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b → c`ν̄` semileptonic decays - Vcb

I Tension between inclusive and exclusive determinations of Vcb.

I Exclusive favour B → D∗`ν̄`, extrapolate data to zero recoil and compare to
lattice.

I Recently (e.g. M.Bordone et al. 1908.09398) shown that using more general
parameterisations when extrapolating reduces tension.

I Desirable to use full kinematic range.

I Complementary determinations possible using Bs → D
(∗)
s

1, Bc → J/ψ.

I LHCb working on Bc → J/ψ

1LHCb 2001.03225
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b → c`ν̄` semileptonic decays - R(D(∗)), R(J/ψ)

Deviations from lepton flavour
universality seen in branching
ratios

R(D(∗)) =
Γ(B → D(∗)τ ν̄τ )

Γ(B → D(∗)µν̄µ)

SM Exp
R(D) 0.299(3) 0.340(30)
R(D∗) 0.258(5) 0.295(14)

[HFLAV 1909.12524]

Early experimental results show slight tension with
model results for R(J/ψ)

R(J/ψ) =
Γ(Bc → J/ψτν̄τ )

Γ(Bc → J/ψµν̄µ)

0.2 0.4 0.6 0.8 1.0
R(J/ )

Models

LHCb - 1711.05623

I large spread in model results for R(J/ψ) in range 0.23− 0.28

I Model calculations include limited treatment of systematic uncertainties

I Experimental error recieves a large contribution from lack of knowledge about
form factors
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b → c`ν̄` semileptonic decays - R(D(∗)), R(J/ψ)

Projected uncertainties2 in R(D∗) and R(J/ψ).

I Expect factor of ≈ 10 reduction in experimental uncertainty of R(J/ψ)

2LHCb 1808.08865v4
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Bc → J/ψ Differential Rate and Form Factors

After integrating over angular variables, get differential rate w.r.t. q2

dΓ

dq2
= N×

[ (
|H−|2 + |H0|2 + |H+|2

)
+

m2
`

2q2

(
|H−|2 + |H0|2 + |H+|2 + 3|Ht |2

)]
where

N =
G2
F

(2π)3
|ηEW |2|Vcb|2

(q2 −m2
`)2|~p′|

12M2
Bc

q2
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Bc → J/ψ Differential Rate and Form Factors

Helicity amplitudes are functions of form
factors:

H±(q2) =f A1
± A1(q2) + f V± V (q2),

H0(q2) =f A2
0 A2(q2) + f A1

0 A1(q2),

Ht(q
2) =ftA0(q2)

where f = f (q2,MBc ,MJ/ψ)

Form factors are in turn related to matrix
elements:

〈J/ψ(p′, λ)|c̄γµb|B−c (p)〉

=V (q2)×KinµV

〈J/ψ(p′, λ)|c̄γµγ5b|B−c (p)〉

=A0(q2)×KinµA0

+A1(q2)×KinµA1

+A2(q2)×KinµA2

I Need to compute matrix elements for 4 combinations of current operator and
J/ψ interpolating operator in order to extract form factors.
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Heavy Quarks on the Lattice
To simulate precisely need amq < 1, but most lattices have lattice spacing a > 1/mb,
on these lattices cannot simulate physical b quarks directly.
I Instead, use unphysically light heavy masses amh on multiple lattices with

a > 1/mb

I fit data to polynomial in ΛQCD/mh, motivated by HQET, and extrapolate to
mh = mb

I use Highly Improved Staggered Quarks (HISQ) → very small discretisation errors,
crucial for calculations involving heavy quarks.

Extract matrix elements in standard way, for multiple heavy quarks with masses mh:

C3pt(T , t, 0) = 〈0|c̄γνc(T ) c̄Γh(t) h̄γ5c(0)|0〉

T

t

0

J

J/ Hc
h

c1

c2

Fit computed 3pt correlation function
to:

C3pt(T , t, 0) =
∑
n,m

(
AnBmJnme−(T−t)En−tMm

+(−1)T+tAn
oB

mJnmoe e−(T−t)Eo
n−tMm

+(−1)tAnBm
o Jnmeo e−(T−t)En−tMo

m

+(−1)TAn
oB

m
o Jnmoo e−(T−t)Eo

n−tMo
m

)
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z-space
In order to fit q2 dependence we change variables to z(q2)

z(t+, t0, q
2) =

√
t+ − q2 −

√
t+ − t0√

t+ − q2 +
√
t+ − t0

t− =(MHc −MJ/ψ)2

t+ =(MH + MD∗ )2

t0 =t−
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Heavy-HISQ Form Factor Fit Function

The fit form we use for the form factors is then given by

F (q2) = P(q2)
3∑

n,i,j,k

aijk

(
ΛQCD

Mηh

)i (amc

π

)2j (amh

π

)2k
zn(q2)(1 + δn)

P(q2) incorporates subthreshold c̄h resonances, δn captures sea and valence quark
mass mistuning effects. Physical continuum form factors given by

Fphys(q2) = P(q2)
3∑
n,i

ai00

(
ΛQCD

Mphys
ηb

)i

z(q2)n (1)
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Lattice Details

Set ω0/a Nx × Nt aml0 ams0 amc0 nconfigs

1 1.9006(20) 32× 96 0.0074 0.037 0.440 980
2 2.896(6) 48× 144 0.0048 0.024 0.286 500
3 3.892(12) 64× 192 0.00316 0.0158 0.188 374
4 1.9518(7) 64× 96 0.0012 0.0363 0.432 300

0.000 0.002 0.004 0.006 0.008 0.010
a2/fm2
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Results - q2
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Results: z-space, Poles Removed
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Helicity Amplitudes
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Differential Decay Rates and R(J/ψ)
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dq2(B

