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Topics of discussion

Major focus in the theory and experiments: FCCC, FCNC

v" One of the many goals .../@'ecise extractions of the CKM eIements/
— N

S —r——

v" LFU observables in semileptonic decays of mesons and baryons: SM and BSM

FCCC b->c decays:

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

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

v" In this category: semileptonic decays of B_ 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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Exclusive decays

X, => pseudoscalar (P) or a vector (V) charmonium state....
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Exclusive decays

X, => pseudoscalar (P) or a vector (V) charmonium state....

(P(ps)[v"b Be(p1)) = | (91 + po) — B Pt | Py (?) +
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Exclusive decays

X, => pseudoscalar (P) or a vector (V) charmonium state....

2 2

(P(p2)[ev"0] Be(pr)) = | (p1 +p2)" — e

6*

(V (p2)ler" 1501 Belpr)) = 2my Ao(e)

q . 2 * L E*'q L
¢" + (mp, = mv)Ai(q") |[e" - 2 ¢

* m2 —m2
Ao — 1 w_ Be TV opu
z(q)chimV (p1 +p2) Z
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Constraining the FF: Inputs

v’ Decay rates distributions are determined by the respective shapes of the form factors..

v’ To constraint the shapes inputs from the non-perturbative methods are required!
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Constraining the FF: Inputs

v’ Decay rates distributions are determined by the respective shapes of the form factors..

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

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

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

v’ Calculations are more reliable near the max recoil (g2 = 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: Inputs/information

Form factors: Available inputs and model calculations

B.->J/y => Lattice result is available which can be used to get g shapes!

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

B.->nN. =>Results of a systematic study from Lattice is not available!

B.->P (=X, X, he) => lattice results are not available!

4/1/2025 16


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

Form factors: Inputs/information

Form factors: Available inputs and model calculations

B.->J/y => Lattice result is available which can be used to get g shapes!

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

B.->nN. =>Results of a systematic study from Lattice is not available!

B.->P (=X, X1, h.) => lattice results are not available!

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

4/1/2025 17


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

Form factors: Inputs/information

Form factors: Available inputs and model calculations

B.->J/y => Lattice result is available which can be used to get g shapes!

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

B.->nN. =>Results of a systematic study from Lattice is not available!

B.->P (=X, Xz, he) => lattice results are not available!
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Form Factors: Inputs/information

Form factors: Available inputs and model calculations

B.->J/y => Lattice result is available which can be used to get g shapes!

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

B.->nN. =>Results of a systematic study from Lattice is not available!

B.->P (=X, X1, he) => lattice results are not available!

1. We take lattice inputs on B_-> ]/ form factors, use heavy quark spin symmetry (HQSS)
and extract the B_ -> n_form factors!

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

v' 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!
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B.-> n. Form Factors

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

v’ Using trace theorem we express f, , (%), V(a?), Ay 1 , (9?) in terms of the Isgur-Wise functio
(W
I

* Also, the relations can be seen in Cohen et.al. arxiv: 1909.10691
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A. Biswas, SN, S. Sahoo, arxiv: 2311.00758

v’ Using trace theorem we express f, , (%), V(a?), Ay 1 , (9?) in terms of the Isgur-Wise functio
(W
I

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

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

Ayf(w) = Ay(1) + (w—1)AQ) + (w ; L*

A(1)".

Accordingto HQSS: Ay (1) = A4, (1) =Aa,(1) = A4 (1) = A (1) = Ag(1) = A,

Symmetry breaking correction 0(m/my, Aqcp/my)= 30%,
for detail see Jenkins et.al. hep-ph/9204238
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B.-> n. Form Factors

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

v’ Using trace theorem we express f, 4, (%), V(a?), Ay 1 , (g?) in terms of the Isgur-Wise functio
(W
I

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

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

Ayf(w) = A1) + (w—1AQ) + (w ; D)

A(1)".

