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Abstract Motivated by the very recent discovery of the
strange hidden-charm exotic state Z.;(3985) by the BESIII
Collaboration, we study the possible interpretation of this
exotic state the both at 7 = 0 and T # 0. We analytically
compute the mass and meson-current coupling constant of
this resonance with spin-parity J© = 17 at finite temperature
approximation up to the sixth order of the thermal operator
dimension including non-perturbative contributions. Extract-
ing thermal mass and meson-current coupling constant sum
rules, the modifications on properties of the Z.;(3985) state
in hot medium are determined. As a by-product, the hadronic
parameters of the bottom partner of Z.;(3985) is estimated
as well. The search for temperature effects on the hadronic
parameters of the hidden-charm meson Z.;(3985) and the
bottom partner enable us to understand the phase transitions,
chiral symmetry breaking, and the properties of hot-dense
matter in QCD. Moreover, the full width of the resonance
Z5(3985) is calculated as (12.0£0.8) MeV using the strong
decay in the tetraquark picture. Results for width and mass are
in reasonable agreement with existing experimental data and
results of other theoretical works. The information obtained
about the parameters of the considered states is useful for
experimental investigations of exotic mesons.

1 Introduction

Although many new exotic states, called XYZ states, above
the DD threshold have recently been observed in differ-
ent experiments, their substructures cannot yet be clearly
explained. There are many candidates for exotic hadrons in
the charmonium sector of quantum chromodynamics (QCD)
studied in vacuum, hot medium, and in nuclear medium, such
as X (3872), Z.(3900), Z.(4430), Y (4260), Z,(10610), and
Z,(10650) [1-13] which opens a new horizon for under-
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standing the inner structure of strongly interacting matter.
Investigating charged charmonium-like states is one of the
most promising ways of searching for exotic mesons, since
they must contain at least four quarks and thus cannot be a
conventional hadron.

Recently, the BESIII Collaboration reported for the first
time a charged strange hidden charmonium-like structure
Z:5(3985) near the D D*0 and D;"DO mass thresholds in
the KT recoil-mass spectrum for events collected at /s =
4.681 GeV in the processes of efe™ — KT (DyD* +
D;"_DO) [14]. The significance was estimated to be 5.30.
This discovery could offer some unique hints to uncover the
secrets of charged exotic Z structures. This new hadronic
structure is assigned to the class of exotic state as the strange
partner of Z.(3900) and studied in many different models
in the literature in the molecular and tetraquark scenarios
[15-25]. Its mass and width are defined in experiment as

Mz, = 39825708 £2.1 MeV,
[z, =12.8733 £3.0 MeV. (1)

Meanwhile, the features of matter under extreme conditions
of high temperature and/or density have attracted the curios-
ity of high-energy physicists [26-30]. QCD, the theory of
strong interactions, expects that nuclear matter undergoes a
phase transition from a state of deconfined quarks and gluons,
forming a new state of matter, called quark—gluon plasma
(QGP), at a critical temperature 7, = 155 MeV (~ 10'? K)
[31-34], which is in excellent agreement with the freeze-out
temperature for hadrons measured by the ALICE collabo-
ration at the Large Hadron Collider (LHC), producing “He
and “He nuclei in Pb—Pb collisions at JSNN = 2.76 TeV
in the rapidity range |y| < 1 [35,36]. Nevertheless, its short
lifetime (10 fm/c &~ 3 x 10723 s) and thermalization time
(0.2fm/c ~ 7x 10~25 5), which make measurements harder,
are a considerable challenge for experimentalists.
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The phases of QCD are characterized by a variety of con-
densates in which numerous particles interact with each other
through strong forces. The materialization of condensates
decreases the energy of a system, and condensates break sym-
metries in QCD. Chiral symmetry breaking (CSB) is identi-
fied by a nonvanishing chiral condensate (gq), where g is the
quark field. Luckily, at extreme temperatures, it is predicted
that quark masses are decreased from their effective mass
values in hot medium to their bare ones, and CSB is almost
restored. Specifically, the condensates, depending on tem-
perature and baryon density, play a key role in the structure
of hadrons [37-39].

Recreating longer-lived QGP as well as a large number
and assortment of particles in laboratory conditions enables
us to explore the properties of QGP and also understand the
QCD vacuum, confinement, and hadronization phase of the
QGP. For a more precise interpretation of heavy-ion collision
experiments, deviations of the hadronic parameters depend-
ing on temperature are vital and worth calculating. From the
theoretical point of view, these results have delivered some
surprising and stimulating new theoretical studies of hot mat-
ter [40-42].

Charm and bottom quarks are excellent probes of the hot
and dense state of deconfined quarks and gluons. Heavy
quarks are created at the initial stages of the hard-scattering
collisions and interact with the constituents of the newly
produced QGP through both elastic and inelastic processes.
These quarks, which can be studied through their decays
into leptons, lose energy while propagating through the QGP
medium. The formation of a QGP phase also lets them move
freely and recombine to produce exotic states. They can coa-
lesce to create standard and possibly exotic bound states at
the end of the QGP phase.

