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Abstract We calculate the masses of x.(3P) states with
threshold corrections in a coupled-channel model. The model
was recently applied to the description of the properties
of x.(2P) and x,(3P) multiplets (Ferretti and Santopinto
in Phys Lett B 789:550, 2019]. We also compute the
open-charm strong decay widths of the x.(3P) states and
their radiative transitions. According to our predictions, the
Xc (3 P) states should be dominated by the charmonium core,
but they may also show small meson-meson components. The
X (4274) is interpreted as a cc x¢1(3 P) state. More informa-
tion on the other members of the x.(3 P) multiplet, as well as
a more rigorous analysis of the X (4274)’s decay modes, are
needed to provide further indications on the quark structure
of the previous resonance.

1 Introduction

Recently, several new meson resonances have been discov-
ered [1-5]. A fraction of them, the so-called XY Z states,
cannot be interpreted in terms of standard quark-antiquark
degrees of freedom. Their description needs the introduc-
tion of more complicated exotic or multiquark structures. A
well-known example is the X (3872) [now x.1(3872)] [6—
8]. A wide range of theoretical descriptions of XY Z states
is available. These interpretations include: (a) the compact
tetraquark (or diquark-antidiquark) model [9-27]; (b) the
meson-meson molecular model [28-39]; (c) the interpreta-
tion in terms of kinematic or threshold effects caused by
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virtual particles [40-54]. Calculations of meson observables
(like the spectrum or the decay widths) within the above pic-
tures, when compared with the experimental data [1], may
help to better understand the quark structure of XY Z mesons.

In a previous paper [54], we discussed a novel coupled-
channel model approach to the spectroscopy and structure
of heavy quarkonium-like mesons based on the Unquenched
Quark Model (UQM) formalism [40,46,47,50-53,55-61].
In the UQM, quarkonium-like exotics are interpreted as the
superposition of a heavy quarkonium core plus meson-meson
molecular-type components. In the approach of Ref. [54], the
UQM formalism was used to compute the self-energy cor-
rections to the bare masses of x.(2P) and x,(3 P) states due
to virtual particle effects. However, differently from previous
UQM calculations, see e.g. Refs. [41,46,47,50], we did not
perform a global fit to the whole heavy quarkonium spectrum.
We applied the formalism to a single heavy quarkonium mul-
tiplet at a time. Moreover, we introduced a “renormalization”
prescription for the UQM results.

Here, we make use of the same approach as Ref. [54] to
study the quark structure of the X (4274) and y. (3 P) states by
calculating their masses with threshold corrections. We also
compute their open-charm strong decay widths in the 3 Py
pair-creation model [62—72] and their radiative transitions
in the UQM [53] formalism. The X (4274) [also known as
Xc1(4274)] was discovered by LHCD in the amplitude anal-
ysis of BY — J/y¢K™ decays [73,74], even though a
3.10 evidence for a relatively narrow J/vr¢ mass peak near
4274 + 8 MeV had been previously presented by CDF [75].
Its quantum numbers are /¢ (JP€) = 0T (17) and its total
decay width is 49 £+ 12 MeV [1].

According to our coupled-channel model results, thresh-
old effects should be small to medium-sized in the x.(3P)
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multiplet. Our 3Py model prediction for the open-charm
strong decay width of X (4274) is compatible with the exper-
imental data within the experimental error. Therefore, it is
reasonable to treat the X (4274) as a charmonium state. How-
ever, due to the total lack of experimental data on the other
members of the multiplet, we cannot exclude the presence of
small meson-meson components in the X (4274) wave func-
tion. Our results for the radiative transitions of the X (4274)
and x.(3P)s will be an important check and may help to
assess the quark structure of the previous resonances.

2 Formalism
2.1 3Py pair-creation model

In the 3 Py pair-creation model, the open-flavor strong decay
of a hadron A into hadrons B and C takes place in the rest
frame of A. The decay proceeds via the creation of an addi-
tional ¢g pair with J©¢ = 0+ quantum numbers from QCD
vacuum [62-65] (see Fig. 1) and the width is computed as
[62-64,67,68]

2
Pampe = ®ampcla) Y [(BCao s TV A ()
14

where / is the relative angular momentum between B and C
and J represents their total angular momentum. The coeffi-
cient

E E
DPac(qo) = 27[%%%@ .

is the phase-space factor for the decay; it depends on the
relative momentum go between B and C, the energies of the
two decay products, Ep c(qo), and the mass of the decaying
meson, M 4. We assume harmonic oscillator wave functions
for the hadrons A, B and C, depending on a single oscillator
parameter apo; see [46, Table II] and [ 72, Table II]. The values
of the oscillator parameter, oy, and of the other pair-creation
model parameters, rq and yp, were fitted to the open-charm
strong decays of higher charmonia [46].

Following Refs. [46,47,55,56,72], we introduce a few
changes in the 3 Py pair-creation model operator, 7. These
modifications include the substitution of the pair-creation
strength, yp, with an effective one, yeff, to suppress heavy
quark pair-creation, see [56, Eq. (12)] and [76], and the intro-
duction of a Gaussian quark form-factor, because the pair of
created quarks has an effective size [46,47,55-61].

