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1. Introduction
» Uniqueness of the B. Meson:

€ Composition: The only quarkonium in the Standard Model with two different
heavy flavors (b and C).

€ Decay Properties:
» Cannot annihilate via strong or electromagnetic interactions.
* Decays exclusively through weak interaction (b = ¢ or ¢ = 3).

* Provides an ideal laboratory for studying both weak decays and non-perturbative
QCD.

€ Experimental Prospects:
« Large production cross-section at LHCb (~ 1 ub at+/s = 14 TeV).

« (0(10°) B, mesons expected per fb™', enabling detailed studies of rare decay
channels.

* Some weak decay channels have been successively observed by LHCDb in recent
years.

B F Abe et al. (CDF), Phys. Rev. D 58, 112004 (1998).
B Y. N. Gao, J. He, P. Robbe, M. H. Schune, and Z. W. Yang, Chin. Phys. Lett. 27, 061302 (2010).
B S. Navas et al. (Particle Data Group), Phys. Rev. D 110, 030001 (2024). 3



1. Introduction
» Charmonium as a probe of QCD:

€ Charmonium (cc): A perfect system for studying QCD in the non-perturbative
regime.

€ P-wave charmonia (L = 1):
* Spin-triplet y.;(J = 0,1,2) (,> Py ,*> P1,* P,) and spin-singlet h.(J = 1) (,* Py).

« Well-established experimentally; masses and decay constants are known.
€ D-wave charmonia (L = 2):

* Spin-triplet y; (J = 1,2,3) (,°> Dy ,*> D, D3) and spin-singlet ., (J = 2) (,* D).

« Experimental status: (11(3770)) observed; i, observed, 15 (X(3842)) recently
observed by LHCb; 1., not yet firmly established.

J. J. Aubert et al. (E598), Phys. Rev. Lett. 33, 1404 (1974).
W. M. Tanenbaum et al., Phys. Rev. Lett. 35, 1323 (1975).
J. S. Whitaker et al., Phys. Rev. Lett. 37, 1596 (1976).

R. Brandelik et al. (DASP), Phys. Lett. B 76,361 (1978).
R. Partridge et al., Phys. Rev. Lett. 45, 1150 (1980).



1. Introduction
» Motivation and research goals:

@ Previous work: Form factors for B, - S-wave and P-wave charmonia have been
studied using three-point QCD sum rules.
€ This work:

e Corrected mistakes in previous P-wave Calculations.

« Extend the systematic analysis to D-wave charmonia (Y1, Y5, ¥3,17).
€ Primary goals:

* C(Calculate vector, axial-vector, and tensor form factors for B, = P-wave
and D-wave transitions.

* Predict semileptonic decay branching ratios (B, — Xlv;).
* (P-wave paper) Predict nonleptonic decay branching ratios (B, - XP/V).

* Provide theoretical guidance for future LHCb measurements.

B K. Azizi, H. Sundu, and M. Bayar, Phys. Rev. D 79, 116001 (2009).
B K. Azizi, Y. Sarac, and H. Sundu, Eur. Phys. J. C 73, 2638 (2013).
B B.Wu,G. L. Yu, J. Lu, and Z. G. Wang, Phys. Lett. B 859, 139118 (2024).



2. Theoretical approach

» Three-points QCD sum rules:

€ Framework: A powerful non-perturbative method to study hadronic transition
matrix elements.
€ Three-point correlation function:

' ' ’ _ 2 4 . 44 ip'-z i(p=p')y —ipx
2 A i iy Mooy =] d xd’ye'r “e ‘e
M(p,p)) =i f d* xd*ye'? ¥ P (p. p') f )

x (0 T{Jx (x)J ()5 (0)} 10) X (0] T{JX(Z)j(\-’)JL((X)} 0} |0,

€ Key steps:

* Phenomenological side: Insert complete set of hadronic states — form factors.

*  QCD side: Compute using OPE (perturbative + gluon condensate) — QCD
spectral densities.

* Matching: Perform Borel transformation and apply quark-hadron duality to
extract form factors.

« Extrapolation: Use z-series expansion to extend results from spacelike (Q?
> 0) to timelike (Q? < 0) region.



