
Soumitra Nandi

IIT-Guwahati 

4/1/2025 1

A look at the semileptonic decays of Bc meson to S and P wave 
charmonium states

Based on: JHEP 01 (2025) ,  arXiv:2503.01693v1, and an ongoing work

✓ In collaboration with A. Biswas, S. Sahoo and U.Dey

QCD session of the 59th Rencontres de Moriond April 1, 2025, La Thuile

https://arxiv.org/abs/2503.01693v1
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✓ LFU observables in semileptonic decays of mesons and baryons: SM and BSM

Major focus in the theory and experiments:   FCCC, FCNC

✓ One of the many goals ….Precise extractions of the CKM elements  

➢ Could be useful in constraining NP parameters …..

✓ Role of many other observables in test of NP signatures!

FCCC b->c decays: 

Examples: R(D), R(D*)….important insights… 

Examples: Forward backward, tau-polarization, HF*-polarization asymmetries 
and many other angular observables…..sensitive to new interactions… 

✓ In this category: semileptonic decays of Bc meson to S or P wave charmonium
states  will provide complementary information…..a relevant topic of discussion!

Precise predictions and measurements of similar type of observables 
like above will be an essential study…. 
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✓ Decay rates distributions are determined by the respective shapes of the form factors..

✓ To constraint the shapes inputs from the non-perturbative methods are required!

✓ QCD model calculations….Examples: light front quark model, covariant quark 
model, lightcone or QCD sumrule, perturbative QCD approach, NRQCD effective 
theory etc……

✓ Precise inputs from lattice would play essential role …not only at the 
maximum recoil but away from the max recoil…..

✓ Calculations are more reliable near the max recoil (q2 = 0)

May provide some insights… 

A combination of lattice (wherever available) and model calculation might be 
helpful to constraint the shapes of the form factors…
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Form factors:

Bc -> J/ψ =>   Lattice result is available which can be used to get q2 shapes!

Available inputs and model calculations

Bc -> ηc => Results of a systematic study from Lattice is not available! 

Bc -> P (= χc0 , χc1, hc )    => lattice results are not available! 

✓ HPQCD collaboration arXiv:2007.06957v2 and arXiv:2503.15090v1

https://arxiv.org/abs/2007.06957v2
https://arxiv.org/abs/2503.15090v1


Form factors: Inputs/information

4/1/2025 17

Form factors:

Bc -> J/ψ =>   Lattice result is available which can be used to get q2 shapes!

Available inputs and model calculations

Bc -> ηc => Results of a systematic study from Lattice is not available! 
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Form factors:

Bc -> J/ψ =>   Lattice result is available which can be used to get q2 shapes!

Available inputs and model calculations

Bc -> ηc => Results of a systematic study from Lattice is not available! 

Bc -> P (= χc0 , χc1, hc )    => lattice results are not available! 

1. We take lattice inputs on Bc -> J/ψ form factors, use heavy quark spin symmetry (HQSS) 
and extract the Bc -> ηc form factors!

2. Bc -> P and S wave form factors are calculated in NRQCD EFT and in the PQCD framework! 

✓ Complete knowledge of which relied upon model dependent inputs!

We have extracted these model dependent inputs using the results of item 1 and few other 
lattice and experimental inputs related to decays of S and P wave charmonium states!

✓ HPQCD collaboration arXiv:2007.06957v2 and arXiv:2503.15090v1

https://arxiv.org/abs/2007.06957v2
https://arxiv.org/abs/2503.15090v1
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✓ Using trace theorem we express f+/0 (q2), V(q2), A0,1,2 (q2) in terms of the Isgur-Wise functions 

• Also, the relations can be seen in Cohen et.al. arxiv: 1909.10691

A. Biswas, SN, S. Sahoo, arxiv: 2311.00758

Δi (w) 

https://arxiv.org/abs/2311.00758
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✓ We use Taylor series expansion about the zero recoil w = 1 and define 
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✓ Using trace theorem we express f+/0 (q2), V(q2), A0,1,2 (q2) in terms of the Isgur-Wise functions 

• Also, these relations can be seen in Cohen et.al. arxiv: 1909.10691

A. Biswas, SN, S. Sahoo, arxiv: 2311.00758

Δi (w) 

✓ We use Taylor series expansion about the zero recoil w = 1 and define 

According to HQSS: 

Symmetry breaking correction O(mc/mb, ΛQCD/mb)≈ 30%,
for detail see  Jenkins et.al. hep-ph/9204238

✓ In our analysis, we treat Δi (1) as independent and extracted them from lattice 
inputs on V(q2), A0,1,2 (q2) at a few values of q2 close to 𝒒𝒎𝒂𝒙

𝟐

https://arxiv.org/abs/2311.00758
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Bc-> ηc Form Factors

Fit results: 

0.65(12)0.816(41) 0.842(27) 0.865(31) -2.111(93) 5.21(48)

A. Biswas, SN, S. Sahoo, arxiv: 2311.00758

https://arxiv.org/abs/2311.00758
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0.65(12)0.816(41) 0.842(27) 0.865(31) -2.111(93) 5.21(48)

Fit results compared 
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A. Biswas, SN, S. Sahoo, arxiv: 2311.00758
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Bc-> ηc Form Factors

Fit results: 

0.65(12)0.816(41) 0.842(27) 0.865(31) -2.111(93) 5.21(48)

Fit results compared 
with the inputs used

A. Biswas, SN, S. Sahoo, arxiv: 2311.00758

From an average!

