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Backgrounds

* Heavy quarkonia is the simplest hadron to observe and study their
properties 2 Heavy mesons

* There are similarities in mass gap') and differences in decay
constant?’ among heavy mesons as radial excitation increases.

A study about radiative decay® with good (+) and transverse (L)
current in BLFQ have been conducted -2 yielding different results in
coupling constant.

* Light-front quark model (LFQM) can be used to study heavy meson
- mass spectra, decay constant, radiative decay

1): (Shah et al., 1985; Arifi et al., 2022), 2): (Ke et al., 2010; Arifi et al., 2022), 3): (Li et al.,
2018)



Light-Front Quark Model

* Light-Front Dynamics (LFD) and Constituent Quark Model (CQM)
- treat hadron as a bound state (qg, qqq)

* The light-front wave function (LFWF)
@T{éz (-T-:« kJ_: )‘1) = {I}'TLS(:E! kJ_) R}{;iq(jﬁ kJ_)?

- Radial WF: @,,s(x. k) (the trial wave function)

> Spin-orbit WF: Ry’ = ﬁ;ﬂ%ﬁkq(pq)rp(kaq(pq),
% I'r = 7s, (pseudoscalar)
C%' Ly = —¢(Jz) + ﬂ;}‘ffn;fiaq’ (vector)

- Lorentz invariant variable x; = p; /Pt



* We define the QCD-motivated effective Hamiltonian

f}’*]’ ‘quq> 11‘?@ |1‘T‘Jqq>

where H,; = t\/mg +k* + \/-m-?; + kQJ—I—VI;g =Ho+V;; > k> =Kkj +k?

kinetic term

* The effective potential
V;gq = Vconf + Vcoul + VH}!D



Determining the parameter ‘ Variational principle

. . . . b o Jlf:r‘ Jilfa’ Jlf:’ 'H{,}
>Trial wave function > Gaussian (H.O Basis) [ 4°) _ '-’%5 E" E" %‘5}
* Defining the mixing state (1S - 3S) i &3S ¢35 ¢3S $HO
: : : HO (k) = ! e K128
»Assuming some interactions > 3/4p3/2
* Screened pot., Coulomb, Hyperfine A
X
Scr. b(1—e™H") - __° _ 2(Sq - Sg) o2
VCc::r:F. =a -+ Z VCOU'- 3 Viyp. = Smgmg V*Veoul.
»Variational analysis - mass spectra on 1S4l
* Treat pertubatively, i.e., neglecting Hyp. term
@ﬂf = 8 (‘I" _| (H[] + 1V-::nu:nf + L]!;_‘Ol_ll) ‘II’ _> .
a;q = = 8.7 - =0, =esmmmp determine 10 parameters
- qq9

[4] Ridwan et al., ITM Web Conf. (2024), 01016



Result

» Mass Spectra
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—> All heavy mesons are in good agreement with experimental data, except Y(35).



» Decay Constant
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- Only Y’s which have moderately difference value between ours and
experimental data.

- The hierarchy: fis > foc > f3s



M1 Radiative Transition MESEp AL = 0,45 = 1, parity change

* The transition form factor (TFF) Fy» (g?) is defined by

(P(P)] s

the matrix element J;f = (P(P")

_ Z <\1;“”1 ﬁr(ﬁi)ej T“UA(P)
oo Ve Ve

- Z f dg(;lwh

(x, k') )®(x,

» ZRU{]T( k’ iy (p) Nz u)\(pl)Ri}i(m’ k)

Va!

(0) [V(P,h)) = iec"P?¢,q,P, Fyp(Q?),

the tensor term
E'EEFHPUEUQPPJFVF(QEL

- Good (u = +) and
transverse (4 = 1) current
are used to explore the TFF



* The lowest Feynman diagram V(P) - P(P')y

K * Coupling constant,

gvp = Fyp(0)

. oo p . . b . * Decay width
7 —;zii; LV = Py) = - 3

.
k
2y + 1) VP

q where

FV‘P(QE) = eql"(mg, mg, Qg) + egl*(mg, mq, Qg)u k. = (M, — M3)
quark anti-quark T 2My