Accordingto HQSS: Ay (1) = A4, (1) =A4,(1) = A4 (1) =AL(1) = A¢(1) = A,

Symmetry breaking correction 0(m/my, Aqcp/my)= 30%,
for detail see Jenkins et.al. hep-ph/9204238

v" In our analysis, we treat A, (1) as independent and extracted them from lattice
inputs on V(q?), A, ; , (9?) at a few values of g close to qQax
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B.-> n. Form Factors

A. Biswas, SN, S. Sahoo, arxiv: 2311.00758
1
Fit results: Av(l) Aa, (1) Aag(1) A, (1) A1) A(1)"
0.816(41)  0.842(27)  0.865(31)  065(12) -2.111(93) 5.21(48)

4/1/2025 25


https://arxiv.org/abs/2311.00758

B.-> n. Form Factors

A. Biswas, SN, S. Sahoo, arxiv: 2311.00758
Fit results: Av(l) Aa, (1) Aag(1) A, (1) A1) A(1)"
0.816(41)  0.842(27)  0.865(31)  065(12) -2.111(93) 5.21(48)
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N <07 ]
10, o Fit results compared
0.8 N with the inputs used
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B.-> n. Form Factors

_m A. Biswas, SN, S. Sahoo, arxiv: 2311.00758
Fit results: v Aa, (1) Apo (1) NAA, (1) A(1) A(1)"
0.816(41)  0.842(27)  0.865(31) / 0.65(12) -2.111(93) 5.21(48)
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Al(w=1)=Ag(w=1)=A 0.25.
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B.-> n. Form Factors

ﬁ A. Biswas, SN, S. Sahoo, arxiv: 2311.00758
Fit results: v Aa, (1) Apo (1) NAA, (1) A(1) A(1)"
0.816(41)  0.842(27)  0.865(31) / 0.65(12) -2.111(93) 5.21(48)
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B.-> n. Form Factors

4/1/2025

Pseudo data points for ffjfnc (¢%)

f+(6)
0.72(28)

f+(8)
0.83(30)

f-l— (q:gna:z:)

1.01(30)

fo(6)
0.63(26)

fo(8)
0.69(25)

fO (q'.-?na:c)

0.79(24)
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B.-> n. Form Factors

Pseudo data points for 257" (¢2)

+.0
Fr6) | Fr8) | fe(@ha) | So(6) | fo8) | foldP.) Fit to BCL parameters
0.72(28) | 0.83(30) | 1.01(30) | 0.63(26) | 0.69(25) | 0.79(24) ,/
""""""
10 R
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& Pt =
s
0.0 | . |
0.0 |
0 2 4 6 8 10 0 2 4 6 10
7 T
4/1/2025




B.-> n. Form Factors

8 10

Pseudo data points for fj'i‘”[,_”?c (¢°)
f+(6) f+(8) f-l-(q‘.?na:z:) fo(ﬁ) fo(s) fO(qgma:c)
0.72(28) | 0.83(30) | 1.01(30) | 0.63(26) | 0.69(25) | 0.79(24)
10
S e <
:’: ________________ <
0_5‘- ____________
0.0 ‘
0.0 ‘ ‘
0 2 4 6 8 10 0 2 4
7

Erroris ~ 15%
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Model calculation: Form Factors

—

NRQCD => arXiv:1703.03875v2, arXiv:1208.5916v2, arXiv:0705.3133v2,
B.->S (wave) arXiv:1209.5859v2
=c

v" G.Bell, Qiao et.al, Zhu et.al.

PQCD approach => arXiv:1801.06145v3, arXiv:1602.08918v1
— v’ Hsiang-nan Li, Xiao, Liu, Rui et.al.

NRQCD => arXiv:2105.12066v2 , arXiv:1710.07011v3
v" R. Zhu, Z-Q Chen, C-F Qiao

B, -> P (wave)

(= Xco ’ xc]_’ hc )
PQCD approach => arXiv:1806.00796v2, arXiv:1712.08928v2

v Z Rui, J Zhang, L-L Zhang,
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Model calculation: Form Factors

Leading order Feynman diagrams contribute to B. —» X,.~ form factors

]

c
X <

B

c
X <

Y

Form factors

¢ ) B0, (O, T"
n=0

X Pp (x1,b1)QH(1)Q@Px . (x2, b2)
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Model calculation: Form Factors

Leading order Feynman diagrams contribute to B. —» X,.~ form factors

:E X :.E

B

c
X <

Qv

Non-perturbative
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Model calculation: Form Factors

Leading order Feynman diagrams contribute to B. —» X,.~ form factors

:E X :.E

B

c
X <

Perturbatively calculable
short distance contributions!
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Model calculation: Form Factors

Leading order Feynman diagrams contribute to B. —» X,.~ form factors

b ¢
< X <

B

c
X <

Perturbatively calculable
short distance contributions!

v’ To obtain the B, — P (wave) form factors we need to extract these wave functions!