−
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dΓ
dq2(B

−
c → J/ψτ−ν̄τ)/Γ(B−c → J/ψµ−ν̄µ)

Γe/|ηEWVcb|2 =
11.52(80)× 10−12GeV

Γµ/|ηEWVcb|2 =
11.47(79)× 10−12GeV

Γτ/|ηEWVcb|2 =
2.99(19)× 10−12GeV

R(J/ψ) = 0.2601(36)
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Our Result in the Context of Model values and Experiment

0.2 0.4 0.6 0.8 1.0
R(J/ )

Models

LHCb - 1711.05623

this work
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Error Budget

Γ/|ηEWVcb|2
Source ` = µ ` = τ R(J/ψ)

mh dependence 2.4 2.2 0.6
a→ 0 3.9 3.6 0.8
δn → 0 3.5 3.3 0.3

lattice spacing determination 1.2 1.2 0.1
Statistics 3.5 3.1 1.0

Other 1.4 1.3 0.0
Total(%) 6.9 6.4 1.4

I Dominant statistical uncertainty may be reduced by increasing number of
configurations on finest lattices
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Other Useful Quantities

I Can insert values of Vcb and ηEW to find Γ = 2.96(20)latt(20)Vcb
× 1010s−1

I Then using the measured value of the Bc lifetime we can compute the branching
fraction Br(B−c → J/ψµ−ν̄µ) = 0.0151(10)latt(10)Vcb

(3)τBc

Bc branching fractions in the PDG are given in modified form B(b̄ → B+
c )Γi/Γ, Where

B(b̄ → B+
c ) is the probability for a b to hadronise as a Bc .

I Use branching fraction together with the experimental value of the modified
branching fraction to give B(b̄ → B+

c ) = 0.00576(57)latt+Vcb
(66)exp

compare to probability3 for B(b̄ → B+) = 0.407(8)

3P. Zyla et al.(Particle Data Group), Prog. Theor. Exp. Phys. , 083C01 (2020)
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Angular Observables

J/ 
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µ�
`�

⌫`

B�
c

�

✓W
✓J/ 

W�
<latexit sha1_base64="j+ODDqbIVyZhlaDtWxlJeJ+s+IU=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgxbAbBT0GvXiMaB6QrGF20kmGzM4uM7NCWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUK6AaBZdYN9wIbMUKaRgIbAajm6nffEKleSQfzDhGP6QDyfucUWOl++bjWbdYcsvuDGSZeBkpQYZat/jV6UUsCVEaJqjWbc+NjZ9SZTgTOCl0Eo0xZSM6wLalkoao/XR26oScWKVH+pGyJQ2Zqb8nUhpqPQ4D2xlSM9SL3lT8z2snpn/lp1zGiUHJ5ov6iSAmItO/SY8rZEaMLaFMcXsrYUOqKDM2nYINwVt8eZk0KmXvvFy5uyhVr7M48nAEx3AKHlxCFW6hBnVgMIBneIU3RzgvzrvzMW/NOdnMIfyB8/kD0xSNfg==</latexit>

O` = N `(q2)/D`(q2)

〈O`〉 =

∫ q2
max

m`
N `(q2)dq2∫ q2

max
m`

D`(q2)dq2

R(O) =
〈Oτ 〉

1
2
〈Oµ〉+ 1

2
〈Oe〉

d2Γ

dq2d cos(θW )
=aθW (q2) + bθW (q2) cos(θW )

+ cθW (q2) cos2(θW )

the observables are defined as

AFB(q2) =−
bθW (q2)

dΓ/dq2

Aλ` (q2) =
dΓλ`=−1/2/dq2 − dΓλ`=+1/2/dq2

dΓ/dq2

F
J/ψ
L (q2) =

dΓλJ/ψ=0/dq2

dΓ/dq2
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Angular Observables
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Consider NP
modifications to the
left and right handed
c̄b vector couplings,
which resolve the
tension seen in R(D)
and R(D∗)a

gVL
=0.07− i 0.16

gVR
=− 0.01− i 0.39

aBecirevic et al. 1907.02257
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Integrated Angular Observables and Ratios

SM gVR
gVL

〈AFB〉 -0.064(12) -0.0153(92) -0.064(12)
〈Aλτ 〉 0.5296(59) 0.5295(59) 0.5296(59)

〈F J/ψ
L 〉 0.4337(82) 0.4343(82) 0.4337(82)

R(AFB) 0.281(35) 0.067(36) 0.281(35)
R(Aλ` ) 0.5325(58) 0.5324(58) 0.5325(58)

R(F
J/ψ
L ) 0.891(10) 0.892(10) 0.891(10)

I gVL
just rescales the helicity amplitudes equally and does not affect these ratios.

I The combination |H+|2 + |H−|2 = |HA|2 + |HV |2 also rescales with |H0|2 and

|Ht |2 when gVR
is purely imaginary. As such Aλ` and F

J/ψ
L are insensitive to gVR

.

I AFB and R(AFB) are sensitive to NP appearing through the right handed
coupling.
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Conclusions and Outlook

I Computed Bc → J/ψ semileptonic form factors across full q2 range with high
precision, the first time these quantities have been computed using lattice QCD -
form factors available as ancillary files at https://arxiv.org/abs/2007.06957

I These can be fed into experiments to improve the systematics coming from form
factor uncertainty, as well as used to normalise other Bc processes through
determination of B(b → B+

c ).

I Computed R(J/ψ) with an uncertainty of ≈ 1.4%

I Demonstrated efficacy of heavy-HISQ for computing heavy P → V form factors.

I Very similar Bs → D∗s computation is complete with analysis in an advanced
stage, near completion.
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Thanks!
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