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Motivations
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► Why leptonic B decays ? 

‒ Direct determination of the CKM element  

‒ Chirality-suppressed in the SM  powerful probe of (pseudo) scalar new physics  

‒ Testing flavor universality in charged current. Currently  are measured  

      with large uncertainties but Belle II aims to reduce them to   

       [Belle II Physics Book 1808.10567] ,  will be an FCC-ee target.

|Vub |

→
ℓ = τ, μ

5 − 6 %
𝒪(1%)
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Motivations
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►Why QED corrections are needed? 

‒ Pure hadronic effects are simple and well-understood: 

                             

      and  is known with  precision :    [FLAG 2411.04268 ] 

‒ Not true for QED corrections : potentially few % and currently only partially accounted for. 
       Could compete with QCD uncertainties ! 

‒ The major challenge is to include and estimate the impact of « structure-dependent » corrections. 
       Necessary step before tackling more complicated 3-body decays !

⟨0 | q̄γμγ5b |Bq(p)⟩ = ifBq
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QED corrections: Real and Virtual 
Premise: We have in mind the case where the experiment vetoes real radiation with 

, with , e.g. . The observable is . Erad > Ecut Ecut ≪ ΛQCD Ecut ∼ 50 MeV ΓB→ℓν(γ)(Ecut)
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QED corrections: Real and Virtual 

► Electromagnetic corrections are sensitive to the lepton mass and the experimental 
energy veto, yielding large (double) logarithmic corrections 

 

► For a sufficiently low experimental veto, real emissions are soft enough to see the 
 meson as a point like (pseudo) scalar  eikonal approximation 

► Virtual corrections are unrestricted by such cuts, they live at higher scales and can 
resolve the partonic substructure of the  meson.

α ln ( mℓ

mB ) , α ln ( Ecut

mB ) , α ln ( mℓ

mB ) ln ( Ecut

mB )
B →

B

Premise: We have in mind the case where the experiment vetoes real radiation with 
, with , e.g. . The observable is . Erad > Ecut Ecut ≪ ΛQCD Ecut ∼ 50 MeV ΓB→ℓν(γ)(Ecut)
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QED corrections:  High and Low Scales

3

Above  and below , corrections are well under control :mB ΛQCD
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QED corrections:  High and Low Scales

3

𝒪V,LL
ℓ = (q̄γμPLb)(ℓ̄γμPLνℓ)

→ℒLEFT ⊃ LV,LL
ℓ 𝒪V,LL

ℓ

Above  and below , corrections are well under control :mB ΛQCD

► At energies harder than , the weak effective Lagrangian captures all the hard 
corrections through the Wilson coefficients of the LEFT-operators,

mB
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QED corrections:  High and Low Scales

3

→

► At energies harder than , the weak effective Lagrangian captures all the hard 
corrections through the Wilson coefficients of the LEFT-operators,

mB

► Radiations softer than  sees the meson as point-like(*).ΛQCD

→ Meson-effective-theory

ℒLEFT ⊃ LV,LL
ℓ 𝒪V,LL

ℓ

𝒪V,LL
ℓ = (q̄γμPLb)(ℓ̄γμPLνℓ)

Above  and below , corrections are well under control :mB ΛQCD
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► Energetic virtual photons with  and   can recoil against the soft spectator. Eγ ∼ mB ⃗pγ | | ⃗pℓ

Structure dependent effects:  Intermediate Scales

momentum transfer at the intermediate virtuality p2
γ ∼ ΛQCDmB→

ℓ

ν

u

b
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► When QED is switched on, these distributions are no longer process-universal  QED is 
sensitive to the direction of the charged external states 

→
[Beneke et al (2108.05589)], [Beneke et al (2204.09091)]

► Energetic virtual photons with  and   can recoil against the soft spectator. Eγ ∼ mB ⃗pγ | | ⃗pℓ

momentum transfer at the intermediate virtuality p2
γ ∼ ΛQCDmB→

Structure dependent effects:  Intermediate Scales

ℓ

ν

u

b

► The light partons are the displaced on along the light cone, the hadronic soft currents 
become non-local  Light-cone distributions ( )→ ϕ−(ω), ϕ3g(ω, ωg)
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‒  [Beneke, Bobeth, Szafron, 1708.09152,1908.07011] 

‒  [Beneke, Böer et al 2008.10615,2107.03819] 

‒  [Cornella et al 2212.14430], [Rowe, Zwicky, 2209.06925] (via interpolating currents)

Bs → μ+μ−

B → πK, B → Dπ

B → ℓν

4

► Complicated to estimate , QED factorization theorems available for only few channels :

► When QED is switched on, these distributions are no longer process-universal  QED is 
sensitive to the direction of the charged external states 

→
[Beneke et al (2108.05589)], [Beneke et al (2204.09091)]

► Energetic virtual photons with  and   can recoil against the soft spectator. Eγ ∼ mB ⃗pγ | | ⃗pℓ

momentum transfer at the intermediate virtuality p2
γ ∼ ΛQCDmB→

Structure dependent effects:  Intermediate Scales

ℓ

ν

u

b

► The light partons are the displaced on along the light cone, the hadronic soft currents 
become non-local  Light-cone distributions ( )→ ϕ−(ω), ϕ3g(ω, ωg)
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Structure dependent effects: Mesonic excitations

5

► Radiations softer than  sees the meson as point-like(*).ΛQCD

→ Meson-effective-theory
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Structure dependent effects: Mesonic excitations

5

► Radiations softer than  sees the meson as point-like(*).ΛQCD

→ Meson-effective-theory

► (*) For looser veto , contributions from the  ,

 excitations become sizeable even below the hadronic scale.

Ecut ∼ 50 − 150 MeV B → B*γ

B → B*π0

δB* =
m2

B* − m2
B

2mB
∼ 45 MeV ≪ ΛQCD
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Structure dependent effects: Mesonic excitations

5

► Radiations softer than  sees the meson as point-like(*).ΛQCD

→ Meson-effective-theory

► (*) For looser veto , contributions from the  ,

 excitations become sizeable even below the hadronic scale.

Ecut ∼ 50 − 150 MeV B → B*γ

B → B*π0

δB* =
m2

B* − m2
B

2mB
∼ 45 MeV ≪ ΛQCD

► The   vector meson  can appear as an intermediate off-shell propagator, 
allowing  for additional decay topologies :

B*
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A multi-scale process

6

mZ, mW

mB, mb

μhc = ΛQCDmB

► Focusing on  case,  including QED effects introduce new scales (both static and dynamic) 

to which  is sensitive : 

ℓ = μ
B− → μ−ν̄μ

μusc ∼ Ecut
mμ

mB

μus = Ecut

mμ ∼ ΛQCD
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6

Static scales dictated by the energy cut on the 
additional final radiation 

► Focusing on  case,  including QED effects introduce new scales (both static and dynamic) 

to which  is sensitive : 

ℓ = μ
B− → μ−ν̄μ

A multi-scale process

mZ, mW

mB, mb

μhc = ΛQCDmB

μusc ∼ Ecut
mμ

mB

μus = Ecut

mμ ∼ ΛQCD
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► Focusing on  case,  including QED effects introduce new scales (both static and dynamic) 

to which  is sensitive : 

ℓ = μ
B− → μ−ν̄μ

A multi-scale process

mZ, mW

mB, mb

μhc = ΛQCDmB

μusc ∼ Ecut
mμ

mB

μus = Ecut

[Beneke et al(2019),JHEP10232] 

B-meson described as a superposition of Fock-states:                                       | ūb⟩ ⊕ | ūbg⟩ ⊕ ⋯

mμ ∼ ΛQCD
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B-meson described as a point-like pseudo-scalar meson…
[e.g. Isidori,Nabeebaccus, Zwicky 2020; Zwicky 2021;Dai Leibovich 2021] 

  

[Becirevic, Haas, Kou (2009) Phys.Lett.B681]

► Focusing on  case,  including QED effects introduce new scales (both static and dynamic) 

to which  is sensitive : 

ℓ = μ
B− → μ−ν̄μ

mZ, mW

A multi-scale process

μusc ∼ Ecut
mμ

mB

μus = Ecut

…(*)including mesonic excitations !

[Beneke et al(2019),JHEP10232] 

B-meson described as a superposition of Fock-states:                                       | ūb⟩ ⊕ | ūbg⟩ ⊕ ⋯

mμ ∼ ΛQCD

μhc = ΛQCDmB

mB, mb
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The plan : running down with the scale ! 