2.2 Threshold mass-shifts in a coupled-channel model
We briefly summarize the main features of the coupled-

channel model of Ref. [54]. There, higher Fock components,
|BC), due to virtual particle effects are superimposed on the
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Fig. 1 Diagrams contributing to the A — BC decay process. g;, with
i=1,...,4,and g, with j =5, ..., 8, are the quarks and antiquarks

in the initial and final states, respectively. Picture from Ref. [56]. APS
copyright

Q Q bare meson wave functions, |A), of heavy quarkonium
states. One has [40,46,47,55-61]:

¥a) =N[|A>+ > /qqu |BCq L)) G

BCtJ

BCq¢J| T |A
(BCq tJ| |>](3)

The sum is extended over a complete set of meson-
meson intermediate states |BC), with energies Ep c(g) =

/M%’C + g2; M, is the physical mass of the meson A; ¢
is the on-shell momentum between B and C, ¢ is the rela-
tive orbital angular momentum between them, and J is the
total angular momentum, with J = Jp + J¢ + £. Finally, the
amplitudes (BCq £J | TT|A) are computed within the 3p,
pair-creation model of Sect. 2.1.

In the coupled-channel approach of Ref. [54], one can
study a single multiplet at a time, like x.(2P) or xp,(3P).
The physical masses of the meson multiplet members are
given by

My = Ea + Z(Mya) + A 4)
In the previous equation,

o0 (BCq £J|TT |A)[
T(My) = 2d | 5
() BXC:/O T Es@ - Ec@ )

is a self-energy correction, E 4 is the bare mass of the meson
A, and Ay, is a free parameter. Contrary to our previous
UQM studies [46,47], the bare meson masses E 4 are not
fitted to the whole charmonium spectrum. Their values are
directly extracted from the relativized QM predictions of
Refs. [69,77]. The UQM model parameters, which we need
in the calculation of the (BCq £J | TT|A) vertices, were fit-
ted to the open-flavor strong decays of charmonia; see [46,
Table I1] and [72, Table IT]. Thus, for each multiplet Ay, is the
only free parameter. It is defined as the smallest self-energy
correction (in terms of absolute value) among those of the
multiplet members; see Sect. 3.3 and [54, Secs. 2.2 and 2.3].
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The introduction of Ay, in Eq. (4) represents our “renor-
malization” or “subtraction” prescription for the threshold
mass-shifts in the UQM.

2.3 Radiative transitions in the QM and UQM formalisms

Radiative transitions of higher charmonia are of consider-
able interest, since they can shed light on the structure of cc
states and provide one of the few pathways between different
cc multiplets. Particularly, for those states which cannot be
directly produced at eTe™ colliders (such as P-wave char-
monia), the radiative transitions serve as an elegant probe to
explore such systems.

In the quark model, the electric dipole (E1) transitions
can be expressed as [78-81]

40[63 2 E?, ~B
Fer,om = —— Cap [(Rp| 7 |R4)| 35a, 55 - (6)
3 My
Here, e, = % is the c-quark charge, « the fine structure

constant, £, denotes the energy of the emitted photon, and

Eg =/ M% + E )2/ is the total energy of the final meson. The
spatial matrix elements

o0
(Ry| 7 |R) = fo PArRE, | (I Ry () ™)

involve the initial and final meson radial wave functions
which we obtained numerically; for more details, see Refs.
[52,53]. The angular matrix elements C4p are given by

2
Lp Jp SA} )

Cap =max(Ly, Lp) (2JB+1){ JaLal

where Sa g, La,p and J4 p are the spin, orbital angular
momentum and total angular momentum of the initial/final
charmonia, respectively.

In the UQM formalism, the wave function of a heavy
quarkonium state consists of both a Q Q valence configura-
tion and meson-meson higher Fock components, which are
the result of the creation of light gg pairs from the vacuum.
Therefore, the heavy quarkonium bare meson wave func-
tion has to be properly renormalized. The probability of the
charmonium core of a meson A can be computed using the
following relation

-1
(BCq tJ|TT|A)

Pa(A) = |1 2d | NC))
“ [ +B§,/q I (Ma — Es - Ec)?

In our specific case, the radial wave functions R4 g of Eq. (7)
have to be multiplied by the factors P.z(A, B) < 1, which
are the probabilities of finding the wave functions of the A
and B states in their valence components. Given this, in the
UQM formalism the radiative decay width becomes

Ie1,uom = N'E1,oMm Pec(A) Pez(B). (10

3 Results
3.1 Open-charm strong decays of x.(3 P) states

In this section, we calculate the open-charm strong decay
widths of x.(3P) states within the 3 Py pair-creation model.
The main features of the model are briefly described in
Sect. 2.1. When available, we extract the masses of both the
initial- and final-state mesons from the PDG [1]; otherwise,
we use the relativized QM predictions of Refs. [69,77]. Our
theoretical results are given in Table 1 and can be compared
to the 3 Py pair-creation model results of [69, Table XI].

