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We investigate the interactions of the y.;(4274) state with light mesons in the hot hadron gas formed in
heavy-ion collisions. The vacuum and thermally averaged cross sections of production of y,.(4274)
accompanied by light pseudoscalar and light vector mesons as well as the corresponding inverse processes
are estimated within the context of an effective Lagrangian approach. The results suggest non-negligible
thermal cross sections, with larger magnitudes for most of the suppression reactions than those for
production. This might be a relevant feature to be considered in the analysis of future data collected in

heavy-ion collisions.
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I. INTRODUCTION

A few years ago, the LHCb Collaboration reported the
observation of a charmoniumlike state named y.;(4274) in
the amplitude analysis of the decay B* — J/w¢K™. Its
quantum numbers have been established to be 1¢(JF€) =
0F(1"*) with statistical significance of 6.0c, and its
measured mass and width [1,2]

m = 4273.3 £ 8.317* MeV,
['=56+11%) MeV, (1)

at 5.8¢ significance. These values of mass and width are
consistent with a previous measurement claimed by the
CDF Collaboration [3]. In the words of the PDG [4], which
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expresses the consensus in the field: “this state shows
properties different from a conventional gg state and is a
candidate for an exotic structure.” In this work, we will
follow some recent papers in which the y,.;(4274) has been
treated as a meson molecule. However, it is still possible to
interpret it as a conventional c¢ state (for a discussion,
see [5]).

A great deal of effort has been made by the community
in order to describe the properties and intrinsic quark
configuration of the y.(4274). We will briefly highlight
some of the proposals. In Refs. [6,7], it was considered as a
s-wave cssc tetraquark state within the framework of
QCD sum rules, and in [8,9] using the compact tetraquark
model. Interestingly, in Ref. [10], the authors showed that
the relativized quark model proposed by Godfrey and Isgur
cannot account for the compact tetraquark configuration
but for the conventional y.; (33P,) state. On the other hand,
the excited charmonium state configuration cannot be
accommodated in the context of the *P, model, as suggested
in Ref. [11].

The color triplet and sextet diquark-antidiquark configu-
ration was also employed by [12]. Contrasting with exper-
imental results, Ref. [13] proposed that the ., (4274) would
correspond rather to two, almost degenerate, unresolved
lines with JP€ = 0++, 2++,

Published by the American Physical Society
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From another interesting perspective, an analysis of the
Xc1(4274) as a p-wave bound state of DD ,(2317) was
performed in a quasipotential Bethe-Salpeter equation
approach, with a partial wave decomposition on spin
parity [14]. This comes from the fact that the y.,(4274)
mass is just 12 MeV below the DD ,(2317) threshold.
And since the quantum numbers of D, and D, [henceforth
we denote D;(2317) simply by D] are 0~ and 0", the
binding mechanism between these two mesons must be in
p wave and strong to form a bound state. However, via an
effective approach, Ref. [15] argued that the partial decay
widths of the y.(4274) do not favor the p-wave bound
state interpretation but indicates the possibility of a new
state so-called Y’(4274), which might be found in experi-
ments such as Belle and Belle II. In the end, the intrinsic
nature and the properties of the y,. (4274 ) are still a matter
of debate, and more experimental and theoretical studies
are really needed.

We believe that heavy-ion collisions provide a promising
scenario to investigate the properties of exotic states [16].
As discussed in precedent works, at the end of the quark-
gluon plasma phase, quarks coalesce to form all types of
hadronic states. The exotic states are then formed and can
interact with other light hadrons during the hadron gas
phase [17-25]. Their final multiplicities will depend on the
interaction cross sections, which, in turn, depend on the
spatial configuration of the quarks. Meson molecules are
larger and, therefore, have greater cross sections, which
means that they will have a more prominent interaction with
the hadronic medium than compact tetraquarks.

In this work, we investigate the interactions of the
Xc1(4274) state with light mesons within the context of
an effective Lagrangian approach. The vacuum and ther-
mally averaged cross sections of reactions involving the
production of y.,(4274) accompanied by pseudoscalar
mesons 7z, K, and  and vector mesons p, K*, and @ as
well as the corresponding inverse processes are estimated.
We would like to emphasize the following.

