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Charmonium States:
¢ Charmonium states are intensively searched (LHCb, BES-Ill, BELLE, ...).

¢ Charmonium states are unusual:
- the quark masses are much larger than the confinement scale
- have low-lying excited states (L=1, JP¢= 0**, 1**, 1*, 2**).

¢ These cc” mesons have narrow widths, one-photon decay modes are dominant.
¢ Small binding energy -> an ideal testing ground to validate model assumptions.

¢ Discrepancies still exist between the theoretical predictions and world data.
Covariant Confined Quark Model:

e Lagrangian-based formulation = full Lorentz invariance is kept.
* Direct inclusion of many-quark states (baryons, tetraquarks,...) is available.

* Wide application to and convincing results obtained in:
 Strong decays

» Electroweak transitions
« Heavy meson and boson physics
* Beyond the Standard Model ...  [papers in PRD, PLB, NPB, ...]
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CCQM approach for Meson-Quark Interaction

e Hadrons H(x) interact by quark exchanges, with hadron-quark coupling g,,.

L =9, H(X) I, (X) T. Branz et al., PRD81, 034010 (2010)

® |nterpolating quark current (for meson):

Jy(X) = jdxljdxz F (6%, %) G (%,)T L, a(x,) I', = i7/5 , Iy =y~
e Vertex function (trans. inv.) o; =m; /(M +m,)
2
Fi (XX, %) = 0(X— X — @, X,) - @y, (‘Xl — Xz‘z) D, (-p*) = exp(ﬁ—z]
H
e Quark propagator (in the Schwinger representation): Ay ~ hadron “size”
m-+p

S (D) = _ (m+p)- [ da exp[— e (m* - p?)

mz_pz

e The compositeness condition eliminates the bare fields from consideration.

2 g
ZH :<Hbare | thys> zl_g:—en 1_IH (Mli)zo




« Any hadronic matrix element containing loops can be finally written in the form
1

n° = chd"a flay, ay, ..., a,)
0

e Convert the set of Fock-Schwinger 1= j dt & (1 iy z m)
parameters into a simplex by adding 4 =
n

00 1
n° = ch det"1 jd"a 5(1 —Zai> f(tay, tay,..., tay)
0 0

i=1

» The integral diverges for t — «, if the kinematic variables allow for the
appearance of branch points corresponding to the creation of free quarks.

1/A% 1 n
n° = N, j det™1 jd”a ) (1 — Z al-) f(tay, tay,..., tay)
0 0 i=1

e Threshold singularities disappear by introducing A — the infrared cutoff parameter

e Infrared confinement is introduced to guarantee the absence
of all possible thresholds corresponding to quark production.



Model parameters

A meson in the model is characterized by:
* the global infrared confinement parameter

* the constituent quark masses

* the meson size parameter

A (universal)

m,; & m,

A, (free)

- totally 1+4+N parameters for N hadrons — 1+5/N = 1 per hadron

+ The model parameters are determined by minimizing x2
in a fit to the latest data and some lattice results.
The errors of the fitted parameters are of order ~10%

* Global parameters:

e Central values
of the

size parameters
Ay (in GeV)

A =0.181cev,
m,, =0.241Gev, m, = 0.428Gev,
m, =1.67 Gev, m, =5.07 Gev
™ K D Dy B

0.87 1.02 1.71

o) w ()
0.61 050 0.91

1.81 190 194

Jy  K*

193 0.75 1.51

G.Ganbold et al.,
J.Phys. G 42, 075002 (2015).

Bc nc nb
250 2.06 2.95

D*, B* B* Y
1.71 176 1.71 2.96



Charmonium Radiative Decays

Charmonium states **!L, (L < 1): dominant radiative decay modes PDG-2021

I )

n.(1Sy) iqysq 2983.9% 0.5 32.0£0.7 MeV +y  (1.58+0.11)x 10*
JJPES) 1 qvuq 3096.9+0.0006 92.9+2.8 keV Y+1M, (1.7 £0.4) x 104
YoolP) O* qlq 3414.71£030  10.8+0.6MeV  y+J/¥  (1.400.05)x 10*
Y CP) 1% TV, 759 3510.67£0.05  0.8410.04MeV  y+J/¥  (34.3%1.0)x10*
hepy 17 iq 0,75 352538t 0.11  0.7£04MeV Y+ (51 £ 6) x 10

APy 277 za(yﬂ ,+10,)q 355617+ 0.07  1.97+0.09MeV  y+J/¥  (19.0£0.5)x10*

* Nonrelativistic potential model [12] and in the Coulomb gauge approach [34] resultin
large widths I'(J/w — yn.(1S)) = 2.9 keV, about a factor of 2 larger than the world data.