It is worth noting that: (1) our predictions are of the same
order of magnitude as those of [69, Table XI]. The discrep-
ancies are in the order of 10-20%, except for the h.(3P),
where they are larger. These differences between our results
and those of Ref. [69] arise partly because of different choices
of the 3 Py model parameters, and partly because of the values
of the masses of the decaying mesons given as inputs in the
calculations. In particular, in our case we use for the decay-
ing meson masses either the experimental values [1] or rela-
tivized QM predictions [77]. On the contrary, in Ref. [69] the
authors extracted the masses from a non-relativistic potential
model fit to the charmonium spectrum. Moreover, the use of
different masses for the cc decaying mesons determines the
opening of decay channels, like x>, (3P) — Dl_)iF (2460),
which were below threshold in [69, Table XI]. Finally, as a
check we have also computed the decay widths of y.(3P)s
by using the same input masses and model parameters as
Ref. [69] and we have obtained the same results therein; (2)
according to our results, the x.(3P)s are characterized by
relatively large open-charm widths, which are of the order of
40—60 MeV. If our predictions were confirmed by the exper-
iments, we may argue that x.(3P) mesons are charmonium-
like states, with their wave functions being dominated by
a cc core; (3) of particular interest are our results for the
Xxc1(3 P) state. Specifically, our theoretical prediction for the
total open-charm width of the x.1 (3P),i.e.43.6 MeV, is com-
patible with the total experimental width of the . (4274) [1],
namely 49 £ 12 MeV, under the hypothesis that the open-
charm contribution to the total width of the x.;(4274) is
the dominant one. As discussed in the previous point, this
suggests that the wave function of the x.;(4274) should be
dominated by the charmonium component; (4) the results of
Table 1 are obtained by using the 3 Py pair-creation model
with Simple Harmonic Oscillator (SHO) wave functions for
both the parent and daughter hadrons [62—65,82]. The 3 P,
model is quite sensitive to the form of the wave functions
used. This is why several studies have discussed the use of
“more realistic” wave functions [83,84] or the limitations of
the model [51,83,85]. If we used different forms of meson
wave functions, we would get slightly different predictions.
However, it is very interesting to observe that our result for

@ Springer
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Table 1 Open-charm strong

decays of xo(3P) states in the State Channel Width [MeV] State Channel Width [MeV]
’5 . .
° Py pair-creation model. The 3 = ~
P DD 6.6 P DD 4.0
values of the x. (3 P) masses are Xt 3P) _ X0 (3P) _
taken from Refs. [69,77] (see D*D* 280 D*D 35.0
also Table 4, second column), D Da‘ 0.2 DD, (2420) 34
except for the value of the ok =
Xc1 (3P) [or X (4274)] mass, D; D_S 6.3 DD_I (2430) 0.8
which is extracted from the PDG DDy 25 Ds Dy 2.6
[1]. The values of the charmed D¢ l_);‘ 6.6
and charmed-strange meson = =
masses are taken from the PDG he(3P) DD_ 43 Xe2(3P) Dl_) 93
[1], the mixing angle between D*D* 19.9 DD* 5.8
Dy(1Py) and Dy (1P)) states is DD} 43 D* D* 237
taken from [72, Table III] DD, (2420) 0.03 DDy (2420) 6.0
D D1 (2430) 0.1 D D1 (2430) 3.2
DD 7.9 D D3 (2460) 1.4
DDy 5.1 Dy D 0.03
DD 43
DD 4.7

the total open-flavor strong decay width of the y1(4274) is
not only compatible with the experimental data, but it is also
similar to that of Ref. [69], where the authors used different
values of the 3 Py model parameters and a slightly different
value of the input mass of the x.;(4274). This is a further
indication of the fact that the x.(4274) state should be dom-
inated by the cc core component. We expect that the use of
“more realistic” wave functions would not change the previ-
ous conclusion.

3.2 E1 radiative transitions of x.(3P) states

Here, we discuss our UQM results for the £ 1 radiative transi-
tions of x (3 P) states. Our predictions, denoted as I' 1, ugm
and computed by means of Eq. (10), are given in Table 2; see
also Tables 5 and 6. The QM widths of Eq. (6), I'g1,qwm, are
computed by using Cornell potential model [50,52,78,79]
wave functions for both the parent and daughter charmo-
nium states. Our results for the I' 1 gm widths coincide with
those reported in Ref. [69]; therefore, they are not shown in
the present paper.

The UQM predictions, denoted as I'r1 ugm, are calcu-
lated by renormalizing the A and B meson wave functions
according to the valence probabilities P.z(A) and P.z(B).