(i) The hadron gas formed in heavy-ion collisions lives
for ~10 fm, and the timescale of strong interactions
is ~1 fm. Therefore, the multiquark states (tetra-
quarks or molecules) will inevitably interact with the
light hadrons of the medium.

(ii) The careful study of the ratio y.;(3872)/w(2S) as a
function of the system size published in [26] made
even more clear that the final state interactions (i.e.,
interactions within the hadron gas) are crucial to
understand the data [27] giving extra support to
statement (i).

(iii) Simplifying assumptions concerning these inter-
actions such as the use of constant matrix elements
or the use of geometrical arguments to estimate
the cross sections are not sufficient. The collision
energies are of the order of the temperature, i.e.,
~]100-200 MeV. In this energy range, the cross

sections are still sensitive to resonance formation
and other details of the interactions.

In view of these considerations, we will keep, as in
previous works, trying to describe the multiquark inter-
actions within the hadron gas with effective Lagrangians.
In the next section, we will briefly describe the formalism
employed in this work. In Sec. III, we calculate the
interaction cross sections; in Sec. IV, we present the
thermally averaged cross sections (called from now on
simply thermal cross sections), which are the really
relevant quantities for transport model calculations.
Finally, in Sec. V, we present some conclusions.

II. FORMALISM

In this section, we will investigate the interactions of
the y.(4274) state with the lightest pseudoscalar mesons
(z, K, and 7n) and with the lightest vector mesons
(p, w, and K*). We will study the reactions y,,(4274) +
(m,K,n,p, K*, w) — (DSD(*),DSOD.(Y*),DSODSO), as well as
the inverse processes. The lowest-order Born diagrams that
contribute to the processes of our interest are shown in
Figs. 1 and 2. To calculate their respective amplitudes, we
use an effective theory formalism in which the vector
mesons are interpreted as dynamical gauge bosons of the
hidden U(N), local symmetry (see Refs. [18-21] for a
more detailed discussion). In particular, the following
effective Lagrangians involving the light and charmed
mesons are employed:

Lppy = —igppy(V¥*[P,0,P]), (2)
gvvp

L = eaf (g V,0,V4P), 3

vvp \/§ < " 3 > ( )

where P and V are the matrices in U(4) flavor space
containing the pseudoscalar and vector meson fields in the
physical basis:

2 + + 0
@E+\/6+\/§ 7 K D
- Y L 0 -
— 0 2_;7'_1 —
K K N D;
D° D+ DY n,
i+l+£ + Kt D0
V2TV V3 P
- b e 0 s—
Ve P s+t KTD (5)
$— 72 20w *—
K K %A D3
D*0 D** Dt J/Y
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The construction of these physical states in terms of quarks
is done using the parametrization discussed in Ref. [28]
(see [29] for an interesting discussion on this subject) and
also included in Appendix A. It is important to emphasize
that the processes depicted in Figs. 1 and 2 include 7, p, o,
and K* but do not involve 7/, 1., ¢, or J /y. These particles
appear in the Lagrangians (2) and (3), but they have large
masses. Since their abundances in the hadron gas are
inversely proportional to their masses, they will be rare
and will not contribute significantly to change the y ., (4274)
multiplicity. For this reason, J/y and ¢ are not included in
the calculations of A + B — C + D scatterings. However,

Ds(p1) Xet(p3)  Ds(p1) Xe1(ps)
ADyo Dso¥
Ds(p2) m(ps)  Ds(p2) (pa)
(a) (b)
Dso(p1) Xe1(ps)  Dso(p1) Xe1(ps)
D
Dio(p2) m(pa)  Dso(p2) 7(pa)
(c) (d)
Ds(p1) Xe1(ps)  Ds(pr) Xet(ps)
ADyo Dso¥
Ds(p2) n(pa)  Ds(p2) 7(pa)
(e) (f)
Dgo(p1) Xe1(p3)  Dso(p1) Xe1(p3)
AD, D.y
Dio(p2) n(ps)  Dso(p2) n(ps)
(8) (h)
Dso(p1) Xe1(p3)  Dso(p1) Xe1(P3)
AD, AD,
D3 (p2) n(ps)  D*(p2) — K(p4)
(i) &)
Ds(p1) Xe1(ps)
ADy
D(p2) ——— K(pa)
(k)
FIG. 1. Born diagrams describing the production of the

e1(4274) (denoted by y.;) and a light pseudoscalar meson
(without specification of the charges of the particles).

