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Free quarks and antiquarks versus hadronic matter *

XU Xiao-Ming(N¡²)1;1) PENG Ru($T)2

1 (Department of Physics, Shanghai University, Baoshan, Shanghai 200444, China)

2 (Department of Physics, Wuhan University of Science and Technology, Wuhan 430081, China)

Abstract Meson-meson reactions A(q
1
q̄
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1
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2
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2
in high-temperature hadronic matter

are found to produce an appreciable amount of quarks and antiquarks freely moving in hadronic matter and

to establish a new mechanism for deconfinement of quarks and antiquarks in hadronic matter.
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1 Introduction

The picture for hadronic matter is that this mat-

ter only consists of hadrons and the evolution of

this matter is determined by hadron scatterings and

hadron flows. Meson-meson elastic scatterings estab-

lish thermal states of hadronic matter. At the crit-

ical temperature Tc of QCD phase transition quarks

and antiquarks automatically move from the small

hadron volume toward the large volume of hadronic

matter. However, in the present work we show that

this pure hadronic matter below Tc is mixed with free

quarks and antiquarks. The reason is that meson-

meson scatterings into free quarks and free antiquarks

A(q
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1
+q

2
+ q̄

2
at high temper-

ature can cause the ratio of free quark number den-

sity to hadronic matter number density to be larger

than 0.05 in a small time period of 1 fm/c. There-

fore, the reactions offer a new way for deconfinement

near the critical temperature, and we name such a

type of deconfinement collisional deconfinement. We

address the occurrence of deconfinement from varia-

tion of number densities of hadrons and free quarks

and antiquarks in contrast to the variation of energy

density, chiral condensate and the screening mass of a

heavy quark-antiquark pair studied by lattice QCD[1].

We focus on the reactions of π, ρ, K and K∗ because

they are dominant meson species in hadronic matter

at RHIC[2—4].

2 Cross sections and master rate

equations

The cross section for A(q
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q
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where s= (PA+PB)2 with the mass mA (mB) and the

four-momentum PA (PB) of meson A(B); pi = (Ei,pi)

(i = q′
1
, q̄′

1
, q′

2
, q̄′

2
) is the four-momentum of a final

quark or antiquark, and subscripts of variables for the

final quarks and antiquarks are labeled with primes;

Θ is the angle between pq′
2

and PA+PB−pq′
1
−pq̄′

1
, and

dΩq′
2

is the solid angle centered about the direction

of pq′
2
. At present, we consider only the diagrams in

Fig. 1 coming from one gluon exchange between one

constituent in meson A and one constituent in meson

B.

Fig. 1. Diagrams for A(q
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+q

2
+ q̄

2
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The corresponding transition amplitude Mfi is
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where Q is the gluon momentum and mi (i =

q
1
, q̄

1
, q

2
, q̄

2
) is the mass of a constituent quark

or antiquark of mesons. For mesons ψij(pij), with

pij being the relative momentum of quark i

and antiquark j the wave function of the quark-

antiquark relative motion in momentum space sa-

tisfies

∫
d3pij

(2π)3
ψ+

ij(pij)ψij(pij) = 1. ψcs is the color-

spin wave function of the final quarks and antiquarks.

The potential Vij(Q) depends on temperature T

Vij(Q) =
λi

2
•

λj

2

[

4παs

µ2(T )+Q2
+

6πb(T )

(µ2(T )+Q2)2
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3mimj

si ·sj exp

(

−Q2

4d2

)]

, (3)

where λi, si and mi are the Gell-Mann “λ-matrices”,

the spin and the mass of the constituent i, respec-

tively; d = 0.897 GeV[5, 6], αs =
12π

25ln(10+Q2/X2)
with X = 0.31 GeV, b(T ) = 0.35[1− (T/Tc)

2]θ(Tc −
T ) GeV2 with Tc = 0.175 GeV, and µ(T ) = 0.28θ(Tc−
T ) GeV. The constituent quark masses (CQM) are

0.334 GeV for both the u and d quarks and 0.575 GeV

for the s quark in a fit to meson spectroscopy[5]. The

potential is the Fourier transform of the coordinate-

space potential Ṽ (rij) that takes a form Ref. [7] whose

central interquark potential is obtained from the lat-

tice gauge results of Karsch et al[8]. The potential

reflects the medium screening effect at finite temper-

ature. It has been used to calculate temperature-

dependent dissociation cross sections of π+J/ψ, π+χc1

and π+χc2
[9] in the quark-interchange mechanism[10].

