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Motivation B → πℓν B → D∗ℓν Summary

Semileptonic B decays

▶ Tree-level charged current decays

→ Extract CKM matrix elements |Vub| and |Vcb|
→ Testing lepton flavor universality via R(D(∗))

▶ Loop-level flavor changing neutral current decays

→ b → sℓℓ anomalies

→ Short- and long-distance contribution
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→ Extract CKM matrix elements |Vub| and |Vcb|
→ Testing lepton flavor universality via R(D(∗))

▶ Loop-level flavor changing neutral current decays

→ b → sℓℓ anomalies

→ Short- and long-distance contribution

→ Focus of this talk
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Motivation: semileptonic B decays
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▶ Preferred determination of |Vub| and |Vcb|
→ Long standing 2− 3σ discrepancy between

exclusive and inclusive

→ Preferred channels:

|V excl
ub |: B → πℓν, |V excl

cb |: B → D∗ℓν
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Motivation: semileptonic B decays

▶ Preferred determination of |Vub| and |Vcb|
→ Long standing 2− 3σ discrepancy between

exclusive and inclusive

→ Preferred channels:

|V excl
ub |: B → πℓν, |V excl

cb |: B → D∗ℓν

[PDG, S. Navas et al. PRD110 (2024) 030001]

Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb



=

0.97367(32) 0.22431(85) 0.00382(20)
0.221(4) 0.975(6) 0.0411(12)
0.0086(2) 0.0415(9) 1.010(27)



|δVCKM |
|VCKM | =

0.033 0.38 5.2
1.4 0.6 2.9
2.3 2.2 2.7

%

→ Least precisely known CKM matrix elements
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▶ Enter global CKM unitarity triangle fits

→ Testing the flavor sector of the SM
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▶ Preferred determination of |Vub| and |Vcb|
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▶ Enter global CKM unitarity triangle fits

→ Testing the flavor sector of the SM
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▶ Tension in lepton flavor universality

R
τ/µ

D(∗) ≡
BF (B → D(∗)τντ )

BF (B → D(∗)µνµ)
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Exclusive semileptonic decays with pseudoscalar final states
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▶ Conventionally parametrized placing the B meson at rest

dΓ(B → πℓν)

dq2
=
G 2
F |Vub|2
24π3
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Exclusive semileptonic decays with pseudoscalar final states

B π
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ℓ

ν

}
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π − 2MBEπ

u/d

ub

▶ Nonperturbative input

→ Parametrizes interactions due to the (nonperturbative) strong force

→ Use operator product expansion (OPE) to identify short distance contributions

→ Calculate the flavor changing currents as point-like operators using lattice QCD
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Lattice QCD

a

L/a

T/a

ψ(x)

Uµ(x)

▶ Ab initio method to study nonperturbative phenomena

of the strong interaction

▶ Systematically improvable uncertainties

▶ Discretize space-time and restrict to finite box (L/a)3 × T/a

→ Introduce finite value of the lattice spacing a

▶Wick-rotate to Euclidean time (t → iτ)

▶ Implement discretized QCD Lagrangian

→ Numerical calculations based on Feynman’s path integral formalism

▶ Stochastic procedure requiring stochastic data analysis

▶ Need experimental inputs to set lattice scale and quark masses

→ Simulate at different values of lattice spacing and quark masses

▶ Combine results to take continuum limit and inter-/extrapolate to

physical quark masses
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Example: hadron spectrum

ρ K K
∗ η φ N Λ Σ Ξ ∆ Σ

∗
Ξ

∗ Ωπ η′ ω
0

200

400

600

800

1000

1200

1400

1600

1800

2000

2200

2400

(M
e
V

)

H H
* H

s
H

s

*
B

c
B

c

*

© 2012 Andreas Kronfeld/Fermi Natl Accelerator Lab.
▶ Different discretizations

→ Gauge action (Wilson, Symanzik, . . . )

→ Fermion action (Wilson, KS, DWF, . . . )

▶ Results agree after continuum limit

▶ Few quantities needed as input

e.g. Mπ, fπ, fK , MDs , MBs

▶ Numerous post- and predictions

▶Well tested and established

▶ Subpercent level precision possible

→ Simulate at physical pion mass

→ Account for QED and isospin breaking

→ Good control on all systematic effects

(finite volume, discretization, etc.)