On the other hand, although a coherent picture of collision
dynamics is emerging, finding signatures of QGP remains
a challenge. Verification of QGP formation will probably
not come from a unique signal, and evidence based on
well-focused observations will have to be collected. Some
signatures supporting the creation of the QGP have been
reported: suppression (and regeneration) of heavy quarkonia,
jet quenching, the nonviscous flow, and radiation of photons
and dileptons.

Based on these ideas, the purpose of this article is to
evaluate the mass and meson-current coupling constant, and
decay width of Z.;(3985) assuming it has four-quark con-
tent [ccus] including quark, gluon, and quark—gluon mixed
condensates up to dimension six using the QCD sum rule
(QCDSR) approach at finite temperature. In this case, the vac-
uum condensate expressions are replaced with their thermal
condensates. This analysis can provide some hints regarding
the nature of the Z.;(3985) and also provide insights into the
nature of the produced hot and dense matter which is pre-
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dicted to exist in the initial stages of the universe and also in
the core of neutron stars [43].

The paper is organized as follows. The thermal QCDSR
(TQCDSR) approach employed in our calculations is intro-
duced in Sect. 2. Numerical analysis of the mass and meson-
current coupling constant of Z.;(3985) and its b-partner
(hereafter referred to as Z.; and Zp, for brevity) is dis-
cussed in Sect. 3. In the next section, the decay width of
Z5(3985) is evaluated. After providing a summary in Sect. 5,
we present the explicit form of the two-point thermal spectral
densities pQCD (s, T') obtained from the TQCDSR theory in
Appendix A.

2 Theoretical framework for a two-point correlator

The QCDSR technique is a successful and powerful non-
perturbative method [44,45] which is widely applied to study
the mass spectra and decay properties of hadrons. To find the
variations of mass and meson-current coupling of Z.; with
increasing temperature, we adopt the QCDSR formalism for
TQCDSR. We start the calculation by writing the correlation
function [46]:

Mg, T) =i f dx QT on O)IR), )

where 7 represents the time-ordering operator, 2 signifies
the thermal medium, T is the temperature, and 7, (x) is the
interpolating current accompanying resonance Zg.

To derive the TQCDSR, we start by computing the cor-
relation function in connection with the physical degrees of
freedom. The correlation function is expressed by saturation
via a complete set of states with the same quantum number
JP = 1% of the Z., state, and then Eq. (2) is integrated for
X:

(R0l Zes (@) (Zes (@) |15192)
my (T) — q?

Ph
(g, T) =

4y ()

where mz_ (T) is the temperature-dependent ground-state
mass of axial-vector state Z.;, and three dots indicate the
higher states and continuum. The definition of the matrix
element of temperature-dependent meson-current coupling
constants is

(QInulZes(q)) = Az, (T)mz, (T)ey, “

where ¢, is the polarization vector. Thus the correlation func-
tion for the physical side can be written concerning the ther-
mal ground-state mass and meson-current coupling constant

in the form below:
2 2
Phys _mz, DAz, (D) qpgv
I, @q,T) = —S——""5— —uu-i-m
4+ )]

m3 (T)—q?
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In our computations, the chosen structure for both the phys-
ical and QCD parts of the correlator is (g,,) to obtain the
TQCDSR for the mass and meson-current coupling constant.
Then, isolating ground-state contributions from the higher
resonances and continuum states by taking the derivative,
namely using Borel transformation, the physical side is deter-
mined as

-~ 2 2
B(qZ)l—IPhyS(qz’ T) ZMZZ”(T))\ZZN(T) e mZL_s(T)/M , (6)

where M is the Borel parameter in the QCDSR model.

The next step is to determine the QCD part in which the
correlation function is expressed with the quark and gluon
degrees of freedom. First, we choose the concerned current
for the Z., state with J© = 11 constructed in a tetraquark
picture as

M (X) = i€apeeaec| (s2 ()Cyscp(x)) (tia(x)yuCel (0))].
7

where €, and €4, are antisymmetric Levi—Civita symbols,
a, b, c,d, earecolorindices, and C is the charge conjugation
matrix.

The QCD part of the correlation function H
be described, as usual, with a dispersion 1ntegral.

(q T) can

oo ,QCD
p=""(s,T)
M2 s —q

where M2 = (m, + m; + 2m.)?, and the spectral density
function pQCP (s, T) is given by the imaginary part of the
correlation function:

PP (s, T) = %Im[HQCDl. )

Having completed lengthy calculations, the QCD side of the
correlation function in terms of the heavy and light quark
propagators reads

s (q. 7)
= —$/d4xe T eabeldece e
x (THI5E e (= sS"’(—x)m]Trﬁ;‘“’ @58 (5]
~Tr[8¢ ¢ (—x) s ST (—x) I TH[899 () s SE ()]
T3 (=7 88 (=0 ps TTHEE (07082 (5]
TS (=0 s ST =y ITHEE (782 ().
(10)

and for compactness we used the following notation in
Eq. (10):

S99 (x)y = 5T (x) C.

By the way, at finite temperatures, the additional operators
arise in the short distance expansion of the product of two
quark bilinear operators because of the failure of Lorentz

invariance with the preferred reference frame and spilling
of the residual O(3) symmetry, and accordingly the thermal
heavy and light quark propagators include new terms. So we
modify the vacuum condensates by their thermal averages.

