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Precision Calculations of the Semileptonic Bq →
D∗q Form Factors in SCET

Background of the subject
The CKM matrix element and R(D(∗)) anomaly
Research status (LCSR & lattice & exp)

Research contents
LCSR for Bq → D∗q (mc?mq?NLP?)

Combined fit for B̄q → D(∗)
q `ν̄`

Extracting |Vcb| and R(D(∗)
(s))

Summary
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Background of the subject



Tension of the CKM matrix element

The longstanding tension of |Vcb| from inclusive and
exclusive channels:

|Vcb|incl = (42.2± 0.8)× 10−3,

|Vcb|excl = (39.4± 0.8)× 10−3.
(1)

P.A. Zyla et al. (Particle Data Group), PTEP 2022, 083C01 (2022).

Violation of lepton flavor universality?

Exp
R(D) = 0.356± 0.029, R(D∗) = 0.284± 0.013;
SM
R(D) = 0.298± 0.004, R(D∗) = 0.254± 0.005.

(2)

HFLAV 2023 Averages
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R(D), R(D∗) anomaly

HFLAV 2021 Averages
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R(D), R(D∗) anomaly

HFLAV 2023
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Research status
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E. Waheed et al. (Belle), PRD 100, 052007 (2019), 1809.03290[hep-ex]
R. Glattauer et al. (Belle), PRD 93, 032006 (2016), 1510.03657[hep-ex]
F. Abudinén et al. (Belle-II), PRD 77 (2008), 032002, 2008.10299[hep-ex]
J. Lees et al. (BaBar), PRL 123, 091801 (2019), 1903.10002[hep-ex]
R. Aaij et al. (LHCb), JHEP 12, 144 (2020), 2003.08453[hep-ex]
R. Aaij et al. (LHCb), PRD 101, 072004 (2020), 2001.03225[hep-ex]
Lattice QCD:
J. Harrison and C. T. H. Davies (HPQCD), 2304.03137[hep-lat]
A. Bazavov et al. (FNAL/MILC), EPJC 82, 1141 (2022), 2105.14019[hep-lat]
J. A. Bailey et al. (FNAL/MILC), PRD 92, 034506 (2015), 1503.07237[hep-lat]
H. Na et al. (HPQCD), PRD 92, 054510 (2015), 1505.03925[hep-lat]
J. Harrison et al. (HPQCD), PRD 97 (2018), 054502, 1711.11013[hep-lat]
J. Harrison et al. (HPQCD), PRD 105, 094506 (2022), 2105.11433[hep-lat]
E. McLean et al. (HPQCD), PRD 101, 074513 (2020), 1906.00701[hep-lat]
J. A. Bailey et al. (FNAL/MILC), PRD 86, 039904 (2012), 1202.6346[hep-lat]
Light Cone Sum Rules:
J. Gao, T. Huber, Y. Ji, C. Wang, Y. M. Wang and Y. B. Wei, JHEP 05 (2022), 024, 2112.12674
[hep-ph]
J. Gao, C. D. Lü, Y. L. Shen, Y. M. Wang and Y. B. Wei, PRD 101(2020) 7, 074035,
1907.11092[hep-ph]
N. Gubernari, A. Kokulu and D. van Dyk, JHEP 01 (2019), 150, 1811.00983[hep-ph]
S. Faller et al., EPJC 60 (2009) 603-615, 0809.0222[hep-ph]
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Research contents



B→ D∗

Form factors (QCD) (a rearrangement of V, A0, A1, A2, T1, T2, T3)

〈D∗(p, ε∗)|q̄γµb|B̄(p + q)〉 −→ V(q2),
〈D∗(p, ε∗)|q̄γµγ5b|B̄(p + q)〉 −→ A0(q2), A1(q2), A12(q2),
〈D∗(p, ε∗)|q̄iσµνqνb|B̄(p + q)〉 −→ T1(q2),
〈D∗(p, ε∗)|q̄iσµνγ5qνb|B̄(p + q)〉 −→ T2(q2), T23(q2).

I Unphysical singularities at q2 = 0

A0(q2 = 0) = A12(q2 = 0). (3)
I Algebraic relations between σµν and σµνγ5

T1(q2 = 0) = T2(q2 = 0). (4)

SCETI Operators containing mc

OA1,mc
‖ −→ 〈D∗q (p, ε∗)|(ξ̄Wc)

/n
2

mc

−in · ←−D c
γ5hv|B̄v〉 = −n · p (ε∗ · v)ξ‖,mc (p+),

OA1,mc
⊥ −→ 〈D∗q (p, ε∗)|(ξ̄Wc)

/n
2

mc

−in · ←−D c
γ5γµ⊥hv|B̄v〉 = −n · p (ε∗µ − ε∗ · vn̄µ)ξ⊥,mc (p+).