B meson masses offset by 4000 MeV

▶ Hadron spectrum [Kronfeld ARNPS62(2012)265]

▶ Data (inputs: open symbols)
[MILC PRD70(2004)094505] [MILC RMP82(2010)1349]
[PACS-CS PRD79(2009)034503] [BMW Science 322(2008)1224]
[QCDSF-UKQCD PRD84(2011)054509]
[RBC-UKQCD PRL105(2010)241601]
[HadSpec PRD83(2011)111502] [UKQCD PRD86(2012)014504]
[FNAL-MILC PRD83(2011)034503] [HPQCD PRD83(2011)014506]
[Möhler, Woloshyn PRD84(2011)054505]
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Charm and beauty on the lattice

▶ Quark masses

up ∼ 0.002 GeV

down ∼ 0.005 GeV

charm ∼ 1.25 GeV

strange ∼ 0.095 GeV

top ∼ 175 GeV

×10

bottom

∼ 4.2 GeV

▶ Lattice simulations have a cutoff a−1

→ Fully relativistic quarks require am ≪ 1 i.e. m ≪ a−1

→ Typically a−1 ≳ 2 GeV ⇒ mcharm ≲ a−1 ≲ mbottom

→ Charm but in particular bottom quarks require special considerations
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Simulating heavy flavors

▶ Traditionally: simulate charm and bottom using effective actions

→ Heavy quark effective Theory (HQET), Non-Relativistic QCD,

Relativistic Heavy Quark (RHQ, Fermilab, Tsukuba)

→ Allows to simulate charm and bottom quarks on coarser lattices

→ Additional systematic uncertainties, partly perturbative renormalization, . . .

→ Few percent total errors

▶ State-of-the-art: fully relativistic simulations at a−1 > 2 GeV

→ Heavy Highly Improved Staggered Quarks (HISQ), Heavy Domain-Wall Fermions (DWF), . . .

→ Same action for light (up/down/strange) as for heavy (charm/bottom) quarks

⇝ Simulate heavier than charm and extrapolate

→ Fully nonperturbative renormalization straight-forward, reduced systematic uncertainties

→ Sub-percent precision feasible ⇝ QED effects become relevant
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Exclusive semileptonic decays with pseudoscalar final states

B π

W

ℓ

ν

}
q2 = M2

B +M2
π − 2MBEπ

u/d

ub

t 0 t sink
t

ū b̄

u/d

▶ Calculate hadronic matrix element for the flavor changing vector current V µ

in terms of the form factors f+(q
2) and f0(q

2)

⟨π|V µ|B⟩ = f+(q
2)
(
pµB + pµπ − M2

B−M2
π

q2
qµ

)
+ f0(q

2)
M2

B−M2
π

q2
qµ
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Exclusive semileptonic decays with pseudoscalar final states

B π

W

ℓ

ν

}
q2 = M2

B +M2
π − 2MBEπ

u/d

ub

t 0 t sink
t

ū b̄

u/d

▶ Calculate hadronic matrix element for the flavor changing vector current V µ

in terms of the form factors f+(q
2) and f0(q

2)

▶ On the lattice we prefer to compute f⊥ and f∥ directly proportional to 3-point functions

f∥(Eπ) = ⟨π|V 0|B⟩/
√
2MB and f⊥(Eπ)p

i
π = ⟨π|V i |B⟩/

√
2MB

and recover f+(q
2) and f0(q

2) from a linear combination

▶ Or, alternatively, use f1 and f2 with vµ = pµB/MB motivated by HQET and related to f∥ and f⊥
Oliver Witzel (University of Siegen) 9 / 17
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Lattice determination of form factors