In the calculations, we use the following definition of the
thermal light quark propagator S; iJ (x) [47-49]:

8q ()
X mgy qq)r
= % T 3% T Ty i

x2 1 8 + (m
19—2mo<qq)r[ i ; x] ij 3[95 T (gq)r
1

S W0 u )) + 3(u .x)¢<uﬂegvu”>]5ij
. off _
lqu 2x<‘]¢1>% 2
m(f%v + Up.vX) lj Wgs’ (11)

where m, is the light quark mass, (gg)r denotes the
temperature-dependent light quark condensate, u,, is the

four-velocity of hot matter, and 03:1, is the fermionic part
of the energy momentum tensor. Also, the gluon conden-
sate depending on the gluonic part of the energy—momentum
tensor Gfg is [49]

(Tr¢GopG )
= %(gaugﬁv — 8av8pu) (G, G™)
+é[gaﬂg,su — 8av8pu — 2WUaUp8py — Ualtv8pu
Uity G + ity ) | (05, 1), (12)

The heavy quark propagator Sin (x) (Q = c, b) is described
as in Ref. [49]:

a* [5 (k-+mo)

oo
Sox) =i n )4 k2—m2Q
G (¥ +mo) + (K4 ma)ous
4 (k2 = m)?
k2+ka
G GaﬂS —_— 13

where for the external gluon field G?f} , the below shorthand
notation is employed:

af _ aﬂ A
G ij A / 2,
where )JX are Gell-Mann matrices, i, j are color indices,
and A =1, 2 ... 8 are the number of gluon flavors. The first
term in Eq. (13) denotes the perturbative contribution to the

heavy quark propagator, and the others are non-perturbative
terms.

@ Springer
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Then, taking into account the tensor structure of HSED

(g, T) we can write
qudv
g2

qudq
+I7P (g% 1) (—g,w + 22> . (4

CD
n¥P g% 1) = ng % 1)

ny

where HOQCD (qz, T) and H?CD (qz, T) are invariant func-
tions. According to the idea of the QCDSR, we should
choose the same structures (g,,,,) for the mass and the meson-
current coupling constant sum rules in both H,lillys (g%, T)and
@, 7).

Now, using these definitions, transferring the continuum
contribution to the QCD part, and applying Borel transfor-
mation to both parts of the sum rules and equating them, the
thermal meson-current coupling constant sum rule for the
axial-vector meson Z.; up to the dimension-six condensates
is written as follows:

2 2
mzzcx (T) )\‘ZZCS (T)e_mZ(;S (/M

s0(T) ,

zf dspLP (s, Tye /M, (15)
MZ

And then taking the derivative of Eq. (15) in terms of

(—1/M?), we reach the thermal mass sum rule of Z:

S dsspQCP (s, Tyes/M?

LoD dspQED(s, Tye=s/M?

my (T) = (16)

where so(7T) symbolizes the thermal continuum threshold
parameter which separates the ground state from higher
states. The next step is to carry out the numerical analysis
to determine the values of the hadronic parameters of reso-
nance Z.; and also replace the ¢ quark with the b quark to
obtain the Z.;’s b-partner Z; in the tetraquark assumption.

3 Analysis of the mass and meson-current coupling
constant of the Z.; and Z,

To obtain the values of the mass and meson-current coupling
constant of the hidden-charm system Z.; in the TQCDSR
approach, we require certain parameters, e.g., quark masses,
quark, gluon, and mixed vacuum and thermal condensates.
The vacuum values of these input parameters are listed in
Table 1.

Further, we need temperature-dependent quark, gluon
condensates, and energy density as well. Thermal quark con-
densates are obtained by fitting data from Ref. [50], which is
consistent with the lattice QCD data:

@01 _ o

s 17
(013410} T (17
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Table 1 Input parameters

Parameters Values

y 2.167050 MeV [51]

md 4.677015 MeV [51]

m 93*1! MeV [51]

e 1.23 £ 0.09 GeV [51,52]
mp 4187093 MeV [51]
(01g¢10) (—=275(5))* MeV? [50]
(055]0) (—296(11))> MeV3 [50]
(2C) 0.028(3) GeV* [53]

m3 (0.8 £0.1) GeV? [44,45]

where g denotes the u or d quarks, while for the s quark,

(ss)r _ oT
Ossjoy ~ 3¢

+ 4. (18)

Here, ¢; = 0.040MeV~!, ¢, = 0.516 MeV~!, u; =
—6.534 x 1074, o = 1.015, u3 = —2.169 x 1072, and
na = 1.002 are coefficients [54] and are trustworthy up to a
temperature 7 = 180 MeV, and (0|gg|0) denotes the con-
densate of the light quarks at 7 = 0.

The gluonic and fermionic parts of the energy density can
be parametrized as in Ref. [47], taking into account the lattice
QCD data given in Ref. [55]:

W' o u’yr = (1es" + pus) T, (19)

v

Wh08,u”)r = (12" — pe) T, (20)

where 7; = 0.009, ¢3 = 24.876 GeV~!, us = 0.024, o, =
0.091, ¢4 = 21.277 GeV~!, and ug = 0.731 [54].