(5)

6 23



B→ D∗

“QCD→ SCETI”⇒ 6 form factors p+ ≡ n · p

V(p+) = C(A0)
V (p+) ξ⊥(p+) + C(A1,mc)

V (p+) ξ⊥,mc (p+) + C(B1)
V (τ , p+)⊗τΞ⊥(τ , p+) + VNLP(p+),

A0(p+) = C(A0)
f0

(p+) ξ‖(p+) + C(A1,mc)
f0

(p+) ξ‖,mc (p+) + C(B1)
f0

(τ , p+)⊗τΞ‖(τ , p+) +ANLP
0 (p+),

A1(p+) = C(A0)
V (p+) ξ⊥(p+) + C(A1,mc)

A1
(p+) ξ⊥,mc (p+) + C(B1)

V (τ , p+)⊗τΞ⊥(τ , p+) +ANLP
1 (p+),

A12(p+) = C(A0)
f+

(p+) ξ‖(p+) + C(A1,mc)
f+

(p+) ξ‖,mc (p+) + C(B1)
f+

(τ , p+)⊗τΞ‖(τ , p+) +ANLP
12 (p+),

T1(p+) = C(A0)
T1

(p+) ξ⊥(p+) + C(A1,mc)
T1

(p+) ξ⊥,mc (p+) + C(B1)
T1

(τ , p+)⊗τΞ⊥(τ , p+) + T NLP
1 (p+),

T2(p+) = C(A0)
T1

(p+) ξ⊥(p+) + C(A1,mc)
T2

(p+) ξ⊥,mc (p+) + C(B1)
T1

(τ , p+)⊗τΞ⊥(τ , p+) + T NLP
2 (p+),

T23(p+) = C(A0)
fT

(p+) ξ‖(p+) + C(A1,mc)
fT

(p+) ξ‖,mc (p+) + C(B1)
fT

(τ , p+)⊗τΞ‖(τ , p+) + T NLP
23 (p+).

(6)

Hard Matching Coe�cients for ξmc (r ≡ p+/mb)

C(A1m)
f+ = r − 1 +O(αs), C(A1m)

f0 = 1− r +O(αs), C(A1m)
fT

= −1 +O(αs),

C(A1m)
V = −1 +O(αs), C(A1m)

A1
= 1 +O(αs), C(A1m)

T1
= −1 +O(αs),

C(A1m)
T2

= 1 +O(αs). (7)
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B→ V (Parallel Part)

Leading Power, Next-to-Leading Order (SCETI)
ξ‖ part-A

L(0)
ξξ

L(0)
ξξ

O
(A0)
‖

(a)

hv

q̄s j
(2)
ξqs,‖ν

L(0)
ξξ

O
(A0)
‖

(b)

hv

q̄s j
(2)
ξqs,‖ν

O
(A0)
‖

(c)

hv

q̄s j
(2)
ξqs,‖ν

L(0)
ξξ

O
(A0)
‖

(d)

hv

q̄s j
(2)
ξqs,‖ν

ξ‖ part-B ξ‖ part-C Ξ‖

O
(A0)
‖

(b)

hv

q̄s L(2)
ξq

j
(0)
ξξ,ν

L(0)
ξξO

(A0)
‖

(a)

hv

q̄s L(2)
ξq

j
(0)
ξξ,ν

O
(A0)
‖

hv

q̄s L(1)
ξqs

j
(0)
ξξ,ν

L(1)
ξm O

(B1)
‖hv

q̄s L(1)
ξqs

j
(0)
ξξ,ν

Replacing the parallel operator into the corresponding transverse one, provides the transverse part.
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Bq → D∗q (Additional Parallel Part)
SCETI Lagrangian with mc ∼ O(

√
ΛQCDmb), mq ∼ O(ΛQCD)

L(0)
ξmc = mcξ̄

[
i/D⊥c,

1
in · Dc

]
/n
2
ξ −m2

c ξ̄
1

in · Dc
/n
2
ξ,

L(2)
ξq,mq = −mq

[
(ξ̄Wc)(Y†s qs) + (q̄sYs)(W†c ξ)

]
.

