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Charmonium radiative decays within the covariant confined quark model
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We have studied the dominant one-photon radiative transitions of the charmonium ground and orbitally excited states within an analytic
confinement model. Along with two fixed basic model parametersdnd the cutoff value\), we introduced only one adjustable parameter
common to charmonium states:, J/v, xco, Xc1, he @ndx.2 to parameterize the quark distribution inside the hadron. Our estimates are in
good agreement with the latest data.
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1. Introduction frared cutoff of the scale integration ensures the complete
removal of any singularities from the matrix elements (see,
The charmonium state, which represents a composite Systegly. [9-11]). The CCQM is consistent with the Standard
of a charm quark and its counter-partner(has been the fo-  Model’s SM's symmetries, clearly Lorentz invariant, and
cus of intense research in various experiments [1]. A seriegapable of describing various composite systems using the
of low-lying charmonium excited states have been observedyame theoretical principles. Our approach has been success-
and they possess small binding energies [2]. These states CRilly applied to different modern problems in particle physics
serve as a felicitous testing ground to check basic model a3seee.g, [11,13]). In particular, we have shown the equiv-
sumptions, and a great number of theoretical approaches aRghnce of Fermi-type and Yukawa-type theories under con-
frameworks have been devoted to the charmonium system. siraint conditions that fix the coupling constants and particle

Many phenomenological models and effective ap-mass. We obtained a new smooth behavior of the Fermi cou-
proaches vary in degrees of refinement with respect to thgjing in dependence on meson mass [12].
underlying QCD by describing hadronstructure within the oy model Lagrangian describes the interaction of a
Standard Model (SM). In partipular, the considerable Charmhadron fieldH (z) satisfying the corresponding equation of
quark mass exceeds many times the conventional confingygtion with an interpolating quark curres; (z) possessing

ment energy scale and the subtle binding energy allows fogsresponding quantum numbers for the hadron. It reads as
various perturbative calculations and other nonrelativistic apsg|iows in the case of the meson:

proximations.

Nevertheless, many model predictions suffer from inac- Lint = gu - H(z) - Jy(2z) + He.,
curacies in the description of experimental data on the prop-
erties of charmonium. The latest average data on the frac- Ju(z) = /dm /dx26(4> (x — w1 — woms)
tional width of decay.J/¢¥) — ~n., in particular, is nearly
twice as small [1] as the predictions of the Coulomb gauge o — a2 a ()T 1
approach [3] and the nonrelativistic potential model [4]. x H[(xl z2) ]qQ(‘L) 7 (@), (@)

. In a series of our studps, We_have developed a relativisg o e the vertex functio y effectively describes the quark
tic quantum field model with specific forms of propagators Ofdistribution within the mesonl'y is the Dirac matrix en-

analytically confined quark and gluon and then applied it toSuring the meson quantum numbers, and= m; /(m; +
various aspects of low-energy hadron_ physics_[5—7]. ms), i = 1,2 s the fractional quark mass.

Following the concept Of_ analy'qcal CO”f'”e”.‘ef_‘t' W€ " The ultraviolet convergence of the loop integrals is en-
present below our last theoretical estimates for radiative trans'ured by the Fourier transform &, which falls off in mo-

sitions in charmonium states performed within (bevariant ; ; - :
) mentum space in the Euclidean region by the Gaussian law
Confined Quark ModdlCCQM) [8, 9. o tollone, gion by

2. Model Oy (—p®) = exp (P*/AY) | )

An effective quark confinement mechanism is implementedvhere we introduce an adjustable size-related parameter
in the CCQM by using convolutions of local quark propa-  According to the CCQM, the hadron renormalization
gators and hadron vertex functions. Hereby, a universal ineouplinggy in Eq. (1) is strictly fixed by the "compositeness
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condition” as follows: weak interactions, but the typical dominant mode is a one-
o ) photon radiative transition into the ground-state charmonia.
Zn =1—gylly (MH) =0, Recent studies at hadron colliders have revealed that the
-, d (1), 2 branching fractions of the radiative transitions of the triplet
Iy (p°) = WHH (%), () Xeo.c1.00) — 7 Jw are relatively large [15].

