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In this article, we assume that the nonet scalar mesons above 1 GeV
are qq states and study the temperature dependence of the masses and
decay constants of the a(1450) and Kj(1430) using the thermal QCD
sum rules. We fit the numerical values into analytical functions, which
have applications in phenomenological analysis of the thermal QCD and in
interpreting the heavy-ion collision experiments.
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1. Introduction

The fundamental properties of QCD such as (de)confinement and restora-
tion (or breaking) of the chiral symmetry can be explored in the heavy-ion
collisions. A quantitative understanding of these two phenomena is still
lacking and hence poses a challenge for the future research. Heavy-ion col-
lisions at FAIR energies permit the exploration of the QCD phase diagram
in the region of high baryon densities, which is complementary to the in-
vestigations performed at the RHIC and LHC [1, 2|]. In recent years, there
has been an increasing interest in the modification of hadronic properties at
finite temperature in order to interpret the heavy-ion collision experiments,
and therefore in understanding of the restoration of the chiral symmetry.
The QCD sum rules is one of the most attractive and applicable tools in
this respect [3, 4].
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Bochkarev and Shaposhnikov extend the QCD sum rules to study the
p meson at finite temperature by assuming that both the operator product
expansion and quark—hadron duality remain valid at finite temperature, but
the vacuum condensates are replaced by their thermal expectation values [5].
The thermal QCD sum rules have several new features in exploring the
deconfinement and restoration of the chiral symmetry, and have been applied
to study the thermal properties of the light mesons, heavy mesons and heavy
quarkonia [6, 7], and nucleons [§].

A key parameter signaling the deconfinement is the continuum threshold
so(T') |5] above which the hadronic spectral density is well described by per-
turbative QCD. At the critical temperature T, for deconfinement, we expect
that the hadrons disappear from the spectral functions and the quark con-
densates vanish. There exists a link between the deconfinement and chiral-
symmetry restoration based on the QCD sum rules, so(T")/so = (Gq)1/{qq)
[9], which implies that the two phase transitions take place at roughly the
same temperature.

The underlying structures of the scalar mesons are not well established
theoretically, there are many candidates with JP¢ = 07+ below 2 GeV,
which cannot be accommodated in one gq nonet. A prospective picture sug-
gests that the scalar mesons { f(1370), ag(1450), K5(1430), fo(1500)} above
1 GeV can be assigned to be a conventional gg nonet with some possible glue
components, while the scalar mesons { fo(600), ag(980), £(800), fo(980)} be-
low 1 GeV form an exotic [¢q|3]@g]s nonet with substantial mixings with the
qq states, meson—meson states and glueballs [10].

In this article, we assume that the nonet scalar mesons above 1 GeV are
the gq states and we study their properties at finite temperature with the
thermal QCD sum rules, and expect to obtain some new information about
the nature of the scalar mesons from the thermal QCD analysis.

The article is arranged as follows: we derive the thermal QCD sum
rules for the ag(1450) and Kj(1430) in Sect. 2; in Sect. 3, we present the
numerical results and discussions; Sect. 4 is reserved for our conclusions.

2. The thermal QCD sum rules for the a¢(1450) and K;(1430)

In the following, we write down the two-point correlation functions I7(p)
in the thermal QCD sum rules,

1(p) = i/d4m€ip'x<T{J($)J(0)}>Ta (1)

where J(2) = Juo1450)(%): Jrz(1430) (%), Tg,(1370) (), T (1500) (2),
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utsna) = "IN, ayite), dayute).
Jrza30)(®) = q(@)s(z), 5(x)q(z),

im0y () = U(x)u(x)\;%(x)d( )’

J1o(1500)(2) = 5(x)s(z) (2)

and ¢ = u, d, the subscript index T denotes the thermal average of the cor-
relation functions. The currents J,,(1450)(z) interpolate the isospin triplet
mesons ag(1450), the M, a(z)d(x) and d(z)u(x) lead to the
same QCD spectral density in the isospin limit. The currents J| K (1430) ()
interpolate the isospin doublet mesons K§(1430), the g(x)s(x) and 5(z)q(x)
also lead to the same QCD spectral density in the isospin limit. In this arti-
cle, we take the values m, = mgq and (uu) = (dd). The currents Jy, (1370 (2)
and J (1500 () have zero isospin, and interpolate the fo(1370) and fo(1500),
respectively. The f,(1370) and fp(1500) may have large glueball components
[10], we neglect the currents J¢,(1370) (%) and Jg,(1500)(%) in this article. The
thermal average of any operator O is defined as

Tr [exp (=H) O]

Tr fexp (—BH)] )

(O)r =

the H is the QCD Hamiltonian, 8 = %, and the traces are carried out over
the complete set of states.