2. Theoretical approach

> Interpolating and transition currents:

€ B, current: Jp (0) = &(0)iysb(0)
&€ Transition currents: J(y) =¢ey)Ib(y) where I' = y,,y.ys and 0 OF 05
€ P and D-wave charmonia currents:

JX(U(.X.) _ E(-Y)C(.X-) J(‘»[;I(Z) — E(Z) b(y’bﬁ' ,yp (gﬂ/ﬁ’gpﬂ/ ¥ g(YI/)gﬁ’O/ 4 g/),B’g(Y’(l/) C(Z),
JEN(x) = e(x)yuysc(x) Tp@ =@ (7"7' DDg +Ya Dg ¥+ D +Ygy- DDa
I = ex)oume(x) +95 Da v D ~gogy- Dy D) 5¢(@)

3

.7 i . 1 - T T
J;\;;;— (X-) = EE(X)(')/'UDV + )’\ID;I - Egyvm)c(x) J(iﬂ_(z) =c(2) (D"Dﬂ * DﬁDU - Eg(YﬁD ’ D) c(2),

9@ =@ (DuDgyy + DyDavs + DsDyyg) e, (@)

~

D, = 5(

—

. — D) Dy =8, —ig*G% and D,, = 8, +ig,1*G"

B Q. Xin and Zhi-Gang Wang, Int. J. Mod. Phys. A 41 2650052 (2026). 7



2. Theoretical approach

» Phenomenological side:

€ Three-point correlation function in hadron level:
(0 Jx(0) 1X(p")) (B.(p)| T, (0) [0)
(m:lsz - ])2)(1113( - p'?)

JO)|B.Ap) I ...,

mP(p,p) =

X(X(p")

. 2 _p2 72 _pr2. 2 N2
€ Double Borel transformation: 7~ — —FP~p” = -P7andg" - -0

» Decay constants and projection operators:

€ Decay constants:

010 o) = Fraoro OO [J/up))y = ifyup,e - Pl
<0| J;‘ ! (0) I/Yfl (])’)) = .f\". : I'n‘\,‘ l Ez" l (Ol Jf,;,z(o) lX('Z(p"» - ft’, 2”’.:/(3 6},/;.:
OLIE O [np)y  =ifyp, fon,

B.(p)lJ; (0)|0) =
BPIEO) = ~—

OO |he(p)) = ifi Euvapn Ph



2. Theoretical approach

» Decay constants and projection operators:

€ Decay constants:

OIS 0) w1 (p)) = fu €)', (0] J“i’;y(O) sy = f%ei’gy’

O1J5 O xeo(P)) = froPhs O1 O 2P = fraPhess + Piels + ppere),
(0] j:i’;[n‘.:l(()) ()Y = fimel fff[}["""]s (0| J(f[-;y(()) 7wy = Frowa Pl p;je.y//ww]]
OLIZ"0) [yer(p)) = fra (Phes” + ppes), PPl o prpr
(0| .IZ;['I«:](O) (P = fo.Paph (0| ij;y(()) o)) = froPlh P,

€ Projection operators:

1E 1
’ = U4l > / (04 pp 1 .
OUL O () = fu e, 49D, ) =(gf - )n‘faf?c”
1/} ’ 7
O1T2" (0) [xeo(P)) = [fraPl I




2. Theoretical approach

> Form factors:

€ Form factors (P-wave):

5
B, m;

71
{xeo(P)] 2(0)y,75b(0) 1B.(p)) = Fo-™¥(q )q—“"qﬂ

"72 mz
B(' o X0
) q/-l (5)

B.—x.or 2 ’
+F1 X((q?) ])/.l+]‘u— CI“
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=t ,me’yG(r P (]y (6)
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<)(¢-()(P,)| E‘(O)Cf',,wb(()) |1B.(p)) = —

(xe2(P")|€(0)y,b(0) IB.(p)y = h* ¥ (¢ Vg pp0 €5 P PPG”
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0
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2. Theoretical approach

> Form factors:

€ Form factors (D-wave):

W1(p)]€0)yub(0)|B(p)) = "7V (¢P)eparo e’ PTq”
(P ey ysbO) B(p)y = —i{f*" (gD)el" + € - Plai ™" (¢)P, + a® ™" (qD)g |}
e,

B—’Wl(

| €(0)aub(0) |B(p)) =i &P ' P+ TB ¥ )Euyar P el + TB ¥ (F T RREY, S

(mBl +my, )?