In hadronic physics heavy quark potential and light

quark potential take the same form except for the run-

ning coupling constant and quark masses that rely

on quark flavors. Therefore, the potential given by

Karsch et al.[8] applies here.

Mfi is obtained from the matrix element

〈q
1
, q̄

1
, q

2
, q̄

2
|HI |A,B〉=

(2π)3δ(Pi−Pf)Mfi

V 3
√
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2Eq′

2
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2

, (4)

where Pi (Pf) is the total three-dimensional momen-

tum of the two initial mesons (final quarks and anti-

quarks); the wave functions of the initial mesons and

of the final quarks and antiquarks are normalized to

one in volume V , respectively. The interaction is

HI = Ṽ (rq
1

q̄
2
)+ Ṽ (rq̄

1
q
2
)+ Ṽ (rq

1
q
2
)+ Ṽ (rq̄

1
q̄
2
). (5)

Denote the orbital angular momentum and the

spin of meson A (B) by LA (LB) and SA (SB), respec-
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tively. The unpolarized cross section

σunpol
AB→free(

√
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1

(2SA +1)(2SB +1)(2LB +1)
×
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establishes for the three cases: (1) LA = LB = 0, (2)

LA = 0, LB 6= 0, SA = 0, (3) LA = 0, LB = 1, SA = 1,

SB = 1. LBz is the magnetic quantum number of me-

son B, S is the total spin of the two mesons and its

component is mS. Sq′
1
+q̄′

1
(Sq′

2
+q̄′

2
) is the total spin of

the final constituents q
1

and q̄
1

(q
2

and q̄
2
). σ is inde-

pendent of mS and is calculated at any value subject

to the condition −S6mS 6S.

The momentum-space wave functions used in the

transition amplitude are Fourier transform of the

temperature-dependent solutions of the Schrödinger

equation with the temperature-dependent potential

Ṽ (rij)
[7]. Cross sections depend on temperature as

well as the center-of-mass energy of the two ini-

tial mesons. While temperature increases, the con-

finement potential becomes weak and the bound

states becomes loose. At higher temperature stronger

screening leads to larger cross sections for meson-

meson reactions. Due to the number of pages limi-

ted by the Editorial Board, only the cross sections

for π+π → q
1
+ q̄

1
+ q

2
+ q̄

2
is shown in Fig. 2. At

zero temperature the cross sections are very small and

completely negligible. Hence no free quarks and an-

tiquarks are observed at zero temperature or in vac-

uum. This has already been verified in Refs. [11, 12]

in the case of π+J/ψ→ q
1
+ q̄

1
+c+ c̄ with different

potentials. Cross sections determine whether or not

the asymptotic state can be produced in reactions.

To uniquely show the role of A(q
1
q̄
1
)+B(q

2
q̄
2
)→

q
1
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+q

2
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2
, we do not consider any expansion of

hadronic matter. The master rate equations for free

quarks, π, ρ, K and K∗ in static hadronic matter are

dnq

dt
=

∑

i=π,ρ,K,K∗

∑

j=π,ρ,K,K∗

〈vrelσ
unpol
ij→free〉ninj , (7)

dnπ

dt
=−

∑

j=π,ρ,K,K∗

〈vrelσ
unpol
πj→free〉nπnj , (8)

dnρ

dt
=−

∑

j=π,ρ,K,K∗

〈vrelσ
unpol
ρj→free〉nρnj , (9)

dnK

dt
=−

∑

j=π,ρ,K,K∗

〈vrelσ
unpol
Kj→free〉nKnj , (10)

dnK∗

dt
=−

∑

j=π,ρ,K,K∗

〈vrelσ
unpol
K∗j→free〉nK∗nj , (11)

where nq, nπ, nρ, nK and nK∗ are the number densi-

ties of free quarks, π, ρ, K and K∗, respectively; vrel

in the thermal averages denoted by the symbols, 〈· · · 〉
is the relative velocity of two colliding hadrons. The

number density of free antiquarks equals the one of

free quarks.

Fig. 2. Cross sections for π—π scattering into

free quarks and antiquarks with the con-

stituent quark masses at T = 0.14 GeV (long

dashed), 0.15 GeV (dot-dashed), 0.16 GeV

(dotted), 0.174 GeV (dashed). The solid curve

denotes the cross section in the chiral limit at

T = 0.174 GeV.

