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Three reasons to study B → γℓν, γℓ+ℓ−, ℓν̄ℓℓ
(′)ℓ̄(′) (at large Eγ ≫ ΛQCD)

• Radiative electroweak FCNC decay B→ γℓ+ℓ− less hadronic than K(∗)ℓ+ℓ−←
unfortunately not true

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

iFstat(µ)ΦB+(ω, µ) =
1

2π

∫
dt eitω ⟨0|(q̄sYs)(tn−)n/−γ5(Y†

s hv)(0)|B̄v⟩µ

1
λB(µ)

=

∫ ∞

0

dω
ω

ΦB+(ω, µ),

• Factorization theory beyond LP

• For their own← this workshop
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Basic physics
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Figure 1: tree-level diagrams to B− → `v̄``′ ¯̀′
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Figure 2: tree-level diagrams to B− → `v̄``′ ¯̀′
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Figure 3: tree-level diagrams to B− → `v̄``′ ¯̀′

1

Tµν =

∫
d4x eiqx⟨0|T{jµem(x)(uγν(1− γ5)b)(0)}|B−⟩

(a) Short-distance x ∼ 1/mb heavy quark-W∗ vertex

Light-cone expansion of jem(x)jweak(0), x2 ∼ 1/(mbΛ)≪ 1/Λ2

Even when q2 = 0, as long as n+q ∼ mb (or≫ Λ) [n+q = 2Eγ for q2
= 0].

(b), (c) Always, short-distance, fB

- q2 axis
n+q ∼ mb

Euclidean 0 resonances mbΛ (hc) m2
b (h)

■

✓ ✓ ??? ✓ ✓
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Basic physics

radiative-semileptonic
(γℓν)

• LP ✓
• main issue are soft power corrections

four-lepton (ℓνℓ(′)ℓ(′)) • time-like photon virtuality→ resonances
• longitudinal form factor
• local and global parton-hadron duality

violation

radiative-electroweak
FCNC (γℓℓ)

• when real photon from FCNC weak current,
time-like virtual photon→ resonances ....
[as above]

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

double-radiative (γγ) • as above, without resonances
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B− → ℓν̄ℓℓ
(′)ℓ̄(′)

2102.10060, with P. Böer, 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; Kürten, Zanke, Kubis, van Dyk, 2210.09832
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Form factor decomposition
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1

Tµν = F1gµν + F2ϵ
µναβkαqβ + F3kµqν + F4qµkν + F5kµkν + F6qµqν Fi = Fi(k2, q2)

6→ 4 [Ward identity] → 3 [massless lepton limit]

= (gµνv · q− vµqν) F̂A⊥ + i ϵµναβ vαqβFV − F̂A∥vµqν + (qµ, kν) terms

Include final-state emission in FA⊥ , FA∥ . Redefine FA∥ to correspond to longitudinally polarized

virtual photon and vanishes asO(q2) as q2 → 0

For non-identical lepton flavours

d2Br
(
B− → ℓ ν̄ℓ ℓ

′ℓ̄′
)

dq2 dk2
=

τBG2
F|Vub|2α2

em

2832π3m5
B

√
λ

q2

√
1−

4m2
ℓ′

q2

(
1−

m2
ℓ

k2

)

×
(

8k2
(

m2
B + q2 − k2

)2 ∣∣FA⊥

∣∣2 + 8k2λ |FV |2 +
λ2

q2
|FA∥ |

2
)

Keep lepton mass in phase-space.
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Factorization

QCD remove h→ SCETI
remove hc→ SCETII

Accuracy:O(αs) at LP,O(α0
s ) at NLP Λ/n+q

Leading power (rigorous, all orders)

Tµν(p, q) = 2 C(A0)
V

∫
d4x eiqx⟨0|T

{
jµq,SCETI

(x), [q̄hcγ
ν
⊥PLhv](0)

}
|B−

v ⟩

Only FL = (FV + FA⊥ )/2 ̸= 0 at LP due to helicity conservation for n+q≫ Λ.
FLP

R = FLP
A∥

= 0.