(5)
<11/2['7¢2](P')| C-(O))’Hb(O)IB((p» = I{HIB =l ](q )E 2(ne2 )+ PA +El1/ 22 I*P Pr B —f [llvl(qZ)Py + 7[_?‘—»d/2[11¢2|(q2)q#]},
Walnal(p)]| &0y, ysb(0) IB(p)) = —nBtelnal(@e, . 2121 plpege
i [odiiing, 5. a4 B—alea] )
| =/ =l 2 P 2Nz e l*
(W [n21(p)| €0)a 0 ysb(0) [B.(p)) = ol E——— ~giwarl DT + T T (Phe e py
+TZB"_’M" ](q Ve he'f’(,'"’]'p;], (6)
| €01ub©) 1Bp)) = Y (@)eap€ o PP PTE
)| €0)yuyshO) Be(p)y = =i {wE(gh)elss PAPT + €02 PAPTPP [0 (qP)Py + 027 (gP)g, )
N e(0)ayb(0)|B(p)) = iq"q" i :J’—‘ p'p’ +T” (e’ p
My ¢ mi_ 0 (mB‘ +'"4,{/ )7 Epvar “UvAT Aoy T
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2. Theoretical approach
» QCD side:

€ Wick’s theorem:

th‘;SCD(p, p ) = fd4xd4}pei])' v:ei(l)—l)')-,\'e—l'l)-,),.Tr[Ckm(x N)ra/( )Cmn (Z )),yank(‘ x))’s]'
té/(,ySCD(p, p ) = I-fd4xd4yei[)'-:ei([)—l)’)-_\'e—il)-_rTr[Ckm(x _ Z)FQ.(Z)C”"I(Z i~ )”)7;175 Bnk(y — x)'ys]l:_)o’

nﬁ;,?CD(P, pr) = I-fd4xd4yeip'.:ei(p—p’).)'e—ip.,\'Tr[Ckm(x - Z)F,Y(Z)C'""(Z - .\-’)O'va"k()’ < x))/5]|:_,()’
€ Full propagator and Feynman diagrams:

[ fd4k —ik-x 6ij
(2m)* k—mg

Gzpf?; aP(k + mg) + (k + mg)o®”
4 (k2 - mQ)~
(rurb)leu Gb f(y/)’yv i f‘l’ﬂ,BV + fa,uvb') }
Feng s

Q'(x) =

af #V
2 21\5
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2. Theoretical approach
» QCD sum rules:

€ Quark-hadron duality and QCD sum rules for form factors:

So g

2 g
: my, + m, my m, p s u
fBo0 Q%) =—2__ ¢ cxp[ RN L a'sdup;”QCD(s. u, 0%) exp (—— - )

fw,fB‘ m% T2 kT2 T2 kT2
¢ Smin ¥min
” 3 So 0
adeh = my, + m, exp i + " dsdu [Pw‘QCD(s u, Q%) +p}'CP(s.u QQ})]CXP( : = )
5 . - -—)- . - - A\ ! 3 4 Uy 4 BE) L} __’) o= 2 L)
o) me = kT* o
.fd/l fB( B( Smin “min
4 9 0 Lo
B~ ;2 my, + m, my oy, ¥1QCD 2y . p¥1QCD 2 - :
az""(Q) = 27 o O T2 dsdu|p3 P (s,u, @) - p'¥P(s,u, 07| exp e
Jun JB, B, Smin “min
~ CD 2 . 2 h 2
Im_I179P(p* +ig, p"+ie,, 0%)
y,0CD 2y _ 8420520
P (su,07) = ?

T

* The threshold parameters s0 and u0 are determined by the calculations of two-
point QCD sum rules.
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2. Theoretical approach

» The Coulomb-like correction (P-wave):

€ QCD sum rules beyond leading order:

C. C‘ _1
pert 2 _ |4nmag 1 drag dmpm,
2. (su,0%) = 2 —exp( - 3 ) vi = 4afl= -
V] IV s — (my — m,)*
C O i
dras drars i 2 , B B 4m:
X 1 —exp(-— )| P (s, u, Q) vy = —_—
R 3w u
= ! — A & ~——— Without Coulomb-like correction (a)
(a) P == == With Coulomb-like correction
1.5}¢ - =C ] 1.6}
— = ‘D ':N
- -
L v 1.24
] S @R caseme
) ] o =
o 05} : O 08t -
= = -
= <9 ”
X 0.0 = = o 0.41'/———’/
) 0.0
. X . . :
P 035 16 17 1.5 2.0 25 3.0 35
THGeV?) WGeV)