7

Goal : Derive a  factorization theorem for the decay rate QED × QCD Γ(Ecut)

► Partonic picture : Factorization formula for virtual corrections

► Mesonic picture : Factorization formula for the decay rate 

► Numerical estimates 

In this talk we are going to embark on an EFT journey : 

Γ ∼ Wusc ⊗ Wus ⊗ Ki ⊗ Si ⊗ Ji ⊗ Hi ⊗ KEW

2
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Goal : Derive a  factorization theorem for the decay rate QED × QCD Γ(Ecut)

► Partonic picture : Factorization formula for virtual corrections

► Mesonic picture : Factorization formula for the decay rate 
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In this talk we are going to embark on an EFT journey : 

Γ ∼ Wusc ⊗ Wus ⊗ Ki ⊗ Si ⊗ Ji ⊗ Hi ⊗ KEW

2
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Partonic picture
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        SMEFT → LEFT μ ∼ mZ, mW

8

→

► Below , heavy SM particles ( ) are integrated out leading 

to effective four fermion and dipole operators  

μ ∼ mZ, mW Z0, W±, H, t

→ LEFT

u
u

u
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        SMEFT → LEFT μ ∼ mZ, mW

8

ℒLEFT ⊃ −
4 G(μ)

F

2
Vub KEW(μ) 𝒪V,LL

ℓ

► Below , heavy SM particles ( ) are integrated out leading 

to effective four fermion and dipole operators  

μ ∼ mZ, mW Z0, W±, H, t

→ LEFT

► In the SM, our process is described by a single operator 

At 𝒪(α) :

[Marciano and Sirling (1993),PRL713629] 

[Dekens et al(2019),JHEP1910]  

[Bigi et al(2023),JHEP11163] 

KEW(μ) = 1 +
Qℓ α
4π (3Qu ln

μ2

m2
Z

+
11
6 ) + (Qb + Qu)(1 +

κ
4 )

𝒪V,LL
ℓ = (ūγμPLb)(ℓ̄γμPLνℓ)

 : Scheme dependent quantity  cancels against the LEFT matrix elements (see additional slides )κ →

→
u

u
u
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KEW(μ) = 1 +
Qℓ α
4π [(3Qu ln

μ2

m2
Z

+
11
6 ) + (Qb + Qu)(1 +

κ
4 )]

9

RG improvement                               

► Evaluated around  , (single) logarithmic corrections can become 

sizeable  one can resum  terms using RG evolution equation : 

μ ∼ 1.5 GeV

→ 𝒪 (α ln(μ2 /m2
Z))

dKEW(μ)
d ln μ

= γEW KEW(μ) ; with γEW = Qℓ Qu
3α
2π

= γ(0)
EW

α
4π
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μ2
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Z

+
11
6 ) + (Qb + Qu)(1 +

κ
4 )]

9

RG improvement                               

► Evaluated around  , (single) logarithmic corrections can become 

sizeable  one can resum  terms using RG evolution equation : 

μ ∼ 1.5 GeV

→ 𝒪 (α ln(μ2 /m2
Z))

dKEW(μ)
d ln μ

= γEW KEW(μ) ; with γEW = Qℓ Qu
3α
2π

= γ(0)
EW

α
4π

► Solving this equation leads to the RG-improved expression 

KEW(μ) = ( α(mZ)
α(mB) )

γEW
0 /2βQED

0

[1 + 3QℓQu
α
4π

ln
μ2

m2
B ] KEW(mZ) with βQED

0 = −
4
3 ∑

f

Nf
cQ2

f

 We include the running of  only from  to  :  relative effect → α mZ mB ∼ 𝒪(4%)
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Relevant scalings :   

  

pμ = (n̄ ⋅ p, n ⋅ p, p⊥)

Power counting:   λℓ =
mℓ

mB
∼ λ =

ΛQCD

mB

10

Kinematics and power counting

 « collinear »,  

 

 given by the lepton virtuality  

 « hard-collinear », 

 

 soft and collinear quark X-talk   

 « soft »,  

 

 given by the spectator quark virtuality

pℓ ∼ (1,λ2
ℓ, λℓ)

p2
ℓ ∼ m2

ℓ ∼ 𝒪(λ2
ℓ)

→

phc ∼ (1,λ, λ)
p2

hc ∼ ΛQCDmB ∼ 𝒪(λ)

→

ps ∼ (λ, λ, λ)
p2

s ∼ Λ2
QCD ∼ 𝒪(λ2)

→

nμ

n̄μ

ℓ

ν

n2 = n̄2 = 0
n ⋅ n̄ = 2

(In the B meson rest frame)

BB
pμ

B = mB vμ

vμ = (1,0,0,0)
vμ
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pμ = (n̄ ⋅ p, n ⋅ p, p⊥)

Power counting:   λℓ =
mℓ

mB
∼ λ =

ΛQCD

mB

10

Kinematics and power counting

pμ
ℓ =

mB

2
(1 + λ2

ℓ ,0,0, 1 − λ2
ℓ) ≃

mB

2
(1,0,0,1) =

mB

2
nμ

pμ
ν =

mB

2
(1 − λ2

ℓ ,0,0, − 1 + λ2
ℓ) ≃

mB

2
(1,0,0, − 1) =

mB

2
n̄μ

 « collinear »,  

 

 given by the lepton virtuality  

 « hard-collinear », 

 

 soft and collinear quark X-talk   

 « soft »,  

 

 given by the spectator quark virtuality

pℓ ∼ (1,λ2
ℓ, λℓ)

p2
ℓ ∼ m2

ℓ ∼ 𝒪(λ2
ℓ)

→

phc ∼ (1,λ, λ)
p2

hc ∼ ΛQCDmB ∼ 𝒪(λ)

→

ps ∼ (λ, λ, λ)
p2

s ∼ Λ2
QCD ∼ 𝒪(λ2)

→

► The final leptons sit on two opposite lightcones directions:

nμ

n̄μ

ℓ

ν

n2 = n̄2 = 0
n ⋅ n̄ = 2

(In the B meson rest frame)

                      
        

                      
        

B
pμ

B = mB vμ

vμ = (1,0,0,0)
vμ
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Kinematics and power counting
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B = mB vμ
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mB

2
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mB

2
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mB

2
nμ

pμ
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mB

2
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mB

2
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mB

2
n̄μ

 « collinear »,  

 

 given by the lepton virtuality  

 « hard-collinear », 

 

 soft and collinear quark X-talk   

 « soft »,  

 

 given by the spectator quark virtuality

pℓ ∼ (1,λ2
ℓ, λℓ)

p2
ℓ ∼ m2

ℓ ∼ 𝒪(λ2
ℓ)

→

phc ∼ (1,λ, λ)
p2

hc ∼ ΛQCDmB ∼ 𝒪(λ)

→

ps ∼ (λ, λ, λ)
p2

s ∼ Λ2
QCD ∼ 𝒪(λ2)

→pb = mbvμ + kμ , pμ
q = kμ

► Initial quarks bound in the meson with residual soft momenta:

► The final leptons sit on two opposite lightcones directions:

nμ

n̄μ

ℓ

ν

n2 = n̄2 = 0
n ⋅ n̄ = 2

(In the B meson rest frame)

                      
        

                      
        

vμB
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Heavy quark description            

11

b
∼

1
mb

∼
1

ΛQCD

► The B meson is a QCD bound state characterised by two scales : mb ≫ ΛQCD

vμ = vμ
b −

kμ

mb

Residual velocity of 𝒪(ΛQCD/mb) = 𝒪(λ)
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Heavy quark description            

11

b
∼

1
mb

∼
1

ΛQCD

► Soft fluctuations of the b quark defines the HQET field :

► The B meson is a QCD bound state characterised by two scales : mb ≫ ΛQCD

vμ = vμ
b −

kμ

mb

► Effectively described by an on-shell b-quark + soft fluctuations   (almost) conserved→ vμ
b

    b(x) → e−imb(v⋅x) (1 + 𝒪( λ)) bv(x)

Residual velocity of 𝒪(ΛQCD/mb) = 𝒪(λ)
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μhc = ΛQCDmB " Hard Collinear"

ΛQCD "Soft"

mB, mb "Hard"

 In practice, we split each field into 
modes and integrate out the hard ones !
→

A glimpse into        SCET(I)

12

u(x) → uh(x) + uhc(x) + us(x)

► Light fields with large momenta but small invariant mass  SCET framework→
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A glimpse into        SCET(I)

12

► Light fields with large momenta but small invariant mass  SCET framework→

u(x) → uh(x) + uhc(x) + us(x)

μhc = ΛQCDmB " Hard Collinear"

ΛQCD "Soft"

mB, mb "Hard"

uhc(x) = (1 +
1

in̄ ⋅ ∂
(i /D⊥)

/̄n
2 ) χ(u)

hc (x)+
1

in̄ ⋅ ∂
eQu /𝒜⊥

hc
/̄n
2

us(x)

 In practice, we split each field into 
modes and integrate out the hard ones !
→
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A glimpse into        SCET(I)

12

Hard-collinear SCET field

► Light fields with large momenta but small invariant mass  SCET framework→

μhc = ΛQCDmB " Hard Collinear"

ΛQCD "Soft"

mB, mb "Hard"

u(x) → uh(x) + uhc(x) + us(x)

uhc(x) = (1 +
1

in̄ ⋅ ∂
(i /D⊥)

/̄n
2 ) χ(u)

hc (x)+
1

in̄ ⋅ ∂
eQu /𝒜⊥

hc
/̄n
2

us(x)

 In practice, we split each field into 
modes and integrate out the hard ones !
→
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A glimpse into        SCET(I)

12

Hard-collinear SCET field Hard-collinear/Soft interaction

► Light fields with large momenta but small invariant mass  SCET framework→

μhc = ΛQCDmB " Hard Collinear"

