8 (w)
- . — = w —— -
the ¢ : )\;(n_q) 0 w—n_q—iot

M. Beneke (TU Miinchen), B — ~£v, 'yé+£7 s ZD@E(/)Z(/> Marseille, February 29, 2024

7/16



Beyond leading power (murky, follows 2008.12494, B — ~£2 )

AP _ 2 I Quf

= & ,v-q ,
DL

2v-q
setto —rpp X FIL'P

PN Fg mpQy . n_q _ FpmpQp  Qufp
8 nyq niq Af (n_q) ¢ —2mpyv-q  2-q

ﬁNLP _ 4FgmpQy n_q 1 1 2FpQOu 1 n_q
A= Tola - t oo
I nyq  npg \ Mg (n—q) Ay (n—q) niq Mg (n_q)

2FpmyQp Qe
P ——— +e'@ v,
20 - gmy, — ¢? 2v-q \_\,_/
setto 0

Resonances in the ¢*> ~ AZ region are technically (A /nq)* and can be added without double

counting. They dominate any qz-bin which contains them due to global parton-hadron duality
violation.

F
L(R .
®) 0 mifqutmyl"y 2

m 1 2m, mg + m
res fvmy 7( BBV 2y g VAIi’?HV(kZ))
mp + my v-q

ijﬁ -0 [should be improved]
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Di-lepton invariant mass spectrum

—_ 8k2 (m‘zg + qz _ kz)z ‘FAJZ

o100F | oo $k? (m + ¢ — k)P |Fa 2 No res Left: Contribution to the g~ distributi-
& 2 on from separate FFs, ny g = 4 GeV.
% — Xjraf Nores
O o010} ¢ -
9 n.q=4GeV
S

0.001} SIA Ry 2

----- 8k2A |Fy|* , No res
10 . . . .
0 1 2 3 4 5 6
¢*[GeV?]

e Longitudinal polarization dominates
except at very small q2

(Fq, ) ~
a*Br Al PBFL) R 072
- 2 0

—_— —
dq? di? dg? dk? 1 4m

o w2 from rescattering phase!
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1079[GeVE)

Di-lepton invariant mass spectrum

Tgr T T T T T
—— 8k (my+ ¢ — ¥)|Fa, P
0.100F | _____ 8k? (m%+q2—k2)2\FAl\2 , No res
A2
— 2Iraf? Nores
0.010F s
nyq=4GeV
0.001} KA [FV 2
..... 8K |Fy|* . No res
104 1 1 1 1
0 1 2 3 4 5
7 [GeV?)

e Longitudinal polarization dominates
except at very small q2

(Fay ) ~
#Br /dzBr(FL) N A
—_— ) —— ¢ —
2 k2 2 dik2 2
dg* dk dg* dk Amy

o w2 from rescattering phase!
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Left: Contribution to the ¢ distributi-
on from separate FFs, ny g = 4 GeV.

Bottom: Dependence of Fy on Ap at
nyq = 4GeV.

nyq =4GeV ‘FL|

_____ Ap = 200 MeV.
Ap = 350 MeV
A = 500 MeV

6oV
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Binned branching fractions mon-identical teptons)

Decay ¢% bin LpP NLP Total Uncertainty
[Gev?] LO NLO | loc  +€ | +ves | pippe 7P A& tot
[4m2,0.96] | 058 051 | 070 048 | 157 | 102 *tods A LA
[4m2.6] | 0.76 066 | 098 067 | 178 | T2 P4 At TR
pmpt e e 1,6] 018 014 | 026 018 | 0.20 | 359 *9%  £pIL £
[1.5,6] 010 008 | 015 0.0 | 011 | £580  *00s 4008 4006
[2,6] 0.062 0.042 | 0.090 0.062 | 0.068 | TO901  *0.080  Fo.002 #0050
P [¢2,,0.96] | 123 104 | 1.23 081 | 2.28 t§§§ tgzg té%i i§ %g
1,6] 018 014 | 026 018 | 020 | £595  *9%8  ILEL oA

e BR in units of 1078, Cut n4q > 3 GeV requires measurement of K2

e NLP is sizable.