* Coulomb correction (a/v) increases form factors by a factor of 2-3,
highlighting the need for rigorous NLO calculations. 14



2. Theoretical approach

» The semileptonic and noleptonic decays:

W= 5 n'/‘< -
( b > = ¢ ( b N > ;
B < } X B

& Effective Hamiltonian:

G ) -
Hopp=—= > Veeyu(l —ys)bvy(1 = ys)l  Herr = — Z Ver Viga18yu(1 = v5)bgyu(1 = ys)u
\'/_ I=eu,t q =d,s
€ Transition matrix:
T = (X(PIDw(v)| Herr |1Bo(p)) T =(X(p)PVI(@)|Heys |B:(p))
Gr
F = — | # i
= 7_2_vc.,, &y, (1 = y5)b|B.(p)) \/EV(/)V,,qal (X(p)| eyu(1 = y5)b|B.(p))
X (I(D)T1(v)| Pryu(1 = y5)110) X(PLVI(@| gyu(l —ys)ul0)

15



3.

Numerical results

» Numerical Inputs:

Values (GeV) IP Values P Values ((:e\/ )

P
mg, 6.274 [73] e 0.343 GeV [74] my, 6.274 [65]
m,, 3.414 (73] b 0.338 GeV [74] % 377 [65]
m,., 3.511 [73] fi 0.235 GeV [75] s
my, 3.525 (73] i 0.0111 +0.0062 [76] My, A82:169)
m, ., 3.556 (73] (€GG) 088 +0.15 GeV* [77-79] My, 3.83 [48]
fa.  0.371+0.037 [44] M, 3.84 [65]
€ Masses of b and ¢ quarks:
- S
6.G0) 17% - t = log( R ), by
mo(u) = mQ(mQ) 5
as(mp) 2857- 4B N+ N7
W) | by logt by = 1287
. = — . S—
s\ byt b2 t

b (log t—logt—1)+ bobs

I)OI-

mp(mp) = 4.18 +£0.03 GeV.

IP Values

s, 0.371 + 0.037 GeV [58]

o 13.8247 4% GeV* [48]

Jos 29.29+4% GeV* [48]

Fia 11.64°172 GeV* [48]

Jos 14.9433}) GeV* [48]

33-2Ny / 153—-19N;
120 21 Y42

AQCD = 213 MeV

m.(m.) = 1.275 + 0.025 GeV

€ Energy scale: u = 2 GeV, determined from NLO two-point sum rules for B,.

V. A. Novikov, L. B. Okun, M. A. Shifman et al, Phys. Rept. 41,1 (1978).
T. M. Aliev, K. Azizi, and M. Savci, Phys. Lett. B 690, 164 (2010).

Z. G. Wang, Chin. Phys. C 48, 103104 (2024).

Q. Xin and Zhi-Gang Wang, Int. J. Mod. Phys. A 41 2650052 (2026).
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3. Numerical results

RIT U1]

° Y 9. - 9. S u
> Borel platform selection: Mo () =f f dsdup®®(s, . ) exp (-5 = 7).
# Criteria: lgfmu j fdsdup(')“ (s,u,Q° )e\p(———- Z_{Tl—f)

* Pole dominance: Pole > 40-50%
 OPE convergence (gluon condensate contribution small)
€ Example: B, - 1y, form factor g at Q% = 1 GeV?

QCD (2
 Borel platform: T? = 19 — 21 GeV? Bels = Mo (T
o QCD, 1> QCD 2y’
« Pole contribution: ~40% 11 e (T°) + oo (T4)
. . QCD /2
« Gluon condensate contribution: < 1% Continiu = Moom. (T%)
QCD 72y + 11D (72"
l—lpolc (T ) * Hu)nl ( )
1.0 —— T r T r——r—r—rr—7 0.04 —
(b) - I::lm'bmhm
— + {£GG)

e ¢ . - — — e - — — — — ]

Pole
Continuum|

Contributions

_—

0.0 I I I L I} L A ' i _0. l 2 1 I I I A i I I I
10 12 14 16 18 20 22 24 26 28 30 10 12 14 16 18 20 22 24 26 28 30
TX(GeV?) T%(GeV?) 17



3. Numerical results

> z-series expansion:

@ Method: z-series expansion to extrapolate from spacelike (Q? > 0) to timelike (Q?

< 0) region.