ΛQCD "Soft"

mB, mb "Hard"

u(x) → uh(x) + uhc(x) + us(x)

uhc(x) = (1 +
1

in̄ ⋅ ∂
(i /D⊥)

/̄n
2 ) χ(u)

hc (x)+
1

in̄ ⋅ ∂
eQu /𝒜⊥

hc
/̄n
2

us(x)

 In practice, we split each field into 
modes and integrate out the hard ones !
→
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A glimpse into        SCET(I)

12

► Light fields with large momenta but small invariant mass  SCET framework→

► To describe interaction between the soft quark and the collinear lepton we need an 
intermediate hard-collinear scale  subleading power interactions !→

Hard-collinear SCET field Hard-collinear/Soft interaction

► Key difference vs HQET and LEFT : non-locality along n̄μ 1
in̄ ⋅ ∂

f (x) = ∫
0

−∞
ds f (x + sn̄)

μhc = ΛQCDmB " Hard Collinear"

ΛQCD "Soft"

mB, mb "Hard"

u(x) → uh(x) + uhc(x) + us(x)

                      
        uhc(x) = (1 +

1
in̄ ⋅ ∂

(i /D⊥)
/̄n
2 ) χ(u)

hc (x)+
1

in̄ ⋅ ∂
eQu /𝒜⊥

hc
/̄n
2

us(x)

 In practice, we split each field into 
modes and integrate out the hard ones !
→
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► QED corrections  hard-collinear momentum 
exchange between partons & lepton. 

 need a  subleading power description for the 
different modes of the spectator and the lepton : 

→

→ SCETI

► The b quark is described by a soft HQET field : 

      b(x) → e−imb(v⋅x) (1 + 𝒪( λ)) bv(x)

  

  

u(x) → (1 +
1

in̄ ⋅ ∂
(i /D⊥)

/̄n
2 ) χ(u)

hc (x)+(1 +
1

in̄ ⋅ ∂
eQu /𝒜⊥

hc
/̄n
2 ) us(x)

ℓ(x) → (1 +
1

in̄ ⋅ ∂
(i /D⊥ + mℓ)

/̄n
2 ) χ(ℓ)

hc (x)+(1 +
1

in̄ ⋅ ∂
eQℓ /𝒜⊥

hc
/̄n
2 ) ℓs(x)

LEFT         → HQET ⊗ SCETI μ ∼ mB, mb

Relevant scalings :   

  

pμ = (n̄ ⋅ p, n ⋅ p, p⊥)

Power counting:   λℓ =
mℓ

mB
∼ λ =

ΛQCD

mB

 « collinear »,  

 

 given by the lepton virtuality  

 « hard-collinear », 

 

 soft and collinear quark X-talk   

 « soft »,  

 

 given by the spectator quark virtuality

pℓ ∼ (1,λ2
ℓ, λℓ)

p2
ℓ ∼ m2

ℓ ∼ 𝒪(λ2
ℓ)

→

phc ∼ (1,λ, λ)
p2

hc ∼ ΛQCDmB ∼ 𝒪(λ)

→

ps ∼ (λ, λ, λ)
p2

s ∼ Λ2
QCD ∼ 𝒪(λ2)

→
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 operatorsSCETI

14

At , three classes of 4-fermions operators are relevant: 𝒪(α)

We build our  basis with the following power counting :    

                                      

SCETI

bv, us ∼ 𝒪(λ3/2) χhc ∼ 𝒪(λ1/2) 𝒜⊥
hc ∼ 𝒪(λ1/2)

𝒪V,LL
ℓ = HA

i OA
i + ∫

1

0
dy [ HB

i (y)OB
i (y)+HC

i (y)OC
i (y)]

At , three classes of 4-fermions operators are relevant: 𝒪(α)
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 operatorsSCETI

14

→   [OA
i ] (us…bv)(χ (ℓ)

hc …νc̄)

At , three classes of 4-fermions operators are relevant: 𝒪(α)

We build our  basis with the following power counting :    

                                      

SCETI

bv, us ∼ 𝒪(λ3/2) χhc ∼ 𝒪(λ1/2) 𝒜⊥
hc ∼ 𝒪(λ1/2)

𝒪V,LL
ℓ = HA

i OA
i + ∫

1

0
dy [ HB

i (y)OB
i (y)+HC

i (y)OC
i (y)]

At , three classes of 4-fermions operators are relevant: 𝒪(α)

us
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 operatorsSCETI

14

→

  [OB
i ] (us…bv)(χ (ℓ)

hc …νc̄)𝒜⊥
hc[y]

  [OA
i ] (us…bv)(χ (ℓ)

hc …νc̄)

At , three classes of 4-fermions operators are relevant: 𝒪(α)

We build our  basis with the following power counting :    

                                      

SCETI

bv, us ∼ 𝒪(λ3/2) χhc ∼ 𝒪(λ1/2) 𝒜⊥
hc ∼ 𝒪(λ1/2)

𝒪V,LL
ℓ = HA

i OA
i + ∫

1

0
dy [ HB

i (y)OB
i (y)+HC

i (y)OC
i (y)]

At , three classes of 4-fermions operators are relevant: 𝒪(α)

us

us

→
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 operatorsSCETI

14

→

  [OC
i ] (χ (u)

hc[y]…bv)(χ (ℓ)
hc …νc̄)→

  [OB
i ] (us…bv)(χ (ℓ)

hc …νc̄)𝒜⊥
hc[y]

  [OA
i ] (us…bv)(χ (ℓ)

hc …νc̄)

At , three classes of 4-fermions operators are relevant: 𝒪(α)

We build our  basis with the following power counting :    

                                      

SCETI

bv, us ∼ 𝒪(λ3/2) χhc ∼ 𝒪(λ1/2) 𝒜⊥
hc ∼ 𝒪(λ1/2)

𝒪V,LL
ℓ = HA

i OA
i + ∫

1

0
dy [ HB

i (y)OB
i (y)+HC

i (y)OC
i (y)]

At , three classes of 4-fermions operators are relevant: 𝒪(α)

us

us

us

→
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►At , we lower the virtuality removing hard-collinear modes   pure  construction 
where collinear and soft carry the same virtuality  :             

 ,         ,         

► Integrating out hard-collinear propagators introduces non-localities even in soft product : 

   

 Contains more fields but are of the same order ! 

► These operators can overcome the chiral suppression and generate power enhanced 

structure-dependent contributions : e.g. in   [Beneke, Bobeth, Szafron 2017, 2019]) 

μ ∼ μhc → SCETII

pc ∼ (1,λ2
ℓ, λℓ) ps ∼ (λ, λ, λ) p2

c ∼ p2
s ∼ 𝒪(λ2 /λ2

ℓ)

1
n ⋅ ∂

qs, ( 1
n ⋅ ∂

𝒢⊥
s )( 1

n ⋅ ∂
qs), ⋯

→

Bs → μ+μ−

15

        SCETI → SCETII μ ∼ μhc ∼ ΛQCDmB

► Not true for   : for  such enhanced contributions are evanescent. But they 

contribute  in presence of generic NP, e.g. for !

B− → μ−ν̄μ OV,LL
ℓ

LV,LR
ℓ ≠ 0
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►At , we lower the virtuality removing hard-collinear modes   pure  construction 
where collinear and soft carry the same virtuality  :             

 ,         ,         

► Integrating out hard-collinear propagators introduces non-localities even in soft product : 

   

 Contains more fields but are of the same order ! 

► These operators can overcome the chiral suppression and generate power enhanced 

structure-dependent contributions : e.g. in   [Beneke, Bobeth, Szafron 2017, 2019]) 

μ ∼ μhc → SCETII

pc ∼ (1,λ2
ℓ, λℓ) ps ∼ (λ, λ, λ) p2

c ∼ p2
s ∼ 𝒪(λ2 /λ2

ℓ)

1
n ⋅ ∂

qs, ( 1
n ⋅ ∂

𝒢⊥
s )( 1

n ⋅ ∂
qs), ⋯

→

Bs → μ+μ−

15

        SCETI → SCETII μ ∼ μhc ∼ ΛQCDmB

► Not true for   : for  such enhanced contributions are evanescent. But they 

can appear  in presence of generic NP, e.g. for !