In this section, we make use of a renormalization prescrip-
tion different from that of the UQM-based coupled-channel
model of Ref. [54] and Sects. 2.2 and 3.3. The reason behind
this choice is the necessity of simplifying our calculations, in
which a large amount of A and B states is taken into account
(18, 2S, 1P, 1D, and so on). In particular, the calculation
of the probabilities P.z(A, B) of Table 2 is performed in the
standard UQM formalism [50,56], with the model param-

@ Springer

eter values, o, = 0.5 GeV and yy = 0.4, extracted from
Ref. [69]. The renormalization prescription we use here is the
same as Ref. [53] and consists in: (1) considering 1515 inter-
mediate states only, both in the case of the parent and daugh-
ter charmonia. This is the approximation used in the large
majority of the UQM calculations for mesons; (2) discard-
ing the contributions of the open-channels to the wave func-
tion renormalization [40]. The latter assumption is used to
deal with those x(3P) states which are above the D™ D)
and Dg*)Dé*) thresholds. Recently, the above prescription
was used to study the radiative decays of (3 P) bottomo-
nia [53], and a quite reasonable agreement with the recent
CMS measurements was found.

It is worth noting that: (1) the radiative decay widths of
Xxc(3P) states span a wide interval, from O(300 MeV) to
O(1 MeV), inthe case of 3P — 3S+y and3P — 1D +y
transitions, respectively. In particular, the 3P — 3S + y
decay widths are quite large; thus, they might be observed
in the next few years; (2) our UQM results for x.(3 P) states
are roughly of the same order of magnitude as the QM ones
[69]. The difference between them is of the order of 5 — 10%
in the case of the 3P — 35+ y transitions and 30 —40% for
3P — 28+ decays. This is a confirmation of our statement
that loop effects can play a relatively important role in deter-
mining the properties of x.(3 P)s, though their importance is
far from being conclusive. In this respect, it is interesting to
estimate the importance of loop effects in the case of other
charmonium radiative transitions. See Appendix A, Tables 5
and 6, and the QM results of Ref. [69]. For example, con-
sider the x> (2P) — 1//3(13D1) + y decay, where the ratio
between the QM [69] and UQM widths is almost a factor of
2.5;(3) we also show that the E 1 transition widths of y.(3P)s
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Table 2 E1 radiative decay
widths of x.(3P) states in the

UQM formalism. The second
and third columns report the
normalizations of initial (A) and
final (B) charmonium. Our
UQM predictions, I'g1 uqm, are
computed according to Eq. (10),
where the QM results, 'z om;,
can be extracted from Ref. [69].
The large values of the Pz
probabilities for xc(3P)s are
due to the conservative
renormalization prescription
used in our UQM calculation of
the radiative decays. See the
explanation in the text and also
in Ref. [53]

Transition P.z:(A) P.z(B) T'e1.uom [keV]
X2(3P) = ¥ (3S) +y 1.000 0.940 482
Xc1(3P) = ¥ (3S) +y 1.000 0.940 287
Xc0(3P) > Yy (3S) +y 0.960 0.940 99
he(3P) = n:(3S) +y 1.000 0.930 258
¥2(3P) > Y (2S) + y 1.000 0.660 36
%1 3P) > Y (2S) + y 1.000 0.660 29
xc0(3P) > Y (2S) + y 0.960 0.660 20
he(3P) = n.28) +y 1.000 0.720 53
%2(BP) = J/¥ +y 1.000 0.770 26
xe1(3P) = J/¥ +vy 1.000 0.770 24
%0(3P) = J/ ¥ +y 0.960 0.770 19
he(BP) = ne+ v 1.000 0.800 57
x2(3P) = ¥3(2°D3) +y 1.000 0.960 143
x2(BP) = ¥ (2°Dy) + y 1.000 0.970 30
X2(3P) — Y1 (2°Dy) +y 1.000 0.960 2
%1 (3P) = ¥ (23Dy) + y 1.000 0.970 56
%1 (3P) > Y1 (2°D)) + y 1.000 0.960 18
%0(3P) = Y1 (22D + y 0.960 0.960 4
he(BP) = 722" D) + y 1.000 0.970 96
%2(3P) — Y3(1°D3) + y 1.000 0.660 0
Xx2(3P) = yn(13D2) + y 1.000 0.570 0
%2(3P) — Y (13D + y 1.000 0.680 0
X1 BP) = yn(13Ds) + y 1.000 0.570 0
%1 3P) — Y1 (1°D)) + y 1.000 0.680 0
xc0(3P) = Y1 (1°D)) + y 0.960 0.680 0
he(3P) = nea(1' Do) + y 1.000 0.590 0

into J /¢ + y are one order of magnitude suppressed with
respect to those into ¥ (3S5) + y. A similar pattern was previ-
ously observed in the x, (3 P) case [53]; (4) finally, the UQM
results depend on the specific renormalization prescription
taken into account. Thus, the use of a different renormal-
ization prescription will necessarily produce quite different
results.

In conclusion, our UQM results may provide solid refer-
ences to search for the other members of the yx.(3P) mul-
tiplet by analyzing the x.(3P) — (2S5, 3S) + y radia-
tive transitions. Recently, the CMS Collaboration was able
to distinguish for the first time between two candidates of the
bottomonium 3 P multiplet, xp1(3P) and xp2(3 P), through
their Y(nS) + y (n = 1,2, 3) decays [86]. We expect the
charmonium 3 P multiplet to be easily searched by means of
the same strategy.