Also, the temperature-dependent gluon condensate (G?)
is defined as in Ref. [50]:

oy G? 8 i
3< - >T = —5 (6T} (1) —my ()7

—mg8{dd)yr — my8(5s)r], (21)

where the vacuum-subtracted values of the related quantities
are employed as

3f(T) = f(T)— f(0) (22)
and
8T)(T) = &(T) — 3p(T), (23)

where p(T) is the pressure and &(7') is the energy density.
Considering recent lattice evaluations [56,57], the fit function
of 8T}, (T) as obtained in Ref. [54] is

STH(T)

4= (n7e" + ug), (24)
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with 17 = 0.020, ¢s = 29.412 GeV~!, and ug = 0.115.
Moreover, the following expression for the temperature-
dependent strong coupling [58,59] is taken into account in
the calculations, being Aj;e >~ T;/1.14:

g AT = 8171—12 In (i”—;;) n % In [2111 (iLMZ)] 25)

As for the temperature-dependent continuum threshold,
s0(T') belonging to the Z . state is another auxiliary param-
eter that can be defined as in the following form [60-62]:

s0(T) =< (Gq) )2/3
s00) — \(0lg410))

Continuum threshold parameter 5o (0) is not completely inde-
pendent of the mass of the first excited state of Z.;. Accord-
ing to the QCDSR formalism, the physical quantities should
not be connected with the auxiliary parameters M2 and so.
However, M? and s are susceptible to the selection of the
parameters of the theory.

In the QCDSR method, operator product expansion (OPE)
convergence points us to the lower bound on M2, and the pole
contribution (PC) yields the upper bound; i.e., the highest-
dimensional condensates should contribute no more than ~
20% to the QCD side while the continuum is less than 50%
of the total terms.

In this context, the maximum allowed M2 needs be fixed to
obey the restriction dictated on PC. At the maximum value
of M?, the constraint PC > 0.2 is typical for multiquark
systems, and we obtain

_ TI(M?, s0)
T TI(M?2, o0)

(26)

PC =0.24, (27)
where TT(M?2, sg) is the Borel-transformed and subtracted
invariant amplitude TTOPE(p?).

To ensure the convergence of the OPE, at the minimum
limit of M? we use the limitation R < 0.15. The lower bound
of the Borel window is defined from the convergence of the
OPE by the ratio below:

H(DimS +Dim6) (M2 SO)
(M2, s0)
where Dim5 and Dim6 show the contributions to the corre-
lation function of the sum of the last two terms in the OPE.

Considering all these constraints, according to our analy-

ses, the continuum threshold and Borel parameters are fixed
for the Z.; resonance respectively as

R(M?) =

=0.15, (28)

4 GeV? < M? < 5GeV?,
19.5GeV? < 59 < 20.5 GeV?, (29)
and for the Zj, state as well:

13 GeV? < M? < 15 GeV?,
122 GeV? <59 < 126 GeV?>. (30)

s ]
> |
g 3/ ]
T
L‘—3 2 = 5=19.5 (GeV?) ]
N
g . $o=20.0 (GeV?) b
A — 50=20.5 (GeV?)
ol ‘
4.0 4.2 4.4 4.6 4.8 5.0
M?(GeV?)

Fig. 1 The vacuum mass of the Z. state versus Borel parameter M 2
for fixed continuum threshold values in the tetraquark picture

The philosophy of the QCDSR method dictates that the
dependence of hadronic quantities on Borel parameter M?>
and continuum threshold so should stay steady in the selected
working region. This means that we can obtain reliable results
from the extracted sum rules. We see the stability of sum rules
according to the model parameters drawing graphs. Here, we
only present a plot for the Z, state in Fig. 1.

In the end, the results obtained for Z.; resonance in the
T = 0 limit of the TQCDSR model are as follows:

mz,, = 39967008 Gev,

Az, = 0727008 % 1072 GeV*,
whereas we set a range for the state Zy; as

mz,, = (10.379 ~ 10.557) GeV,
Az, = (273 ~3.36) x 1072 GeV*,

which is consistent with the experimental and theoretical esti-
mations in Refs. [15-20,23-25] within the limits of uncer-
tainties [14].

Next, we define the modifications of the mass and meson-
current coupling constant of the Z in terms of temperature.
In this manner, graphs showing the ratios of mass and meson
current constants with respect to the ratio of 7'/ T, for the
tetraquark assumption are plotted in Figs. 2 and 3, respec-
tively.

4 Strong decays of the tetraquark Z ., (3985)

The quark component of the newly observed resonance Z
should be [ccsu] rather than the pure cc since it is a charged
particle with strangeness, and the mass of this tetraquark is
large enough to kinematically allow the strong decay modes
D;D*0/Dr~ D°. In this part of the paper, we discuss the
details of the decays Z.; — D; D*/D*~D°.