D (p1) Xei(ps)  Ds(p1) Xe1(p3)
ADy ADyo
Dso(p2) p(ps)  Di(p2) p(ps)
Q) (m)
Diso(p1) Xe1(ps) Dso(p1) Xe1(p3)
AD, AD,
D(p2) ——— K"(ps) D*(p2) — K7(pa)
(n) (0)
Dso(p1) Xe1(ps)  Dso(p1) Xe1(ps)
AD, Doy
D (p2) w(pa)  Ds(p2) w(pa)
(p) (@)
D (p1) Xe1(ps)  Dso(p1) Xe1(p3)
Dqo
D:(p2) w(ps)  Di(p2) w(pa)

(r) (s)

FIG. 2. Born diagrams describing the production of the
Xc1(4274) (denoted by y.;) and a light vector meson (without
specification of the charges of the particles).

they must be included in the computation of the time
evolution of the y.,(4274) multiplicity, because this state
decays in the channel Y — J/w¢. This decay can be studied
with a specific Lagrangian, and, since we have experimental
data, we can extract the YJ/w¢ coupling constant. So far,
the only y. (4274) decay channel that has been seen is
J/w¢. However, once one has a model of this state, it is
possible to study theoretically other decay channels. In
Ref. [15], using a molecular model of the y.;(4274), the
authors calculated the decay width in the channels J/y¢,
Yool X, DD, DD*, KK*, and ¢¢. These decays might
be relevant to the calculation of the time evolution of the
¥c1(4274) multiplicity. This study is being performed and
will appear in a forthcoming publication, where we use all
the material presented here and, adding the information on
the Y — J/w¢ decay, we solve the rate equation and
calculate the time evolution of the y.;(4274) multiplicity.
The coupling constants are given by

My mp-
gepv = 2f . mx- ,
3m3,
=YV 6
gvvp 16n2ff, ( )
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with my, being the mass of the vector meson; we take it as
the mass of the p meson, and f, is the pion decay constant.
As pointed in Ref. [18], the factor mp: /mg- in the coupling
gppy 1s introduced in order to reproduce the experimental
decay width found for the process D* — Dz and comes
from heavy-quark symmetry considerations.

Let us now introduce the vertex associated to the
Xc1(4274) state. The quantum numbers of y.(4274) are
1(JP€) = 0(171), and those of D, and D are J* = 0~ and
JP = 0%, respectively. Hence, for parity reasons, the vertex
xeaDsDyy must be in relative P wave. This can be
implemented by a term with a derivative coupling in the
Lagrangian. The appropriate effective Lagrangian is then
given by [15]

1 < <~
’C)(cl = _g)(chson)(tfl [Dj a#DS_O - DS_ aﬂDjE)} ’ <7)

V2

where y%, stands for the field associated to the y,,(4274)
state. The effective coupling constant g, , p , was taken
from Ref. [15], in which the approach used was the
compositeness condition. It is based on the idea that the
renormalization constants of a composite particle wave
function should be zero. By its turn, these renormalization
constants carry on the self-energy of the y.,(4274) state,
which naturally is written in terms of the coupling
9y.,0.D,,- Lhen, since the self-energy depends on a cutoff
(4max)» 9y.,p.b, Was computed taking gy, in the range
0.9-1.1 GeV. This resulted in g, pp = 13.347)4,
where the central value corresponds to its value at
dmax = 1.0 GeV, and the errors to the variation of g,
from 0.9 to 1.1 GeV.

Other couplings involving the Dy, state, charmed mes-
ons, and light mesons present in the processes depicted in
Figs. 1 and 2 are also needed. In the case of the light
pseudoscalar mesons (in Fig. 1), the relevant three-body
Lagrangians are [15] (we have used the same notation as in
this reference)

‘CKDDSO = 9kDD,, KDDy,
_ 0
EnODSDSO = 920p,0,, ™ DsDso,

ﬁ”lD.\ Dy — g”lD.yD.\-unDSDSO’ (8)

where the coupling constants are ggxpp, = 10.21 +
1.13 GeV, g,pp, = 640+ 1.15 GeV, and 92D.D,y =
1.3124f8"?§§5 GeV. The central values of ggpp, and
9np,p,, Were taken from the unitarized coupled-channel
approach summarized in [30]; to take into account their
uncertainties, we evaluated the difference between the
values in the mentioned framework and their central
values from a phenomenological model quoted in Table IX
of [30]. gop, p,, Was calculated using the upper limit of the
D, width [15] and its uncertainty estimated from the upper

and lower limits of the absolute branching fraction of the
decay I'(D% — 2°D¥) reported in [4].