* Quark models fail to reproduce the measured branching width I'(J/w — yn,.) and,
instead, obtain a significantly larger value [10, 12, 35].

 Constituent quark models describe the radiative transitions of J/w, @(2S), x.;, h. and
w(3770) [17], but the numerical results differ from the worldwide data.

* Lattice QCD [18, 20] carried out on the radiative transition properties of X9, Xc1 -
however, good descriptions are still not obtained due to technical restrictions.
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+ First observation of decays @LHCb in p-p collision at energy (c.m.) 8 TeV
Measured ratios of branching fractions [R.Adji et al., PRL 119, 062001 (2017)]

B(A) = x.1pK™)
B(A) = J/ypK~)
B(A) = x2pK”™)
B(A) = J/ypK~)
B(A) = y2pK™)
B(A) = xc1pK™)

= 0.242 £ 0.014 £ 0.013 £ 0.009,

= 0.248 + 0.020 £ 0.014 £ 0.009,

= 102 =010 =002 £ 0.05,

B(B K
Comparing with meson section: (B = Xc2K)

B(B - x,K)
Belle (2008), BaBar (2009), LHCb (2013): SUPPRESSED

M.Beneke NPB811 (2009) Factorization approach: SUPPRESSED

Belle Collaboration (2016): SUPPRESSION LESSENED
if additional particles are present in the final state



Renormalized couplings

* The renormalization coupling g+ is defined from the compositeness condition

Zy=1-gyly(MZ) =0, My(") =509 | = n

qi

T
T

* The requirement Z+ = 0 implies that the physical state does not contain the
bare state and is appropriately described as a bound state. It effectively
excludes the constituent degrees of freedom from the physical state space.
e The interaction leads to a dressed physical particle, i.e. its mass and wave
function have to be renormalized.

* For a meson the mass operator corresponding to the self-energy diagram

_ N / (—k2) tr [CuSy(k + wip) T Sa(k — wp)




Matrix elements
The invariant matrix element for the one-photon radiative transition X1 — y.X2

9jtX1—>yX2 =i(2m)**(p — q1 — q2) Ex,€x, €y Tx,>yx, (491, 92)

In LO, transition amplitude Ty, , x»(d;, d,) is described by ‘triangle’+ ‘bubble’ diagrams

The contributions given by the bubble-type diagrams are small and
do not exceed the common errors (£10%) of our calculations.

Taking into account the uncertainty of the experimental data, we drop
the bubble-type diagrams without loss in accuracy of our estimates.



G.Ganbold et al.,

Transition amplitude arXiv:2107.0877v1 [hep-ph]

TX1—>~,X2(Q1, CJ2):9X19X2 ecfch///dOﬂ dovg dors

d*k
/(27r) exp {k (a1+ as+ az+ s1+ s2) + 2kYRY + RO}

- tr [I‘Q(mc Th sp) Di(me + k— 29)7° (me + k— sp+ @2)]

nuv

=T% x,~ (@1, %) + TX x, (a1, q2).

g . gl - Ty = {7, 1,9"%5, 31", i(¥* 3 +7"0,)/2}
X1_>7X2<q17q2) = 0 1= 4,7 s, v\ v § v
1A%
1nv 1 eceNc
T§(1J7X2(q1,q2)=gx g();r)? / day daz daz 6(1 — aq — ag — a3)
Fo i f ! ) ( g 8 o ) (1
. ) Mg, S, T, 1,09,03) exp | —tz z 2],
ry,02\Ps 41, 42, 1, X2, (3 p 0 s+t1 s+t2
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Transition /¥ (3°S;) = y+n.('Sy

A typical electromagnetic M1 transition between ground states, from the vector
J/w (I'1= yp) to the pseudoscalar ne(I'2= iys) by radiating a photon (I'y= yo)

Trace factor:

-— q192p0 qi1q92p0 — _pvpo MK UV
fFl,Fg = McE€ € =€ q1 9> ;

?