We can insert a complete set of intermediate hadronic states with the
same quantum numbers as the current operators J(0) into the correlation
functions II(p) to obtain the hadronic representation |3, 4]. After isolating
the ground state scalar mesons and the pseudoscalar meson pairs, we get
the following result

R ) )
II(po,p') = ng'm?s‘ [}92_2 + 2mng(po)d (p2 — m%)]

myg + 1€
2 9 d*k [ 1+ np(wr) ~ np(w)
SPLP2ISPiPy (2m)* k2 —m3 +ie  k®2—m3 —ie
1+ np(w2) ng(w2)
X ; ©
(k—p)2—m2+ic (k—p)2—m2—ie

(4)

where w; = \/k2 + m? and wy = 4/ (k— )%+ m3, the np(w) = [exp(Bw)

—1]7! is the Bose distribution function, the coupling constants fs, Asp,p,,
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gsp,p, are defined by

(O[J(0)[S(p)) = fsms,
(0lJ(0)|PLP2(p)) = Asp,p, gsp,P, - (5)

In the soft limit p — 0, Aspp, = e The revelent hadronic coupling
constants in this article are:

2 1 1
ga87r077 = \/ggﬂ ga8K+K* = 597 gagKOKO = _597

1 1
IKPOK-n+ = 9> IKEOKOr0 = _ﬁg’ IK;OK0n = —%97 (6)

where g can be obtained from the experimental data [11].
Now, we obtain the phenomenological retarded correlation functions
ITE(po) through dispersion relation,

o 1 ImI1(w,0)
iyt :/d2 P tanh o
11(Po) / i (p3 + ic) m Mor
_ fem A%P1P29§P1P2
w? — p3 1672
s0(T) )
w* — g 2
(m1+m2)*(T)

1— (m1+m2)?
w? :
We carry out the operator product expansion for the correlation functions
II(p) at finite temperature by calculating the Feynman diagrams shown in

Fig. 1, and obtain the retarded correlation functions at the quark level

3 11 o w2 w
HR - 2
ao(1450)(p0) = 87'('2 <1 + 3 7_:) / dw m [1 — 277,F <§>i|
0

1 <aSGG>  (mut2ma)(Gu)r + (ma+2my) (dd)
T

and v =

AN 2p3
_4877TOZS<1_1,U>T <Jd>T (8)
9 pg ’

I35 (1430)5(P0) = Tag(1450) (P0) Lnysm,, (dd) (55) 9)
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where the np( )=
tain the TR 5(1450) (p
) =

and JK*(1430)(

[exp(Bw)+1]7! is the Fermi distribution function. We ob-
and H}%g(mso) (po) by assuming J, (1450 () = w(x)d(x)

0)
u(x)s(z), respectively.

So60)]
JCOC
NCOU

Fig. 1. Feynman diagrams that contribute to the correction functions; the diagrams
obtained by exchanging the quark lines are implied.

We take the quark—hadron duality below the continuum thresholds so(T),
and perform the Borel transformation with respect to the variable P? = —p2
to obtain the thermal QCD sum rules,

R R
BMQHH,a0(145O)(pO) = BM2Ha0(1450)(p0)a

d R d .
WBMQHH7GO(145O)(Z?O) = WBM2HLLQ(145O)(]DO)7 (10)

where

Aepp,9%p.p
Bt = Ao (75 Bnnsbnn

S()(T)

X / dw?v [1 + 2ng (%)] exp (—;‘;) , (11)

(m1+m2)%(T)
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so(T)

3 11 oy w
BM?H (1450)(170) = 2 (1 + 37T> / dw?w? [1 — 2np (5)}

2

_4877TC¥S<EU>T <dd>T (12)
9 M? )
The thermal QCD sum rules for the Kj(1430) can be obtained by simple
replacements.

3. Numerical results and discussions

The pion is the lowest excitation in QCD due to the dynamical breaking
of chiral symmetry and the small v and d quark masses. When the temper-
ature T is low and the thermal pion gas is dilute, the thermal average of an
operator O is given by 6]

000 + 3 [ G (R RO ) naw).

1=1,2,3

(O)r

= (0|0]0) — 7 Z/ 0! (0] [Q5, [@5, O] 10) np(wi), (13)

=1,2,3

where Q% = [ d®zAj(z) is the axial-vector charge. The quark condensate
T?
i) = @) (1- — 14
(@@)r = (aq) < 1 ﬁ%) (14)

with the m meson decay constant fr = 0.130 GeV. At the temperature of
chiral-symmetry restoration, (gg)r = 0, then T, = 2f; = 260 MeV, which
is much larger than the critical temperature T, =~ 200 MeV from lattice
calculations [12]. The thermal QCD sum rules for the p meson lead to
results consistent with the critical temperature 7, = 197 MeV [13]. In this
article, we take the value T, = 200 MeV.

Here, we use the result based on chiral perturbation theory [14], and
approximate temperature dependence of the quark condensate as

(qg)r = (qq) !1 —0.4 (;;)4 06 (;’;)8

(15)
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The values of the vacuum condensates and the light quark masses are taken
as (uu) = (dd) = —(0.24 £ 0.01GeV)3, (5s) = 0.8(au), (2% =
(0.33GeV)*, m, = mg = 6MeV, ms = 140MeV at the energy scale pu =
1GeV [3, 4]. For the thermal gluon condensate, we take the function fitted

to the data from lattice QCD [15]
ras (TY (16)
: T .