@ Springer
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1_00:}- o—r—0—0—0—0——0—& - 5
s | N ]
= 0.95] ]
N F ]
E i ]
£ 090} , v
R [ —o— 50=19.5 (GeV*) 1
§ 0.85] $0=20.0 (GeV?) ]
i $0=20.5 (GeV?) 1

0_80' " " " 1 " " " 1 " " " 1 " " " 1 " " " 1 "

0.0 0.2 0.4 0.6 0.8 1.0

TIT,

Fig. 2 The ratio of the temperature-dependent mass to vacuum mass
of the Z, state, respectively, in the tetraquark picture for fixed values
of s0(0)

1.0p—o— oSty ]

g % N E

< 0.6] AN

E | N\
2 1

N 041 —o— 5p=19.5 (GeV?) =]

B i ]

0 2: 50=20.0 (GeV?) ]

r 50=20.5 (GeV?) ]
0.07 N N N 1 N N N 1 1 N N N 1

06 08 1.0
T,

00 02 04

Fig. 3 Theratio of the temperature-dependent meson-current coupling
constant to vacuum meson-current coupling constant of the Z.; state,
respectively, in the tetraquark picture for fixed values of s¢(0)

e We start with the first process Z.; — D D*V_ Tnitially,
we need to compute the strong coupling corresponding to the
vertex Zqs Dy D*? which quantitatively defines strong inter-
actions between the tetraquark and two conventional mesons.
To obtain the QCD three-point sum rules for the related cou-
pling, we begin the calculation by writing the correlation
function:

. (' .v—D. *0
M (p, p/, T) =i / d*xd*ye! P YTPQIT (0P ()

<P 0/ (0)}1K), (31)

where 775” (x), nDs_ (0), and nuD 0 (y) represent the interpolat-
ing currents for the tetraquark Z.; and mesons D and D*0
respectively. The four-momenta of the tetraquark Z.; and
meson D*0 are p and p’, respectively, and so the momentum
of the meson Dy isq = p — p’. The current nf"‘ (x) is given
by Eq. (7) in Sect. 2, while for the remaining two currents

@ Springer

we employ

0P (v) = W @iyet (). 12 (0) = ief 0)yss’ (0), (32)

where g and f are the color indices. Then we apply the stan-
dard prescription of the TQCDSR technique and determine
the correlation function IT,,(p, p’, T) using both physical
parameters of the hadrons involved in the process and quark—
gluon degrees of freedom. Isolating the ground-state contri-
bution to the correlation function in Eq. (31) from contri-
butions of higher resonances and continuum states for the
physical side of the TQCDSR Hillys(p, p', T), we obtain
the following:

Ph
M, (p,p', T)

(Q1n)”" |D*(p)) (20| Ds (@)
(m%,, = PP (mh. = p)
(Ds (@) D*(P)| Zes (P)) (Zes (p) 10" |2)

" %, — %) e

To simplify this expression, we introduce the following
matrix elements in terms of the meson’s physical parame-
ters:

Q2" ID*(p)) = fo(T)mp-(T)e,,
(Zes(P) [ 1) = Az, (T)mz, (T)er,
mp, (T)

(QIn™|Ds(q)) = fp,(T) ,
me + mg

(34)

where mp«(T), mz, (T), mp,(T) and fp«(T), Az, (T),
fp,(T) are the temperature-dependent masses and decay
constants of the mesons D*(2007)°, Z.,(3985), and D;
(1968)~, respectively. ¢/, and ¢, are the polarization vec-
tors of the D*(2007)0 and Z.;(3985) states, respectively.
Then we model (D;(q)D*(p’, s")|Zcs(p, s)) in Eq. (34) as
follows:

(Ds(@)D* (P Zes(p)) = g1(D)[(p - p)
x(e™* &) —(p-e™)(p o)l (35)

denoting the strong coupling of the vertex Z.;(p)Ds(q)D*
(p’) with g1(T). Then it is easy to obtain the physical part
of the correlation function in Eq. (33):

M (p. p' T)
_ 81D fo-(Dymp(Drz, (Tymz,, (T)
(me + my)
« fo,(Tym3, (T)
(mzzm (T) — pH(m3.(T) — p/2)(m%)S(T) — 49
5 [mé (T) + m (T) — m} (T)
2

Suv — p;pu} +o
(36)
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The correlation function Hikll,ys( p, p', T)) contains the two
different Lorentz structures proportional to p;l pv and gy,
one of which should be chosen to obtain the sum rules. We
select the structure g, to work with the invariant amplitude
[1PYs(p2, p%, T). We then carry out the double-Borel trans-
formation of this amplitude over variables p> and p’. This
operation allows us to obtain the physical side of the sum
rule.