B− → μ−ν̄μ OV,LL
ℓ

LV,LR
ℓ ≠ 0
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 basis       SCETII

[ ]OA
i [ ]OC

i

[ ]OB
i

►Starting from our  operators, we can construct our  basis, at  we get:SCETI SCETII 𝒪(α)

OX
i ({y}) = ∑

j,X′￼

JOX
i →QX′￼

j
({y}, {x}, {ω}) ⊗x,ω QX′￼

j ({x}, {ω})

16

us

us

c
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[QA
i ]

[QB
i ]

|B⟩ = | ūb⟩ ⊕

 basis       SCETII

[ ]OA
i [ ]OC

i

[ ]OB
i

[QC
i ]

►Starting from our  operators, we can construct our  basis, at  we get:SCETI SCETII 𝒪(α)

OX
i ({y}) = ∑

j,X′￼

JOX
i →QX′￼

j
({y}, {x}, {ω}) ⊗x,ω QX′￼

j ({x}, {ω})

16

us

us

c
c

→

→
c

c c

𝒬s

ℋv
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[QA
i ]

[QB
i ]

|B⟩ = | ūb⟩ ⊕ | ūbg⟩ ⊕ ⋯

 basis       SCETII

[ ]OA
i [ ]OC

i

[ ]OB
i

[QC
i ]

►Starting from our  operators, we can construct our  basis, at  we get:SCETI SCETII 𝒪(α)

OX
i ({y}) = ∑

j,X′￼

JOX
i →QX′￼

j
({y}, {x}, {ω}) ⊗x,ω QX′￼

j ({x}, {ω})

16

us

us

c

→

→
c

c c

c𝒬s

ℋv

c𝒬s

ℋv

[QE
i ]

c
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Factorization formula (virtual corrections)
►Taking  matrix elements, we obtain a factorisation theorem for the virtual corrections :SCETII

𝒜virt = −
4 G(μ)

F

2
Vub KEW(μ) ⟨ℓν |ℒSCET II ⊗ HQET |B⟩

= −
4 G(μ)

F

2
Vub KEW(μ)∑

i,X

HX
i ({y}) ⊗y ∑

j,X′￼

JOX
i →QX′￼

j
({y}, {x}, {ω}) ⊗x,ω ⟨QX′￼

j ({x}, {ω})⟩
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►Taking  matrix elements, we obtain a factorisation theorem for the virtual corrections :SCETII

Factorization formula (virtual corrections)

𝒜virt = −
4 G(μ)

F

2
Vub KEW(μ) ⟨ℓν |ℒSCET II ⊗ HQET |B⟩

= −
4 G(μ)

F

2
Vub KEW(μ)∑

i,X

HX
i ({y}) ⊗y ∑

j,X′￼

JOX
i →QX′￼

j
({y}, {x}, {ω}) ⊗x,ω ⟨QX′￼

j ({x}, {ω})⟩

►  operators factorizes into non perturbative soft hadronic contributions and purely 
leptonic perturbative collinear functions :
SCETII

►They define matching coefficients to the low energy theory hadronic and leptonic currents.

= SX′￼
i ({ω}) ⟨0 Y (ℓ)†

n
φv

2mB
B⟩ KX′￼

i ({x})
mℓ

mB
⟨ℓν | h̄nPLνc̄ |0⟩

R(ℓ,B)

⟨QX′￼
i ({x}, {ω})⟩ = ⟨0 | jhad |B⟩⟨ℓν | jlep |0⟩
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►The matrix element of C-type SCET I operators involve an endpoint-divergent integral  the theory fails 
to properly separate hard-collinear modes with low energy (hard-collinear fraction  ) from 
soft modes. 

►This region can be identified with the energetic limit of the soft region  we rearrange terms between 
the two (RBS scheme)   

→
y ∼ 𝒪(λ)

→
[Liu, Neubert 2019; Liu, Mecaj, Neubert, Wang 2020;  Liu, Neubert, Schnubel, Wang 2022; Beneke et al. 2022]

Endpoint divergences : Refactorization



07.05.2026The simplest B decay(s), precisely !Max Ferré (they/them)                          18

►The matrix element of C-type SCET I operators involve an endpoint-divergent integral  the theory fails 
to properly separate hard-collinear modes with low energy (hard-collinear fraction  ) from 
soft modes. 

►This region can be identified with the energetic limit of the soft region  we rearrange terms between 
the two (RBS scheme)   

→
y ∼ 𝒪(λ)

→
[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)]

Endpoint divergences : Refactorization



07.05.2026The simplest B decay(s), precisely !Max Ferré (they/them)                          

►The matrix element of C-type SCET I operators involve an endpoint-divergent integral  the theory fails 
to properly separate hard-collinear modes with low energy (hard-collinear fraction  ) from 
soft modes. 

►This region can be identified with the energetic limit of the soft region  we rearrange terms between 
the two (RBS scheme)   

→
y ∼ 𝒪(λ)

→

                      
        HC

1 (y) JOC
1 →QC

1
(y, ω, Λ) = HC

1 (y) Jbare
OC

1 →QC
1

(y, ω)

18

[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)]

Endpoint divergences : Refactorization
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►The matrix element of C-type SCET I operators involve an endpoint-divergent integral  the theory fails 
to properly separate hard-collinear modes with low energy (hard-collinear fraction  ) from 
soft modes. 

►This region can be identified with the energetic limit of the soft region  we rearrange terms between 
the two (RBS scheme)   

→
y ∼ 𝒪(λ)

→

                      
        HC

1 (y) JOC
1 →QC

1
(y, ω, Λ) = HC

1 (y) Jbare
OC

1 →QC
1

(y, ω) − θ(η − y)[[HC
1 (y)]][[JOC

1 →QC
1

(y, ω)]]
Singular for y → 0 ∼ y−1−ϵ∼ y−ϵ

18

 : arbitrary scale0 < η = Λ /mB ≤ 1

[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)]

Endpoint divergences : Refactorization
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the two (RBS scheme)   

→
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→

                      
        HC

1 (y) JOC
1 →QC

1
(y, ω, Λ) = HC

1 (y) Jbare
OC

1 →QC
1

(y, ω) − θ(η − y)[[HC
1 (y)]][[JOC

1 →QC
1

(y, ω)]]
Singular for y → 0 ∼ y−1−ϵ∼ y−ϵ

18

 : arbitrary scale0 < η = Λ /mB ≤ 1

                      
        Conditions : [[HC

1 (y)]] = HA
i SC

1 (ω̄) ;

 : new soft scaleω̄ = y (n̄ ⋅ pℓ)/(n̄ ⋅ v) ∼ 𝒪(λ)

[[JOC
1 →QC

1
(y, ω)]]dy = SOC

1 →QC
1

(ω̄, ω)
dω̄
ω̄

[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)]
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►The matrix element of C-type SCET I operators involve an endpoint-divergent integral  the theory fails 
to properly separate hard-collinear modes with low energy (hard-collinear fraction  ) from 
soft modes. 

►This region can be identified with the energetic limit of the soft region  we rearrange terms between 
the two (RBS scheme)   

→
y ∼ 𝒪(λ)

→

                      
        

                      
        HC

1 (y) JOC
1 →QC

1
(y, ω, Λ) = HC

1 (y) Jbare
OC

1 →QC
1

(y, ω) − θ(η − y)[[HC
1 (y)]][[JOC

1 →QC
1

(y, ω)]]
Singular for y → 0 ∼ y−1−ϵ∼ y−ϵ

18

 : arbitrary scale0 < η = Λ /mB ≤ 1

                      
        Conditions : [[HC

1 (y)]] = HA
i SC

1 (ω̄) ;

 : new soft scaleω̄ = y (n̄ ⋅ pℓ)/(n̄ ⋅ v) ∼ 𝒪(λ)

[[JOC
1 →QC

1
(y, ω)]]dy = SOC

1 →QC
1

(ω̄, ω)
dω̄
ω̄

Soft function SA
1 =

⟨0 us /̄nPLbv Y (ℓ)†
n ) B⟩

R(ℓ,B)

[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)]

Endpoint divergences : Refactorization
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Add it back

18

                      
SA

1 (Λ) =
⟨0 us[1 − θT(−

in̄ ⋅ Ds

n̄ ⋅ v − Λ)] /̄nPLbv Y (ℓ)†
n B⟩

R(ℓ,B)

 : arbitrary scale0 < η = Λ /mB ≤ 1  : new soft scaleω̄ = y (n̄ ⋅ pℓ)/(n̄ ⋅ v) ∼ 𝒪(λ)

►The matrix element of C-type SCET I operators involve an endpoint-divergent integral  the theory fails 
to properly separate hard-collinear modes with low energy (hard-collinear fraction  ) from 
soft modes. 

►This region can be identified with the energetic limit of the soft region  we rearrange terms between 
the two (RBS scheme)   

→
y ∼ 𝒪(λ)

→
[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)]

                      
        HC

1 (y) JOC
1 →QC

1
(y, ω, Λ) = HC

1 (y) Jbare
OC

1 →QC
1

(y, ω) − θ(η − y)[[HC
1 (y)]][[JOC

1 →QC
1

(y, ω)]]
Singular for y → 0 ∼ y−1−ϵ∼ y−ϵ

                      
        Conditions : [[HC

1 (y)]] = HA
i SC

1 (ω̄) ; [[JOC
1 →QC

1
(y, ω)]]dy = SOC

1 →QC
1

(ω̄, ω)
dω̄
ω̄

Soft function

Endpoint divergences : Refactorization



07.05.2026The simplest B decay(s), precisely !Max Ferré (they/them)                          

                      
        

                      

                      

Add it back

18

                      
SA

1 (Λ) =
⟨0 us[1 − θT(−

in̄ ⋅ Ds

n̄ ⋅ v − Λ)] /̄nPLbv Y (ℓ)†
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►The matrix element of C-type SCET I operators involve an endpoint-divergent integral  the theory fails 
to properly separate hard-collinear modes with low energy (hard-collinear fraction  ) from 
soft modes. 
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the two (RBS scheme)   

→
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→
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        HC

1 (y) JOC
1 →QC

1
(y, ω, Λ) = HC

1 (y) Jbare
OC

1 →QC
1

(y, ω) − θ(η − y)[[HC
1 (y)]][[JOC

1 →QC
1

(y, ω)]]
Singular for y → 0 ∼ y−1−ϵ∼ y−ϵ

                      
        Conditions : [[HC

1 (y)]] = HA
i SC

1 (ω̄) ; [[JOC
1 →QC

1
(y, ω)]]dy = SOC

1 →QC
1

(ω̄, ω)
dω̄
ω̄

Soft function ∝ F−(Λ, μ)
New hadronic parameter !