3 Numerical results and discussions

We assume that at t = 0 fm/c matter below

Tc is pure hadronic matter in thermal and chem-

ical equilibrium. The initial number densities of

free quarks and antiquarks equal zero, respectively,

and the ones for π, ρ, K and K∗ are given by

nj =

∫
d3pj

(2π)3
gj

exp(
√

p2
j +m2

j/T )−1
with the degener-

acy factor gj , the meson mass mj and j=π,ρ,K,K∗.

The master rate equations give solutions as func-

tions of time at different temperatures as plotted

in Figs. 3—5. When more and more hadrons due

to the collisions convert into free quarks and anti-

quarks, the number densities increase for free quarks

and decrease for the mesons. The number densi-

ties vary faster at higher temperature due to larger

cross sections. The loss of chemical equilibrium of

hadronic matter is obvious. If we include the recom-

bination of quarks and antiquarks to form mesons M

via q+ q̄ → M+g, the cross section for the reaction

of radiating a gluon is calculated with Eq. (6.1) of

Ref. [13]. The results of this recombination are that

the number density of free quarks or antiquarks in

the chiral limit at T = 0.174 GeV is reduced by about

2% at t= 1 fm/c, the ones with the constituent quark
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masses at T = 0.174, 0.16, 0.15 and 0.14 GeV are re-

duced by about 0.9%, 0.4%, 0.2% and 0.06%, respec-

tively. Since the number densities of free quarks and

antiquarks are generally not high in the small time

interval of 1 fm/c, the recombination of quarks and

antiquarks to form mesons can be neglected. But the

variation of number densities during this small period

is enough for us to draw conclusions.

Fig. 3. Number densities of free quarks or an-

tiquarks with the constituent quark masses at

T = 0.15 GeV (dot-dashed), 0.16 GeV (dot-

ted), 0.174 GeV (dashed). The solid curve

denotes the number density in the chiral limit

at T =0.174 GeV.

Fig. 4. The same as Fig. 3 except for pions in

the left panel and rhos in the right panel.

Fig. 5. The same as Fig. 3 except for kaons

in the left panel and vector kaons in the right

panel.

We present two solutions for T = 0.174 GeV near

the critical temperature. The solution shown by the

dashed curves is obtained for the final quarks and

antiquarks taking the constituent quark masses. The

other solution shown by the solid curves corresponds

to the chiral limit (CL) of final quarks and antiquarks.

A comparison of the five dashed curves shows that the

number density of free quarks can exceed the ones of

ρ and K∗ in the small time interval of 1 fm/c while

in the chiral limit nq can become larger than nρ, nK

and nK∗ .

Table 1. Ratios of number densities at t = 1 fm/c.

T/ nq/ nq/ nq / nq/ nq/(nπ +nρ+
GeV nπ nρ nK nK∗ nK +nK∗)

0.174 (CL) 0.89 2.80 1.99 3.40 0.44

0.174 (CQM) 0.29 1.01 0.69 1.23 0.15

0.16 0.09 0.38 0.23 0.50 0.05

0.15 0.03 0.18 0.10 0.25 0.02

0.14 0.01 0.08 0.04 0.12 0.01

The ratios of the number densities of free quarks

to the mesons are listed in Table 1. The number

density of hadronic matter is approximately equal to

nπ + nρ + nK + nK∗ . The first and second rows are

obtained in the chiral limit and in the use of the con-

stituent quark masses, respectively. An entry in the

first row is about three times the entry in the same

column in the second row. This means that hadrons

convert quickly into free quarks and antiquarks while

the chiral symmetry is restored. At T = 0.16 GeV a

certain amount of free quarks exist in hadronic mat-

ter. At T < 0.14 GeV, free quarks can be neglected

because the ratio nq/(nπ + nρ + nK + nK∗) is very

small. If we define the critical temperature as the

temperature at which free quarks begin to appear,

Tc should be 0.14 GeV and get smaller compared to

0.175 GeV. The present definition of the critical tem-

perature is that at the temperature all hadrons be-

come free quarks and antiquarks. Hence, the effect

of the meson-meson collisions on the critical temper-

ature depends on the definition of the critical tem-

perature. At least the meson-meson collisions do not

increase the critical temperature.