Transition amplitude:

(inv)po 9 o9 9 "
T sme = 9379 9n. C (0, 41, 43) €%,

Decay width:

3
, 3 A[?C y 5

, e
I
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Transition x.o (°Py = y+J/¥(°S;)

The one-photon radiative transition amplitude of the orbitally excited (scalar)
charmonium into the vector ground-state reads

(inv)po

xco—wJ/z/J(ch a)

= Gxeo 970 A0, 41, 43) - (4745 — 9po(q1-02))

g

Trace factor:

1 taz+s9/2\ _,
—— [lda-d — 20+357 21
t)Q//al a2(2+ R )

Decay width:

M2, \°
: : / h 7 2
['(xeo — 7J/W) = 249x 0 g]/w ]\[>‘<3 % (1 BYE 1’) : [d(gxco,gj/w, ]\J A[]/w 0)] .
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Transition x. (°P;)—=y+I/¥(3S;)

The transition amplitude with four seemingly independent Lorentz structures reads

e (41,42) = Gxer Gupw (€277 (g1 - g2) Wi + €1 %7P g1 W

Xcl-‘)"/(]/'u’/'

Helicity amplitudes:
M?2 M2, N o— N
H, =i o | 2[W Wy — —21% W/} . ] = B
g ZgXCl gJ/l’L A[]/lr" QQ| 1 i ; j\:]Xcl |(‘72| i |q2‘ 2]\’1)((:1
' .5 . A[:‘]Z/w 5
HT = _Zngl g]/y A"[an |(]2| |:M/1 + "@’2 == (1 + M—|(T2|) M’4] .
LY Xel
Decay width:
2 2 -
Gy 9ip | R
Ty — 7J/T) = —Xe! (HL2+HT2)
(et = /) = =55 S (1P + | Hal
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Transition h. (‘P;) = y+n.('Sy)

The gauge invariant transition amplitude reads

T (1, 02) = Ghe Gne B(P?, @3, 43) - (B0 — Gpo a1 - @2))

Square of Matrix element:

1

Micorinc[* ~ leh € To i (a1,02)* = 56, g5, My (1= Mp /ME) - W@, 63, 63)P

Decay width:

3
P(he = o) = e 9n_ypo (4 M \" e M2,0)|?
24 (1+28) e ’

With spin S=1
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Transition x. (°Py) —y+I/¥(°S;)

The one-photon radiative transition amplitude of the orbitally excited tensor state
into the vector ground-state charmonium reads

iiZ’iZit'ff‘/’Z)(qh G2) = Yxe2 9J/9 {A : (9"”’ [9””(611 “q2) — q1 G5 ] g [g”“’((h “q2) — qf QS"D
+.B (g"” [q{‘ ¢ + 4y QQ‘] 98 6 —9"q QS) } : (40)
Decay width:
2 .9 r2
O G2 9570 : M3 12 .
(X2 = YY) = ——LE M2 | 1— —L2 ). (Cy-A*+Cypp-A-B+Cp-B?)
g N Skl Xc2 / 2 Z o
4(1425) *ch«z
With spin $=2
171 . 7. Ba. Pl - e
Ca=g <1 e 15‘) = 0195717, €= M2, /M2, = 0.758384,
Coefficients: | Cap = — % (% - %5 — 262+ 3¢° — —Eé‘) = —0.0257553, (43)
. LA 8ol g B, 1%
Cp = E (1 = gf'f‘ 66 +€; == EE4 1 gf ) = 0.00225945 .
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Modified Vertex for Charmonium

CCQM: The non-local vertex function @, (-p?) characterizes the quark distribution

inside the hadron. It is unique for the given hadron, each hadron has its
own adjustable parameter A, related to the hadron ’size’.

