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Motivation: LFUV in B̄s Ñ D
p˚q
s decays?

Latest results from LHCb1´3 for RΛc and RDp˚q + other observables measured4:

RHc “
ΓpHb Ñ Hcτ ν̄τ q

ΓpHb Ñ Hcℓν̄ℓq
, Pτ pD˚q, FD˚

L .

„ 3σ away from the SM expectation.

NP should affect all b Ñ c transitions.

Hbppq

Hcpp1q

W

ℓpk 1q

ν̄ℓpkq

What about B̄s Ñ D
p˚q
s ?
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Effective Hamiltonian

NP effects are introduced using an effective Hamiltonian5:

Heff “
4GFVcb

?
2

”

p1 ` CV
LLqOV

LL ` CV
RLOV

RL
looooooooooomooooooooooon

paxial´qvector

`CS
LLOS

LL ` CS
RLOS

RL
loooooooooomoooooooooon

ppseudo´qscalar

`CT
LLOT

LL
loomoon

tensor

` CV
LROV

LR ` CV
RROV

RR ` CS
LROS

LR ` CS
RROS

RR ` CT
RROT

RR
looooooooooooooooooooooooooooooooooomooooooooooooooooooooooooooooooooooon

right´handed neutrinos

ı

` h.c .,

where CΓ
χqχν

are Wilson coefficients and

OΓ
χqχν

“

´

c̄p0qΓχqbp0q

¯´

ℓ̄p0qΓχννp0q

¯

;

Γ “ 1, γµ, σµν ; χq “
1 ˘ γ5

2
; χν “

1 ˘ γ5

2
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Hadronic matrix element and form factors

To describe the hadronic matrix elements:
A

D
p˚q
s ; p⃗ 1, r 1

∣∣∣ c̄p0qΓχqbp0q

∣∣∣B̄s ; p⃗
E

; χq “
1 ˘ γ5

2

we will need the corresponding form factors.

SM form factors pΓ “ γµq NP form factors pΓ “ 1, σµνq

B̄s Ñ Ds f`, f0 hs , ht

B̄s Ñ D˚
s V ,A0,A1,A2 hp,T1,T2,T3
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SM-LQCD Form factors

‚ In the lattice, there are only results for the SM FF

‚ They are described as power series of zpq2; tth, t0q “

a

tth ´ q2 ´
?
tth ´ t0

a

tth ´ q2 `
?
tth ´ t0

B̄s Ñ D˚
s

V , A0, A1 and A2
Harrison and Davies (HPQCD)

Phys. Rev. D 105, 094506 (2022)

Opz̃˚q3 Ñ 16 coeff.
tth “ pMB ` MD˚q2; t0 “ pMBs ´ MD˚

s
q

B̄s Ñ Ds

f` and f0
McLean, Davies, Koponen, and Lytle (HPQCD)

Phys. Rev. D 101, 074513 (2020)

Opz̃q2 Ñ 6 coeff.
tth “ pMBs ` MDs q

2; t0 “ 0

And the New Physics form factors? ÝÑ Heavy Quark Effective Theory (HQET)
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HQET Form factors

In HQET, one uses a different form-factor definition

tV ,A0,A1,A2, f`, f0u Ø thV , hA1 , hA2 , hA3 , h`, h´u

hi pωq “ ξpωq ˆ ĥi pωq

Isgur-Wise function (3par.)
‚ ξpωq “ 1 ` ρ2pω ´ 1q`

cpω ´ 1q2 ` dpω ´ 1q3 ` ¨ ¨ ¨

‚ mQ Ñ 8:
‚ hV “ hA1 “ hA3 “ h` “ hS “

hP “ hT “ hT1 “ ξ
‚ hA2 “ h´ “ hT2 “ hT3 “ 0

Corrections:
‚ perturbative corrections matching QCD and HQET6

‚ OrΛQCD{mQs corrections: 3 sub-leading Isgur-Wise
functions (`5 par.)6

‚ OrpΛQCD{mcq2s constant corrections to ĥ` and ĥA1

(`2 par.)7
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Fit of the SM-LQCD form factors to their HQET expressions.