e Rate drops by factor 10 - 20 when bin exlcudes the resonance region.

e Difference between electrons and muons in total rate from phase-space.

o Sensitivity to B-LCDA decreases with g2, of bin.
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Binned branching fractions cdentical leptons)

Decay qlzow bin LP NLP Total Uncertainty
[GeV? | LO NLO | loc +£ +res Hhne TP A tot
[4m2,0.96] | 0.58 051 | 0.71 049 | L34 wrn | T003 £035 03 Tods
[@m2.6] | 074 064 | 097 067 | 175 2o0) | 7003 047 Toir o
a2 1,6] 0.15 011 | 025 017 | 0.19 (021) | ¥588  *007 #0100 +012
[1.5,6] | 0.08 0.06 | 0.14 0.10 | 0.11 (0.11) | ¥99F  +004  +0.03  +0.00
2.6] 0.04 003 | 0.08 006006007 | T80 502 90 oo
etep, (a2, 0.96] | 1.22  1.03 | 1.23 0.80 | 2.23 (257) | T008 tggg Taad 2
[1,6] 015 012 | 0.25 018 | 0.20 (0.22) | $999 097 #0910 002

o BR in units of 1075,
e Identify the invariant masses of the two £ ot pairings as qlzow < qﬁigh‘ Require 7 giow > 3 GeV and

n4 gpigh > 3 GeV for both by measuring k|20w and k}zﬁgh, respectively. (klzow is not necessarily lower than k}zﬂghA)

e Can only be implemented numerically on the theory calculation:

Br (B* Ny eZ) = Br (B* Ny e’e")

4 Briy (B* Ny u’)

e Numerically the interference term is at most a few percent.
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Sensitivity to Ap and the B-LCDA

NG = 3 GeV
10°- Br('lmi < ¢* <096 Gc\f»’)
B
6 His e ! _ /oo do O3
4 dryp = 0.2 )\; (n—q) Jo w— o+
nid
Srip = 0.1 +
2
0
0.1 02 03 04 05 06
Ap [GeV]
056, 0.
NiGen = 3GV Mo Geus = 3GV /jw/ru
10°-Br(1GeV? < ¢ <3GaV?) | 008} s (3602 < ¢ <6Gav?) [T e =02
Srip = 0.1

04
s Fohe 0.04
I S N T E—— Srip = 0.2

Srip = 0.1

0.2
0.1
0.1 0.2 03 0.4 0.5 0.6 0.1 0.2 03 0.4 05 06
A [GeV] A [GeV]

Small-¢? bin has similar sensitivity as B~ — /£y, but depends on resonance contribution.
Higher q2 retains some sensitivity, gradually decreasing.
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By — N+N_'7

2008.12494, with C. Bobeth and Y. Wang
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Basic features of By — p ™y

e Require an energetic photon, E;, > 1.5GeV ~ mp/2

e Very rare, branching fraction 10710~ 1078 depending on the q2 = mi+u, bin.
Not yet observed.

A-type B-type NLP

e Theoretically shares features with B — fvy (— B-LCDA at LP) and B — K e
(charmonium resonances, stay below q2 = 6GeV?)

o Standard SCET calculation, except for light-meson resonances in the B-type contribution.
Accuracy: O(a) at LP, O(a?) at NLP A/E,,
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Structure of the theoretical result
LP amplitude

Qe

Agpes = ie -2 Now ey {( V() 4 200y a2 >> Ly,w + VT ()La, } T ()
T ‘1

» 4myE.
PV vt (@2 = o)Ly, THY (9)

- . Cem
Aiype—p = ie —— New e#
47

ngf(qZ) _ C;ff C§A0) @)+
V (q ) = Ceﬂ(qz) C(AO) (qz) + ... [same as for B — X ££]

Vil = Cloc¥ @) + ...