In order to obtain the other side, i.e., the QCD side, of the
three-point sum rule, we derive I, (p, p’, T) in terms of
the quark propagators:

n¥Pp. p'. 1)
=i / d4xd4yei(p,'yip.X)eabcedec

TS ()5S (—x)ys 88 (y—x) 10 S8 (x— ¥) ).
37)
P

The correlation function (p, p’, T) is computed with

dimension-six accuracy and has the same Lorentz struc-
tures as l'[,lil‘l,ys(p, p',T). The double-Borel transforma-
tion BHQCD(pZ, p/z, T) reveals the second side of the
sum rule. The Borel-transformed and subtracted amplitude
[1cp ( pz, P’ 2 T) can be written based on the spectral den-
sity p(s, s’, T) which is proportional to the imaginary part
of TP (p, p/, T),

50 50
(M2, sg, T) =/ dsf ds'p(s,s’, T)
M2 2

mg

Xe—S/Mlze—S//Mzz’ (38)

where M2 = (M2, M22) and so = (s, s(/)) represent the
Borel mass and continuum threshold parameters, respec-
tively. The pair of parameters (Mj, so) corresponds to the
initial tetraquark’s channels, whereas (M>, s(’)) depicts the
final-state meson. M = (2m¢+m;+m,) and p(s,s’, T)
are spectral densities computed as the imaginary parts
of the corresponding terms in HSSD(p, p’, T). Next, by
equating BITCP (p2, p’ 2 T) and Borel transformation of
l'[Phys(p2, p/z, T), and performing continuum subtraction,
we determine the sum rule for the coupling g1(T) as

2(m3, (T) = ¢*)
fo(Tymp=(T)z, (Tymz,, (T) fp,(T)m3, (T)
(me +m)TIM?, 9. ¢%)
(mZZ”(T) +m3.(T) — m%)x(T))e—’"%m/Mlze—m?)*/Mzz .

(39)

g1(T) =

X

Note that the g1(7T') is a function of 7' and also relies on
the Borel and continuum threshold parameters, but is not
explicitly specified in Eq. (39) as arguments of g;. After
that, we introduce a new variable Q% = —g? and denote the
function obtained as g (QZ).

Table 2 Obtained mass and coupling constant values of D mesons at
T = 0 produced in the decays of tetraquark Z

Parameters Numeric values (GeV)
oo 1614048

mp- 1.96610:0%

<0 2.00575:958

mog- 2071023

i 022100

Ipr 0427f8ﬁ8}

fpo 0.237901

for- 0.27*501

Table 3 Fit parameters for the mass and meson-current coupling con-
stant of D", D*0, Di~, DY and Z,; states

F, An(GeV) B, (GeV) Cy(GeV)

mp- —1.375 x 1074 0.021 1.970

M po —1.135 x 1074 0.020 2.008

m e —1.407 x 107* 0.020 2.077

mz,, —2.206 x 107* 0.020 4.001

m po —1.198 x 1074 0.021 1.865
An(GeV) B, (GeV) Cy(GeV)

for —4.370 x 1073 0.021 0.271

Fwo —3.068 x 1073 0.020 0.190

for- —3.690 x 1073 0.021 0.271

Fo —4.170 x 1073 0.021 0.224
An(GeV*h B, (GeV) C(GeV*h

Az —5.769 x 107* 0.023 0.007

cs

The sum rule in Eq. (39) includes the temperature depen-
dence of the mass and current coupling belonging to the final
mesons, so we need numerical values of these parameters.
Therefore, they are computed with the standard sum rule
method, and findings in vacuum are given in Table 2.

The following is the function that best fits the graphs we
have drawn for the temperature dependencies of the mass and
couplings:

Fo(T) = AyeBr + Cy, (40)

where F;,, A, By, and C, are the fitting parameters. Numer-
ical analysis lets us fix these parameters as in Table 3.
Then, to continue the evaluation of g1(Q2), we need to
determine M? and so. The limitations imposed on these aux-
iliary parameters have been mentioned before. The working
region for the Borel mass and continuum threshold is the
same range used in the mass and meson-current coupling

@ Springer
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constant calculation. The decay width of the considered pro-
cess should be computed using the strong coupling at the D
meson’s mass shell Q2 = —m? Dy which is not accessible to
the sum rule calculations. We avoid this problem by adopting
a fitting procedure using the fit function below:

go
gfir(Q%) = 5 (41)
1—a + b( )
Zes My
where gg = 0.22, a = —1.37, b = —0.84 are the fit coef-
ficients for the coupling g; which gives at the mass shell

0% = —m% in vacuum
s

g1(—m% ) =036 £0.02 GeV~". 42)

The decay width of Z.; — D; D*" is extracted by the fol-
lowing expression:

[t [Ze — Dy D*(2007)°]

2(T)ym>,. (T
= %ﬁ() x §(mz (T), mp=(T), mp-(T))

282 T, mp«(T), m (T
X[3+ E°(mz, (T) Zw( ), mp-( ))]7
m3,.(T)

(43)

where

2(ab? + ac? + b2c?).

(44)

1
Ea,b,c) = 2—/a4 + 0%+t —
a

Employing the vacuum value of strong coupling from
Eq. (42) and the mp+ from Table 2, the decay width of
Zes — D7 D*(2007)° is

r [zcs N D;D*(2007)0] — (4.35+£0.44) MeV.  (45)

e The second process Z., — D~ DY can be handled in the
same way as the first process. Here, however, we utilize the
current expressions for the DY and D¥~ mesons

2’ () = iw yset ), 1> (0) = O)yus” (0),  (46)
and we introduce the new matrix elements:
@™’ 1D°(p")) = M
me
(Zes(P) [ 1Q) = Az, (T) mz,(T) £,
(@A 1D: (g, €)) = for (T) mp:(T) .. (47)