3.3 Threshold mass shifts within the x.(3P) multiplet

We calculate the relative threshold mass shifts between
the x.(3P) multiplet members due to a complete set of

1S1P meson-meson loops, like D D;(2300), D D;(2420),
and so on.! As shown in Ref. [46], charmonium loops, like
nexco(1 P), are negligible because of the suppression mech-
anism of [56, Eq. (12)]. Therefore, these loops are not taken
into account in the calculation of the self-energy corrections
of x.(3P) states.

Following Ref. [54], the values of the bare meson masses,
E 4, are extracted from the relativized QM predictions of
[69, Table I, sixth column] and [77]. We have: Ej, 3p) =
4318 MeV, EXc0(3P) = 4292 MeV, EXc1(3P) = 4317 MeV
and E,,3p) = 4337 MeV. The values of the physical
masses, M 4, of the y.(3P) states should be extracted from
the data [1]. However, except for the mass of the x.1(4274),
42741'? MeV, there are no experimental results for the masses

! Tt is worth noting that in the coupled-channel model calculation of the
threshold corrections of x.(2P) and y,(3P) states of Ref. [54], only
1S1S open-flavor loops were taken into account. Here, on the contrary,
we only include 151 P loops. 1515 loops in the former case and 151P
loops in the latter are identified as the complete sets of intermediate
states which are closer in energy to the multiplet members [54, Sec.
2]. The other nL n’L’ loops, with n,n’ = 1,2,3,4,...and L, L' =
S, P, D, F, ..., are farther in energy and can be neglected.

@ Springer
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Table 3 Self-energy

* *
corrections, 3(M.4) (in MeV), State D D(;(2300) DD (2420) D D;(2430) D D3 (2460)
to the bare masses of x.(3P) h.(3P) _123 _ —05 ~30.6
states, calculated via Eq. (5). ¢ ’ ) ’
The values of the UQM Xc0(3P) - —41.6 —283 -
parameters are extracted from Xc1(3P) —-0.2 —13.3 —12.9 —18.1
[46, Table II]. The first rows X2 (3P) _ —15.7 —14.2 — 159
show the partial contributions to "
(M) from channels BC, such State D*D(2300) D*D(2420) D*D1(2430) D* D3 (2460)
as DD}(2300), D D;(2420), h.(3P) —-03 —33.5 —353 —28.3
and so on. The last rows provide xc0(3P) —~10.9 —22.0 —16.4 —139.6
the total results, obtained by 3P) 117 _27 966 o84
summing the previous partial Xel ’ ’ ’ ’
contributions. The contributions Xe2(3P) —17.3 —213 —23.2 —42.8
of those channels denoted by — State DD} (2317) D Dy (2460) DDy (2536) DsD},(2573)
are suppressed by selection rules he(3P) _15 _ —01 _36
c . . .
Xc0(3P) - —2.6 -32 -
Xc1(3P) -0.1 —-1.7 -0.8 —-2.3
xc2(3P) - —1.8 —-1.2 —1.8
State DD}, (2317) D} Dy (2460) D} Dy1(2536) D? D, (2573)
he(3P) —-0.1 —4.5 —-34 —4.6
xc0(3P) —-0.7 -3.1 —-1.3 —6.5
Xc1(3P) -0.8 -3.0 -3.1 —4.8
xc2(3P) —14 -2.9 -2.1 —6.6
State X(My)
he(3P) — 159
Xc0(3P) —176
Xc1(3P) —151
Xe2(3P) — 168
Table 4 Comparison between th exp
the experimental masses [1] of State E4 [MeV] 2(My) — Am [MeV] M} [MeV] M," [MeV]
Xc(3P) states and our he(3P) 4318 _38 4310 B
theoretical predictions, as ¢
explained in the text. The bare Xc0(3P) 4292 =25 4267 -
mass values, E 4, are extracted xc1(3P) 4317 0 4317 4274:8)
from Refs. [69,77] Y2 (3P) 4337 _17 4320 _

of the remaining and still unobserved x.(3 P) states, namely
the hc(3P), xc0(3P) and x2(3P). Therefore, for the physi-
cal masses of the previous unobserved states we use the same
values as the bare ones [69,77]. Moreover, for simplicity, we
do not consider mixing effects between |1 P;) and |1° Py)
charmed and charmed-strange mesons in the self-energy cal-
culation of this section. Therefore, for the wave functions of
the previous states we make the assumptions: |1 Py) =~ |1' Py)
and |1P1’ > o~ |13P1>. The self-energy corrections are com-
puted according to the UQM formalism of Sect. 2.2 and Refs.
[46,47]. Our results are reported in Table 3.

Compared to our previous results for x.(2P)s and
Xb(3P)s [54], the present results for x.(3 P) states are more
model-dependent. The reason is the lack of experimental data
for three of the four multiplet members. Finally, our results

@ Springer

for the “renormalized” threshold corrections, X (M4) — A,
and the calculated physical masses, M th of Xc(3P) states
are reported in Table 4.