_ On the other hand, a theoretical investigation of the prop-
and does not constitute further free parameters. Thgrefor@mes of the low-lying charmonium states is important to an-
any bare states are removed totally from consideration, thg|yze the underlying physical processes of charmonium pro-

mass and wave function of the hadrgn are renormalized, ar\ghction inb-hadron decays observed recently by the LHCb
the physical state is dressed. Note tﬁé;()(pQ) is the diago-  Collaboration [17].

nal part of hadron self-energy. Different phenomenological models and effective theo-
In particular, the meson self-energy function reads ries have been developed to study the quasiparticle properties
~ Ak~ of charmonium states (semg, [3,18-20]).
g (p) = Ne / W‘Iﬁ; (—k%) Despite the sophistication of theoretical frameworks,
substantial discrepancies exist between the experimental
< tr [pHgl(;; + w1 p)T Sy (k — wﬂg)} , (4 ~measurements and various model predictions (seg,
[3,4,21-24]).
wherem,, is the constituent quark mass and the quark propa- The CCQM being a relativistic quantum field framework
gator’'s Schwinger parametrization is introduced: for hadron physics, can serve as an effective theoretical ap-

proach to analyze the recent measurements of the radiative

oo

~ . . 5 o transitions in charmonium states [17].
S(k) = (mq + k) /do‘ exp[—a (mg — & ). ®) Below, we estimate the renormalized couplings, frac-
0 tional decay widths of the dominant radiative transitions of

Many matrix elements describing radiative transitions of/4; i Mmesons and triple¥;o c1 .2} in the framework of the
hadrons, their mass operators and other decay processes QM- o N
using Feynman quark-loop diagrams may be represented in FOr the one-photon radiative transitiofy — X, we
terms of convolutions of vertex functions and quark propaga¥/ite the invariant matrix element as follows:

tors as follows: ]
g(l—VYXz =1 (271-)46)(1 EXy Evo Tgfl—vag (QIa QQ) ) (9)

o) 1 n
m° — Nc/dtt"* /dna5(1 _ Zai)f(tm, L tan). wherep, ¢1, ¢, are the momenta, af@ x, ,¢x, , ¢, } are the
) polarization vectors of the charmonium stafés, X,, and
(6) the photon ).
The gauge-invariant part of the amplitude fulfills the fol-
However, at certain relation of kinematic variables, therelowing requirement:
may appear possible branch points connected with the cre-

0 =1

ation of free quarks, and then, the integral in E&).diverges. G20 T;?lvfw x,(q1,q2) = 0. (10)
These threshold singularities can be removed by introducing
a universal infrared cutoff parametéras follows: The LO contribution to the transition amplitude
T%, . x,(q1,q2) provided by the "triangle” Feynman dia-
1/x? gram within the CCQM is as follows [9]:
m — = NC/ dtt" =t 7 i
0 T)I(‘iiz“;g(z = gXngzeceNc / WQ)XI ( - k2)

The model free parameteksm,, Ay are fixed by fitting ~ A
the latest experimental data and, if necessary, some lattice re- x &x, ( - (k+ %‘D)Q)tf {F25(k + 3P)
sults. In particular, the updated basic parameters are [12, 14]: . .

X T1S(k = 318Gk — 4o+ @)], (1)
me = 1.67 +0.17 GeV, A=0.181GeV. (8)

o Rad 5 . > v «—>
Our calculations below have a relative precision of aboutVhere I = {¥*,1,9"ys, 9., 7°,i(v" 9v +7" O
+10%. )/2} are the Dirac matrices for charmonium ingoing states
{J/w,xco,xcl,hc,_xcg} andTIy, = {i’y_5,’y“} for outgoing
2.1. Charmonium dominant radiative transitions {ne, J/4}, respectively, and. =2/3, e is the electric charge
of an electrong¢ =e?/47=1/137.036) and N, = 3.
There are several low-lying excited states with relatively The renormalized couplinggy, andgy, of the partici-