Nx= {/\r;c, /\J/(,u, /\)(CO, /\)(Cl, /\hc, /\)((:2}

These charmonium members have the same quark content and possess physical
masses in a relative narrow interval ~ 3+3.5 GeV.

For this specific case we use the Ansatz: the charmonium ’size’ is proportional to
its physical mass, i.e., Ay = p-My with o > 0 - a common adjustable parameter:

D= Ax/MX

Subsequently, we further use the charmonium vertex function defined as

Ox (—p?) = exp ( | Ea >

o M}




Numerical results

For further numerical evaluation we keep the basic CCQM parameters:
¢ the universal infrared cutoff parameter A =0.181 GeV
¢ the constituent charm quark mass in the range of +10% around m, = 1.67 GeV.

¢ We vary p > 0 to fit the latest experimental data from PDG-2021.

Renormalization couplings < —
\ = = 9xwo

5 \ i - ch1
First we calculate g, . & 1y g
They are strictly fixed by the ok = Oy

compositeness requirements { '\
and do not constitute further
free parameters, although

keep indirect dependencies
on basic model parameters.

Ix

G.Ganbold et al.,
arXiv:2107.0877v1 [hep-ph]
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Having calculated g, we are able to estimate the partial widths of the one-photon
radiative decays of the excited (L=1) charmonium states x., , X.; and x., to find

the optimal values of the 'slope’ parameter o > 0 at different

me €[1.78 + 1.82] GeV

I, (MeV)

0.6 -
- ' e rXcz
: reXchz
0'5— . == = r.\c1
\\. : reprC1
\ " R 2
0.4 - St r:::m ,
A f.\: 5510
i « Wy
0.3 1 .:. ~L: \..\,_
S T
0.2 1 ~ .......
~ o ¥
. y
0.1 : S e
0.0 l — .
0.3 0.4 0.5 0.6 0.7 0.8
p
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Having calculated g, we are able to estimate the partial widths of the one-photon
radiative decays of the excited (L=1) charmonium states x., , X.; and x,, to find
the optimal values of the c-quark mass m, at different 'slope’ parameter o > O.

I, (MeV)

o €[0.47 + 0.53]

1.0 2

1 i T 10
:9-* o ST
084 °. " ° " Ty

i —-=T,
0.7+ e
0.6 :
0.5 g
0.4 e
(.5 {80 v e v 4 o S s i
02
0.1+
0.0 T T T T ! I

1.74 1.76 1.78 1.80 1.82




Finally by fitting the latest experimental data PDG-2021 on the partial widths of the
dominant one-photon radiative decay of the orbitally-excited charmonium states
Xo0r X1 @nd x., we fix the optimal values of model parameters.

Having fixed the model parameters we calculate the partial widths of the dominant
one-photon radiative decays of the ground (J/y — y+n_) and orbital-excited
(h, — y+J/p) states in dependence on p, together with the curves for x.;, J={0,1,2}

0.6
) —r,, 10
t & i
\ % & = =T
A=0.181 MeV 054 V. i L. T,
o 2 ¢
\‘ \". : : [— -ic
04 "\ T e
s\ N\
me= 1.80 GeV S s
@ ‘\. \
= L.,
\; 0.3 - :\-, N,
— N g :‘{: N,
o = 0.485 :
0.0 T — T T T T T T T T T
G.Ganbold et al., 0.4 0.6 0.8 1.0 1.2 14
arXiv:2107.0877v1 [hep-ph]
p




1++

1+

2 ++

Some theoretical predictions of the partial widths (in units of keV)
of the dominant radiative decay of the charmonium states below
the DD~ threshold in comparison with recent data.

Radiative
Decay

rg/Y -yn )
C

'y —vyJdNy)
c0

'y —vyJy)
cO

r'th —yn )
C C

'y —vyJdNP)
cO

CCQM
A=0.181

1.771

142.0

296.7

290.8

358.1

CCQM  ppG-2021

A=0

1.771

142.0

297.0

290.7

356.7

1.58%0.43

15114

288 £ 22

357 2270

374 £27

Cornwell
potential
[31]

118

315

419

Cornwell
potential
LWL[31]

128

266

353

G.Ganbold et al.,
arXiv:2107.0877v1 [hep-ph]

Lattice QCD Constit.Q.M

[21] [17]
2.64(11) 1.25
128
275

720(50)(20) 587

467

+ ['(x.; — y+J/p) results are close to the recent LHCb data.