It is worth noting that: (1) the threshold corrections of
Table 4 are larger than those of x,(3P)s, but smaller than
those of x.(2P) states; see [54, Table 1]. In light of this,
we expect the x.(3P) states to be dominated by the cc
core component; (2) at present, the only decay mode of the
X (4274) which has been observed experimentally is that into
J/¥¢. This may be compatible with the interpretation of
the X (4274) as a multiquark state with non-zero hidden-
charm hidden-strange components. However, as discussed
in Sect. 3.1, several properties of the X (4274) (e.g. its total
decay width) are compatible with those of a .1 (3 P) state.
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In conclusion, the present results indicate that the X (4274)’s
wave function should be dominated by the x.;(3P) com-
ponent. More informations on the other members of the
Xc(3P) multiplet, as well as a more rigorous analysis of
the X (4274)’s decay modes, are needed to provide further
indications on the quark structure of the previous resonance.

4 X (4274): other interpretations

As pointed out in Ref. [87], molecular states cannot account
for the 1% nature of the X (4274). A possible interpreta-
tion of the X (4274) is that of a sscc compact tetraquark
state. The spectrum of strange and nonstrange hidden-charm
compact tetraquark states was computed in Ref. [24] within
a relativized diquark-antidiquark model. There, the authors
could provide tetraquark assignments to 13 suspected XY Z
exotics, including the Z.(3900), X (4500) and X (4700);
however, they could not accommodate the X (4274) within
the tetraquark picture. A similar investigation on sscc com-
pact tetraquarks was conducted within the relativized quark
model [22]. There, the authors discussed possible assign-
ments to the X(4140), X(4500) and X (4700), but they
could not accommodate the X (4274) within a sscc com-
pact tetraquark description [22]. In Ref. [88], the authors
made use of QCD sum rules to study the properties of the
X (4140) and X (4274). They interpreted the X (4140) as
a 1T+ diquark-antidiquark compact tetraquark in the 3.3,
color configuration, while the X (4274) was described as a
diquark-antidiquark bound state with a 6.6, color wave func-
tion. Finally, in Ref. [89] it was suggested that the X (4140),
X (4274), X (4500) and X (4700) could be accommodated
within two tetraquark multiplets, with the X (4274) charac-
terized by 0 or 2% quantum numbers.

In Ref. [90], the authors investigated possible assignments
for the four J /¢ ¢ structures, reported by LHCb, CMS, DO
and BaBar [91-94], in a coupled channel scheme by using a
nonrelativistic constituent quark model [95,96]. In particular,
they showed that the X (4274), X (4500) and X (4700) can be
described as conventional 33 Py, 43 Py, and 53 Py charmonium
states, respectively. The same interpretation for the X (4274)
was proposed in Ref. [97]. In a study of heavy quarkonium
hybrids based on the strong coupling regime of pPNRQCD
[98], the authors found out that the X (4274) is compatible
with a x.1 (3 P) state, which may be affected by the Dt D¥~
threshold.

In Ref. [99], an interpretation of the X (4274) as a P-wave
DsD4(2317) molecular state in a quasi-potential Bethe-
Salpeter equation approach was proposed. If the previous
state is a hadronic molecule, an S-wave DDy (2317) bound
state below the J /v ¢ threshold should also exist. Finally, in
Ref. [100] the authors suggested to assign the X (4274) to a
Y (2S)¢ S-wave hadrocharmonium configuration.

5 Conclusion

We studied the quark structure, the spectrum and the strong
open-charm and radiative decay modes of the X (4274) and
Xc (3 P) states within an UQM-based coupled-channel model
[54] and the quark model formalism [62-65,78,79,79-81].

The present coupled-channel model was previously used
to study the properties and quark structure of the x.(2P) and
xb(3P) multiplets [54]. There, a prescription to “renormal-
ize” the UQM results for the self-energy/threshold correc-
tions made it possible to distinguish between quarkonia, the
xb(3P), and quarkonium-like states with significant meson-
meson components in their wave functions, the x.(2P)s.

According to our new results, the X (4274) can be
described as a yx.;(3P) state. The other members of the
Xc(3P) multiplet can be interpreted as 3 P charmonium cores
plus small to medium-sized open-charm meson-meson com-
ponents.

A comparison between theoretical results for the radia-
tive transitions of x.(3 P)s (including ours and, for example,
those from Ref. [69]) and the forthcoming experimental data
may provide exploratory pathways to search for still unob-
served 3 P charmonia. Hence, we suggest the experimental-
ists to focus on the study of the x.(3P) — ¥ (nS)+ y decay
modes, and especially on the ¥/ (25, 3S) + y transitions.