Endpoint divergences : Refactorization
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        [[JOC
1 →QE

2
(y, ω, ωg)]]dy = SOC

1 →QE
2

(ω̄, ω, ωg)
dω̄
ω̄
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Singular for y → 0 ∼ y−1−ϵ∼ y−ϵ

Conditions : [[HC
1 (y)]] = HA

i SC
1 (ω̄) ;

Soft function ∝ F−(Λ, μ)
New hadronic parameter !

                      HC
1 (y) JOC

1 →QE
2

(y, ω, ωg, Λ) = HC
1 (y) Jbare

OC
1 →QE

2
(y, ω, ωg) − θ(η − y)[[HC

1 (y)]][[JOC
1 →QE

2
]](y, ω, ωg)

Endpoint divergences : Refactorization
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d
d ln Λ

F−(Λ, μ)
FQCD(μ)

= −QℓQu
α
2π

ŨC(μ, Λ)[ln
μ2

Λω−(μ)
+ 1

−2∫
∞

0
dω∫

∞

0
dωg ( 1

ωg
ln

ω + ωg

ω
−

1
ω + ωg ) ϕB

3g(ω, ωg, μ) + 𝒪(αs)]

γF−
(Λ, μ) = γhl(αs) +

Qu α
4π [−6 Qℓ − 3 Qu − 4 Qℓ ∫

μ

Λ

dω̄
ω̄

ŨC(μ, ω̄)] + 𝒪(α αs ln2 μ2

Λ2
)

d
d ln μ

F−(Λ, μ) = − γF−
(Λ, μ) F−(Λ, μ)

Generalized decay constant                       ln
ω−(μ)

ν
= ∫

∞

0
dω ϕB

−(ω, μ) ln
ω
ν

►  is an unknown non-perturbative parameter following evolution equations for  and  : F−(Λ, μ) Λ μ

19



07.05.2026The simplest B decay(s), precisely !Max Ferré (they/them)                          

                      
        

                      
        

d
d ln Λ

F−(Λ, μ)
FQCD(μ)

= −QℓQu
α
2π
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∞
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γF−
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Qu α
4π [−6 Qℓ − 3 Qu − 4 Qℓ ∫

μ

Λ

dω̄
ω̄

ŨC(μ, ω̄)] + 𝒪(α αs ln2 μ2

Λ2
)

                      

d
d ln μ

F−(Λ, μ) = − γF−
(Λ, μ) F−(Λ, μ)

Generalized decay constant
►  is an unknown non-perturbative parameter following evolution equations for  and  : F−(Λ, μ) Λ μ
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ω−(μ)

ν
= ∫

∞

0
dω ϕB

−(ω, μ) ln
ω
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FQCD(μ)

= −QℓQu
α
2π
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−2∫
∞

0
dω∫

∞

0
dωg ( 1

ωg
ln

ω + ωg

ω
−

1
ω + ωg ) ϕB

3g(ω, ωg, μ) + 𝒪(αs)]                      

                      
        

                      

γF−
(Λ, μ) = γhl(αs) +

Qu α
4π [−6 Qℓ − 3 Qu − 4 Qℓ ∫

μ

Λ

dω̄
ω̄

ŨC(μ, ω̄)] + 𝒪(α αs ln2 μ2

Λ2
)

                      

d
d ln μ

F−(Λ, μ) = − γF−
(Λ, μ) F−(Λ, μ)

Generalized decay constant
►  is an unknown non-perturbative parameter following evolution equations for  and  : F−(Λ, μ) Λ μ

►Before refactorization,  mixes with matrix elements of non-local operators under RGE.  

►After refactorization,  renormalizes multiplicatively yet non trivially due to the 
presence of the subtraction scale . 

Non-linear dependence on  in  : at every step along the  trajectory, have to evolve the 
cutoff from  to . Seems to be a generic feature of SCET NLP  problems.

F−(μ)
F−(Λ, μ)

Λ
→ ln μ γ μ

Λ μ

                      ln
ω−(μ)

ν
= ∫

∞

0
dω ϕB

−(ω, μ) ln
ω
ν
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Virtual amplitude, resummed 

20

►We can then RG evolve all component function in the virtual corrections to a common scale 
 :μ0 = 1.5 GeV
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i𝒜virt.(B− → ℓ−νℓ)μ0
= i 2 G(μ)

F Vub mℓ fB− ū(vℓ) PL v(pν) ∑
i,X

TX
i (μ0)

Virtual amplitude, resummed 

20

∑
i,X

TX
i (μ0) = ( α(mZ)

α(mB) )
9

40

( μ2
0

mB mℓ )
γsoft/2

ℛvirt

►We can then RG evolve all component function in the virtual corrections to a common scale 
 :μ0 = 1.5 GeV

►Virtual corrections are then all contained in the resummed expression :
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i𝒜virt.(B− → ℓ−νℓ)μ0
= i 2 G(μ)

F Vub mℓ fB− ū(vℓ) PL v(pν) ∑
i,X

TX
i (μ0)

Virtual amplitude, resummed 

20

∑
i,X

TX
i (μ0) = ( α(mZ)

α(mB) )
9

40

( μ2
0

mB mℓ )
γsoft/2

ℛvirt

►We can then RG evolve all component function in the virtual corrections to a common scale 
 :μ0 = 1.5 GeV

►Virtual corrections are then all contained in the resummed expression :

d
d ln μ0

ln ℛvirt = 𝒪(α αs ln
μ2

0

m2
B

, α2 ln2 μ2
0

m2
B )γsoft = Q2

ℓ
α
2π (ln

m2
B

m2
ℓ

− 2)
will cancel scale dependence of real emissions (Approx.) scale independent
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ℛvirt = exp [−QℓQu
α
π ∫

μ0

mB

dω̄
ω̄

ŨC(μ′￼, ω̄)] F−(mB, μ0)
FQCD(μ0)

× 1 +
α
4π

3
2

Q2
ℓ ln

μ2

m2
ℓ

−
3
2

Q2
b ln

μ2

m2
B

− (2 + z)QℓQb ln
m2

B

m2
ℓ

+ ( π2

12
−

5
2 ) Q2

ℓ

+(−
1
2

+
z2 ln z
z − 1

+ z − 2Li2(1 − z) −
π2

12 ) QℓQb − (2 + 3 ln z)Q2
b

+QℓQu
α
π ∫

μ

mB

dμ′￼
μ′￼

ŨC(μ′￼, mB)
1 − δ(μ′￼)

−QℓQu
α
2π [ 1

1 − δ(μ0)
ln

μ2
0

mBω−(μ0)
− h1(δ(μ0))] ŨC(μ0, mB)

−QℓQu
α
π

ŨC(μ0, mB)
1 − δ(μ0) ∫

∞

0
dω∫

∞

0
dωg

ϕB
3g(ω, ωg, μ)

ωg [ 1
ωg

ln
ω + ωg

ω
−

1
ω + ωg ] .

                      

Structure dependent virtual corrections

21

ln
ω−(μ)

ν
= ∫

∞

0
dω ϕB

−(ω, μ) ln
ω
ν

Two particles  
contribution 

Three particles 
 contribution 

►All virtual structure dependent are captured in  :ℛvirt

  
(But result is  independent )

Λ = mB
Λ
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Mesonic picture
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22

Low-energy theory : modes and scales  
► After integrating out the physics above  , few scales remainμ < ΛQCD

mμ ∼ ΛQCD

μ < ΛQCD
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Low-energy theory : modes and scales  

• The experimental radiation veto Ecut

► After integrating out the physics above  , few scales remainμ < ΛQCD

mμ ∼ ΛQCD

Ecut

μ < ΛQCD
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Low-energy theory : modes and scales  

• The mass splitting between the  meson  

 and its first excited state  :     

B

B* δB* =
m2

B* − m2
B

2mB
≲ Ecut ≪ ΛQCD

• The experimental radiation veto Ecut

► After integrating out the physics above  , few scales remainμ < ΛQCD

mμ ∼ ΛQCD

Ecut

δB* δB* ∼ 𝒪(λ2) δB′￼1
, δB*2 ∼ 𝒪(λ)

μ < ΛQCD
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• Masses of light pseudoscalar mesons : 
 ,   m2

π,K,η ∼ mqΛQCD mq=u,d,s ≪ ΛQCD
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Low-energy theory : modes and scales  μ < ΛQCD

► After integrating out the physics above  , few scales remainμ < ΛQCD

►Relevant modes (region analysis) for the real emissions feel the radiation veto in the B 
frame (where the measurement is done)

= uniform  in the lepton rest frame,  boosted to the  one ! p ∼ Ecutmℓ /mB B

“ultrasoft-collinear modes”