Symmetry breaking 
corrections

https://arxiv.org/abs/2311.00758
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Bc-> ηc Form Factors
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Bc-> ηc Form Factors

Fit to BCL parameters
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Bc-> ηc Form Factors

Error is ≈ 15%
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Model calculation: Form Factors

NRQCD => arXiv:1703.03875v2, arXiv:1208.5916v2, arXiv:0705.3133v2, 

arXiv:1209.5859v2

NRQCD => arXiv:2105.12066v2 , arXiv:1710.07011v3

Bc -> S (wave) 

Bc -> P (wave) 

PQCD approach => arXiv:1801.06145v3, arXiv:1602.08918v1

PQCD approach => arXiv:1806.00796v2, arXiv:1712.08928v2
(= χc0 , χc1, hc ) 

✓ Hsiang-nan Li,  Xiao, Liu, Rui et.al. 

✓ R. Zhu, Z-Q Chen, C-F Qiao

✓ Z Rui, J Zhang, L-L Zhang, 

✓ G.Bell, Qiao et.al, Zhu et.al. 

https://arxiv.org/abs/1703.03875v2
https://arxiv.org/abs/1208.5916v2
https://arxiv.org/abs/0705.3133v2
https://arxiv.org/abs/1209.5859v2
https://arxiv.org/abs/2105.12066v2
https://arxiv.org/abs/1710.07011v3
https://arxiv.org/abs/1801.06145v3
https://arxiv.org/abs/1602.08918v1
https://arxiv.org/abs/1806.00796v2
https://arxiv.org/abs/1712.08928v2
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Model calculation: Form Factors

Leading order Feynman diagrams contribute to 𝐵𝑐 → 𝑋𝑐 ҧ𝑐 form factors

𝐹𝑃𝑄𝐶𝐷
𝐵𝑐→𝑋𝑐ത𝑐

𝐹𝑁𝑅𝑄𝐶𝐷
𝐵𝑐→𝑋𝑐ത𝑐 ∝ ෍

𝑛=0

𝜓(0)𝐵𝑐 𝜓(0)𝑋𝑐ത𝑐 𝑇
𝑛

Form factors
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Model calculation: Form Factors

Leading order Feynman diagrams contribute to 𝐵𝑐 → 𝑋𝑐 ҧ𝑐 form factors

𝐹𝑃𝑄𝐶𝐷
𝐵𝑐→𝑋𝑐ത𝑐

𝐹𝑁𝑅𝑄𝐶𝐷
𝐵𝑐→𝑋𝑐ത𝑐 ∝ ෍

𝑛=0

𝜓(0)𝐵𝑐 𝜓(0)𝑋𝑐ത𝑐 𝑇
𝑛

Form factors
Non-perturbative

Perturbatively calculable 
short distance contributions!

✓ To obtain the 𝑩𝒄 → 𝑷 (wave) form factors we need to extract these wave functions! 
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NRQCD approach

∝ 𝜓(0)𝐵𝑐 𝜓(0)𝑋𝑐ത𝑐

𝐵𝑐 → 𝑋𝑐 ҧ𝑐

Extractions of radial wave fucntions

arXiv:2311.00758v2

https://arxiv.org/abs/2311.00758v2
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NRQCD approach

∝ 𝜓(0)𝐵𝑐 𝜓(0)𝑋𝑐ത𝑐

𝐵𝑐 → 𝑋𝑐 ҧ𝑐

Extractions of radial wave fucntions

✓ 𝑭𝑩𝒄→𝜳 (q2=0)=> Inputs from lattice Will be helpful to constraint the product! 

arXiv:2311.00758v2

https://arxiv.org/abs/2311.00758v2
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NRQCD approach

∝ 𝜓(0)𝐵𝑐 𝜓(0)𝑋𝑐ത𝑐

𝐵𝑐 → 𝑋𝑐 ҧ𝑐

Extractions of radial wave fucntions

arXiv:1008.4018v2= 394.7(2.4), HPQCD coll. 

arXiv:1208.2855v2= 405(6), HPQCD coll. 
𝒇𝑿𝒄ത𝒄 ∝ 𝝍𝑿𝒄ഥ𝒄 (𝟎)

𝒇𝑩𝒄 ∝ 𝝍𝑩𝒄(𝟎)

Lattice estimates (in MeV)

𝒇ψ

𝒇η𝒄

arXiv:1503.05762v2𝒇𝑩𝒄 = 434 (15), HPQCD coll.    