narrow widths that were observed first in different experi-pating charmonium states in EA.1j are strictly determined
ments [2]. These mesonic states decay under strong ard accordance with Eqlj.
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Transition.J /1 (351) — y1.(3So) where we have introduced two independent helicity ampli-
] ) tudes as follows:
The dominant one-photon decay of vector charmonifn 9
— P Y i ; M T/
(I'1 = 1”) to pseudoscalay. (I'> = i7°) is a typical electro- 7, — |32 {W1 Wy — 71/[/4}
magnetic M1 transition, and the corresponding gauge invari- MJ/w My, | |
ant transition amplitude takes the form: M2 ’
invipo vpo v Hy = —i My, |@? [ Wit Wo— |1+ | Wy | |
T-’/w’iﬂmc =97/p In. €7 @' C(pQ,qf,qg), 12) ' Mo |2 ( ' ’ M., |G| !
where the form facto€(p?, ¢7, ¢3) is defined in Eq.11). o ( 2 2 )
. AL - : . =(M: —-M 2M,, . . 18
The corresponding one-photon radiative-decay width 2] Xel J/y /2My, (18)
within the CCQM reads: Transitionhu(1Py) — 7. ()
2 2 2 \?
Gy 9. o 5 MZ. . .
DT/ — me) = —— My | 1 — 5= The latest experimental data on the full decay width of the
24 M3, orbitally excited charmonium stafe.(3525) suffers a large
) 2 uncertainty:T';,:(h.) = 0.7 £ 0.4 MeV [1]. Nevertheless,
C(M]/W M 0)} . (13)  we also consider the dominant one-photon decay. (5525)
into the ground state. We haug, = k*+° for h. and
Transitiony..o(°Py) — vJ/¢(351) I'y = ~* for 7.

We find the gauge-invariant transition amplitude in the

The orbitally excited scalar charmonium.(°Fy) decays following form:

into the vector ground-state by radiating a photon and the o s 5 o
e
corresponding gauge-invariant transition amplitude takes the 7)™ 27 = gn.gn.(d547 —9"" (q1 42))N(p°, a1, 63),  (19)

form: with a form factorh(p?, ¢2, ¢3) determined by Eq/1(J).

Tinvipo Jj0= Oxen 3/ (4745 —gpo (@1 42))d(P?, 4%, 43) . With spin S = 1, the one-photon radiative decay width
Xeo™7 (14) of h. is calculated as follows:

3
Then, the fractional decay, — ~.J/¢) can be calcu- T(he — ) = 9;% gic 3 B Mgc
lated by using the following expression: Ve 24 (14 25) M,QLL
3
gy, 9 M3 x |h(M2 , M2 ,0)2. 20
Do = /1) = — =0 M;F()(l - ;/w> (M. M. 0) (20)
Xeo Transitiony.o (3Py) — vJ/1(351)
2

X d(Micong/va)} : (15) " For the radiative transition of the orbital excitatiqn, we

havel'; = y*k¥ +~Yk* andl’y =

2 2 2\ i
Note that the form factorl(p®, ¢, ¢3) is determined by The gauge-invariant transition amplitude expressed by

Eg. 1D). using two independent form factors reads:
Transitionxe: (*F1) — 3J/4(51) Ty = 9xea9p (A{ up{gw(% @) — a7 ¢5 }

We can parameterize the gauge-invariant amplitude of the
a { 1L A + ””{ "”(qq)*q"q“”
transitiony.; — ~J/« by using four seemingly independent g\ 142 142
Lorentz form factors as follows: I
+ B[g ”{ql 42 + g ‘12}

T s = 9xa 9o €7 (a1 a2) Wi
+ €Q1q2dﬁq#W2 + etI1q2#Pq;W3 - guoqlll CIS - gVUQiL q5:|> ) (21)
+ (19210l _ ctBoP (g o)\ W, (16) where )A(P27Q%7 ¢3) and B(p* qi,¢3) are defined by
Eq. (11).
The form factorsiV,, W,, W3 and W, are determined ac- We obtain the fractional decay width gf, as follows:
cording to Eq./11) by taking into account the on-mass-shell ag? g2 9
conditionsp® = M7 _, ¢; = M3,,,q5 = 0. T — X2 JJ/p _ I
o T/ 42 (Xe2 = vJ/¥) el !
The fractional dlecay width of the axial-vector charmo- (1+285) X T
nium x.; is calculated by using the formula:
Xe1 y using x (CaA? +Cap AB+Cp B?), (22)
T(xe1 — vJ/¥)= M 2] (|H |>+|Hr| ) whereS = 2 is the spin value and the numerical constants
L2m - MZ, Ca = 0.7584, Cap = —0.02576 and Cpp = 0.00226 are