* Branching ratio

where I’ (m,, m,, Q) is the one-loop integral

I = /dmdzk}_ O(x, k' )P(x, k)
2(2m)° /A2 + k2 /A2 + K2

YV — Pvy)
FTotal

Br(V — Pvy) = I

O:::(:E? kJ_)

operator




»Coupling constant (gyp): good vs transverse

Bottomonia gyp (GeV*-1)

Charmonia gvp (GeV*-1)

J/b@AS) = nc(1S)y

0.74523 [y = +, h = 1]

0.74523 [ = R(L), h = 0]

Y(2S) - n.(28)y

0.71341 [ = +, h = 1]

0.71341[u =R(L), h = 0]

P(35) = n:(BS)y

0.68771[u =+, h = 1]

0.68771 [u = R(L), h = 0]

Fec (Q%) [GeVT]
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J/AS) = n.(1S)y
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Y(1S) = np(1S)y

-0.12792[p = +, h = 1]

-0.12792 [u = R(L), h = 0]

Y(25) = np(2S)y

-0.12508 [ = +, h = 1]

-0.12508 [t = R(L), h = 0]

Y(35) = np(3S)y

-0.12265 [y = +, h = 1]

-0.12265 [ = R(L), h = 0]

the same result! [°]

[u = +and u = R(L) give]

[5] Ridwan et al., PRD (2025), 01016




gyp for charmonia (in GeV*-2)

Transition Our Experiment [40] [19]
J/y = n.(18)y 0.745(15) 0.684(85) 0.873 0.690
w(2S) — n.(28)y 0.713(14) 0.871(313) 0.739 0.680
w(3S) = n.(39)y 0.688(12) e e
w(2S) = n.(18)y —0.0605(37) —0.040(3) —0.144 —0.056
w(3S) - n.(29)y —0.0595(33) xE o
w(3S) = n.(18)y —0.0108(4) fe
n.(28) = J/wy —0.0605(37) e —-0.033(2)
n.(3S) = w(2S)y —0.0595(33) T X
n.(3S) = J/yy —0.0108(4)

gyp for bottomonia (in GeV”"-2)
T(1S) = n,(18)y —0.1279(9) —0.141 —0.130
T(2S) = n,(2S)y —0.1251(9) —0.134 —0.120
T(3S) = n,(39)y —0.1227(8) -0.131 -0.120
T(2S) = n,(18)y 0.0049(1) 0.0057(6) 0.011 0.007
T(3S) = n,(2S)y 0.0052(1) <0.0099(8) 0.009 0.007
T(3S) = n,(1S)y 0.00128(3) 0.0026(1) 0.005 0.004
1n,(2S) = Y(18)y 0.0049(1) 0.005
n,(35) = T(28)y 0.0052(1) 0.004
n,(3S) = Y(18)y 0.00128(3) 0.002

[40] Li et al., PRD 98 (2024), 034024; [19] Godfrey & Isgur, PRD 32 (1985), 189



>»I'and Brin cc and bb

Transition " I'(Our) \ Expt. [16] NRQM [20] RQM [21] { Br(Our) \ Expt. [16] NRQM [20] RQM [21]
J/ — n.(18)y 1.94 1.57 2.72 1.05  |2.10 x1072 [L.7(0.4)x 102 2.94 x10™% 1.13 x10™*
¥(2S) = n.(28)y 0.13 0.206 1.17 0.99 4.56 x10~* | 7(5)x10~* 3.98 x10~° 3.37 %1073
¥(38) = n.(35)7y |1.53 x1073 9.93 1.91 x10~® 1.24 x10™*
(28) — 1.(15)y 2.27 0.99 7.51 0.95 |7.72 x107? 3.4(0.5)x10™% 2.55 x10~* 3.23 x10~°
U(38) = 1:(29)7 0.47 5.94 x107°