B̄s Ñ D
p˚q
s B̄ Ñ Dp˚q8

ρ2 1.26 ˘ 0.07 1.32 ˘ 0.06
c 1.20 ˘ 0.11 1.20 ˘ 0.12
d ´0.91 ˘ 0.10 ´0.84 ˘ 0.17

χ̂2p1q 0.30 ˘ 0.23 ´0.058 ˘ 0.020
χ̂1

2p1q 0.14 ˘ 0.08 0.001 ˘ 0.020
χ̂1

3p1q 0.08 ˘ 0.09 0.036 ˘ 0.020
ηp1q 0.07 ˘ 0.21 0.355 ˘ 0.040
η1p1q ´0.51 ˘ 0.25 ´0.03 ˘ 0.11
l1p1q 0.28 ˘ 0.50 0.14 ˘ 0.23
l2p1q ´2.24 ˘ 0.94 ´2.00 ˘ 0.30

Figure: HQET
predictions vs.
LQCD Form
Factors9´10
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Fit results: SM Decay
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Figure: dΓ{dω, ă PCM
L ą and AFB for B̄s Ñ Ds and B̄s Ñ D˚

s in the SM.
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Observables I

The information of the interaction is encoded in 10 functions
of ωpq2q (τ angular, spin and angular-spin asymmetries)9

unpolarized τ´ dΓSL
dω 9n0, AFB, AQ

polarized τ´ xPCM
L y, xPCM

T y, ZL, ZQ , ZK

complex WC’s xPTT y, ZT

Figure: Kinematics in the τ ν̄τ CM reference system.

The τ´ particle decays very fast
and we have to look into the full
decay Hb Ñ Hcτ

´pÑ d´ντ qν̄τ

d3Γd
dωdξdd cos θd

Ż ξd “ ratio of the energy d´

and the τ´ in the τντ center of
mass

Ż θd “ angle made by the
final-hadron and the τ -decay
massive product

8 of them obtained from
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New Physics

With that result, now we can predict the rest of the form factors and add NP effects to the
observables.

Heff “
4GFVcb

?
2

”

OV
LL `

ÿ

i

CiOi

ı

Wilson coeff. are fitted to experimental data. Ñ Different models give the same results for
RHc .

‚ Fit 7 from Murgui, Peñuelas, Jung and Pich, JHEP 09 (2019) 103 (LH neutrinos, real
WCs)

‚ S7a from Mandal, Murgui, Peñuelas and Pich, JHEP 08 (2020) 022 (RH neutrinos, real
WCs)

‚ R2 from Shi, Geng, Grinstein, Jäger and Martin Camalich, JHEP 12 (2019) 065 (LH
neutrinos, complex WCs)
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NP results: Decay
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Figure: n0, ă PCM
L ą and AFB for B̄s Ñ Ds and B̄s Ñ D˚

s with New Physics.
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xPCM
TT ypωq

‚ Different from zero only if some of the WCs are complex
‚ Cannot be accessed from the triple differential decay width
‚ Small CP violating effects
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Figure: xPCM
TT ypωq for the B̄s Ñ D˚

s (left) and B̄s Ñ Ds (right) decays.
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Observables II: Partially integrated decay distributions

dΓd
d cos θd

d2Γd
dωd cos θd

d3Γd
dωdξdd cos θd

dΓd
dω

“ Bd
dΓSL
dω

d2Γd
dωdξd

dΓd
dEd
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We can also increase the statistics by integrating the
decay width in some of the variables. The distributions
will depend on the τ´ decay mode considered:10

Ż τ´ Ñ µ´ν̄µντ
Ż τ´ Ñ π´ντ
Ż τ´ Ñ ρ´ντ

unpolarized τ´ n0, AFB, AQ

polarized τ´ xPCM
L y, xPCM

T y, ZL, ZQ , ZK

complex WC’s xPTT y, ZT
10N.P. et al. JHEP 04 (2022) 026
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NP results: Angular distribution
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Figure: The ω-integrated dΓd{d cos θd distributions for the B̄s Ñ D
p˚q
s τ´pπ´ντ , ρ

´ντ , µ
´ν̄µντ qν̄τ

sequential decays.
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NP results: Energy distribution
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the
B̄s Ñ D
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sequential decays.