For the three-body vertices involving the D, state,
charmed mesons, and light vector mesons (in Fig. 2), we
employ the following Lagrangians [31]:

<>
— nn-— +
EVD&'UDYO - lgVDA'ODxOV DSO aﬂDSO’

Lypp: = Gvpyp: (DDt — DioDin IV, (9)

where V,,, = 9,V, — 9, V. The coupling constants gyp p,
and gyp p: are estimated through the vector dominance
(VMD) model [31]. Accordingly, the virtual photon in the
D/yem — D/je™ scattering is coupled to the vector meson
via the photon-vector-meson mixing term [31]

'CyV =7v VﬂAﬂv (10)

where A, is the photon field; yy is the photon-vector-meson
mixing amplitude. We remark that the form of the inter-
action in Eq. (10) does not preserve electromagnetic gauge
invariance, and, because of this, the photon would acquire a
mass unless we add a proper photon mass counterterm to
the Lagrangian [32—-34]. Besides, considering the example
of the p® — y transition for the process y — z7z~, the pion
form factor F,(g?) calculated with Eq. (10) will satisfy the
condition of electromagnetic current conservation,
F,(0) = 1, only if the so-called universality condition is
fulfilled, i.e., by demanding complete p dominance: g,,, =
gy = - = g, [32-34]. Actually, the U(1)g,; invariance
is directly satisfied when we consider a different and more
elegant version of the VMD Lagrangian, written as L,y ~
V#F,, (F,, being the electromagnetic tensor); it is also in
consonance with the current conservation condition with-
out any assumption concerning the universality condition.
For a more detailed discussion, we refer the reader to
Refs. [32-34]. However, for our purposes, we proceed as
usually done in the phenomenological approaches: The
coupling in Eq. (10) is treated effectively, and yy is
determined from the width of the vector-to-electron-
positron decay:

2
I—‘V:aenﬂ/V’ (11)
3my,

where a,,, is the electromagnetic fine-structure constant
and my, is the vector mass. For the w and p mesons we have
I, =0.60 £0.02 keV and I, = 7.04 £ 0.06 keV, respec-
tively [4]. These values yield the following mixing ampli-
tudes: y,, = 0.011 GeV? and y, = 0.037 GeV=.

Next, the coupling constants g,p p,, and g,p p , canbe
estimated with the following expression:

096028-4
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Yvdvp,p, 1
——0 = g, 12
m? 3 ¢ (12)
which gives g,p p, = 5.50and g,0p p = 1.66.To obtain
gvp,,p:» We make use of an extension of Eq. (12), i.e.,

Yvvp,p: 1
7m%/0 = 3 €9yDyD;» (13)
where g,p p: is the coupling constant of the vertex
involving the photon, Dy, and D}, which from theoretical
estimates is g,p p: = 3.02 x 1072 GeV [31,35]. Therefore,
we can write

9vp,D; = 9vD, Dy, X 9yDyD: (14)

Taking the smallest value of g, p:, We obtain g,p p: =
0.17 GeV and g,p p: = 0.050 GeV. Then, the effective
model above allows us to write the amplitudes correspond-
ing to the diagrams depicted in Figs. 1 and 2 as

Mp p—yon =MW +M?),
Mp pyoyn =M+ M9,
Mp p—yy =M+ M),
Mp gpygmgey = M9 +M"),
Mp piey.n = M),

Mp p—y k = MU,

Mp poy, k- = M®),
Mppyyop = MO,
Mp piey,p = M,

Mp Dy k= MM,

Mp by k= M©),

Mp.p g =MP) + M@,
Mp ey = M),

Mp pieyo = M), (15)

The explicit expressions are described in Appendix B.