YP(38) = 1.(18)y 0.22 2.75 x10~°

n:(28) — J /1y 3.30 2.34 x107% |< 1.39 x 1072

1c(35)" = ¥(25)y 0.90

n:(39)" — J /¢y 0.47
T(18) = m(1S)y |8.96 x10~° 3.77 x10™* 5.8 x107* |1.66 x10™* 6.98x107°% 1.07x10~*
T(25) — n(28)y |5.24 x10™* 5.62 x10™% 1.4 x107° |1.64 x10~° 1.76 x10™* 4.38 x10~°
T(3S)" — m(35)7|2.34 x10~° 2.85 x10~% 0.8 x10~* |1.15 x10~* 1.40 x10~* 3.94 x10~°
T(2S) — m,(1S8)y |1.29 x1072| 1.76 x10™* 7.72 x10™* 6.4 x107°% [4.03 x10™* .51, 5 x10™* 2.41 x10™* 2.00 x10~*
T(35) = n(28)y |2.77 x107% |< 1.26 x10™% 3.62 x10™* 1.5 x10™° |1.36 x10™* | <6.7 x10™* 1.78 x10~* 7.38 x10~°
Y(359) = m(1S)y |3.02 x10™% | 1.03 x10™% 7.70 x10™* 1.05 x10~™*]1.48 x10™* 5.1(0.7)x10™* 3.79 x10™* 5.17 x10~°
m(28) = T(18)y |2.54 x10™2 1.18 x10™*|1.06 x10~° 1.18 x10™°
m(39)T — T(28)y |1.91 x10~2 2.8 x10~3

m(39)T — T(19)y .14 :::1[]‘3 2.4 x10~1 \_ Y,




—— JIw(1S) - n(1S)y
0.6 — 9(25) = n(2S)y
T'H ' — (3S) > n(3S)y
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» the allowed transition due to the overlap
of the initial and final wave function.
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F (Q?) [GeV™]
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» the hindered transition due to the
orthogonality of the wave functions.

ded’k;  |®(z, k' )D(z, k)
H = / : L 2 O (x, k).
h 2(2?1-).:3 \/A2+kf\/u42+ki h(-TJ J_)



»To see the contribution of k; in two frame, we plot the integrands
(thoseinside {...})vs k

2w
O (z, k', k
= / kl{/ / ; \/,4(: f«;’;\/(; l)k O (z, k) > depends on u and h!
) + + .
- expect different curve
However....
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[1] Li et al., PRD 98 (2018), 034024



Summary

* We have studied and obtained mass spectra, decay constant, and
radiative decay of heavy mesons in the LFQM.

* Mass spectra: with using screened effect, our calculation is overall
In agreement with experimental result.

* Decay constant: We have obtained the hierarchy f;5 > fo5 > f35.

* Radiative Decay: We have obtained gy p for good and transverse
current with the same value before we calculate I' and Br.
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Outlook

* |n the future, we would consider GEM (Gaussian Expansion
Method) ansatz to be used as the realistic wave function.

* We would also consider to obtain the one-loop integral for bad
current [~ for the sake of completeness.

62



ﬂng _ @<®| [Hﬂ + VE'@] |(I)) _ 0H, 1 a%ﬁ =

o3 0/ 0B ols !

n.and Y in 1S asinputs

m,, a b Fixed parameters

01> 013 = 053 m.

12.12(30)°  8.44(14)° 1.61(4) 497(4) —0411(67) 0.18

> 11 parameters are obtained
C g ﬁc& ﬂf:i; ﬂbﬁ P

0.027(12) 0.402(4) 0.542(8) 0.702(9) 1.060(11)




w(xrk_l_) W(X,kl)
Wave function in the mixing

60 ] 40|
1 20 |
N 0 state (1S - 35)
0 =20
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=1 g [ omepra 0 X 2 2 . <06
k, [GeV] 2 31 k. [GEV] 2 o, 08
(a) (b) ,s(x, ki) =/2(2m)3 ak Q’)ns ),
Ok: _ My |, _ (mﬁ - mg)?
or 4dz(l-—=z) Mg

Nn.in1S(a, d)and 2S (b, e)
state::

 a & b: ordinary helicity
* d & e: higher helicity




Summary and Outlook

* We have studied the M1 radiative transition for charmonia and
bottomonia,

» We obtained the same coupling constant gy for the good and transverse
current,

» We found that our results yield the same k| distributions for the good and
transverse current

* We would consider the bad current (u = —) for the sake of
completeness.