By applying the standard procedures mentioned above for
the first process, TIPS (p, p/, T) and TIOPE(p, p/, T) yield
the sum rule
22(g%)
(mp(T) = 4°)
Fpo(Tym2 o (Thz,, (Tymz, (T) fp: (T)m p (1)

@ Springer

2m I1(M2, 59, g2)

X
2 M2 _m2 M2 .
(mzzcs (T) + mZD;k (T) - mZDO (T))e chr/ le DO/ 2

(48)

Selecting the auxiliary parameters according to the same cri-
teria as stated above, and to determine the coupling constant
grat T = 0, employing the fit function in Eq. (41) with coef-
ficients go = 0.24, a = —1.52, and b = —0.92 at the mass
shell 02 = —m%)f reads:

gz(—sz;() =0.47 £0.03 GeV ™. (49)

The decay width of the second process is defined by the
formula

[2[Zes — D™D
g3 (Tym3,,(T)
N 247
2
2 5 (T), «—(T), T
X(3+ [6(mz, ( )”;DS (T), mpo(T))] ) 50)
m,(T)

and our prediction for this decay channel is

X E(mzr (T), m e (T), mpo (T))

T2[Zes — D~ D] = (7.65 £ 0.67) MeV. (51)

As aresult, we obtain the partial widths of these decays in the
present section, and using Egs. (45) and (51), the full width
and mean lifetime of Z are predicted as

rivll — (12.0 £ 0.8) MeV,
T=(55+05) x 107"5s. (52)

rfull s consistent with the measured value

Our result for the
in BESIII [14].
The last step is to analyze the variation in the par-
tial decay widths in terms of temperature. We draw the
'z, (T)/Tz,(0)versusT/T.inFig.4. Asseen from this fig-
ure, the decay width is dramatically increased with increasing

temperature.

5 Summary and results

Collisions of heavy ions in laboratory conditions allow us
to create and investigate the strongly interacting matter in
hot medium. Many facilities contribute to probing both the
chiral and the deconfinement phase transition from hadronic
matter to the QGP and mapping out different domains of
the QCD phase diagram. Among these experiments, Rela-
tivistic Heavy Ion Collider (RHIC) and Large Hadron Col-
lider (LHC) energies form deconfined matter characterized
by vanishing baryon densities and high temperatures consis-
tent with lattice data. Mapping out the region of a first-order
transition at large chemical potential is a primary aim of cur-
rent and upcoming experimental programs. Recently, RHIC
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(/I

0.0 0.2 0.4 0.6 0.8 1.0
T/T,

Fig. 4 Variation in the ratio of temperature-dependent decay width of
Zes — D D*O/D;“ DY to its value in vacuum according to T/ T, for
T. = 155 MeV

and LHC have radically increased the energy levels that can
be attained by heavy nuclei collisions at near-light speeds,
bringing them in line with those of the conditions in the early
universe. In addition to these improvements, future experi-
ments at the Facility for Antiproton and Ion Research (FAIR)
and at the Nuclotron-based Ion Collider (NICA) will gener-
ate a wealth of data.

Also, the ALICE experiment at the CERN LHC finalized
a major upgrade and restarted its operations in 2022 with
a new computing system in order to handle a data volume
roughly 100 times as large as that during the previous opera-
tional period. Further constraints can be set by future higher-
precision measurements during run 3. The LHC Committee
review of the ALICE 3 plans has begun and is expected to be
concluded in March 2022 and to deliver highly meaningful
physics results.

However, in heavy-ion collisions, the QGP lifetime is
(~ 10 fm/c), and the hadrons would be erased from the
spectrum in an extremely short time, as seen from Eq. (52).
Hence, itis almostimpossible to work with a literally external
probe in these collisions, whereas a hadron would continue
to exist, albeit with changing mass in QGP medium. Alterna-
tively, such an imaging method can be performed using par-
ticles produced during the parton—parton scatterings. There-
fore, searching for the signals of QGP provide knowledge
to quantitatively understand the charmonium/bottomonium
suppression of both conventional and exotic states [63—65]
in heavy-ion collisions at high temperatures. This issue may
be one of the focus areas of research regarding QGP signals
in the near future.

Meanwhile, the newly observed resonance Z.;(4000)
with strangeness by the LHCb collaboration led people to
wonder whether it was the same state as the Z.;(3985).
However, according to our lifetime calculation of Z;(3985)
detected in BESIII, it has a narrower state than the Z.;(4000)
in LHCb, and thus they should be different states. This can

be tested in future experiments and distinguish the two-state
interpretation from the one-state scheme.

In this work, we propose a novel picture, namely ther-
mal QCDSR, to understand the nature of Z.;(3985) with
JP = 1%, and we also reduce our results to 7 = 0 to
compare then with experimental and theoretical data in the
literature. Additionally, we estimate the hadronic parame-
ters of the b-partner of Z.;(3985), which we hope will be
experimentally detected in the near future. According to our
numerical evaluations, changes in mass and meson-current
coupling constant values are fixed up to 7 = 100 MeV, but
both start to decrease after this point. At the critical transi-
tion temperature, the values of the mass and meson-current
coupling constant of Z.;(3985) change up to 10% and 66% ,
respectively. The thermal width of the Z.;(3985) meson (see
Fig. 4) exhibits an increase by roughly a factor of 4.6 near 7.