III. CROSS SECTIONS

We define the isospin-spin-averaged cross section in the
center-of-mass (c.m.) frame for a given reaction ab — cd
in Eq. (15) as

Ll L
= Pe dQS M2 (16
b=l = 6ax2s | Bap| a0 SZJ‘ pocal™s (16)

where g¢,, = (21,, +1)(2S,, + 1) is the degeneracy
factor of the particles in the initial state; s is the squared
center-of-mass energy; || and | p.,| are the moduli of the
three-momenta in the c.m. frame of the initial and final
particles, respectively. The summation is performed over
the spin and isospin of the initial and final states, with the
latter being rewritten in terms of the particle basis with the
explicit charges of the particles in the initial state, i.e.,

Z|Mab—>cd|2 - Z |MSI%I—;?L21)‘2 (17)
I Q4.0

The cross sections of the corresponding inverse reactions
are evaluated by means of the detailed balance relation:

gagb|l_5ab|26ab—>cd = gcgd|ﬁcd|266d—>ab- (18)

Furthermore, to take into account the finite size of the
hadrons and to suppress the artificial growth of the cross
sections at large momenta, we make use of a monopolelike
form factor:

A2
F(q) = —5——, 19
@)= o (19

where ¢ is the transferred three-momentum in #(u«) channel
and A is the cutoff, which we choose to be A = 2.0 GeV.
This type of form factor has been extensively employed in
the literature, and a detailed discussion on its role is found
in Ref. [23].

The calculations are done with the isospin-averaged
masses reported in the PDG [4]. Besides, to take into
account the uncertainties in the coupling constant g, p p,,
the results are presented in terms of bands associated to the
smallest and largest possible values of g, p p,,-

The cross sections for the processes discussed in
previous section are plotted in Figs. 3 and 4 as functions
of the c.m. energy /s, as well as those for the corre-
sponding inverse reactions. In the case of y.(4274)
production, all cross sections are endothermic, showing
a fast growth in the region very close to the threshold, with
the exception of the channel D,,D, — y. 7. Considering
the region up to 400 MeV above the corresponding
thresholds, the different channels present a wide range
of magnitudes ~107% —10° mb. In particular, for the
xc1(4274) production accompanied by pion and # mesons,
the channel with initial state DYDY yields the dominant
contributions, while the other cases are at least one order
of magnitude smaller. We also remark that the channels
involving the kaon or K* mesons give contributions of
similar order. Besides, the reactions involving the P
mesons with the initial or final state D D? present the
smallest cross sections due to the smaller coupling
constant of the pD,D; interaction.

096028-5
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100 — — 10 = - . "
m DD m DgoDso B DsDs mDsoDso B DsoDs” 0.050
= 10 =S 1 i)
£ 1 E E
. < 0.100 ¥ 0.010
5 3 .
7 0100 i 7 0.005
1S 5 0.010 S
0.010 r _ _
mDsyyD mDsD
0.001 0.001 0.001 s
44 46 48 50 52 54 56 5.0 5.2 5.4 56 5.8 6.0 6.2 48 50 52 54 56 58 60
Vs (Gev) Vs (GeV) Vs (GeV)
10 - , 100 — — — 1 : :
.BSDS .ESODSO .DSDS .DSODSO DDsODs’r 0.50
— 1 o —
Q
€ £ €
% 0.100 E ;; 0.10
K
< 5 5 0.05
& 0.010 & &
0.001 001
44 46 48 50 52 54 56 58 50 52 54 56 5.8 6.0 6.2 48 50 52 54 56 58 60

Vs (GeV) Vs (Gev) Vs (Gev)

FIG. 3. Top: cross sections for the production processes y.; (4274)x (left), .1 (4274)n (center), and y ., (4274)K (right), as functions of
\/s. Bottom: cross sections for the corresponding inverse reactions.

Let us now look at the y ., (4274)-suppression processes
in Figs. 3 and 4. As expected, only the process y.7 —
DDy, is endothermic; the other absorption cross sections
are exothermic, becoming very large at the threshold. Above
the threshold, these cross sections have very distinct mag-
nitudes. Most importantly, when we compare y.;(4274)
absorption and production by comoving light mesons in

reflects the differences of these reactions concerning the
phase space as well as the degeneracy factors encoded
in Eq. (18).