+ [(Jy — y+n.) = 1.77 keV slightly (~12 %) exceeds the recent average data.

+(h, — y+n,) = 0.291 MeV leads to 'theoretical full decay width’ "¢’ (h.) =~ (0.57 +0.12) MeV.




Deconfinement limit

The infrared cutoff parameter in CCQM plays an important role by removing
all possible threshold singularities corresponding to the creation of free quarks,
and is taken to be universal (A = 0.181 GeV) for all physical processes.
However, in some specific cases these singularities do not appear.

Particularly, for m_, = 1.80 GeV we obtain My < 2m_ for all charmonium states
under consideration and the corresponding integrals converge.

Then, we can use even the full integration range t € [0, «), i.e., with A — 0.

I, (10° GeV)

0,6

0,5 -

0,4 1

0,3 :
024/

01+

———Dwﬂoz

0,0

10 ' 20 30 ' 40 | 50
1% [GeV?

The partial decay widths do not
change for 1/A?2 > 20 GeV-? while
A =0.181 GeV corresponds to
1/A%2 = 30.52 GeV-=2.

Our theoretical estimates on the
charmonium states remain
unchanged in the deconfinement
limitA = 0.
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Discussion (short)

¢ Our calculation within the CCQM
[(Jy — y+n,) = 1.77 keV
slightly (about 12%) exceeds the average value of the recent data [PDG-2021].

¢ Our calculations for the central values of the partial decay widths
(X0 — Y+I/w) = 142.0 keV ,
[(x., — y+I/yp) = 296.7 keV ,
[(x., — y+J/yp) = 358.1 keV

are close to the recent LHCb data.

¢ Our calculation within the CCQM
[(h, — y+n.) = 0.291 MeV is in agreement with the recent data.

¢ The present world data for the full decay width of h (*P,)(3525) cannot be used to

test the various predictions due to their large uncertainties. On the other hand, the

fractional width for the one-photon radiative decay of h.(*P,)(3525) is detected more

accurately. By combining the latest value for the fractional width of [PDG-2021] with

our estimate we may calculate the ‘theoretical full decay width’for h, as follows:
[theor (h,) =~ (0.57 £ 0.12) MeV. (**)

Hereby, we admitted a relevant ~ 10% uncertainty for ['(h, — y+n,).

Compared with data [®* (h.) =~ (0.7+£0.4) MeV [PDG-2021], the 'prediction’ (**) is

located in a more narrow interval.



Summary and Outlook

¢ The dominant radiative transitions of the charmonium states n(1S,), J/W(3S,),
Xo(®Po), X.1(3Py), h(*P;) and x,,(3P,) have been studied within the CCOQM.
The gauge-invariant LO transition amplitudes are expressed by using either the
Lorentz structures, or the helicity amplitudes.

¢ The renormalization couplings of the charmonium states have been strictly
fixed to exclude the constituent degrees of freedom from the of physical states.

¢ We keep the basic model parameters m_= 1.80 GeV, A =0.181 GeV and
additionally introduce only one common adjustable parameter g > 0.
The optimal value g = 0.485 is fixed by fitting the data for the triplet y_(3P)).

¢ We calculated the fractional widths for states J/i(3S;) and h(*P;) in good
agreement with the latest data. By using the fraction data and our estimated
partial decay width we recalculate the "theoretical full width’
[theor (h )~ (0.57 + 0.12) MeV compared with latest data ' (h,)~ (0.7+0.4) MeV.

¢ We also repeated our calculations by gradually decreasing the global cutoff
parameter and revealed that the results do not change for any A < 0.181 GeV
up to the ‘deconfinement’ limit.

¢ This approach may be extended to other sections of hadron physics, particularly
to investigate
e light mesons (scalar, isoscalar, ...)
e radial excitations (charmonia and bottomia)
o exotics (glueballs, tetraquark, X-Y-Z mesonlike objects, ...)
e heavy meson and baryon decays