TH¥(r) = SCET] correlation function of electromagnetic and flavour-changing current [same as
for B — X00]
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Structure of the theoretical result

LP amplitude

2y m,
- . Qem ff, 2 b B, ff, 2 ff, 2
Auype—a = i€~ Now e;{<vs @)+ =5 L vilq )> Ly, + Vip (g )LA,V} T (k)

— . Cem AmpEy o 2
Ayype—p = ie o New e; 7z VI (k" = 0)Ly ., TH" (q)
us

ile) = STV +
Vi) = & (D) + ...

|
eff
Vio

[same as for B — X£/4]
@) = ey (@) + ..

TH¥(r) = SCET] correlation function of electromagnetic and flavour-changing current [same as
for B — X00]

Resonance amplitude [Do no show other NLP contributions]

— g —V

— . Cem * v vy By dmpE~ o cvamny (0)

Apes = —ie — New €, (gHY + ity 2L —Lvi' o)Ly, ————~
e 4r TR i L 2 * 7 i m%, — imyTy — ¢2

Corresponds to By — V[— u T~y
Resonances ¢(1020), ¢(1680), ¢(2170) with widths 4.249(12), 150(50), 104(20) MeV
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Global duality violation and form factors

e The resonance contribution to the differential branching fraction is formally

O(AéCD /m2) but dominates any > bin, in which it is contained, if its width is small
[MB, Buchalla, Neubert, Sachrajda, 2009]

2 2 type—B . Bg—=V 2 2
q; dT e q; dar cyAg, T, (0) 1
R = /max dqz res //max dqz LP ~ 47 ( 41 X 7fv X
4q

2 2 2 2 2
in dq Gin dg Qq4Fp, myLly Tipax
Imin

A 57 for ¢(1020)
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Global duality violation and form factors

e The resonance contribution to the differential branching fraction is formally
O(AéCD /m2) but dominates any > bin, in which it is contained, if its width is small

[MB, Buchalla, Neubert, Sachrajda, 2009]

2 2 type—B
q dT e, q dr”
R= /zmax dqz IZLS //Zmax dqz LP2 ~ 4r
Imin dq Imin dq

Qq4Fp, myLy In q?;ax

Bg—V 2
<0v>\3qT1" (()))>< f& N 1
Tmin

57 for ¢(1020)

Q

e Left-handed photon vectorial amplitude:

0.6

Zero of real part implies forward-backward
asymmetry o< cos 8y, but its observation
requires B tagging — not observable at

LHCb.

0.4

0.2

0.0

Re,Im [AL(¢%)]

-0.2

-0.4

0.6

¢ [Gev?Y]
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Rate predictions for By

— T

100 == 1Res, rip = 0.0 \ i I i i i i '
50 — 1Res, rip = 0.2
k ~ 1Res, rip = 0.4
‘13_ P B
= -=- 3Res, % = 0.0
Q 10 B "
= — 3Res, 1 =05
x 5
s «+ 3Res, rfp = 1.0
=1
S =
N ==+ 1Res, rip = 0.0 == 3Res, rfp = 0.0
05 — 1Res, 11p = 0.2 — 3Res, rfp = 0.5
100 1 Res, rp = 04 Res, rfp = 1.0
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
7 [GeV?] 7 [Gov)
¢* bin LpP NLP uncertainty of “NLP all”
[GeV?] LO NLO | loc loc+A all | e Ap,. 5 rp  total
B — ypji Bins above q2 >2 GeV? are
[Am2,6.0] | 232 296 | 381 403 1243 Thlh o HE A due theoretically on more solid ground but
5 . ; -9
[20,6.0) | 040 034 | 031 036 030 90 o2l 40ad 4028 have branching fractions below 10~ .
[3.0,6.0) | 030 022 [ 019 022 020 0 Iy AL 103
[4.0,6.0] | 022 015 | 012 015 015 01 #0l o H00T 4046
[4m2.8.64] | 277 324 | 405 434 1274 i BE O H O HE
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