In conclusion, we hope that this study might be helpful to
fulfill a better understanding of higher P-wave charmonia.
More precise conclusions regarding the quark structure of
the x.(3 P) states will necessarily require more experimental
informations on the properties of the still unobserved 4. (3 P),
Xc0(3P) and x2(3P).
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Table 5 As Table 2, but for the radiative transitions of different char-
monia. Our UQM predictions, I" g1, uqm, are computed according to Eq.
(10). The large values of the P.; probabilities for several charmonia are

Appendix A: E1 radiative transitions of charmonium
states

In Table 5, we list our UQM results for the E1 radiative
transition widths of higher-lying charmonia, including 25,
38, 1P and 2P resonances. The widths are calculated as
explained in Sect. 3.2. In Table 6, we compare our UQM
predictions to the available experimental data [1]. Our results
can also be compared to the QM predictions of Ref. [69].

due to the conservative renormalization prescription used in our UQM
calculation of the radiative decays. See the explanation in Sect.3.2 and
also in Ref. [53]

Process P.z:(A) P.z(B) C'uqm [keV] Process P.:(A) P.z(B) T'uqm [keV]
Y(2S) > xa2(1P)+y 0.660 0.660 16 V(2S) > xa(1P) +y 0.660 0.670 24
Y(2S) > xo(1P)+y 0.660 0.700 29 nc(28) = he(1P) +y 0.720 0.670 24
¥(3S) > x2(2P)+y 0.940 0.610 8 V(3S) > xc12P) +y 0.940 0.790 29
¥ (3S) > x0(2P) + ¥ 0.940 0.770 39 nc(38) = he2P) +y 0.930 0.760 75
¥(3S) > x2(1P)+y 0.940 0.660 V(3S) > xe1(1P) +y 0.940 0.670 0
¥(3S) > xo0(1P) +y 0.940 0.700 0 1c(38) = he(1P) +y 0.930 0.670 7
Y(4S) > x2BP)+y 1.000 1.000 68 V(4S) > x1(3P) +y 1.000 1.000 126
Y (4S) > x0(BP)+y 1.000 0.960 125 nc(48) = he(3P) +y 1.000 1.000 158
Y(4S) > x2@P) +y 1.000 0.610 0 V(4S) > x1(QP) +y 1.000 0.790

Y(4S) > x0P) +y 1.000 0.770 0 1c(48) = he(2P) + ¥ 1.000 0.760 7
Y(4S) > x2(1P) +y 1.000 0.660 0 V(4S) > xa(1P) +y 1.000 0.670

Y(4S) > xo(1P) +y 1.000 0.700 0 1c(48) > he(1P) +y 1.000 0.670

x2(1P) > J/¥ +y 0.660 0.770 216 X1t (1P) > J /¥ +y 0.670 0.770 166
x0(1P) = J/¥ +y 0.700 0.770 84 he(1P) = ne +y 0.670 0.800 267
x2(2P) > Y (2S) + y 0.610 0.660 124 X1 QP) > ¥ (28) +y 0.790 0.660 97
x0(2P) > Y (2S) + y 0.770 0.660 33 heP) > 7:(28) + y 0.760 0.720 151
Xx22QP) > J/¥ +y 0.610 0.770 37 X1 QP) > J /¥ +y 0.790 0.770 42
x02P) > J/ Yy +y 0.770 0.770 32 heP) = ne+ v 0.760 0.800 86
Xxe2(2P) — Y3(1°D3) + y 0.610 0.660 35 %2(2P) — Y (13Dy) + ¢ 0.610 0.570 6
x2(2P) > Yy (1°D)) + y 0.610 0.680 1 %1 2P) = Yo (1°Dy) + ¢ 0.790 0.570 16
Xe1 2P) = ¥(1°Dy) + y 0.790 0.680 12 x0(2P) > v(1°D)) + ¥ 0.770 0.680 7
he(QP) = nex(1'Dy) + ¢ 0.760 0.590 27 Y3 (13D3) — xo2(1P) + y 0.660 0.660 119
¥2(13Dy) > x2(1P) + 0.570 0.660 24 V2 (1°D2) > xe1(1P) +y 0.570 0.670 120
Y1 (1°D)) > xo2(1P) +y 0.680 0.660 2 Y1 (13D)) = xa1(1P) +y 0.680 0.670 57
Y1(13D1) > xeo(1P) + y 0.680 0.700 193 ne2(1'Dy) = he(1P) + y 0.590 0.670 136
¥3(2°D3) > x2(QP)+y 0.960 0.610 140 V2 (2°Dy) — xa22P) +y 0.970 0.610 31
Y2 (2°Dy) — %1 2P) +y 0.970 0.790 230 V1 (2°D)) — x2(QP) +y 0.960 0.610 3
Y1(2°D1) = x1QP)+y 0.960 0.790 128 V1 (2°D)) = x02P) +y 0.960 0.770 360
ne2(2'Dy) — he(QP) +y 0.970 0.760 249 ¥3(2°D3) > x2(1P) +y 0.960 0.660 18
¥2(2°D2) = xa2(1P)+y 0.970 0.660 4 V2 (2°Dy) — xe1 (1P) +y 0.970 0.670 17
Y1(2°Dy) > xe2(1P) +y 0.960 0.660 0 Y1(2°Dy) = xe1(1P) +y 0.960 0.670 9
Y1 (2°D1) = x0(1P) +y 0.960 0.700 18 Ne2(2'D2) — he(1P) + y 0.970 0.670 26
¥3(2°D3) — xea(1PF2) +y  0.960 0.950 60 V3(2°D3) - xa3(1PF3) +y  0.960 0.930 4
Y3(2°D3) = xe2(1’F)) +y  0.960 0.940 0 V2 (2°Dy) — xa3(1PF3) +y 0970 0.930 40
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Table 5 continued