✓ 𝑭𝑩𝒄→𝜳 (q2=0)=> Inputs from lattice Will be helpful to constraint the product! 

arXiv:2311.00758v2

https://arxiv.org/abs/1008.4018v2
https://arxiv.org/abs/1208.2855v2
https://arxiv.org/abs/1503.05762v2
https://arxiv.org/abs/2311.00758v2
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NRQCD approach

∝ 𝜓(0)𝐵𝑐 𝜓(0)𝑋𝑐ത𝑐

𝐵𝑐 → 𝑋𝑐 ҧ𝑐

Extractions of radial wave fucntions

𝑩𝒓 𝝍 → 𝒆+𝒆− = 𝟓. 𝟗𝟕𝟏 ± 𝟎. 𝟎𝟑𝟐 × 𝟏𝟎−𝟐, 𝑩𝒓 𝜼𝒄 → 𝜸𝜸 = (𝟏. 𝟔𝟏 ± 𝟎. 𝟏𝟐) × 𝟏𝟎−𝟒

arXiv:1008.4018v2= 394.7(2.4), HPQCD coll. 

arXiv:1208.2855v2= 405(6), HPQCD coll. 
𝒇𝑿𝒄ത𝒄 ∝ 𝝍𝑿𝒄ഥ𝒄 (𝟎)

𝒇𝑩𝒄 ∝ 𝝍𝑩𝒄(𝟎)

Lattice estimates (in MeV)

𝒇ψ

𝒇η𝒄

arXiv:1503.05762v2𝒇𝑩𝒄 = 434 (15), HPQCD coll.    

∝ |𝝍𝑿𝒄ഥ𝒄 𝟎 |𝟐

✓ 𝑭𝑩𝒄→𝜳 (q2=0)=> Inputs from lattice Will be helpful to constraint the product! 

arXiv:2311.00758v2

https://arxiv.org/abs/1008.4018v2
https://arxiv.org/abs/1208.2855v2
https://arxiv.org/abs/1503.05762v2
https://arxiv.org/abs/2311.00758v2
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Extractions of radial wave fucntions
NRQCD approach arXiv:2311.00758v2

Other relevant inputs: 

https://arxiv.org/abs/2311.00758v2
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Extractions of radial wave fucntions
NRQCD approach arXiv:2311.00758v2

Other relevant inputs: 

✓ We have parametrized the missing higher order pieces in NRQCD form factors and the 
decay constant and allowed them to vary as nuisance parameters in the fit! …could be 
around 30%

,

https://arxiv.org/abs/2311.00758v2
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Extractions of radial wave fucntions
NRQCD approach arXiv:2311.00758v2

Other relevant inputs: 

✓ We have parametrized the missing higher order pieces in NRQCD form factors and the 
decay constant and allowed them to vary as nuisance parameters in the fit! …could be 
around 30%

,

https://arxiv.org/abs/2311.00758v2
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Extractions of radial wave fucntions
NRQCD approach arXiv:2311.00758v2

Other relevant inputs: 

✓ 𝑭+/𝟎
𝑩𝒄→𝜼𝒄(q2=0)=  0.64(15)  

R(ηc) = 0.290(17) ✓ Improvement in error as compared to the 
results without NRQCD inputs at q2=0 

✓ We have parametrized the missing higher order pieces in NRQCD
form factors and the decay constant and allowed them to vary as
nuisance parameters in the fit! …could be around 30%

,

Error is ≈ 6%

https://arxiv.org/abs/2311.00758v2
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Extractions of P-wave radial wave functions
Additional inputs relevant to P-wave charmonium states:  A. Biswas, SN, S. Sahoo..

Ongoing work…
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Extractions of P-wave radial wave functions
Additional inputs relevant to P-wave charmonium states:  

✓ Result of a combined analysis of all the 
available inputs related to S and P wave 
charmonium decays and Bc -> J/ψ form 
factors  at q2=0  

A. Biswas, SN, S. Sahoo..
Ongoing work…
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Extraction of P-wave radial wave functions
Additional inputs relevant to P-wave charmonium states:  

✓ Result of a combined analysis of all the 
available inputs related to S and P wave 
charmonium decays and Bc -> J/ψ form 
factors  at q2=0  

A. Biswas, SN, S. Sahoo..
Ongoing work…

✓ Inputs are useful to predict in NRQCD the 
production cross section of double or single 
charmonium productions, Higgs and Z decays to 
charmonium states etc…..
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Parameters need to be constrained!