FLP
L = C(A0)

V (µ)
QuFB(µ)mB

n+q

∫ ∞

0
dω ϕB

+(ω;µ)︸ ︷︷ ︸
B-LCDA

×
J(n+q, q2, ω;µ)

ω − n−q− i0+︸ ︷︷ ︸
Generates rescattering phase

[n−q = q2
/n+q]

Complex q2-dependent inverse moment of
the B-LCDA:

1

λ+
B (n−q)

≡
∫ ∞

0
dω

ϕB
+(ω)

ω − n−q − i0+
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Beyond leading power (murky, follows 2008.12494, B → γℓℓ̄ )

FNLP
L = ξ(q2

, v · q)︸ ︷︷ ︸
set to −rLP × FLP

L

+
QℓfB
2v · q

,

FNLP
R =

FB

n+q

mBQu

n+q

(
1 +

n−q

λ+
B (n−q)

)
−

FBmBQb

q2 − 2mbv · q
−

QℓfB
2v · q

F̃NLP
A∥

=
4FBmBQu

n+q

n−q

n+q

(
1

λ+
B (n−q)

−
1

λ−
B (n−q)

)
−

2FBQu

n+q

(
1 +

n−q

λ+
B (n−q)

)

+
2FBmbQb

2v · qmb − q2
−

2fBQℓ

2v · q
+ ξ

′
(q2

, v · q)︸ ︷︷ ︸
set to 0

,

Resonances in the q2 ∼ Λ2 region are technically (Λ/n+q)2 and can be added without double
counting. They dominate any q2-bin which contains them due to global parton-hadron duality
violation.

Fres
L(R) =

∑
V=ρ0 , ω

cV
fV mV

m2
V − q2 − imVΓV

1

2

( 2mB

mB + mV
VB→V

(k2
) ±

mB + mV

v · q
AB→V

1 (k2
)

)

Fres
A∥

→ 0 [should be improved]
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Di-lepton invariant mass spectrum
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Left: Contribution to the q2 distributi-
on from separate FFs, n+q = 4 GeV.

• Longitudinal polarization dominates
except at very small q2

d2Br
(FA∥

)

dq2 dk2
/ d2Br(FL)

dq2 dk2

≈
q2 → 0

27π2q2

4m2
B

• π2 from rescattering phase!
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Bottom: Dependence of FL on λB at
n+q = 4 GeV.

M. Beneke (TU München), B → γℓν, γℓ
+
ℓ
−
, ℓν̄ℓℓ

(′)
ℓ̄
(′) Marseille, February 29, 2024 9/16



Di-lepton invariant mass spectrum

0 1 2 3 4 5 6
10-4

0.001

0.010

0.100

1

Left: Contribution to the q2 distributi-
on from separate FFs, n+q = 4 GeV.

• Longitudinal polarization dominates
except at very small q2

d2Br
(FA∥

)

dq2 dk2
/ d2Br(FL)

dq2 dk2

≈
q2 → 0

27π2q2

4m2
B

• π2 from rescattering phase! 0 1 2 3 4 5 6
0.1

0.2

0.5

1

2

5

Bottom: Dependence of FL on λB at
n+q = 4 GeV.

M. Beneke (TU München), B → γℓν, γℓ
+
ℓ
−
, ℓν̄ℓℓ

(′)
ℓ̄
(′) Marseille, February 29, 2024 9/16



Binned branching fractions (non-identical leptons)

• BR in units of 10−8. Cut n+q > 3 GeV requires measurement of k2.

• NLP is sizable.

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

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

• Sensitivity to B-LCDA decreases with q2
min of bin.
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Binned branching fractions (identical leptons)

• BR in units of 10−8 .

• Identify the invariant masses of the two ℓ
−
ℓ
+ pairings as q2

low < q2
high . Require n+qlow > 3 GeV and

n+qhigh > 3 GeV for both by measuring k2
low and k2

high , respectively. (k2
low is not necessarily lower than k2

high .)

• Can only be implemented numerically on the theory calculation:

Br
(

B− → ℓ ν̄ℓ ℓℓ̄
)

= Br
(

B− → ℓ ν̄ℓ ℓ
′
ℓ̄′
)

+ Brint

(
B− → ℓ ν̄ℓ ℓℓ̄

)
• Numerically the interference term is at most a few percent.