(8)

I mc Lagrangian (a b new, c enhanced from part-C)

L(0)
ξmc

L(0)
ξmc

O
(A0)
‖

(a)

hv

q̄s j
(2)
ξqs,‖ν

O
(A0)
‖

(b)

hv

q̄s L(2)
ξqs

j
(0)
ξξ,ν

L(0)
ξmc

q̄s

O
(A0)
‖

hv

L(1)
ξqs

j
(0)
ξξ,ν

L(0)
ξmc

L(1)
ξm

(c)

I mq contribution
(a in part-B; b new)

O
(A0)
‖

(a)

hv

q̄s L(2)
ξq

j
(0)
ξξ,ν

L(0)
ξξ

q̄s

O
(A0)
‖

hv

L(2)
ξq,mq

j
(0)
ξξ,ν

(b)

L(0)
ξ

I O(A1,mc)
‖ contribution

q̄s

O
(A1,mc)
‖

hv

L(1)
ξq

j
(0)
ξξ,ν

L(0)
ξmc

O(A1,mc )
⊥ contributeO(ε), just as ξ⊥ part-C.
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Bq → D∗q NLP

Vacuum-to-B-meson correlation functions

Π(a)
µ,‖(p, q) =

∫
d4x eip·x〈0|T{jV‖(x), q̄(0)Γ(0)

µ b(0)}|B̄q(p + q)〉,

Π(a)
δµ,⊥(p, q) =

∫
d4x eip·x〈0|T{jVδ,⊥(x), q̄(0)Γ(0)

µ b(0)}|B̄q(p + q)〉.
(9)

jV‖(x) = q̄′(x)
/n
2
q(x), jVδ,⊥(x) = q̄′(x)

/n
2
γδ⊥q(x); Γ(a)

µ ∈ {γµ(1− γ5), iσµν (1 + γ5)qν}.

Heavy Quark E�ective Theory contribution

b→ hv + i/D
2mb

hv +O(λ2). (10)

c-quark propagator

/p− /k + mc

(p− k)2 −m2
c
→

 /p︸︷︷︸
O(λ0)

− /k︸︷︷︸
O(λ1)

+ mc︸︷︷︸
O(λ1/2)


 1
n · p n̄ · (p− k)−m2

c︸ ︷︷ ︸
O(λ−1)

+ n · k n̄ · p
(n · p n̄ · (p− k)−m2

c)2︸ ︷︷ ︸
O(λ0)


+ · · · . (11)
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Bq → D∗q NLP

Higher-twist contributions

I 2-Particle Light Cone Distribution Amplitudes

〈0| (q̄Ys)β (x)
(
Y†s hv

)
α

(0)|B̄ (v)〉

=− if̃B (µ)mB
4

∫ ∞
0

dω e−iω v·x
[ 1 + /v

2
{

2
(
φ+
B (ω) + x2g+

B (ω)
)

−
/x
v · x

[(
φ+
B (ω)− φ-

B (ω)
)

+ x2
(
g+
B (ω)− g-

B (ω)
)]}

γ5

]
αβ

. (12)

B

b

q̄

I 3-Particle Light Cone Distribution Amplitudes

〈0| q̄(z1n̄) [z1n̄, z2n̄] gsGµν (z2n̄) Γ [z2n̄,0] hv(0) |B̄v〉

= 1
2
f̃B(µ)mB Tr

{
γ5ΓP+

[
(vµγν − vνγµ)

[
ΨA − ΨV

]
− iσµνΨV

− (n̄µvν − n̄νvµ)XA + (n̄µγν − n̄νγµ)
[
W + YA

]
− iεµναβ n̄αvβγ5X̃A

+ iεµναβ n̄αγβγ5ỸA − (n̄µvν − n̄νvµ)/̄nW + (n̄µγν − n̄νγµ)/̄n Z
]}

(z1, z2;µ).

(13)

B

b

q̄
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B→ D∗ FFs V ,A1,A12,A0 LL,NLL,NLP
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Research contents

Conbined Fit for B̄q → D(∗)
q `ν̄`



BGL

Boyd-Grinstein-Leved parameterization
I

〈D∗q (p′, ε)|Vµ|B̄q(p)〉 = −igεµαβγε∗αp′βpγ ,

〈D∗q (p′, ε)|Aµ|B̄q(p)〉 = fε∗µ + (ε∗ · p)[a+(p + p′)µ + a-(p− p′)µ],

F1(t) ≡
1
m

[
2k2ta+(t)− 1

2
(t− M2 + m2)f (t)

]
,

F2(t) ≡ 1
m
[
f (t) + (M2 −m2)a+(t) + ta-(t)

]
.

