$21 % W2 M J&F B B R Vol. 27, No. 2
2010 4 6 H Nuclear Physics Review June, 2010

Article ID. 1007—4627(2010002—0160—04

Pions Enhancement in QCD Chiral Phase Transitions
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Abstract: It is pointed out that if the QGP SU(2) chiral phase transition in the LHC Pb-Pb colli-

sion process is taken place and the phase transition is in the second order, then pion strings will be

formed, and decay. These phenomena lead to the pion enhancement in the low momentum region

(p=150—400 MeV) and the number of pions produced from pion string decay can be estimated
about N,~270, 150, 60 for different freeze temperature T;=130, 120, 110 MeV respectively.
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1 Introduction

Topological defects formed during the rapid

Hare very

symmetry breaking phase transition
general phenomena in physics. They are studied
from both theory and experiment in many fields,
such as in the evolution of early universe, in con-
densed matter system, in superfluid 'He, *He, in
the second class of superconductor, in BEC system
and liquid crystal.

=41 topological defects,

In the early universe
such as the cosmic string, may have been formed
during the phase transitions in Big Bang and may
still play an important role in the large scale struc-
ture seen in the universe. Theoretically string can
be formed in phase transitions anywhere, such as
the GUT scale strings which induce density pertur-
bations in the microwave background. Light cos-
mic strings would only be observable since their
gravitational interactions are so weak., Axion

string, formed at an intermediate scale, has the

exciting possibility of generating a substantial den-
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sity of cold dark matter in the form of axion. The
cosmological magnetic fields may be induced by
global anomalous string, the n string” . If all of
the strings exist, they will provide the direct links
between the observational features of our present
universe and the dramatic events of the immediate
aftermath of the Big Bang.

Up to now the experimental study of topologi-
cal defects is only carried out in condensed matter,
in which the classic example of formation of vortex
lines in the nontrivial broken symmetry phase is
the superfluid helium. Based on the point of view
of Zurek!™, the phenomena which occur in the ex-
panding and cooling of universe may be similar to
what take place in the laboratory, such as in super-
fluid helium and in liquid crystals. One of the main
goal in this field is the discovery of the phenome-

non in superfluid * He-B phase"® .

the formation of
vortices within bulk liquid in the presence of ioni-
zing radiation. This “mini bang” allows one to

study the formation of defects quantitatively in a
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time dependent second order phase transition. It is
pointed out that the vortices in *He-B phase are
similar to the =n strings formed in high energy
physics, as the two systems have the similar
breaking symmetry. So it is interesting to observe
the © string in nucleus-nucleus collisions.

In relativistic heavy ion collisions, as is point-

1, the experiments are so com-

ed out by Rajantie™
plicated that very reliable and accurate theoretical
calculations are needed in order to confront the ex-
perimental results, but our present understanding
of the theory is too rudimentary for that. Experi-
mental results show that some phenomena have
been observed which like what happens in the Big
Bang and is called the Little Bang''*. So the study
of Little Bang from relativistic nucleus-nucleus col-
lisions may be constructing a bridge between high
energy particle physics and the cosmology. It is in-
teresting to discuss the formation of topological de-
fects in relativistic heavy ion collisions.

In a previous paper we proposed a model of
the pion string formation and evolution in heavy
ion collisions at LHCMY. Tt is shown that the =
strings would decay into pions which give an effec-
tive result in the low momentum region in the final
state. w strings form in Kibble-Zurek mechanism,
and evolute during the hot quark matter expan-
sion, at last decay into pions at freeze out tempera-
ture. Here we will give a different picture of pion
string forming and evolution. The produced pic-
ture is based on the following steps: (a) RHIC ex-
periment shows that Bjorken hydrodynamical mod-
el works well when the temperature is above the
system freeze out temperature T;. We expect that
this is also right for that in LHC Pb-Pb collisions;
(b) Pion string net work is formed when the sys-
tem is cooling down to the critical temperature T,
=170 MeV, and at Hagedorn temperature Ty =
160 MeV the number of the strings can be coun-
ted, according to Kibble-Zurek mechanism. It
means that the Zurek temperature is equal to

Hagedorn temperature T, = Ty; (c¢) Following

Ref. [12] we assume that below the freeze out tem-
perature the dynamics of shrinking of the string
loop happens., the shrinking will be less dissipa-
tive. Finally the string loops will be shrinking to
the small nest size, with its energy deposing in the
small region, then it fragments to ¢ and =« mes-
ons.