1
F@) = 1+ Q2/m?>

pole
N-1

k
x ) be 2@ 1) = DN S 20 10)"]

k=0

€ Fitting Parameters (D-wave results):

Mode FF by b, bs F(0)

g 0062 0.19 5.35 -0.060700%
f 2.92 31.00 -589.80 4§ & Do
a,  0.037 -1.73 21.78 0.025+000

B. =y a-  -0.054 3.35 -52.82 -0.030700%
To 2.76 -66.32  733.27 228701
T, 0079 2.60 -4091 0.097+0013
T, 0.6 -1.62  -51.82 0.62'015
m  -043 -2.44 102.41 ~0.44°)%
. -0015 0.68 ~10.70  -0.010705
. —032x107%  -0.50 1395 (-0.63719) %107

B.—=d> n  0.020 -0.45 4.25 001755
Ty 2.57 -75.21  889.27 2.05'a%
T, 0019 -4.33 92.54 -0.046710%
T,  —061 1003 -78.23 ~0.54+005

~0.05

20% 1)

L0 - ViR
Vi + 0% + \/t+—t0’

ty = (mp, :tmx)z, and 1o = 1, — Vi (1t —12).

m  —0.28 1.13 44,01 —0.27+003
o 0026 104 -1595 00207002
: 0.024 -1.51 30.34 0.014:9000
B. - n2 n 056x107 -0.07 -0.13  (0.50%014) x 107
To 5.68 -204.32  3051.17 4312
T, -0.63x 107 085x102  0.02 (-0.5670%) % 10~
T,  —025 3.49 341 ~0.23100¢
y 052x107° -0.19 281 (0.39703) x 107°
W -0.25 5.82 -62.24 -0.2110%
0. 0.16x107 -0.50x 107 =052 (0.1570) x 107
B. =3 0. 0.54x 1077 ~0.18 258 (04170 x 1077
To  —0.097 -76.41  2601.08 -0.521013
y & -0.20 1553  -324.08 -0.112301
T, 2.48 -86.17  1281.06 et R

18



3. Numerical results

> Form factors at Q% = 0:

€ P-wave results and compared with other collaborations:

Modes Form factors This work This work® 19, 10] [25] [26] [27] [28] [31]
Fo 0.29+0% 0.84+006 0.67 0.47 0.33 0.337 - 1.65
B. = xu F, 0.29+00 0.83+007 0.67 0.47 0.33 0.337 - 1.65
T Edp L05*38 - - - - - -
0.207002 0.57+34 0.13 0.36 0.24 0.215 0.21 1.24
V, 0.064+0013 0.16+093 0.03 0.13 0.15 0.025 0.07 0.17
Vi 0.50*0% 1.40%0:12 0.28 0.85 0.72 0.339 0.47 2.87
B. = xa Vs 0.0910008 0.27:59 0.059 0.15 0.10 0.078 0.08 0.57
Ty 00035 | 027709, - . - - - -
T 0474 | —13ie0 - - - - - -
T, 129:813 3.68°93) . . . - . .
A 0.081+001 02179002 0.14 0.07 0.06 0.039 0.04 0.07
Vi 0.85+008 2461016 0.03 0.64 0.41 0.390 0.35 2.11
v, 2.59*02 747057 0.29 0.50 0.42 0.298 0.30 0.54
B. - h, Vs 0.17:002 0.49+091 0.059 -0.32 -0.18 -0.196 -0.16 -0.99
T kT - - - - = =
0y H0.041°503 | -0.14%330 - - - - - -
. 0547001 1625 - - - - - -
h 0.034*000 00955003 -1.70x 107" 0.022 - - - -
k 2.06507 5.67%0% 0.18 1.27 - - - -
b, -0.010+0001 -0.031+002 -0.038 -0.011 - - - -
B. = X b 0.011+5008 0.035+0.001 ~0.056 0.020 - - - -
T, -0.097:5013 -0.240% = = = = = =
T, 0.027:5553 0.08925507 = = - = = =
T 218103 6.02:53 - - - - - -

[9] K. Azizi, H. Sundu, and M. Bayar,
Phys. Rev. D 79, 116001 (2009).
(QCDSR)

[10] K. Azizi, Y. Sarac, and H. Sundu,
Eur. Phys. J. C 73, 2638 (2013).
(QCDSR)

[25] X. X. Wang, W. Wang, and C. D.
Lu, Phys. Rev. D 79, 114018 (2009).
(LFQM)