=7




Extractions of radial wave fucntions

~0.201, |o% ~0.186 NRQCD approach

2
915 me

B, — Xee N N\ arXiv:2311.00758v2

!

2 2 21..12
g mZ|v| mZ|v’|
Fi(q%) FiLO(q2) + Efi,as(s,’y) + —4(;:12 firc(z,y) + ()2 fi,rc'(z,y) + h.o
b c

o 1h(0)5. (0)x..
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Extractions of radial wave fucntions

[0y 0201, [0], %.0.186 NRQCD approach
31 - Xee Y N\ arXiv:2311.00758v2
21,,|2 21,2
Y. 2 LO[, 2 Qs o mz|v| . mg|v'] ’
Fg(q ) ' + 47rf1,,as (37 ’}/) + 4m§ fz,RC(Z:y) + (mb + mc)z fz,RC (Z:y) + h.o
XK
< P(0)p. Y(0)x, s =mg/(m} —q?), v = (m} — ¢?)/(4myme), z = m2/m and y = \/g2/m3

v' FB~¥ (g2=0)=> Inputs from lattice Will be helpful to constraint the product!
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Extractions of radial wave fucntions

[0y 0201, [0], %.0.186 NRQCD approach
31 - Xee Y N\ arXiv:2311.00758v2
2 2 21,12
1) LT} + o5 + # T funo () 4 el oo () + h.o}
b c
r'd
< P(0)p. Y(0)x, s =m2/(mf —q?), v = (m} — ¢®)/(4mpm.), z = m2/m3 and y = \/q2/m}

v\ FBc~¥(g2=0)=> Inputs from lattice Will be helpful to constraint the product!

Lattice estimates (in MeV)

fy =405(6), HPQCD coll. arXiv:1208.2855v2
fxe € Wx:(0) mh

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

fB, < Yg (0) fB, =434 (15), HPQCD coll.  arXiv:1503.05762v2
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Extractions of radial wave fucntions

[0y 0201, [0], %.0.186 NRQCD approach
31 - Xee Y N\ arXiv:2311.00758v2
2 2 21,12
1) LT} + o5 + # T funo () 4 el oo () + h.o}
b c
r'd
< P(0)p, Y(0)x,. s =mZ/(m? —g%), v = (m} — ¢®)/(4mym,), 2 = m2/m? and y = \/g?/m3

v\ FBc~¥(g2=0)=> Inputs from lattice Will be helpful to constraint the product!

Lattice estimates (in MeV)

fy =405(6), HPQCD coll. arXiv:1208.2855v2
fxe % ¥x.(0) mh

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

fB, < Yg (0) fB, =434 (15), HPQCD coll.  arXiv:1503.05762v2

Br(¥ > ete’) = (5.971 +0.032) x10°2,  Br(n.—yy)= (1.61 +0.12) x10~*

o |y, (0)?
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Extractions of radial wave fucntions

my = 4.51 4 0.36 NRQCD approach 5rxjy:2311.00758v2

Other relevant inputs: m. = 1.34 +£0.27
as(myp) = 0.221 £ 0.007
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Extractions of radial wave fucntions

my = 4.51 4 0.36 NRQCD approach arXiv:2311.00758v2
Other relevant inputs: me = 1.34 £0.27, as(ms) = 0.221 £0.007

v" 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%
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Extractions of radial wave fucntions
my = 4.51 4 0.36 NRQCD approach arXiv:2311.00758v2
Other relevant inputs:

m. = 1.34+0.27, as(mp) = 0.221 £ 0.007

v" 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%

YE (0) =) 0.916(124)
v, (0) mep  0.835(40)
Yri(0) mm)  1.028(26)
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Extractions of radial wave fucntions

mp = 4.51 + 036
Other relevant inputs: me = 1.34 £0.27, as(ms) = 0.221 £0.007

NRQCD approach 5rXjy:2311.00758v2

v' 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%

B:—n,
v F] /0" (q2=0)= 0.64(15)