The temperature-dependent potential in Eq. (3)

was used by Wong[7] to calculate charmonium spec-

troscopy. Since the potential has already contained Tc

in the known function b(T ), it is meaningless to deter-

mine the value of the critical temperature from any

results of the potential. However, one can seek to get

the critical temperature from the original data of the

potential offered by the lattice gauge calculations[8].

Karsch et al. adopted Tc as the middle of the tem-

perature region of the most rapid fall of the data[8].



752 Chinese Physics C (HEP & NP) Vol. 33

As the first step when we study the role of

A(q
1
q̄
1
)+B(q

2
q̄
2
)→ q

1
+ q̄

1
+q

2
+ q̄

2
, we haven’t con-

sidered the quark-antiquark annihilation processes. If

the contribution of the annihilation processes was in-

cluded, more quarks and antiquarks would be pro-

duced as the following estimate shows. Like the

simple estimate of hadron-hadron cross sections in

Ref. [14], we estimate the ratio of the cross section

σAij for the meson-meson reaction caused by the

quark-antiquark annihilation processes to the cross

section σOGEij for the meson-meson reaction arising

from one gluon exchange between two constituents

individually belonging to the two mesons i and j.

For low-energy pp and pp̄ reactions, their cross sec-

tions are comparable σpp ∼ σpp̄
[15]. The low-energy

pp cross section originates from the contribution of

one gluon exchange between two constituents and

the low-energy pp̄ cross section comes from the con-

tribution of quark-antiquark annihilation processes.

In the treatment, the hadron-hadron cross section

amounts to the sum of constituent-constituent cross

sections[14], including the isospin degeneracy factor

gIi of a meson i, and we get gIπgIπσOGEππ ∼ 9× 4

9
σpp

and gIπgIπσAππ ∼ 9

9
σpp̄ which lead to the ratio

σAππ/σOGEππ ∼ 1/4. Neglecting the difference of the

strange quark mass and the up quark mass, for other

reactions we have

gIπgIKσOGEπK ∼ 12× 4

9
σpp, gIπgIKσAπK ∼ 6

9
σpp̄,

σAπK/σOGEπK ∼ 1/8, gIKgIKσOGEKK ∼ 16× 4

9
σpp,

gIKgIKσAKK ∼ 12

9
σpp̄, σAKK/σOGEKK ∼ 1/5,

σAρρ/σOGEρρ ∼ 1/4, σAπρ/σOGEπρ ∼ 1/4,

σAπK∗/σOGEπK∗ ∼ 1/8, σAρK/σOGEρK ∼ 1/8,

σAρK∗/σOGEρK∗ ∼ 1/8, σAK∗K∗/σOGEK∗K∗ ∼ 1/5,

σAKK∗/σOGEKK∗ ∼ 1/5.

The values of the above ratios may extend to

temperature-dependent cross sections for A(q
1
q̄
1
) +

B(q
2
q̄2) → q

1
+ q̄

1
+ q

2
+ q̄

2
since the realistic cal-

culations of both σOGEij and σAij involve the same

temperature-dependent wave function of the quark-

antiquark relative motion. The cross section σOGEAB

for A(q
1
q̄
1
)+B(q

2
q̄2)→ q

1
+ q̄

1
+q

2
+ q̄

2
has been em-

ployed in the master rate equations. Because dnq/dt

is proportional to the meson-meson cross sections, the

quark-antiquark annihilation processes added to the

master rate equations are expected to increase the

number density of free quarks or antiquarks over 12%.

Shown in Figs. 4 and 5, the number densities of

pions, rhos, kaons and vector kaons are low. Hence

the probabilities for three-meson collisions into three

quarks and three antiquarks in comparison with the

two-meson collisions are suppressed not only by the

small quark-gluon coupling constant but also by the

low number densities of the four types of mesons.

Only when the number densities are very high to com-

pensate for the small quark-gluon coupling constant,

will the three-meson collisions become important, but

this is not realistic in hadronic matter. In addition,

it is very difficult to calculate transition matrix ele-

ments for the three-meson collisions.

4 Conclusions

We have found that the reaction A(q
1
q̄
1
) +

B(q
2
q̄
2
) → q

1
+ q̄

1
+ q

2
+ q̄

2
becomes important in

hadronic matter at high temperature because of the

medium screening effect. Due to the reactions of π,

ρ, K and K∗, matter below Tc consists of free quarks,

free antiquarks and hadrons. The reaction is a new

dynamical process for the deconfinement transition

of hadronic matter.

We thank Professor C.-Y. Wong for his interest-

ing remarks.
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