“ultrasoft modes”

pμ
usc = (p+

usc, p−
usc, p⊥

usc) ∼ ( m2
ℓ

m2
B

,1,
mℓ

mB ) Ecut

pμ
us ∼ Ecut

                      
        

• Masses of light pseudoscalar mesons : 
 ,   m2

π,K,η ∼ mqΛQCD mq=u,d,s ≪ ΛQCD

• The experimental radiation veto Ecutmμ ∼ ΛQCD

μusc ∼ Ecut
mμ

mB

μus ∼ Ecut

δB*

mπ,Kη

δB* ∼ 𝒪(λ2) δB′￼1
, δB*2 ∼ 𝒪(λ)

• The mass splitting between the  meson  

 and its first excited state  :     

B

B* δB* =
m2

B* − m2
B

2mB
≲ Ecut ≪ ΛQCD
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The leptonic sector:   bHLET
►Since  ,  the muon becomes infinitely heavy. We describe it 

as a boosted  heavy lepton field (bHL) with :
ΛQCD ∼ mμ ≫ Ecut

pμ
ℓ = mℓvμ

ℓ

[Fleming et al (hep-ph/0703207); Beneke et al (2305.06401)]χ (ℓ)
c (x) = eimℓ(vℓ⋅x)hvℓ

(x)
/̄n /n
4

+ ⋯
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The leptonic sector:   bHLET
►Since  ,  the muon becomes infinitely heavy. We describe it 

as a boosted  heavy lepton field (bHL) with :
ΛQCD ∼ mμ ≫ Ecut

pμ
ℓ = mℓvμ

ℓ

[Fleming et al (hep-ph/0703207); Beneke et al (2305.06401)]

►At leading power, the (V-A) weak leptonic current matches to 

Jμ
lep(x) = ℓ̄ γμ PL νℓ → eimℓ (vℓ⋅x) C(ℓ)†

vℓ
(x)[h̄(0)

vℓ
γμ
⊥ PL νc̄+

mℓ

n̄ ⋅ pℓ
n̄μ h̄(0)

vℓ
PL νc̄]

C(ℓ)
vℓ

(x) = exp{ieQℓ ∫
∞

0
ds vℓ ⋅ Ausc(x + svℓ)}

►The lepton is decoupled (superscript  ) from eikonal radiation via an ultrasoft-
collinear Wilson line  

.(0)

χ (ℓ)
c (x) = eimℓ(vℓ⋅x)hvℓ

(x)
/̄n /n
4

+ ⋯
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►  and  mesons nearly mass-degenerate  collect into superfield  of B B* → H ∼ 2 SU(2)v

,       with     ΦB →
e−imB(v⋅x)

2mB
H H =

1 + /v
2

( /ρv − φv γ5)
[Wise 1992]

The hadronic sector :  HMET

►Below , quarks hadronize  point-like meson regime !μ ∼ ΛQCD →

with a common rephrasing    .mB = mB + Λc
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►  and  mesons nearly mass-degenerate  collect into superfield  of B B* → H ∼ 2 SU(2)v

,       with     ΦB →
e−imB(v⋅x)

2mB
H H =

1 + /v
2

( /ρv − φv γ5)
[Wise 1992]

The hadronic sector :  HMET

►Below , quarks hadronize  point-like meson regime !μ ∼ ΛQCD →

with a common rephrasing    .mB = mB + Λc

                      

cHMET
dip

Que
8Λc

Tr[σμνH (0)H(0)]Fμν
us →

e cBB*γ

2Λc
vμρ† ν (0)

v φ(0)
v F̃us

μν+…

► A single subleading dim-5 operator responsible for a    coupling B(*)B*γ

► Mass splitting via insertion of  spurion :SU(2)v

−
λ2(μ)
8mb

Tr[H(0) (Cmagσμν)H(0)σμν]

δB* = Cmag(μ)
2λ2(μ)

mb
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►Neglecting (virtual) QED corrections, the weak hadronic currents in HMET read

Jμ
had(x) → e−imB v⋅x Y (B)

v (x) C(B)
n̄ (x+) Y (ℓ)†

n (x)
i ℱHMET(μ)

2 2
Tr[Γμ

weak H(0)]

Γμ
weak = 𝒞HQET

1 (μ) γμPL + 𝒞HQET
2 (μ) vμPR ∼ 2̄v

►Currents are introduced as sources of  breaking via the spurion :SU(2)v

The hadronic sector :  HMET
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►Neglecting (virtual) QED corrections, the weak hadronic currents in HMET read

Jμ
had(x) → e−imB v⋅x Y (B)

v (x) C(B)
n̄ (x+) Y (ℓ)†

n (x)
i ℱHMET(μ)

2 2
Tr[Γμ

weak H(0)]

Γμ
weak = 𝒞HQET

1 (μ) γμPL + 𝒞HQET
2 (μ) vμPR ∼ 2̄v

►Currents are introduced as sources of  breaking via the spurion :SU(2)v

►At leading power, our HMET decay constant simply matches to the HQET one 

ℱHMET(μ) = mB fB [1 −
CF αs

4π (3 ln
mb

μ
− 2) + 𝒪(α2

s )] = FQCD(μ)

The hadronic sector :  HMET
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►Combining leptonic and hadronic currents, we obtain the effective weak Lagrangian 

Low-energy Lagrangian  :  bHLET ⊗ HMET

ℒHℓ = i 2 G(μ)
F Vub Y (B)

v C(B)
n̄ Y (ℓ)†

n C(ℓ)†
vℓ

×
fB mℓ

2 mB
yB φ(0)

v h̄(0)
vℓ

PL νc̄−
fB* mB*

2 mB* [y⊥
B* h̄(0)

vℓ
/ρ⊥(0)
v PL νc̄+y∥

B*
mℓ

mB*

n̄ ⋅ ρ(0)
v

n̄ ⋅ v
h̄(0)

vℓ
PL νc̄]

ℒH = φ†(0)
v (iv ⋅ ∂)φ(0)

v −δmB φ†(0)
v φ(0)

v − ρ†(0)
v,μ (iv ⋅ ∂)ρμ(0)

v +δmB* ρ†(0)
v,μ ρμ(0)

v

+
ecBB*γ

2Λc
(vμρ†ν(0)

v φ(0)
v F̃us

μν +h . c . ) −
iecB*B*γ

2Λc
ρ†μ(0)

v ρν(0)
v Fus

μν+… ,

ℒℓ = hvℓ
(ivℓ ⋅ ∂) hvℓ

+…

►The leptonic and hadronic Lagrangians take the form
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►Combining leptonic and hadronic currents, we obtain the effective weak Lagrangian 

yB(μ) = ( α(mZ)
α(mB) )

9
40

( μ2

mB mℓ )
γsoft

2

ℛvirt

ℒHℓ = i 2 G(μ)
F Vub Y (B)

v C(B)
n̄ Y (ℓ)†

n C(ℓ)†
vℓ

×
fB mℓ

2 mB
yB φ(0)

v h̄(0)
vℓ

PL νc̄−
fB* mB*

2 mB* [y⊥
B* h̄(0)

vℓ
/ρ⊥(0)
v PL νc̄+y∥

B*
mℓ

mB*

n̄ ⋅ ρ(0)
v

n̄ ⋅ v
h̄(0)

vℓ
PL νc̄]

ℒℓ = hvℓ
(ivℓ ⋅ ∂) hvℓ

+…

►The leptonic and hadronic Lagrangians take the form

Only for  we need the  piece:yB 𝒪(α)

►   QED corrections determined by matching to the partonic pictureyi = 1 + 𝒪(α) →

Low-energy Lagrangian  :  bHLET ⊗ HMET

ℒH = φ†(0)
v (iv ⋅ ∂)φ(0)

v −δmB φ†(0)
v φ(0)

v − ρ†(0)
v,μ (iv ⋅ ∂)ρμ(0)

v +δmB* ρ†(0)
v,μ ρμ(0)

v

+
ecBB*γ

2Λc
(vμρ†ν(0)

v φ(0)
v F̃us

μν +h . c . ) −
iecB*B*γ

2Λc
ρ†μ(0)

v ρν(0)
v Fus

μν+… ,
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Decay channel topologies
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Decay channel topologies
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• chirally suppressed  interaction BℓνDirect 

• photon emission is unsuppressed 

fB mℓ

2 mB
yB Y (B)

v C (B)
n̄ Y (ℓ)†

n C(ℓ)†
vℓ

φ(0)
v h̄(0)

vℓ
PL νc̄
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Decay channel topologies

                      
        • subsequent  decay is unsuppressedB* → ℓν

Indirect •  transition is power-suppressedBB*γ

−
fB* mB*

2 mB*
y⊥

B* Y (B)
v C (B)

n̄ Y (ℓ)†
n C(ℓ)†

vℓ
h̄(0)

vℓ
/ρ⊥(0)
v PL νc̄

e cBB*γ

2Λc
vμρ† ν (0)

v φ(0)
v F̃us

μν

27
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yB Y (B)
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Decay channel topologies