a7 polynomials of the mass relatldwﬁ/w/ 2

Supl. Rev. Mex. Fis3 030801



4 G. GANBOLD

2.2. Numerical results and discussion overestimated the fractional decay width.J/¢»p — ~n.)

] ) ) _while a constituent quark model [26] underestimated signifi-
For the charmonium states under consideration, we modifgantly the latest data [1]. The transition rate obtained within
the CCQM by replacing a set of six free "size” parametersihe CCQM is in agreement with the recent data.

gé’?“ St/;‘é/lz /;;(a?n é}xcl’ %"gsj\sﬁé) \;]V'g;li smgg!e common 2) The lattice QCD studies [23,24] on the radiative tran-
I P &> 2 W w [9]: sition properties of charmonium statgs, and x.; are still
= L p Ax lack good descriptions due to some technical problems, while
Oy (—p?)= - =~ =const (23 : ) e
X ( b ) b (92 M%) ’ Mx (23) the Cornell potential model in the long-wavelength approxi-

Note, in our calculation we keep the basic model parammation [20] underestimates the latest data. Our calculations
eters represented in E@)( for these partial decay widths (in Table I) are in agreement

First, we used Eq/3) to calculate the renormalization With the recent LHCb data [1].
couplingsgx. For all charmonium members, we reveal that  3) As mentioned above, the latest experimental data on
gx (o) decreases monotonically asncreases. the full decay width of the orbitally excited charmonium state
Second, we have fitted the latest data on the dominant ra.(3525) suffers from a large uncertainty. A light front quark
diative decays of the triplet statgs,, x.1 andy.. and have model [19] and a lattice QCD calculation [18] yielded sim-
fixed the model parameters as follows [9]: ilar predictions for the decay ralgh.(1P) — ~n.], which
was obviously much larger than the data cited in [1]. In con-
me = 1.80 GeV, 0 = 0.485. (24) trast, a cons’gtuent qua%k model result [26] is m[or]e or less
With the fixed model parameters, we have estimated theonsistent with the latest data, taking into account its large
fractional decay widths of the one-photon radiative transi-uncertainties.
tions of the charmonium states under consideration withinthe  our calculation within the CCQM (see in Table I) does
CCQM (see Table 1) and then, compared our results with the,ot contradict the data.

recent experimental data in [1] and some theoretical predic- By combining the latest fractional ratio from [1] with our

tions reported in Refs. [18, 20, 26]. estimate in Table 1 we have calculated the "theoretical ex-

We have the following remarks: s mth
. . . . . pected full decay width” ag’,'**" ~ (0.57 + 0.12) MeV.
1) Recent lattice QCD simulations by using the t\letedWe see that, compared with dat tp ~ (0.7 + 0.4) MeV

mass action with light dynamical quarks [18] considerably [1], our prediction is located in a more_narrow interval.

TABLE I. The fractional decay widths (in units of keV) of the To conclude, we have studied radiative transitions of the

charmonium one-photon radiative transitions calculated within thecharmonlum ground and orbitally excited states in the frame-

CCQM compared with recent data and some theoretical predicWOrk of modified CCQM. In doing so, we have introduced
tions. one common adjustable parameger- 0 instead of the six
independent parameters used before. We have calculated the

Decay CCOM _ Exper.[1] [20] [18] [26] renormalized couplings and fractional decay widths for the
I'(J/Y — yne) 1771 1.58:043 - 2.64(11) 1.25 charmonium statesf/w(%*l), XCO(?,PO), Yel (3P1), hc(lpl)y
C(xeo —J/¢) 1420  151+14 128 - 128 andy.,(3Py). Our results are in good agreement with the ex-
P(Xer —vJ/) 296.7  288+22 266 - 275 perimental data. We have also calculated the theoretical "full

I'(he — yne)  290.8 357+270 - 720(70) 587 decay width’T}}ieO" ~ (0.57 £ 0.12) MeV that is located in
[(xe2 — vJ/¢y) 358.1 374+ 27 353 - 467 a narrower interval than the experimental value [1].
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