(14)

I q2 → z

z(q2) ≡ z(q2, t-) =

√
t+ − q2 −

√
t+ − t-√

t+ − q2 +
√
t+ − t-

, t± = (mB(∗) ±mD(∗) )2. (15)

I

g = 1
P1- (z)φg(z)

∑∞
j=0 ajz

j, f = 1
P1+ (z)φf (z)

∑∞
j=0 bjz

j,
F1 = 1

P1+ (z)φF1 (z)

∑∞
j=0 cjz

j, F2 = 1
P0- (z)φF2 (z)

∑∞
j=0 djz

j.
(16)

C. G. Boyd, B. Grinstein and R. F. Lebed, 9705252[hep-ph]
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BGL

FFs in BGL and QCD
I

g = 2
mBq (1 + rq)

V,

f = mBq (1 + rq)A1,

F1 = m2
Bq (1 + ω)

[
1 + rq
1 + ω (ω − rq) A1 +

2rq
1 + rq

(1− ω)A2

]
,

F2 = 2A0,

ω =
m2
Bq + m2

D∗ − q
2

2BqmD∗q
, rq =

mD∗q
mBq

.

(17)

I Constraints eq(18) derived from eq(3), eq(19) trivially from the definition

F2(ωmax) =
1 + rq

m2
Bq (1 + ωmax)(1− rq)rq

F1(ωmax), (18)

F1(ω = 1) = mBq (1− rq)f (ω = 1). (19)
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(Strong) Bound

Strong Unitarity Bound
I Include all B(∗)

q → D(∗)
q channels with quantum numbers 0+, 0−, 1−, 1+.

3∑
i=1

N∑
n=0

(aSin )2 < 1,
3∑
i=1

N∑
n=0

(aPin )2 < 1,

7∑
i=1

N∑
n=0

(aVin )2 < 1,
7∑
i=1

N∑
n=0

(aAin )2 < 1.

(20)

Bq → Dq Bq → D∗q B∗q → Dq B∗q → D∗q
V, 1− f+ g ĝ V+0, V++, V0+, V00

A, 1+ - f ,F1 f̂ , F̂1 A++, A+0, A0+

S,0+ f0 - - S0+, S00

P,0− - F2 F̂2 P0+

D. Bigi, P. Gambino and S. Schacht, JHEP 11 (2017), 061, 1707.09509 [hep-ph]
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Data
LQCD and Experiment (B(q) → D(∗)

(q))

B→ D B→ D∗ Bs → Ds Bs → D∗s
LQCD MILC15,HPQCD15 MILC21 MILC12,HPQCD19 HPQCD21

Exp. Belle15 Belle18 LHCb20 LHCb20,21

LCSR (B(q) → D∗(q))
q2(GeV) −3.0 −2.0 −1.0 0.0 1.0 2.0

VBD∗ 0.633(138) 0.657(144) 0.683(149) 0.710(156) 0.738(163) 0.768(172)

ABD∗1 0.661(115) 0.676(115) 0.691(116) 0.707(117) 0.724(117) 0.743(117)

ABD∗2 0.750(169) 0.770(175) 0.788(181) 0.805(188) 0.818(196) 0.827(205)

ABD∗0 0.561(098) 0.582(101) 0.604(104) 0.627(108) 0.651(112) 0.677(117)

VBsD∗s 0.606(150) 0.629(156) 0.653(164) 0.678(172) 0.704(181) 0.731(191)

ABsD
∗
s

1 0.625(120) 0.638(121) 0.652(123) 0.667(124) 0.683(125) 0.700(126)

ABsD
∗
s

2 0.729(176) 0.747(183) 0.763(190) 0.776(199) 0.785(208) 0.789(219)

ABsD
∗
s

0 0.526(109) 0.545(113) 0.564(117) 0.583(122) 0.604(128) 0.625(134)
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B→ D∗ FFs V ,A1,A12,A0 three scenarios
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Bs → D∗s FFs V ,A1,A12,A0 three scenarios

-3 0 3 6 9
0.0

0.4

0.8

1.2

1.6

-3 0 3 6 9

0.4

1.2

2.0

2.8

-3 0 3 6 9

0.4

1.2

2.0

2.8

-3 0 3 6 9

0.4

1.2

2.0

2.8

18 23



Bq → Dq FFs f+, f0 three scenarios
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Some Improved Observables three scenarios
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|Vub| (1.5σ) and |Vcb| (2.5σ) LCSR+LQCD

36 38 40 42 44

2.5

3.0

3.5

4.0

4.5

5.0

21 23



R(D)− R(D∗) (2.4σ) LCSR+LQCD
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Summary

The complete SCET factorization formula for Bq → D∗q,
including NLL and NLP (NLP indispensable).

Combined fit for B(s) → D(∗)
(s) , improving the precisions of the

form factors and some observables.

|Vcb| and R(D(∗)) predicted by the SM.

Although decreased, the tension still exists.
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