► No extra virtual corrections below ΛQCD

All contained in → yB
scaleless power-suppressed

                      
        • subsequent  decay is unsuppressedB* → ℓν

Indirect •  transition is power-suppressedBB*γ

• chirally suppressed  interaction BℓνDirect 

• photon emission is unsuppressed 

−
fB* mB*

2 mB*
y⊥

B* Y (B)
v C (B)

n̄ Y (ℓ)†
n C(ℓ)†

vℓ
h̄(0)

vℓ
/ρ⊥(0)
v PL νc̄

fB mℓ

2 mB
yB Y (B)

v C (B)
n̄ Y (ℓ)†

n C(ℓ)†
vℓ

φ(0)
v h̄(0)

vℓ
PL νc̄

e cBB*γ

2Λc
vμρ† ν (0)

v φ(0)
v F̃us

μν
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Including the pions : HHχPT
► To include the light mesons we implement the chiral  :SU(3)V

•  is promoted to a triplet  ( ) describing the mesons ).H Ha a = 1,2,3 (B(*)−, B̄(*)0, B̄(*)0
s

• It couples to the pseudo scalar octet

Σ = ξ2 = exp [ i 2 πa λa

fπ ], with
πa λa

2
=

1

2
π0+ 1

6
η8 π+ K+

π− − 1

2
π0+ 1

6
η8 K0

K− K 0 − 2
3 η8

,

[Wise 1992]
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Including the pions : HHχPT
► To include the light mesons we implement the chiral  :SU(3)V

•  is promoted to a triplet  ( ) describing the mesons ).H Ha a = 1,2,3 (B(*)−, B̄(*)0, B̄(*)0
s

• It couples to the pseudo scalar octet

Σ = ξ2 = exp [ i 2 πa λa

fπ ], with
πa λa

2
=

1

2
π0+ 1

6
η8 π+ K+

π− − 1

2
π0+ 1

6
η8 K0

K− K 0 − 2
3 η8

,

ℒHHχPT ⊃
1
4

Tr[HH v ⋅ L] −
g
4

Tr[HH /Lγ5] + ⋯ ,

► After the field redefinition , interactions with pions are encoded in H → Hξ†

  they do not couple directly to weak interaction, the only effect of pion loops is to 

correct ,  and  (our input parameters)!

→
ℱHMET gBB*γ g = gBB*π

Lμ = ΣDμΣ†

► Conclusion : No relevant  virtual corrections in the hadronic picture. O(α)

 All are scaleless, power suppressed, or already accounted for via our input choice. →

[Wise 1992]
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Indirect contribution from pions 
► The  Lagrangian generates an indirect contribution via an on-shell  :HHχPT π0

ℒ(BB*π0)
HHχPT = −

gBB*π

2fπ
(ρ†μ(0)

v φ(0)
v ∂μπ0 + h . c . )

  Looks like  if the Ecal only measures the total energy deposition!→ B → ℓνℓ(γ)

→
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Indirect contribution from pions 
► The  Lagrangian generates an indirect contribution via an on-shell  :HHχPT π0

ℒ(BB*π0)
HHχPT = −

gBB*π

2fπ
(ρ†μ(0)

v φ(0)
v ∂μπ0 + h . c . )

  Looks like  if the Ecal only measures the total energy deposition!→ B → ℓνℓ(γ)

→

Effectively : 
1

(sγγ − m2
π)2 + (mπ Γπ)2

→
π

mπ Γπ
δ(sγγ − m2

π) = 𝒪(α−2)

► Looks , but the pion is very narrow and almost exclusively decays to 𝒪(α2) γγ

Γπ ≈ Γ(π0 → γγ) ≈
α2

64π3

m3
π

f 2
π

≈ 7.8 eV

                      

► If this background is not remove  dominant contribution for  !→ Ecut > mπ



07.05.2026The simplest B decay(s), precisely !Max Ferré (they/them)                          

Resummed direct contribution

30

Non-radiative Radiativewith yB(μ) = KEW(μ) ⊗ Hi(μ) ⊗ Ji(μ) ⊗ Ki(μ) ⊗ Si(μ)

Γdir(Ecut) = Γtree |yB(μ0) |2 R(Ecut, μ0)►The direct contribution factorizes into : 
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convoluted with the measurement function implementing the radiation veto  

Resummed direct contribution

R(Ecut, μ) = ∫
∞

0
dωs ∫

∞

0
dωsc θ(Ecut − ωus − ωusc)Wus(ωus, μ)Wusc(ωusc, μ)

Ws(ωus) = [
∞

∑
nus=0

nus

∏
i=1

∫ d Πi(qi)] ⟨nusγus(qi) |Y (B)
v Y†(ℓ)

n |0⟩
2
δ(wus − qus

0 ) , qus
0 = ∑

i

q0i

Wusc(ωusc) = [
∞

∑
nusc=0

nusc

∏
j=1

∫ d Πj(qj)] ⟨nuscγusc(qj) |C(B)
n̄ C†(ℓ)

vℓ
|0⟩

2
δ(wusc − qusc

0 ) , qusc
0 = ∑

j

q0j

►The radiative function can be expressed as squared  matrix elements of Wilson lines :
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►The radiative function can be expressed as squared  matrix elements of Wilson lines :

30

with 𝒲 =
e−2γE γsoft

Γ(1 + 2γsoft)
1 +

Q2
ℓ α

2π (2 −
π2

3 )R(Ecut, μ) = ( μ2

mB mℓ )
−γsoft

( 2Ecut

mB )
2γsoft

𝒲

Non-radiative Radiativewith yB(μ) = KEW(μ) ⊗ Hi(μ) ⊗ Ji(μ) ⊗ Ki(μ) ⊗ Si(μ)

Γdir(Ecut) = Γtree |yB(μ0) |2 R(Ecut, μ0)►The direct contribution factorizes into : 

►Renormalizing in Laplace space yields to the resummed expression :
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Numerical estimates
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Hadronic input parameters 
► Decay constants , ,  well determined from the lattice fπ fB fB*

► For LCDA moments, we assume exponential models, yielding 

[FLAG 2024, HPQCD 2015, ETMC 2017]

[Grozin, Neubert; Braun et al 2017]

with the inputs , , . λE λH ω0 = λB

∫
∞

0
dω ϕB

−(ω, μ0) ln
ω
ω0

=
λ2

E − λ2
H

18 ω2
0

− γE

∫
∞

0
dω∫

∞

0
dωg ϕB

3g(ω, ωg, μ0) ( 1
ωg

ln
ω + ωg

ω
−

1
ω + ωg ) =

λ2
E − λ2

H

36 ω2
0

[Nishikawa, Tanaka 2014; Khodjamirian et al 2020]
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Hadronic input parameters 
► Decay constants , ,  well determined from the lattice fπ fB fB*

► For LCDA moments, we assume exponential models, yielding 

F−(Λ, μ) = FQCD(μ)[1 +
α
π

f (1)(Λ, μ) + 𝒪(α2)]

[FLAG 2024, HPQCD 2015, ETMC 2017]

[Grozin, Neubert; Braun et al 2017]

with the inputs , , . λE λH ω0 = λB [Nishikawa, Tanaka 2014; Khodjamirian et al 2020]

► The subtracted decay constant  is a new, unknown QED corrected quantity: F−(Λ, μ)

f (1)(μ0, μ0) = 0 ± 1

► We take  and  from LCSR and lattice, respectively. gBB*γ gBB*π [Pullin, Zwicky 2021, RBC/UKQCD 2016]

 Accounted for in the error budget→

∫
∞

0
dω ϕB

−(ω, μ0) ln
ω
ω0

=
λ2

E − λ2
H

18 ω2
0

− γE

∫
∞

0
dω∫

∞

0
dωg ϕB

3g(ω, ωg, μ0) ( 1
ωg

ln
ω + ωg

ω
−

1
ω + ωg ) =

λ2
E − λ2

H

36 ω2
0
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Numerical estimates

Γ(Ecut)
Γtree

= ( α(mZ)
α(mB) )

9
20

( 2Ecut

mB )
2γsoft

𝒲 ℛ2
virt

+
m2

B

m2
ℓ

f 2
B*mB*

f 2
BmB

α
6π

(gBB*γEcut)2I (0,
δB*

Ecut ) +
g2

BB*π

24π2 ( Ecut

fπ )
2

I ( mπ

Ecut
,

δB*

Ecut )
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Radiation-veto logs  for ≈ 0.94 − 0.96 Ecut ∈ [25,100] MeV
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                      Boost logs ≈ 1.69 ⋅ 10−3

Radiation-veto logs  for ≈ 0.94 − 0.96 Ecut ∈ [25,100] MeV

32



07.05.2026The simplest B decay(s), precisely !Max Ferré (they/them)                          

                      
        

                      

                      

Numerical estimates

Γ(Ecut)
Γtree

= ( α(mZ)
α(mB) )

9
20

( 2Ecut

mB )
2γsoft

𝒲 ℛ2
virt

+
m2

B

m2
ℓ

f 2
B*mB*

f 2
BmB

α
6π

(gBB*γEcut)2I (0,
δB*

Ecut ) +
g2

BB*π

24π2 ( Ecut

fπ )
2

I ( mπ

Ecut
,

δB*

Ecut )

Electroweak logs ≈ 1.014

                      
        