Wave function and Distribution amplitudes
PQCD approach

Extractions of Distribution amplitudes 

U. Dey and SN, arXiv:2503.01693v1

https://arxiv.org/abs/2503.01693v1


4/1/2025 49

Parameters need to be constrained!

Wave function and Distribution amplitudes

𝑋𝑐 ҧ𝑐

PQCD approach

Extractions of Distribution amplitudes 
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Wave function and Distribution amplitudes

Asymptotic limit of a respective twist!

𝑋𝑐 ҧ𝑐

PQCD approach

Extractions of Distribution amplitudes 
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Wave function and Distribution amplitudes
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Parameters need to be constrained!

Wave function and Distribution amplitudes

Asymptotic limit of a respective twist!

𝑋𝑐 ҧ𝑐

✓ For the P-wave charmonium states we write   𝑓𝑖

2 2𝑁𝑐

PQCD approach

Extractions of Distribution amplitudes 
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Parameters need to be constrained!

Wave function and Distribution amplitudes

Asymptotic limit of a respective twist!

𝑋𝑐 ҧ𝑐

✓ For the P-wave charmonium states we write   

✓ Can be extracted from P-wave Schr ሷ𝑜dinger states for a Coulomb potential!

𝑓𝑖

2 2𝑁𝑐

PQCD approach

Extractions of Distribution amplitudes 
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Parameters need to be constrained!

Wave function and Distribution amplitudes

Asymptotic limit of a respective twist!

𝑋𝑐 ҧ𝑐

✓ For the P-wave charmonium states we write   

✓ Can be extracted from P-wave Schr ሷ𝑜dinger states for a Coulomb potential!

𝑓𝑖

2 2𝑁𝑐

No inputs from lattice 

PQCD approach

Extractions of Distribution amplitudes 
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Parameters need to be constrained!

Wave function and Distribution amplitudes

Asymptotic limit of a respective twist!

𝑋𝑐 ҧ𝑐

✓ For the P-wave charmonium states we write   

✓ Can be extracted from P-wave Schr ሷ𝑜dinger states for a Coulomb potential!

𝑓𝑖

2 2𝑁𝑐

No inputs from lattice 
✓ We have extracted them from data!

PQCD approach

Extractions of Distribution amplitudes 
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Extractions of Form factors
PQCD approach 

U. Dey and SN, arXiv:2503.01693v1

✓ Using same set input:

Errors are roughly ≈ 15% 𝑡𝑜 20%

https://arxiv.org/abs/2503.01693v1
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Extractions of Form factors
PQCD approach 

U. Dey and SN, arXiv:2503.01693v1

✓ Using same set input:

Apart from A1(0), errors are roughly ≈ 15%

Errors are roughly ≈ 15% 𝑡𝑜 20%

https://arxiv.org/abs/2503.01693v1
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Predictions
PQCD approach 

U. Dey and SN, arXiv:2503.01693v1

Semileptonic branching fractions

✓ Following the pole expansion we have obtained 
the q2 shapes of all the form factors

https://arxiv.org/abs/2503.01693v1


Summary and Outlook
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✓ We have extracted Bc->ηc form factors and the LFU ratio R(ηc ) using lattice inputs on 
Bc-> J/ψ form factors and the HQSS 

✓ For the model calculation of the form factors in Bc -> (ηc , χc0 , χc1, hc ) in PQCD and 
NRQCD framework, we have extracted the values of the relevant form factors at q2 =0.

✓ Inputs: Bc-> J/ψ form factors, decay constants and the measured charmonium
radiative decay rates.

✓ Using the results on the form factors, we have predicted the rates, LFU ratios and a 
couple of angular observables for Bc -> ( χc0 , χc1, hc ) semileptonic decays 
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✓ Following our approach, a more precise inputs from lattice on Bc-> J/ψ form factors 
and lattice estimate of Bc->ηc form factors will help to reduce the error of our 
estimates on Bc-> P wave  form factors and other related observables!   

✓ We have extracted Bc->ηc form factors and the LFU ratio R(ηc ) using lattice inputs on 
Bc-> J/ψ form factors and the HQSS 

✓ For the model calculation of the form factors in Bc -> (ηc , χc0 , χc1, hc ) in PQCD and 
NRQCD framework, we have extracted the values of the relevant form factors at q2 =0.

✓ Inputs: Bc-> J/ψ form factors, decay constants and the measured charmonium
radiative decay rates.

✓ Using the results on the form factors, we have predicted the rates, LFU ratios and a 
couple of angular observables for Bc -> ( χc0 , χc1, hc ) semileptonic decays 
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LCDAs for J/ψ and ηc

Normalization
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LCDAs for P wave charmonium

Normalization

) 

χc0

χc1

hc
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Form factor shapes: Pole expansion

✓ Bc->ηc and Bc-> J/ψ form factors!