[26] Z. Q. Zhang, Z. J. Sun, Y. C.
Zhao, Y. Y. Yang, and Z. Y. Zhang,
Eur. Phys. J. C 83, 477 (2023).
(LFQM)

[27] X. J. Li, Y. S. Li, F. L. Wang, and
X. Liu, Eur. Phys. J. C 83,1080
(2023). (LFQM)

[28] A. Hazra, T. M. S., N. Sharma,
and R. Dhir, Eur. Phys. J. C 84, 944
(2024). (RQM)

[31] R. Zhu, Nucl. Phys. B 931, 359
(2018). (NRQCD)
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3. Numerical results

» The semileptonic decay widths and branching ratios:

€ P-wave results and compared with other collaborations:

TABLE VII: Decay widths (in 107°¢V) and branching ratios (%) of B, semileptonic decays. Branching ratios are calculated at 75 = 0.51
ps [73]. The superscript star denotes the results obtained by considering Coulomb-like correction.

D h I Decay widths Branching ratios
ecay channels
This work  This work” This work  This work” [25] [33] [21] [23] [9. 10] [27] [28]
B: — yuev, I.25f8;§‘4’ 9.99f}:i§ 0.()97:‘:;3}3 0.78j:;;‘l"§ 0.21 0.12 0.17 0.11 0.182 0.11 -
B — y.ouv, I.24‘1:::§‘4’ 9.93“:}:};’ ().(]96:3:8}2 0.77::;:}‘: 0.21 0.12 0.17 0.11 0.182 0.11 -
B — xoTV; 0.I4j:'::3§ I.OSf:;j: 0.01 l‘x::g 0.0SZj:j:;[‘; 0.024 0.017 0013 0.013 0.049 0.0094 -
B — y. v, 0.6lf:{::f’, 483*3;‘ O.(M7j3:&’,% 0.38j3:3§ 0.14 0.15 0092 0.066 0.146 0.030 0.052

B. = yapv, 0.60*0-12 4.82+0.70 0.047:82° 0:37% 2% 0.14 015 0092 0.066 0.146 0.029 0.052

=009 “=-0.82 -0.007 -0.06

B = yu1v; 0.0640018 (. 51+008 0.0049*5000%  0.039*000:  0.015  0.024 0.0089 0.0072 0.0147 0.0026 0.0057

0.007 -0.08 ~0.0005
B: — hev, | 221571 1942330 172402 150617 031 018 027 047 0142 0.1 0.105
B; - hpv, | 2205316 19331428 171402 149817 031 048 027 017 0142 0.1 0.104
B — h.t¥; 3.0340%  26.9243% | 02402 209%02 0022 0025 0017 0015 00137 00051 0.0088
B = xeev. | 750070 5592478 | 05800 434703 017 019 017 013 0130 - -
B- — yopv, | 7431038 5538477 | 574007 4294060 017 019 017 013 0130 - -

B = x o1V 0.41*0% 3011048 0.031700M 0.23°2% 00,0092 0.029 0.0082 0.0093 0.020 - -

~0.01 ~0.29 ~0.001 T-0.02




3. Numerical results

» The semileptonic decay widths and branching ratios:

€ D-wave results:

TABLE III: Decay widths (in 1077 eV) and branching ratios (107*) of B, to D-wave charmonia semileptonic decays. Branching ratios are
determined by 75 = 0.51 ps [65].

Decay channels Decay widths Branching ratios Decay channels Decay widths Branching ratios
B. - e v, 28.705%" 20 B, = nme v, 3027828 02350
B: =y v, 28.41+1050 220709 B. = nap v, 2975 0:23120
B -y vV, 1317038 0:10% 55 B, — a1t v, 0.027* 003 0.211308 x 1072
B. - e v, 3.321058 0261357 B. - ysev, 11553 0.090*91%
B: - Yo7, 327508 Ues T B: = gy v, 114193 0.088:002
B, = Y17V, 0.039*3010 0.3010% %107 B - ys1V, 0.98102¢ x 107 07655 % 107

* The branching ratios for ¥4, ¥, (n.,) and Y5 channels can reach the order of
magnitude 1073, 10~* and 107>, respectively, which can provide a valuable
reference for future experimental measurements for B, meson by LHCb
collaboration.