IV. THERMAL CROSS SECTIONS

The findings of the previous sections allow us to go ahead

the relevant region of energies for heavy-ion collisions
(/s = /59 < 0.6 GeV), in general, the absorption cross
sections are greater than the production ones. This feature

and use them as input in the analysis of the y. (4274)
production and suppression in a heavy-ion collision
environment, in which the medium effects become relevant.

? 0.050
0.010 _ = 10—1(
a Q
£ 0.001 £ 0.020 g . 5
2 4 .DSOBS .DSE;r £ 0.010 ><; .DSDS .DSODS DDsODs
X 10 ol
¢ 10 T 0.005 1103
s 10°° S °
0.002 ] DsO B | DSO 3 1 0_4
1078 : 0.001 :
52 54 56 58 60 62 64 52 54 56 58 60 62 64 52 54 56 58 6.0 6.2 6.4
Vs (GeV) Vs (GeV) Vs (Gev)
— . 1 — — 10 — — —
0.010 1 Dso Ds mDs D 0.50 EDsoD mDsy D : mDsDs WDy Ds mDgDs
£ 0.001 E £ 0.100
< . % 0.10 > ————
& 107 T 30.010
S 5 S‘é ) bx
10 0.001
1076 1074

52 54 56 58 60 62 64

s (GeV)

'S2 54 56 58 60 62 64 5.2 54 56 58 60 6.2 6.4

Vs (GeV) Vs (Gev)

FIG. 4. Top: cross sections for the production processes y.;(4274)p (left), y.;(4274)K* (center), and y.;(4274)w (right), as functions
of y/s. Bottom: cross sections for the corresponding inverse reactions. In the process X — y., K*, the curves are slightly overlapped.
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FIG. 5.

Top: thermal cross sections for the production processes y.;(4274)x (left), y.;(4274)n (center), and y ., (4274)K (right), as

functions of the temperature. Bottom: cross sections for the corresponding inverse reactions.

The collision energy is related to the temperature of the
hadronic medium, and, hence, we need to evaluate the
thermally averaged cross sections, which are defined as
the cross sections averaged over the thermal distributions of
the particles participating in the reactions. For the process
ab — cd, they are given by the convolution of vacuum
cross sections and the momentum distributions:

(o Vap) = S &PudPofa(Pa)f5(Pb)ab—caVab
e [ &pudpofa(Pa)fs(Ps)
1

4B K (PR ()
X /oo dzK,(z)o(s = 2°T?)

20

X [22 - (ﬂa +ﬁb)2][22 - (ﬂa _ﬂb)z]v

(20)

where f(p) is the Bose-Einstein distribution; v, is the
relative velocity of the two initial particles a and b;
Bi = m;/T, where T is the temperature; z, = max(f,+
By, Pe+ PBy); and K, and K, are the modified Bessel
functions of the second kind. In Figs. 5 and 6, we plot
the thermal cross section as functions of the temperature.
The suppression processes have a weaker dependence
with the temperature than those for y.;(4274) production.

Comparing all the cross sections shown in the figures, the
striking conclusion is that (unlike the case of most of the
other exotic states) the most important process is y.; (4274)
production through the reaction DDy — y.;(4274)z. The
dominant absorption reaction is y. (4274)n — D Dy.
In a hot hadron gas, the abundance of 7 is larger than
the abundances of Dy, and D, This may compensate
the difference in the cross sections, but at this point we

cannot say that there will be a y,.; (4274) suppression due to
hadronic medium effects. To know what really happens, we
must solve the rate equations with the above cross sections.
This will be addressed in a forthcoming publication.