(29, (229

The threshold parameters are chosen as so(T") /so = (Gq)1/(qq) 9], 380(1450) =
(2.0 £0.1GeV)? and sp 0" = (1.9 4 0.1 GeV)2. In the traditional QCD

sum rules, the energy gap between the ground state and the first radial
excited state is about (0.4-0.6) GeV.

From the experimental data mg: = 1.425 GeV, I'kx = 0.270 GeV,
Br(K;(1430)) — Kn) = 93%, mg = 0.495GeV, m, = 0.140 GeV, we can
obtain the value g = 1.35 GeV according to the partial decay width

I (K(1430)) — Kr)
2

sl et ] [~ o] 19

The two-point QCD sum rules lead to the decay constants f,,(1450) =
460 MeV and fgs(1430) = 445 MeV at the energy scale p = 1 GeV [16],
then we obtain the value Agp, p, = 0.31.

Firstly, let’s set T' = 0 and choose the Borel parameters as Mfo (1450)

(1.5-2.5) GeV? and M12{3(1430) = (1.3-2.3) GeV?, then the pole contribution

plus two-particle contribution are about (50-75)% and the main contribu-
tions come from the perturbative terms. The two criteria (pole dominance
and convergence of the operator product expansion) of the QCD sum rules
are fully satisfied, so we expect to make reasonable predictions. We take into
account the uncertainties of the input parameters and obtain the results

May(1450) = 1.48 £0.09 GeV,
M (1a30) = 1.42£0.10 GeV,
fao(1as0) = 0.44 £0.02 GeV,
frz(1az0) = 0.4140.02 GeV (18)

at T'= 0. The predictions for the masses mg,(1450) and My (1430) are con-
sistent with the experimental data [11].
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Now, we switch on the temperature T" and choose the central values of
the threshold parameters sg and the Borel parameters M2, which lead to the
experimental values of the masses at T'= 0. In Eq. (11), the lower bound of
the integral (my +m2)*(T) = (m1 + m2)?(qq)T/(qq). In Fig. 2, we plot the
masses and decay constants with variations of the T'. From the figure, we can
see that the masses and the decay constants decrease slowly at T < 120 MeV,
then decrease quickly with the increase of T and reach zero near the critical
temperature T, = 200 MeV. The hadrons undertake a phase transition from
hadron states to quark—gluon plasma at sufficiently high temperature, the
scalar mesons remain as hadronic states at 7' < 120 MeV as the mass and
decay constant reductions are very small. At T > 120 MeV, the scalar
mesons ag(1450) and K5(1430) disappear quickly.

W T T T T 0.50 N
1»8_- ] 0.45
1.6-— 7] 0.40
§1'4_' ------------ ] 0.35
o 2r $0.30
Qo D25
=P O
0.8 |- =0.20
0.6 0.15
04l a,(1450) 5 0.10 |- |——a,(1450)
02| |- = -K(1430) - 0.05 [ |= = - K (1430)
0'0-.I.I.I.I.I.I.I.I.I.- 0_00.l.l.l.l.l.l.l.l.l.r
0O 20 40 60 80 100 120 140 160 180 200 0O 20 40 60 80 100 120 140 160 180 200

T(MeV) T(MeV)

Fig. 2. The masses and decay constants with variations of the temperature 7'

The numerical values of the masses and decay constants at finite tem-
perature can be fitted into the following simple functions:

Mo (1450)(T) = 1.4861 — 3.5104 x 107" ¢ exp (8.0147t) GeV,

M 1430)(T) = 1.4226 — 3.9475 x 10~ ¢ exp (7.7755t) GeV
Faoras0)(T) = 0.43987 — 5.3422 x 107" ¢ exp (6.6279¢) GeV ,
Fres1a30)(T) = 0.41664 — 7.4755 x 10" ¢ exp (6.2985¢) GeV, (19)

where ¢ = T We can apply those functions in phenomenological analysis
of the thermal QCD and in interpreting the heavy-ion collision experiments,
which may shed light on the nature of the scalar mesons. The thermal
properties of p, w and J/¢ can be obtained by measuring the spectrum
of the u™pu~ pairs. In contrast to p, w and J/1, it is difficult to study
the thermal properties of the scalar mesons experimentally, more theoretical
works are still needed.
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4. Conclusion

In this article, we assume the nonet scalar mesons above 1 GeV are gq
states and study the temperature dependence of the masses and decay con-
stants of ap(1450) and Kj(1430) using the thermal QCD sum rules, and
fit the numerical values into analytical functions, which can be applied in
phenomenological analysis of the thermal QCD and in interpreting heavy-
ion collision experiments. In calculations, we assume the operator product
expansion and quark—hadron duality remain valid at finite temperature, but
replace the vacuum condensates by their thermal expectation values. Fur-
thermore, we take into account both the ground state scalar mesons and
the two-particle intermediate states at the phenomenological side. The nu-
merical results indicate that the masses and decay constants decrease slowly
at T < 120 MeV, then decrease quickly with the increase of T and reach
zero near the critical temperature T, = 200 MeV. The phase transition takes
place at about 7" = (120-200) MeV.

This work is supported by the National Natural Science Foundation,
Grant No. 11375063, and the Natural Science Foundation of Hebei province,
Grant Number A2014502017.
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