▶ For a given set of simulation parameters (ensemble) calculate 3- and 2-point correlations functions

0 t

ū

u/d

t 0 t sink
t

ū b̄

u/d

t t sink

b̄

u/d

▶ Appropriate ratios define “lattice” form factors [JLQCD Colquhoun et al. PRD 106 (2022) 054502]
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V 0 mom = 000, mQ = 1.252mc

V 0 mom = 001, mQ = 1.252mc

V 0 mom = 011, mQ = 1.252mc

V 0 mom = 111, mQ = 1.252mc

▶ Calculate (non-)perturbative matching factors

▶ Repeat measurements for different simulation

parameters (ensembles)
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ū b̄

u/d

t t sink

b̄

u/d

▶ Appropriate ratios define “lattice” form factors [JLQCD Colquhoun et al. PRD 106 (2022) 054502]

▶ Calculate (non-)perturbative matching factors

▶ Repeat measurements for different simulation

parameters (ensembles)
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▶ Perform a combined fit to extra-/interpolate to

physical quark masses and the continuum
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▶ Estimate systematic effects
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Challenge: covering full q2 range

B π

W
ℓ

ν

}
q2 = M2

B +M2
π

−2MBEπ

u/d

ub

▶ Experiment typically more precise at low q2,

Lattice QCD much more precise at high q2

→ Need to inject more momentum (noisy)

▶ B → πℓν: q2 ≈ [m2
ℓ , 27] GeV

2

→ Study shape of the form factor

▶ Kinematical z expansion
[Boyd, Grinstein, Lebed, PRL 74 (1995) 4603]
[Bourrely, Caprini, Lellouch, PRD 79 (2009) 013008]

→ Exploit Kinematical constrain at q2 = 0

as well as unitarity constrains

▶ Joint fit with experimental data

to extract |Vub| = (3.93± 0.41) · 10−3

[JLQCD Colquhoun et al. PRD 106 (2022) 054502]
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Shape of the form factors

[JLQCD Colquhoun et al. PRD 106 (2022) 054502]

18 20 22 24 26
q2 [GeV2]

0.3

0.4

0.5

0.6

0.7

0.8

(1
−
q2
/M

2 B
∗)
f +

(q
2 )

RBC/UKQCD

Fermilab/MILC

JLQCD

18 20 22 24 26
q2 [GeV2]

0.4

0.6

0.8

1.0

1.2

f 0
(q

2 )

RBC/UKQCD

Fermilab/MILC

JLQCD

3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 0.5 1.0
b +

1 /b +
0

8

6

4

2

0

2

4

6

b
+ 2

/b
+ 0

BaBar 2010
BaBar 2012
Belle 2010
Belle 2013
All expts.
Excl. BaBar 2010
JLQCD lattice only

▶ Comparison for the simulated q2 range to Fermilab/MILC

and RBC/UKQCD [Fermilab/MILC Bailey et al. PRD92(2015)014024]

[RBC/UKQCD Flynn et al. PRD91(2015)074510]

→ Some tension at high q2

→ JLQCD fully relativistic setup

→ Fermilab/MILC and RBC/UKQCD use eff. action for b quark

→ No calculation features physical pion masses

▶ Shape parameters of BCL z-fit

→ Tension with BaBar 2010
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Exclusive semileptonic decays with vector final state

B D∗

W

ℓ

ν

}
q2 = M2

B +M2
D∗ − 2MBED∗

u/d

cb

▶ Treat D∗ as QCD-stable particle (narrow-width approximation)

▶ Conventionally parametrized placing the B meson at rest in terms of

dΓ(B → D∗ℓν)

dq2
= KD∗(q2,mℓ) · |F(q2)|2 · |Vcb|2

experiment known theory input
(nonperturbative)

CKM
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Four form factors parametrize B → D∗ℓν