V. CONCLUSIONS

In this work, we have studied the interactions of the
xc1(4274) state with light mesons, which are the most
abundant particles in the hot hadron gas formed in the
late stage of heavy-ion collisions. Using an effective
Lagrangian approach, we computed the vacuum and
thermal cross sections of y.(4274) production (accom-
panied by light pseudoscalar and vector mesons) and the
corresponding inverse processes. The coupling constants
involving the Dy, meson were calculated through the
VMD model. The results show that the thermal cross
sections are sizable. In almost all the cases, the absorption
cross sections are larger than the production ones.
However, the largest cross section is for y.;(4274) pro-
duction through the reaction DD,y — y.1(4274)x. Our
study strongly motivates the use of the obtained cross
sections as input to the rate equations, which yield the
Xc1(4274) multiplicity during the time evolution of a hot
hadron gas. Work along this line is in progress.
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FIG. 6. Top: thermal cross sections for the production processes y.; (4274)p (left), y.; (4274)K* (center), and y., (4274)w (right), as
functions of the temperature. Bottom: cross sections for the corresponding inverse reactions.
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APPENDIX A: THE n—-1 -5, AND w -¢p-J )y
MIXING PATTERNS

Here, we discuss the parametrization for the matrices P
and V given in Eq. (5), n—#'—n. and w — ¢ —J/y
mixing patterns. Starting with the pseudoscalar mesons,
the matrix P is defined in U(4) flavor space by (see, for
example, [30])

O o by | s
R R "
_ 0 ¢
/4 —I=+3
p— V2
K- K°
DO Dt

Then, choosing ¢, ¢g, and ¢;5 as orthonormal states in the
quark-antiquark basis according to the scenario in Ref. [30],

1 -
¢0:§(uﬁ+dd+s§+ci‘),
1 -
= —(uir + dd — 2s5%),
¢8 \/6( )
1 -
= ——(un+dd+ ss —3cc), A3
¢15 \/ﬁ(uu ) ( )

(A1)

where A,(a=1,...,15)’s are the SU(4) generators;
Ao = diag(1, 1, 1, 1); and the components ¢; are associated
to the pseudoscalar states but are not necessarily the
observed states. To construct the physical states, one can
look into the quark content of each state. In the case of 7, K,
K, D, and D mesons, we use the standard relationship
between the physical states and the quark content; there-
fore, Eq. (A1) reads

K+ D

b5 | P15 0 -
\/EjL 12 K D (A2)

bo _ 205 | dis D~

2 Ve ' V2 s

do _ 3¢

by BB

we get a null trace for the sum of fields associated to the
SU(4) generators, Tr(3 1, %l ;) =0, as expected.

In the scenario of Ref. [30], this mixing was not taken
into account, and the physical states are just described by
their most important components. However, experimental
observations indicate the necessity of a mixing among the
mathematical states ¢bg and ¢, 5 belonging to SU(4) and the
singlet ¢ in order to form the physical states 7, 7', and 7,.
See, for example, Refs. [36,37] for a discussion on the 7 — 7/
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mixing in /5’ — yy and other decays and Refs. [38,39] for
the #/ — n, mixing. In this sense, one can work in a more
general framework and write the relationship between the
physical states and mathematical states as

n cos@p —sinfp O
| = | sinfp cosOp O
e 0 0 1
1 0 0 Pg
x| 0 cos@- sinfc by |, (A4)
0 sinf- —cosf, b5

where 6p and 0 are the pseudoscalar mixing angles. Taking
the considerations on the angle 0p from Ref. [36], we fix
0p = —20°, which gives cos0p ~ 2v/2/3, sinfp ~ —1/3.
Also, assuming that 77 and ' have a small contribution of the
intrinsic charm content [38,39], we choose 6~ = 30°; then
we have

22
n= —\/_¢8 \/7470 + = ¢15,
\/'(1504' ¢1s,
¢o - ¢1s (AS)

As a consequence, using Eq. (A3) in (A5), we obtain the
physical states in terms of the quark-antiquark basis:

1
— (uit + dd — 55
n= \/g( ),
1
"= — (uin + dd + 255
= \/6( ):
n. = cc. (A6)

Hence, from Eq. (AS5), the final form for the relations
between the mathematical and physical bases reads

4’ s s _n
BV ARV I R
b e 1
2 V6 Vi2o V3 V6
1 3
§¢0 - \/—1—2¢15 = "e» (A7)

which allows one to rewrite the field P in Eq. (A1) in the
physical basis as in Eq. (5).