F̂ d
0 “ mτ

2BdΓSL
dΓ
dEd
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Conclusions

‚ We have succesfully fitted the SM-LQCD form factors to their HQET expansions
‚ The scalar, pseudoscalar and tensor (new physics) form factors are obtained using the

previous fit and their expressions in HQET.

‚ The NP results are similar to the SUp3q-analogue B̄ Ñ Dp˚q. (see
N.P. et al. JHEP 04 (2022) 026)

‚ The analysis of this transition, as well of other CC b Ñ c decays, could then help in
establishing or ruling out LFUV.

Thank you!
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RpD
p˚q
s q

SM L Fit 7 R S7a L R2

Γepµq 0.92 ˘ 0.06

B̄s Ñ Ds Γτ 0.27 ˘ 0.01 0.36 ˘ 0.02 0.305`0.061
´0.017 0.259`0.029

´0.017

RDs 0.298`0.009
´0.007 0.391`0.021

´0.017 0.333`0.066
´0.016 0.283`0.031

´0.017

Γepµq 2.11`0.17
´0.22

B̄s Ñ D˚
s Γτ 0.52`0.04

´0.05 0.62 ˘ 0.05 0.59 ˘ 0.06 0.57 ˘ 0.05

RD˚
s

0.245`0.007
´0.006 0.293`0.011

´0.007 0.280`0.016
´0.015 0.27 ˘ 0.01

Table: Semileptonic decay widths Γℓ “ ΓpB̄s Ñ D
p˚q
s ℓν̄ℓq and ratios R

D
p˚q
s
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SM-LQCD Form factors
Form factors as a power series: F9

1
Ppq2q

n
ÿ

i“0

aiz
i pq2q

where zpq2; tth, t0q “

a

tth ´ q2 ´
?
tth ´ t0

a

tth ´ q2 `
?
tth ´ t0

B̄s Ñ D˚
s

V , A0, A1 and A2
Harrison and Davies (HPQCD)

Phys. Rev. D 105, 094506 (2022)

Opz̃˚q3 Ñ 16 coeff.
tth “ pMB ` MD˚q2

t0 “ pMBs ´ MD˚
s

q

B̄s Ñ Ds

f` and f0
McLean, Davies, Koponen, and Lytle (HPQCD)

Phys. Rev. D 101, 074513 (2020)

Opz̃q2 Ñ 6 coeff.
tth “ pMBs ` MDs q

2

t0 “ 0
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LQCD Form factors: change of variables

We change the parametrizations to symmetrize the range of z corresponding to
0 ď q2 ď t

p˚q

´ “ pMBs ´ M
D

p˚q
s

q2 for the two decays.

B̄s Ñ D˚
s

tth “ pMB ` MD˚q2

t0 “ tth ´
a

tthptth ´ t˚
´q

B̄s Ñ Ds

tth “ pMB ` MDq2

t0 “ tth ´
a

tthptth ´ t´q

‚ tãiu Ñ taiu

‚ aA2
3 and a`

2 fixed by q2 “ 0 constraints. Ñ 20 independent coefficients ai
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LQCD form factors parameterization

Bs Ñ D˚
s Bs Ñ Ds

HPQCD parametrization:; F pq2q “
1

PF pq2q

3
ÿ

n“0

ãFn pz̃˚qn
f0pq2q “

1
1 ´ q2{M2

Bc0

2
ÿ

n“0

ã0
nz̃

n

f`pq2q “
1

1 ´ q2{M2
B˚
c

2
ÿ

n“0

ã`
n

„

z̃n ´
p´1qn´3n

3
z̃3

ȷ

New parametrization˚ F pq2q “
1

PF pq2q

3
ÿ

n“0

aFn pz˚qn
f0pq2q “

1
1 ´ q2{M2

Bc0

2
ÿ

n“0

a0
nz

n

f`pq2q “
1

1 ´ q2{M2
B˚
c

2
ÿ

n“0

a`
n z

n
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LQCD Form factors
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Figure: LQCD form factors from HPQCD vs the new parametrization.
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Isgur-Wise functions

Isgur-Wise function parametrization Murgui et al. JHEP 09 (2019) 103

ξpωq “ 1 ´ 8ρ2ẑ ` p64c ´ 16ρ2qẑ2 ` p256c ´ 24ρ2 ` 512dqẑ3

where

ẑpωq “

?
ω ` 1 ´

?
2

?
ω ` 1 `

?
2
.