                                            
                      
        

1 + (15.8 ± 4.8f (1) ± 1.8ϕB
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Structure-dependent virtual corrections 

Radiation-veto logs  for ≈ 0.94 − 0.96 Ecut ∈ [25,100] MeV

32



07.05.2026The simplest B decay(s), precisely !Max Ferré (they/them)                          

                      
        

                      
        

                      

                      

Numerical estimates

Γ(Ecut)
Γtree

= ( α(mZ)
α(mB) )

9
20

( 2Ecut

mB )
2γsoft

𝒲 ℛ2
virt

+
m2

B

m2
ℓ

f 2
B*mB*

f 2
BmB

α
6π

(gBB*γEcut)2I (0,
δB*

Ecut ) +
g2

BB*π

24π2 ( Ecut

fπ )
2
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1 + (15.8 ± 4.8f (1) ± 1.8ϕB
± 1.1μ0

) ⋅ 10−3

                      Boost logs ≈ 1.69 ⋅ 10−3

Structure-dependent virtual corrections 

Indirect contributions 
(structure-dependent real corrections)

Radiation-veto logs  for ≈ 0.94 − 0.96 Ecut ∈ [25,100] MeV
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Numerical estimatesDecay Rate vs Radiation Veto

direct contribution only

pion contribution dominates
quickly for Ecut >mω

B B ∗γ contribution rises with Ecut

B1 estimated to be small
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Implementation of radiation veto makes a crucial difference!

The Simplest B Decay, Precisely

mπ

Direct contribution only
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direct contribution only

pion contribution dominates
quickly for Ecut >mω

B B ∗γ contribution rises with Ecut

B1 estimated to be small
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Implementation of radiation veto makes a crucial difference!

The Simplest B Decay, Precisely

mπ

Direct contribution only

Pion contribution: dominates 
quickly for Ecut > mπ

 contribution: becomes 
sizeable around 50 MeV, then 
rises with 

B * γ

Ecut

► QED corrections induce a shift in the rate for −3.9(5) % − 0.1(7) % Ecut ∈ [20 MeV, mπ]

► The structure-dependent component is always positive: 1.6(5) − 3.0(8) %

► For , the uncertainty on the QED shift is dominated by  (  ), 
Above, comparable contribution from 

Ecut < 100 MeV ℛvir f (1)

gBB*γ
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► The exclusive leptonic decay , is an important channel for test of physics in SM 
and beyond. Since future experimental accuracy calls for percent precision in the theory 
prediction, we analysed QED effects beyond point-like approximation.   

             State of the art prediction for the rate including radiation up to  

► On top of large logarithms of lepton mass and photon cuts, we find (single logarithmic) 
structure-dependent effects in the virtual & real corrections: 

‒ virtual: hard-collinear photons between the lepton and light spectator quark 
‒ real: B* contribution; gets more important for a looser cut.  

► These corrections introduce new uncertainties: they probe the inner structure of the B 
meson & introduce new hadronic parameters . The dominant uncertainty is given by the 
unknown QED-induced shift to the standard decay constant. 

► These EFT methods can be adapted  to tackle other leptonic channels (  is work in 
progress). They need to be extended for semi-leptonic channels ( ,…), 
crucial for the extraction of and . 

B− → μ−ν̄μ

→ Ecut ≪ ΛQCD

τ
B → πℓν, B → Dℓν

|Vub | |Vcb |

34

Conclusions
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Thanks for listening !
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Backup-slides       
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Reduction scheme
► Box diagrams in the matching generate additional Dirac structures 

KEW(mZ) = 1 +
Qℓ α
4π [ 11

6
+ (Qb + Qu)(1 +

κ
4 )]

     d = 4 : Γ = 16 γμPL ⊗ γμPL

     d ≠ 4 : Γ = (16 + κ ϵ) γμPL ⊗ γμPL

Γ = γμγνγρ PL ⊗ γμγνγρ PL

ALEFT = −
4G(μ)

F

2
VubK[κ]

EW(1 − Qℓ(Qb + Qu)
α

16π
κ)γμ ⊗ γμ + ⋯

→ K[κ′￼]
EW = K[κ]

EW(1 − Qℓ(Qb + Qu)
α

16π
(κ − κ′￼))

► Working with EFTs that decompose Lorentz structures, like SCET, in which  

γμ = n ⋅ γ
n̄μ

2
+ n̄ ⋅ γ

nμ

2
+ γμ

⊥

 is particularly a convenient choice  simplifies construction of evanescent 
operators and  avoids spurious power-enhanced contributions at intermediate steps. 
κ = 0 →

► The dependence cancels between the matching coefficient  and the matrix element 
allowing to convert between schemes : 

KEW
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► Including NP physics contributions, LEFT operators describing our process are given by 

ΓLEFT
tree =

m2
ℓ mB f 2

B−

64π (1 −
m2

ℓ

m2
B )

2

LV,LL
ℓ − LV,LR

ℓ +
m2

B

mℓ (mb + mu) (LS,RL
ℓ − LS,RR

ℓ )
2

ℒLEFT ∋ [LV,LL
νe ]1212(ν̄μ γμPL νe)(ē γμPL μ)

d
+LV,LL

ℓ (ū γμPLb)(ℓ̄ γμPL νℓ) + LV,LR
ℓ (ū γμPR b)(ℓ̄ γμPL νℓ)

d
+LS,RL

ℓ (ū PR b)(ℓ̄ PL νℓ) + LS,RR
ℓ (ūPLb)(ℓ̄ PL νℓ) + LT,RR

ℓ (ū σμνPL b)(ℓ̄ σμνPL νℓ) ,

Power enhanced NP contributions

► Power-enhancement  vs NP suppression  , the NP contribution 
competes with the SM one for scales  !   

∼ mB /mℓ ∼ m2
W /Λ2

NP
ΛNP ≲ 5 TeV

LX
ℓ ≡ [LX

νedu]*ℓℓ31

► At tree level, this leads to the following expression for the rate : 
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QA
1 (Λ) =

mℓ n̄ ⋅ v
(n̄ ⋅ 𝒫c) (us[1 − θT(−

in̄ ⋅ Ds

n̄ ⋅ v
−Λ)] /̄n

n̄ ⋅ v
PLbv Y (ℓ)†

n )(χ (ℓ)
c PLνc̄)

                      
        

                      
        

[A]

[C]

[E]

 basis       SCETII

QC
1 (ω) =

mℓ n̄ ⋅ v
(n̄ ⋅ 𝒫c) (𝒬s[ω]

/̄n
n̄ ⋅ v

PLℋv)(χ (ℓ)
c PLνc̄)

QB
1 (x) =

n̄ ⋅ v
(n̄ ⋅ 𝒫c) (us

/̄n
n̄ ⋅ v

PLbv Y (ℓ)†
n )(χ (ℓ)

c /𝒜⊥
c[x]PLνc̄)

QE
2 (ω, ωg) =

mℓ n̄ ⋅ v
ω(n̄ ⋅ 𝒫c) (𝒬s[ω] /𝒢⊥μ

s[ωg]
/n

n ⋅ v
PR ℋv)(χ (ℓ)

c PLνc̄)

, ω = n ⋅ pq ωg = n ⋅ pg

     ,   ℋv = Y (ℓ)†
n Y (u)†

n bv 𝒢μ
s = Y†

n(iDμ
s Yn)

►  operators contributing at  :SCETII 𝒪(α)

[B]

QA
2 =

mℓ (n̄ ⋅ v)
(n̄ ⋅ 𝒫c) (us

/n
n ⋅ v

PLbv Y (ℓ)†
n )(χ (ℓ)

c PLνc̄)
« Local operators »

«Non-local operators »

   𝒬s = usY (u)†
n

                                            bv, us ∼ 𝒪(λ3/2) 𝒢⊥
s , ω, ωg ∼ 𝒪(λ) χc, 𝒜⊥

c , mℓ ∼ 𝒪(λℓ)

QC
2 (ω) =

mℓ n̄ ⋅ v
(n̄ ⋅ 𝒫c) (𝒬s[ω]

/n
n ⋅ v

PLℋv)(χ (ℓ)
c PLνc̄)

c c c

c𝒬s

ℋv

c𝒬s

ℋv

QB
2 (x) =

n̄ ⋅ v
(n̄ ⋅ 𝒫c) (us

/n
n ⋅ v

PLbv Y (ℓ)†
n )(χ (ℓ)

c /𝒜⊥
c[x]PLνc̄)
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Q(Erad) =
4π
α

1
Γtree

dΓ(Erad)
dErad

,

Radiation-energy spectrum

50 100 150 200

0.0

0.2

0.4

0.6

0.8

1.0

Qdir(Erad) ∼ E−1+2γsoft
rad

QB*γ(Erad) ∼
E3

rad

(Erad + δB*)2
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Numerical estimates for the  channelτ
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Lepton flavor universality (LFU) ratio

50 100 150 200

0.96

0.98

1.00

1.02

1.04

1.06

Rτμ =
ΓB−→τ−ν̄τ

ΓB−→μ−ν̄μ

⋅ (
mμ

mτ
⋅

m2
B − m2

μ

m2
B − m2

τ )
2

,

Preliminary