The same considerations above can be made for the
matrix of vector mesons, Vﬂ, given in Eq. (5). The
pseudoscalar fields ¢; in Eq. (A1) should be replaced by

the vector fields w;, the physical pseudoscalar states in
Eq. (A4) by the physical vector states w, ¢, and J/y and the
mixing angle fp by 0y. Assuming that @ acquires a small
strange and charm content and that ¢ has a dominant
strangeonium contribution [40], we fix 6y ~ —55° (giving

cos Oy ~ 1//3, sin@y, ~ 1/2/3), and obtain
1 L 1 L 1
W =—=wg +—=w)+—=0s,
38 5“0 NG 15
" 2 +1 n 1
—wg + - wy + ——=w5,
3 8 B 0 \/ﬁ 15
1 V3
J/WIECUO—?OHS (AB)

Thus, with the employment of similar relations as those in
Eq. (A3) for the fields w,, the physical vector states in
terms of the quark-antiquark basis read

1 -
o =—(uin + dd),

V2
¢ = 55,
J/w = c¢, (A9)
and accordingly we obtain the final relationships

which generate the matrix V in Eq. (5) in terms of the
physical states:

W @5 @5 @0

2 Ve Vi2o V3 V6

@ 205 @5 © 20

2 V6 V2o V3 V6

1 3

—Wy — —F—o J Al10
5 @0 \/ﬁ 15 /vy ( )

APPENDIX B: AMPLITUDES

The explicit expressions of the amplitudes for the
processes represented in Fig. 1 are

M@ —% e*(p3)(ps 21’1);4%’
M) = %6"@3)( - ZPZ)”M—Im%w’
M(C):—% e (p3)(p3 =2p1), ;ﬁ)
MO = %6"@3)@3 - 2P2)Mﬁ’

K
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9yD,D,yY9y.,D,D 1
M(e) —_ _Meﬂ -2 5 >
NG (p3)(P3 pl)ﬂt_szso
94D,D,yYy.,D,D 1
M) = D12Pw0Ixa D D50 o -2 —
Y QICRE s
94D,D,yY9y,.,D,D 1
M9 = — D0 IXADsBs0 o -2 — s,
N QICRE s
94D,D, Yy.,D,D 1
v QICRE s
o 9PPv9y. DDy
MO = T"%(Pz)eu(m)
1
X (P2 = 2pa)'(ps — 2p1)”t_ 2
DSO
; 9prvYy. DDy
MU) = T(’Gu(pz)ey(ps)
1
X (=p2+2py)*(2p; — P3)ym’
DS
Mk — _%y(m)(_m +2p1),
o 1
t—mp,,

and for those depicted in Fig. 2 are

9y..D,D,9pD,,D,
M) = —FXaDsDyoIPD0by Ve U
v (p3)"e(pa)
1
X (=2py + p4a),(p3 = 2P2)pu_727
DJO
_ 9ppyD; Yy DD, » .
M = W (sz%(l’z) - P4D€M(P2))

x (p5€"(pa) — Phe”(Pa))(2p1 = p3),€”(p3)
1

—_m2
1 mp.,

9pepvYy.,D,D
M(n) — Xc1PsPso 6/4 €1/
7\/5 (P4) (Pa)
1
X (ps—2p2),(2p1 - P3)pm’
D.‘
M) = Jve9rab.Da €”mﬂ5p(193)8ﬁ(194)€y(192)
1
X (P4)o(P2),(2P1 = Ps)pm7
DS
9ppvYy.DD,
M(p) — _ Xc1Ps 0 o Ve u
— i (p3)"e(pa)
1
x (2py — P4),4(2P1 - P3)uw»
9y DD wYwD D
M(q): X1 s so 50 xe ye 2
—\/-2‘ (p3)e(ps)
1
X (P4 =2p1),(P3 = 2p2), ———,
u—mp
9D D; Yy 1 DDy . *
M(r) - W (p4;t€u(p2) - p4v€u(p2))
x (pset(ps) — Pher(pa))[(2py = p3), )€’ (p3)
y 1
t— m%so ’
M) — weuvaﬁgp(p3)£v(p4)g*ﬂ(p2)

X (p4)/4(p2)(x(_2p1 + p3)p—2 .
1 —mp,

In these expressions, p; and p, are the momenta of the

initial states, and p; and p, are the momenta of the final

states. The &*(p;) is the polarization of vector states with

momenta p;; u and ¢ are the Mandelstam variables, which

jointly with s are defined as follows: s = (p; + p,)>,

u=(p; —py)?and t = (p; — p3)*
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