"Squared Diagrams"

Rigatos Panagiotis

February 19, 2021

b

ū
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Figure 1: Ma : B− → `−(p1)`
+(p2)`

′−(p3)ν̄(pν) with q2 = (p1 + p2)
2 and Mb = Ma(p1 ↔ p3)

with q̃2 = (p2 + p3)
2. Here ` ≡ `′

1
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Sensitivity to λB and the B-LCDA
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1

λ+
B (n−q)

≡
∫ ∞

0
dω

ϕB
+(ω)

ω − q2
n+q − i0+

Small-q2 bin has similar sensitivity as B− → γℓν̄ℓ, but depends on resonance contribution.
Higher q2 retains some sensitivity, gradually decreasing.
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Bs → µ+µ−γ
2008.12494, with C. Bobeth and Y. Wang
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Basic features of Bs → µ+µ−γ

• Require an energetic photon, Eγ > 1.5 GeV ∼ mB/2

• Very rare, branching fraction 10−10 − 10−8 depending on the q2 = m2
µ+µ− bin.

Not yet observed.

ℓ+

ℓ−

s
X

q

k

b

γ s

X

k

q

b γ

ℓ+

ℓ−

ℓ+

ℓ−

s
X

q

k

b

γ

A-type B-type NLP

• Theoretically shares features with B→ ℓνγ (→ B-LCDA at LP) and B→ K(∗)ℓℓ
(charmonium resonances, stay below q2 = 6 GeV2)

• Standard SCET calculation, except for light-meson resonances in the B-type contribution.
Accuracy:O(αs) at LP,O(α0

s ) at NLP Λ/Eγ
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Structure of the theoretical result

LP amplitude

Atype−A = ie
αem

4π
New ϵ

⋆
µ

{(
Veff

9 (q2
) +

2 mb mBq

q2
Veff

7 (q2
)

)
LV,ν + Veff

10 (q2
)LA,ν

}
T µν

(k)

Atype−B = ie
αem

4π
New ϵ

⋆
µ

4 mbEγ

q2
Veff

7 (k2
= 0)LV,ν T µν

(q)

Veff
7 (q2

) = Ceff
7 C(A0)

T1
(q2

) + . . .

Veff
9 (q2

) = Ceff
9 (q2

) C(A0)
V (q2

) + . . . [same as for B → Xsℓℓ]

Veff
10 (q2

) = C10 C(A0)
V (q2

) + . . .

T µν(r) = SCETI correlation function of electromagnetic and flavour-changing current [same as

for B → Xsℓℓ]

Resonance amplitude [Do no show other NLP contributions]

Ares = −ie
αem

4π
New ϵ

⋆
µ (gµν

⊥ + iεµν
⊥ )

mBq

2

4mbEγ

q2
Veff

7 (0)LV,ν
cV fV mV T

Bq→V
1 (0)

m2
V − imVΓV − q2

Corresponds to Bs → V[→ µ+µ−]γ
Resonances ϕ(1020), ϕ(1680), ϕ(2170) with widths 4.249(12), 150(50), 104(20) MeV
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T µν(r) = SCETI correlation function of electromagnetic and flavour-changing current [same as

for B → Xsℓℓ]

Resonance amplitude [Do no show other NLP contributions]
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Corresponds to Bs → V[→ µ+µ−]γ
Resonances ϕ(1020), ϕ(1680), ϕ(2170) with widths 4.249(12), 150(50), 104(20) MeV
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Global duality violation and form factors

• The resonance contribution to the differential branching fraction is formally
O(Λ2

QCD/m2
b) but dominates any q2 bin, in which it is contained, if its width is small

[MB, Buchalla, Neubert, Sachrajda, 2009]
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×
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≈ 57 for ϕ(1020)

• Left-handed photon vectorial amplitude:
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Zero of real part implies forward-backward
asymmetry ∝ cos θℓ, but its observation
requires B tagging → not observable at
LHCb.
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Rate predictions for Bs → γµ+µ−
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Bins above q2
> 2 GeV2 are

theoretically on more solid ground but

have branching fractions below 10−9 .
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