Ee
PG With furoen(q?=0)

1.5

fd)

0.0

YB (0)m 0.916(124)
%, (0) B 0.835(40)
¥yt (0) M) 1.028(26)

::j ﬁ]BCL(QZ )
JPMgP): With firoeplg®=0)

Erroris =~ 6%

R(n,) = 0.290(17)

4/1/2025

v Improvement in error as compared to the
results without NRQCD inputs at g2=0 !
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Extractions of P-wave radial wave functions

A. Biswas, SN, S. Sahoo..

Additional inputs relevant to P-wave charmonium states:

Decay Modes

Measured values (PDG)

BR(xe0 = vY)
BR(xc1 — pv)
BR(xe1 — ¢7)
BR(xe1 — J/vy)
BR(he — n¢7)

2.04(10) x 10~
2.16(17) x 1074
2.4(5) x 1072
34.3(13) x 1072
60.0(40) x 102

4/1/2025

Ongoing work...
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Extractions of P-wave radial wave functions

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

Additional inputs relevant to P-wave charmonium states:

Decay Modes Measured values (PDG)

BR(xc0 =+ 77)
BR(xc1 — pv)
BR(Xxc1 — ¢7)
BR(xc1 — J/¢y)
BR(he — n.7)

2.04(10) x 10~
2.16(17) x 1074
2.4(5) x 107°
34.3(13) x 1072
60.0(40) x 102

Parameters | Fit results
e T gy | V0| 0O
charmonium decays and B_ -> J/{ form JE(0) 0.170(53)
factors at g%=0 "P;f(o) 0.115(65)
V5, (0) 0.835(40)
(0) 1.028(26)
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Extraction of P-wave radial wave functions

Additional inputs relevant to P-wave charmonium states: A. Biswas, SN, S. Sahoo..
Ongoing work...
Decay Modes Measured values (PDG)
BR(xc0 — 77) 2.04(10) x 1074
BR(xe1 — p) 2.16(17) x 10~*
BR(xe1 — ¢7) 2.4(5) x 1075
BR(xe1 — J/Uy) 34.3(13) x 1072
BR(he = 1.7) 60.0(40) x 10~2
Parameters | Fit results
v Result of a combined analysis of all the r¢fR (0) 0.311(42)
available inputs related to S and P wave ‘ f‘“o
charmonium2 decays and B_-> J/{ form 't (0) 0.170(53)
factors at g°=0 —= /
X ) 0.115(65)
v" Inputs are useful to predict in NRQCD the ¢§/¢(0) 0.835(40)
production cross section of double or single R
charmonium productions, Higgs and Z decays to N ,,?C(O) 1-028(26)

charmonium states etc
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Extractions of Distribution amplitudes
PQCD approach

Wave function and Distribution amplitudes U. Dey and SN, arXiv:2503.01693v1

B, (x,b) :1:(1 — ) exp [ (1= xc)nzl_l—_zmb exp[— (1 — 2)b?]
\
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Extractions of Distribution amplitudes

Wave function and Distribution amplitudes PQCD approach

— x)m2 + am?
B, (x,b) :1:(1 — ) exp [—(1 :%) (‘i _|__ ) b exp[—(l — 2)b?]
c e

-
s () 0 ) e | e (T +?) }

2T
XC(F
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Extractions of Distribution amplitudes

Wave function and Distribution amplitudes PQCD approach
1 — 2 2
B, (x,b) :1:(1 — ) exp [—( ;gjﬂzi _|__ z;nb exp[—(l — 2)b?]
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Extractions of Distribution amplitudes

Wave function and Distribution amplitudes PQCD approach
1 — 2 2
B, (x,b) :1:(1 — ) exp [—( ;gjﬂzi _|__ z;nb exp[—(l — 2)b?]
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Extractions of Distribution amplitudes

Wave function and Distribution amplitudes PQCD approach
1 — 2 2
B, (x,b) :1:(1 — ) exp [—( ;gjﬂzi _|__ z;nb exp[—(l — 2)b?]

v’ For the P-wave charmonium states we write 4 oc @, (2)7 (z)_fi
2,/2N,
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Extractions of Distribution amplitudes