The Kibble-Zurek mechanism" ™ states that
in a second order phase transition as the QGP fire-
ball cools through the temperature of phase transi-
tion where the chiral symmetry is spontaneously
broken, domains of similar orientations could be
formed. At the boundaries, where different causal-
ity disconnected regions meet, the order parameter
does not necessarily match and a domain structure
is formed leading to the formation of topological
defects such as strings. In non-equilibrium transi-
tion the new low-temperature phase starts to form,
due to fluctuations of the order parameter, simul-
taneously and independently in many parts of the
system. Subsequently during further cooling,
these regions grow together to form the new bro-
ken-symmetry phase. The fluctuating configura-
tion of the order parameter is frozen out at e, = (1
—T,/T.) >0, which means that the symmetry
breaking has already occurred and topological de-

fects are formed.

2 General Formalism

The chiral symmetry breaking has already oc-
curred and the topological defects, the m strings are
produced. The correlation length or the domain
size has reached the value. The characteristic cor-
relation length &, corresponding to e, above will de-

cide the initial density of the string. At tempera-

TZTC(l /TOJ , (1D
Q

the = string will be formed. If we choose QGP crit-
ical temperature T. = 170 MeV, Ty =T, = 160
MeV, then 7q=70 fm,

1/4 1/4
£, =6 (’—Q) ~ (T—%j . (2)
To m;

ture
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where & =~c,~1/m,. m,=600 MeV, & =~1.26 fm,
at the Zurek temperature. For simplicity, in the
following discussion we use the parameters: f,=
93 MeV, A=20. In heavy ion collisions, the string
is formed in various independent domains, each do-
main has the size of ~ &, the x string energy in

each domain in unit length is given by’
E, =1{0.75+ log [z£,]}nf%, (3

where p=+/89A f /122327 MeV, E,=~205 MeV/
fm. If the system of strings is in equilibrium, the
loops do not interact, it can be treated as particles
[13—16]

in an ideal gas , and loops may be described

by a Bose distribution. The distribution of the
string loop is

GXp(ﬁHE)
Cexp(BE) — 1]

~ f(E)exp[ (By — PEIdE, D

dn(E) = f(E) dE

where f=1/T, T is the temperature of the sys-
tem, By =1/Ty, Tu=160 MeV is the Hagedorn
temperature, at which the distribution is given-
by“m

F(E) :&% : (5)

where K& (E,)¥*,
loop string will be formed. The shortest string will

be the length of [, =2n/p¢=~3. 79 fm. The number

In heavy-ion collisions only the

of the loop string at freeze out temperature T is

N~V e
E
—v, J K exp[g?;/ff)EjdE ’ .

where E... = E,l,~777 MeV, R; is the radius of
the hadronic phase. In the Pb+Pb collisions, R;=
10 fm at RHIC, and R;==18 fm at LHC!"" !, and
the volume of hadronic phase is about V;=~4 X 10°
fm’, 2.4X10" fm® at RHIC and LHC respectively.
If the freeze out temperature is Ty=130, 120, 110
MeV the total number of string loops is then N, &
90, 50, 20 in LHC and 15, 8, 3 in RHIC Pb-Pb
collisions respectively.

Now we construct the picture of decay of pion

string in the following. From the field of pion
string, ¢= (o-+in’) /2, the solution of pion string
is
(o4 in") = f.[1 —exp(— pr) Jexp(i) ,
=0 . 7
In the evolution period (¢, <<t<{t;) of pion
string, =’ is equivalent to 6. So after time #; the pi-
on string equal decays to n’ and sigma particles,
and we can approximately assume that each has
half of the pion string energy. The sigma particle
produced by string will soon decay to 2x. The mo-
mentum distribution of w® from the processes,
string—>c—>2x is
AN (p) =2dN(p)
o expL4 By —B) /" +mi ] . 8)
Lp* +m ]

The mean momentum is then given by

JPdN,((P)
(p) = =~ 154 MeV . 9
JdNﬂ(p)

Similarly «° from the processes, string—>n’ is

dN, (p) =dN(p)

oe €XPL2(Bu — ) V/P* - m7 ] 10
[p" +m ] ‘

The mean momentum is then given by

deNﬂo(p)
(pe) =
JdNno(p)

~ 394 MeV . (1D

From the above discussion, it gives out that
each string loop decays to three pions. So in the
process Pb+Pb, with+/s =5500 AGeV at LHC, if
the number of pion string loops is N,&~90, 50, 20
for different freeze temperature T;=130, 120, 110
MeV respectively, the number of pions produced
by string loops will be 270, 150 and 60. This pion

enhancement effect may be observed.

3 Conclusion

At the LHC Pb-Pb collision energies, the
QGP SU(2) chiral phase transition is taken place.

If the chiral phase transition is in a second order,
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then pion strings will be formed, and decay into pi-
ons at freeze out temperature. We find that the
main effect of this phenomenon will induce a pion
enhancement in the low momentum region ( p ==
150—400 MeV), and the number of pions pro-
duced from pion strings decay is about N,&~270,
150, 60 for different freeze temperature T;=130,
120, 110 MeV, respectively.
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