Process P.:(A) P.z(B) T'uom [keV] Process P.:(A) P.z(B) T'uom [keV]

Y2 (2°D2) = xe2(I’F)) +y  0.970 0.940 5 Y1(2°Dy) > x2(PF) +y 0960 0.940 46

ne2(2'D2) = hes(1'F3) +y 0970 0.930 49 xe4 (13Fy) — y3(1°D3) + y 0.950 0.660 208

x3(13F3) — ¥3(13D3) + 0.930 0.660 25 x3(13F3) = Y (13Ds) + 0.930 0.570 190

xe2(13Fy) — y3(1°D3) + y 0.940 0.660 1 xe2(13Fy) — ¢ (1°Dy) + 0.940 0.570 34

x2(PF2) = v (13D +y  0.940 0.680 304 he3(1'F3) = nea(1'Dy) +y  0.930 0.590 215

Xed (23Fy) — ¥3(2°D3) + 1.000 0.960 296 xe3(23F3) — y3(2°D3) + y 1.000 0.960 35

xe3(23F3) = ¥2(2°Dy) + 1.000 0.970 324 X2 (23Fy) — y3(2°D3) + y 1.000 0.960 1

%2 (23Fy) —> ¥(2°Dy) + ¢ 1.000 0.970 56 %2 (23Fy) > ¥ (2°Dy) + 1.000 0.960 294

he3s2'F3) = 2 (2'Dy) + ¥ 1.000 0.970 351 Xe4 (23Fy) = y3(1°D3) + y 1.000 0.660 13

%3(2PF3) — y3(1°3D3) + ¢ 1.000 0.660 1 %x3(2PF3) — Y (13Do) + ¢ 1.000 0.570 11

X2 (23Fy) — y3(1°D3) + y 1.000 0.660 0 x2(23Fy) — Y (1°Dy) + 1.000 0.570 2

%2 (23Fy) — Y (1°Dy) + y 1.000 0.680 14 hes(Q'F3) = nea(1'Dp) +y 1.000 0.590 13

X4 (23Fy) — ¥5(13Gs) + y 1.000 0.980 53 Xed (23Fy) — Y4(13Gy) + ¢ 1.000 1.000 2

%ea4 (23Fy) = ¥3(13G3) + 1.000 1.000 %e3(23F3) = yu(13Gy) + y 1.000 1.000 43

xe3(23F3) — y3(13G3) + y 1.000 1.000 x2(23Fy) — ¥3(13G3) + ¢ 1.000 1.000 36

he3(2'F3) = nea(1'Gy) + y 1.000 1.000 47 Ys5(13Gs) — xea(13Fy) + 0.980 0.950 345

Ya(13Gy) — xea(13Fy) + y 1.000 0.950 27 Y4 (13Gy) — xe3(13F3) + y 1.000 0.930 356

¥3(13G3) = xea(13Fy) + 1.000 0.950 1 Y3(13G3) — xa3(1PF3) + 1.000 0.930 35

Y3(13G3) — xe2(13F) + y 1.000 0.940 401 nea(1'Gy) = hes(1'F3) + 1.000 0.930 380

for 1 adiative dechy widthaof P15 Fee(4) Pee (B) Puow [keV] Lexp [keV]

lower charmonia are compared v (28) = xea(1P) +y 0.660 0.660 16 27.9+0.6

to the available experimental

results [1] V(2S) —> xa(1P)+y 0.660 0.670 24 28.7+0.7
U (2S) > xoo(1P) +y 0.660 0.700 29 28.8 £ 0.6
¥e2(1P) > T/ + vy 0.660 0.770 216 3743 & 10
%1l (1P) > J/ ¥ + vy 0.670 0.770 166 288 + 8.4
xc0(1P) = J/ ¥ + vy 0.700 0.770 84 151.2+54
he(1P) = ne(1S) + y 0.670 0.800 267 357 + 42
Yi1(13D)) = xe2(1P) + y 0.680 0.660 2 <174
Yi(13D) = xa1 (1P) +y 0.680 0.670 57 67.7+6
Vi1 (13Dy) = xoo(1P) +y 0.680 0.700 193 187.7+ 16

It is worth noting that our predictions are in good accor- 4. FK. Guo, C. Hanhart, UIf-G MeiBner, Q. Wang, Q. Zhao, B .S.

dance with the existing experimental results [1]. This is a fur-
ther indication of the importance of the radiative transitions
in the study of the properties of both the well-established and
still unobserved heavy quarkonium resonances.
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