▶ Determine the four form factors V (q2), A0(q
2), A1(q

2), A2(q
2) (in relativistic notation)

by calculating hadronic matrix elements

⟨D∗(k, εν)|Vµ|B(p)⟩ =V (q2)
2iεµνρσε∗νkρpσ
MB +MD∗

⟨D∗(k , εν)|Aµ|B(p)⟩ =A0(q
2)
2MD∗ε∗ · q

q2
qµ

+ A1(q
2)(MB +MD∗)

[
ε∗µ − ε∗ · q

q2
qµ

]
− A2(q

2)
ε∗ · q

MB +MD∗

[
kµ + pµ − M2

B −M2
D∗

q2
qµ

]

▶ Alternatively use HQE convention f (w), g(w), F1(w), F2(w) with w = vD∗·vB
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Three lattice calculations over the full q2 range
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▶ B → D∗ℓν

FNAL/MILC 2021 [Bazavov et al. EPJC 82 (2022) 1141]

JLQCD 2023 [Y. Aoki et al. PRD 109 (2024) 074503]

HPQCD 2023 [Harrison, Davies, PRD 109 (2024) 094515]

▶ Some tension in the shape of the form factors

→ Limited range in w (FNAL/MILC, JLQCD)

→ Slope not well enough constraint

→ HQET ratios to be scrutinized

▶ Combined analysis [Bordone, Jüttner, EPJC 85 (2025) 129]

Belle 2023 [Belle PRD 108 (2023) 012002]

Belle II 2023 [Belle II PRD 108 (2023) 092013]
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Comparison of lattice data with HFLAV 24 [Bordone, Jüttner, EPJC 85 (2025) 129]

▶ HFlav24: Belle 2023 [Belle PRD 108 (2023) 012002] + Belle II 2023 [Belle II PRD 108 (2023) 092013]

▶ JLQCD 2023 ▶ FNAL/MILC2021 + HPQCD 2023

1.0 1.2 1.4
w

0

1

2

3

d
Γ
/d
w
/Γ

−1 0 1
cos(θ`)

0.2

0.4

0.6

d
Γ
/d

co
s(
θ `

)/
Γ

exp data

lat fit

lat+exp fit

exp fit

−1 0 1
cos(θv)

0.4

0.6

0.8

d
Γ
/d

co
s(
θ v

)/
Γ

0 π
2 π 3π

2
2π

χ

0.12

0.14

0.16

0.18

d
Γ
/d
χ
/Γ

1.0 1.2 1.4
w

0

1

2

3

d
Γ
/d
w
/Γ

−1 0 1
cos(θ`)

0.2

0.4

0.6

d
Γ
/d

co
s(
θ `

)/
Γ

exp data

lat fit

lat+exp fit

exp fit

−1 0 1
cos(θv)

0.4

0.6

0.8

d
Γ
/d

co
s(
θ v

)/
Γ

0 π
2 π 3π

2
2π

χ

0.12

0.14

0.16

0.18

d
Γ
/d
χ
/Γ

Oliver Witzel (University of Siegen) 16 / 17

https://doi.org/10.1140/epjc/s10052-025-13773-2
https://doi.org/10.1103/PhysRevD.108.012002
https://doi.org/10.1103/PhysRevD.108.092013


Motivation B → πℓν B → D∗ℓν Summary

Summary

▶ Lattice QCD provides an ab-inito framework with systematically improvable uncertainties to

calculate non-perturbative inputs in terms of form factors, decay constants, bag parameters, . . .

▶ New, fully relativistic simulations of charm and bottom quarks improve over old results

based on effective actions and allow for subpercent precision results

→ Simulations with physical pions may in particular improve B → πℓν

▶ Preliminary results for several semileptonic B(s) decays have been reported at

Lattice conferences by Fermilab/MILC, HPQCD, JLQCD, RBC/UKQCD, . . .

→ Calculations unfortunately take multiple years
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