3. Numerical results

» The nonleptonic decay widths and branching ratios:

€ Only P-wave results:

TABLE VI1I: Decay widths (in 10-"¢V) and Branching ratios (107" of B, nonleptonic decays. The superscnpt star denotes the results obtained
by considering Coulomb-like correction

Decay widths Branching ratios
Decay channels
This work This work® his work This work” 122] [23] (26} 117} |31) [16]
B = yon 3.110% 25.300 ) 0.247% 196 0.21 0.26 0.66 1.6 6.47 9.8
B — y.oK 0.2410 1.9670! 0.019755 01550 0.016 0.02 0.052  0.12 .49 -
B = yp 823142 66.60°3" 0.64°71] 816755 0.58 0.67 1.69 5.8 33
B = yak’ 0430700 3,49:036 003300 0.27:9% 004 0037 | 0,096 033 - -
B — ygn 0. 144010 0.91'03 00117955 0.070°5 55 0.2 00014 013 051 0.064  0.089
B =y, K 00117000 0.070°003 (| 0.00082°3005% | 0.0054°2 00 | 0,015 0.00011 0.010 0.038 00049
B =y p 0.88'071 6.74* 1% 0.068° 01 052251 0.15 0.10 0.43 2.8 - 4.6
B- = yaK* 0.050°2017 0.41120 0.0041 001 0.032:50 00 00073 0.027 0.8 - -
B = hn 2407110 199.98'3%2 18777 15502 0.46 0.53 096 054 9.73 16
B, = hK 1.86'030 15.48'3 70 0.14750) 1.20°01) 0035 0041 0075 043 074 -
B < hp 6136733 §23.62'53% 4764 40.59*3 " 1.0 1.3 242 23 53
B~ = h K 3441008 29.2073% 027:0% 226202 0.07 0.071 013 013
B — yam 194310 142310048 151% 11030 0.38 0.22 - 4.0 437 8.3
B = yaK L45'05 10.637 (18 5 8-y 08201 0.028  0.017 0.31 0.33
B = yoap §2.70300  387.82%3% %0 4.0900 30,0615 110 0.65 16 i3
B, = y.K’ 2.80" )3 20.61°33 0.22:05 1.60°03 0074 0.038 - 0.96 - -

cach other.
[22] D. Ebert, R. N. Faustov, and V. O. Galkin, Phys. Rev. D 82, 034019 (2010). (RQM)
[23] E. Hernandez, J. Nieves, and J. M. Verde-Velasco, Phys. Rev. D 74, 074008 (2006). (NRQM)



3. Numerical results

» The nonleptonic decay widths and branching ratios:

€ The recent LHCD results for B, — x;:

A study of Bf — x.m" decays is reported using proton-proton collision data,
collected with the LHCb detector at centre-of-mass energies of 7, 8, and 13 TeV,
corresponding to an integrated luminosity of 9fb™!. The decay B} — yxeon™ is
observed for the first time, with a significance exceeding seven standard deviations.
The relative branching fraction with respect to the B} — JAbn™ decay is measured
to be 3

L"(’_'?X( 27T

= 0.37 £ 0.06 £ 0.02 £ 0.01,

BB ¢ —rJApmt
where the first uncertainty is statistical, the second is systematic, and the third
is due to the knowledge of the x.o — JAy branching fraction. No significant
B — %170 signal is observed and an upper limit for the relative branching fraction
for the Bf — x1mt™ and B — xc.om™ decays of

»d
bB.’—-‘x( 1t

B

B¢ —Xecan™

< 0.49

is set at the P0% confidence level.

B R. Aaij et al. (LHCDb Collaboration), JHEP 02 (2024) 173.

Our prediction for the central value of this ratio 1s 0.16, which is consistent with
the experimental result.
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4. Summary

» Conclusions and Outlook

€ Conclusions:

e This work provides the first systematic analysis of B, = D-wave charmonia
form factors using three-point QCD sum rules.

* Together with previous studies on S-wave and P-wave, a complete picture
of B, transitions to low-lying charmonia is emerging.

« Predicted branching ratios offer valuable guidance for experimental searches at
LHCb.

4 Outlook:
O Theory:
* Perform rigorous NLO QCD corrections to give more precise prediction.
* Study non-leptonic decays using more advanced factorization methods.
« Extend to higher orbital excitations and radial excitations.
OO0 Experiment:
» Search for more B, decays to P and D-wave charmonia states at LHCb.

» Use precise branching ratio measurements to test and refine theoretical models.
24



Thanks for your listening!
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