Wave function and Distribution amplitudes PQCD approach

— x)m2 + am?
B, (x,b) :1:(1 — ) exp [—(l@é _|__ ) b exp[—(l — 2)b?]
c e
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Extractions of Distribution amplitudes

Wave function and Distribution amplitudes PQCD approach

2
exp|— @4 (1-— m)bQ]

b

No inputs from lattice
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Extractions of Distribution amplitudes

Wave function and Distribution amplitudes PQCD approach

2
exp|— @4 (1-— m)bQ]

b

No inputs from lattice
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Extractions of Form factors

v’ Using same set input:

4/1/2025

Parameters | Extracted values
wp, 0.998(34)
W/ 0.667(80)
Wn, 0.783(82)

0.147(2
0.169(28)

PQCD approach

U. Dey and SN, arXiv:2503.01693v1

Errors are roughly = 15% to 20%
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Extractions of Form factors

v' Using same set input: PQCD approach

Parameters | Extracted values U. Dey and SN' arXiv:2503.01693v1
wpa,
Wi/ Errors are roughly = 15% to 20%
Wn,
T -
Fxer Apart from A,(0), errors are roughly ~ 15%

Jhe T : /

Decay | Form Our work 4 QCDSR CLFQM
Channel | Factor PQ}JD framew k| arXiv: 0902.1467 arXiv: 0901.1934

B, =+ yeo | Fi(0) 0.431( TD 0.673(195) 0471504
Ay(0) 0.166(26) 0.03(1) 0.1340-01

B. = xe1 | A1(0) u.asstm}\ 0.30(9 o 085
V(0) 0.290(48) 0.13(4 | 0.36 1101
Ao(0) 0.322(61)

)

)

0.03(1) L 06410

Be = he | A(0) 0.761(188) 0.30(9) 0.501 01
V(0) 0.323(7 / 0.13(4) 0.07 500
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PQCD approach
U. Dey and SN, arXiv:2503.01693v1

v Following the pole expansion we have obtained

the g2 shapes of all the form factors

Semileptonic branching fractions

Branching fractions Our work QCDSR CLFQM
(% 10%) | PQCD framework | arXiv: 0902.1467 | arXiv: 0901.1934
B(B. — yeolv) 2.00(65) 1.82(51) 2,103
B(B. — xeoTvr) 0.339(114) 0.49(16) 0-24%50
B(B,. = x.li) 1.39(51) 1.46(42) 1.4
B(B, — xe17is) 0.170(65) 0.147(44) 0.157 008
B(B. — helu) 2.61(1.16) 1.42(40) 3.1%0:3
B(B. — h.7v.) 0.259(115) 0.137(38) 0.22+00=

4/1/2025
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Summary and Outlook

v We have extracted B_->n_form factors and the LFU ratio R(n_ ) using lattice inputs on
B.->J/y form factors and the HQSS

v’ For the model calculation of the form factors in B, -> (n_, X » X1, h ) in PQCD and
NRQCD framework, we have extracted the values of the relevant form factors at g2 =0.

v Inputs: B_->J/{ form factors, decay constants and the measured charmonium
radiative decay rates.

v’ Using the results on the form factors, we have predicted the rates, LFU ratios and a
couple of angular observables for B_ -> ( X, X1, h. ) semileptonic decays
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LCDAs for J/ and n.

Normalization

Ly

V5je@b) = 5 e N e (o), !
o) = SN (o= 2 % Sa),

Vo (ab) = S TECN a8 x f(a)

Ui (a0) = STECNG X f(a), B
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LCDAs for P wave charmonium

Pe(x) = Nrz(l —x)(2x — 1)T (x),

xc.o__> 2\/ 2N

1
v(s) z)dr = i
¥3(a) =32 NsT (o) =) e zm\

Normalization
1
/ Npz(1 —2)T (z)dr = 1, /
0

/ ' Npr(l — 22 — 12T ()i = 1
0

)

1—v2

@) l\/:z:(l — (1 — dz(l - x);?'
{1-4z(1-2x)(1 — —)}
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Form factor shapes: Pole expansion

MO Pi(¢*)=1- a
PP (1= i+ 84) 70T ME

fild®) =

Parameters Fit Resul{s

1.600(138)

v’ B.->n_and B_->J/Y form factors!

b

Bc — Xc1(he) form factors

Bc\_}‘Xc{] form factors
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