Sub-leading Isgur-Wise functions Bernlochner et al. Phys.Rev.D 95(2017)11, 115008

χ̂2pωq “ χ̂2p1q ` χ̂1
2p1qpω ´ 1q, χ̂3pωq “ χ̂1

3p1qpω ´ 1q, ηpωq “ ηp1q ` η1p1qpω ´ 1q
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https://link.springer.com/article/10.1007%2FJHEP09%282019%29103
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.115008


HQET form factors corrections

ĥV “ 1 ` α̂sCV1 ` ϵcpL̂2 ´ L̂5q ` ϵbpL̂1 ´ L̂4q,

ĥA1 “ 1 ` α̂sCA1 ` ϵc

´

L̂2 ´ L̂5
ω ´ 1
ω ` 1

¯

` ϵb

´

L̂1 ´ L̂4
ω ´ 1
ω ` 1

¯

,

ĥA2 “ α̂sCA2 ` ϵcpL̂3 ` L̂6q,

ĥA3 “ 1 ` α̂spCA1 ` CA3q ` ϵcpL̂2 ´ L̂3 ` L̂6 ´ L̂5q ` ϵbpL̂1 ´ L̂4q,

ĥ` “ 1 ` α̂s

”

CV1 `
ω ` 1

2
pCV2 ` CV3q

ı

` pϵc ` ϵbqL̂1,

ĥ´ “ α̂s
ω ` 1

2
pCV2 ´ CV3q ` pϵc ´ ϵbqL̂4.
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Bernlochner et al. Phys.Rev.D 95(2017)11, 115008

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.115008


Fit

Goal: Fit the SM-LQCD form factors to their HQSS expressions.

1. Expand the HQSS form factors in powers of zp˚q.

2. Compare them with the LQCD expansions to obtain fi , the coefficients in terms of the 10
HQET parameters ρ2, c, d , χ̂2p1q, χ̂1

2p1q, χ̂1
3p1q, ηp1q, η1p1q, l1p1q, l2p1q.

3. Minimize χ2 “
ř

j

ř

kpaj ´ fjqC
´1
jk pak ´ fkq

‚ block-diagonal covariance C “

ˆ

CD˚ 0
0 CD

˙
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Covariance and error

‚ We expect B̄s Ñ D˚
s and B̄s Ñ Ds to be correlated but we don’t have that information

‚ block-diagonal covariance C “

ˆ

CD˚ 0
0 CD

˙

vs. no-correlated fit C “ Diagpσ2)

‚ ϵx “

d

p ∆x
loomoon

fit error

q2 ` px̄ ´ x̄unc.
looomooon

sist. error

q2

B̄s Ñ D
p˚q
s B̄s Ñ D

p˚q
s (unc) ϵrB̄s Ñ D

p˚q
s s B̄ Ñ Dp˚q

ρ2 1.26 ˘ 0.07 1.33 ˘ 0.10 0.10 1.32 ˘ 0.06
c 1.20 ˘ 0.11 1.28 ˘ 0.13 0.13 1.20 ˘ 0.12
d ´0.91 ˘ 0.10 ´0.97 ˘ 0.12 0.11 ´0.84 ˘ 0.17

χ̂2p1q 0.30 ˘ 0.23 0.18 ˘ 0.24 0.26 ´0.058 ˘ 0.020
χ̂1

2p1q 0.14 ˘ 0.08 ´0.02 ˘ 0.15 0.18 0.001 ˘ 0.020
χ̂1

3p1q 0.08 ˘ 0.09 0.07 ˘ 0.08 0.09 0.036 ˘ 0.020
ηp1q 0.07 ˘ 0.21 0.14 ˘ 0.23 0.22 0.355 ˘ 0.040
η1p1q ´0.51 ˘ 0.25 0.12 ˘ 0.59 0.68 ´0.03 ˘ 0.11
l1p1q 0.28 ˘ 0.50 0.38 ˘ 0.52 0.51 0.14 ˘ 0.23
l2p1q ´2.24 ˘ 0.94 ´2.66 ˘ 1.1 1.03 ´2.00 ˘ 0.30
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