As a result, by looking at the numerical analysis, we
find that the resonance Z.;(3985) can be well defined as
a diquark-antidiquark candidate with quark content [ccus].
The variations in decay width of Z;(3985) will provide valu-
able input to our understanding of the heavy quark system in
heavy-ion collisions. However, XYZ exotic states should be
tested in more precise experimental data in the future, and
we need more experimental studies on the dominant decay
channels of Z.;(3985) to elucidate its inner configuration.
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Appendix A: Thermal spectral density functions

In this part, the results of our evaluations for the spectral den-
sity are presented for the mass and meson-current coupling
constant as a function of the temperature belonging to the
Z5(3985) resonance in the tetraquark picture using the fol-
lowing abbreviations, with ® as the step function (for brevity,
we do not give the spectral density belonging to the decay
width here):

@ Springer
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L(s,x) =sx(1—x)—

(=1 + ) = sxaa(=1 4 x1 + x2) w2061+ ) (F 1 (=1 4+ x2) + (<] + x|

L'(s,x1,%) = —

(e} +x1 (=1 +x2) + (=1 + x2)x2)2

o =x12+X1(x2— D +x2(x2 = 1),
B=x1+x—-1,

¢ =x100 = D +x00 — 1) 43,
n = x| +x2.

We also separate the thermal spectral density functions in
terms of dimensions:

AP (s, T) = o7 (5) + 09 (5, T) + p% "+ (5, T)
+045 (5, T) + 99 (5, T). (Al)

The explicit form of spectral densities is performed with the
integrals over the Feynman parameters x, x, x2,, and x3 as
follows:

PP (s)
/ / 1 dx;
dx1
307208876
2 2 3 3
X { ( —anm; + ,3sx1x2> (12a nm_mgXx;
+3a2n2m4x1x2 — 48052,8mcm5sx1x§

—26afnmisxixs 4 358%s xlxg)}

<®[L (s, x1, x2)], (A2)
(‘?Q)(S T)

1—dx dx2 _
/ dxlf 64a6n4{]5’33mss2(ss)x%xg
—20°n? 5( (uu)x) + (Es)xz)
+4a? ﬁnm sx1xo | 3(uu)x; + 2(ss)x 2)
—20(,3 mes x1x§<4 (uu)xy + 3(ss)x 2)

2 = P
—|—4ot,3mcmssx1x2( —4Bn(ss)x1x2 + (uu)¢ )
24 _ - _ L2

a‘nmimg X 3Bn(ss)x1x2 + 4(uu)¢

xO[L (s, x1, x2)], (A3)

PO+ (s, T)
1 1—x1 1
= d dxpy ———|3
fo x‘/o x2{2304a6ﬁn6[ P
X [4a3nm§ms <8ﬁn2(u"9,{‘,u”) + g?(u“@ﬁvu”)xl)

ot nPmta x (64ﬂn (0], u’) + g2 (u0%,u")

i
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~ 129674

x(3x1 — XZ)) - gazﬂmcmssxl(16,371’2(14“91{])14”)
+g§(u“95uu”>X1)X2 — dapnmlsxi
x (20872 (0, u") + g w05, u")

X (4x] — 5x2))x2 + Sﬁstxf(1925n2<uﬂ%u”>+g3

GG
X (08, u") Bxy = 5x) )13 | + (2 )

x[15,33s2x?(5x1 — 9xz)x§’ — 12aﬂmcmssx1x%
X (414 x0)%F + 4= 1+ 2w (= 1+ 20
+7(—=1+ x1)x1x% + (—1+ 3x1)x§ + x§>
+3a2m3(ms(—1 + xl)xf(—12

+13x1)x2 + my(—1 + x1)x7 (=24 + 37x1)x3
T~ (12 Fox (=59 + 48x1))x§

gt (—25+34x ) +my (=24 13x1)x3 +2msxg>

+3a2n2m;‘x1x2(10x% (9 — 8x2)x2 — x1 (9 + xz))

—Saﬂnm%sxlzxg

x <l3x12 + (18 — 17x)x2 — x1 (12 + 7;@)]} }

xO[L (s, x1, x2)], (Ad)

(qu>(s T)

mmmbuu

1—x; IB
d d
T ednt / xl / xz{ 192577

[— 3aﬂnm mg(S8)x1x2 + 8,3 mgs (s )xlzxz
+3a2nm2 (2(1214))61 + (Es)xz)

—3aBmsx1%2 (3(ﬁu)x1 +2(§s)x2)] }@[L/(s, X1, o),

(AS5)

P9 (5, T)

1 1
[/ dx{ — 108m272 (55) (iau) 4+ memy (itu)
0
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x<g§<ﬁu)(—1 +x)+ 108n2(§s)x) }@[L(s, )]
1—x1 1—x1—x2
+/ dx1/ dxz{,32g3[(§s)2+(ﬁu)2]x1x2
0 0

x(3anm? — Sﬁsxlxz)}]®[L/(s,x1, x2)]. (A6)
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