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Formation of disoriented chiral condensates in relativistic
heavy-ion collisions
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Abstract. We present a brief review of the subject of disoriented chiral condensates (DCC). We
describe the conventional scenarios for the formation of DCC which have been proposed in the
literature. Observable signals, such as fluctuations in neutral to charged pion ratio, are discussed. We
then discuss a novel scenario for DCC formation, recently proposed by us, where the entire region of
hot partons can get converted into a single large DCC. Our arguments suggest that formation of such
large DCC is unlikely in the collision of heavy nuclei, and ultra-high energy hadronic collisions may
be better suited for this.
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1. Introduction

Formation and detection of disoriented chiral condensates (DCC) in ultra-relativistic
hadronic or heavy-ion collisions is an exciting possibility which has received much at-
tention recently. By DCC one essentially means the formation of a chiral condensate
in an extended domain, such that the direction of the condensate is misaligned from the
true vacuum direction. Formation of such domains has been proposed by Anselm [1], by
Blaizot and Krzywicki [2], and by Bjorken, Kowalski and Taylor [3] in the context of high
multiplicity hadronic collisions, and by Rajagopal and Wilczek for relativistic heavy-ion
collisions [4]. As the chiral field relaxes to the true vacuum in such a domain, it may lead to
coherent emission of pions which will lead to anomalous fluctuations in the ratio of neutral
pions to all pions [3,5]. The proposal of ref. [3] was motivated by the Centauro events in
cosmic ray collisions [6].

Much of the discussion relating to DCC is in the context of linear sigma model where
the basic physics of the formation and decay of DCC can be easily understood. Effective
potential in the linear sigma model at finite temperatfliiis,
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The last term leads to explicit symmetry breaking and is responsible for non-zero pion
mass. We taken, = 140 MeV, f, = 94.5 MeV, and\ ~ 55 (corresponding ten, = 1

53



GeV). In the chiral limit there is a second order phase transition with the critical tempera-
tureT, = v/2f, (~ 134 MeV for our choice of parameters). With non-zero quark masses,
chiral symmetry is explicitly broken, and is only approximately restored at a temperature
~ 115 MeV in the sense that the saddle point at the chiral ahgler disappears above
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this temperature. Figure 1 shows the shape of the effective poterifiatal.

Explicit symmetry breaking lifts the degeneracy of vacuum and the true vacuum is
shown by pointP in figure 1. Inside a DCC domain, chiral field does not take value
P, and is disoriented in this sense. Due to higher potential energy, this field rolls down
towards the true vacuun®} and oscillates about it resulting in the emission of coherent
pions.

2. Conventional scenarios for DCC formation

Bjorken, Kowalski and Taylor suggested DCC formation for high multiplicity hadronic
collisions [3]. It was proposed that ultra-high energy hadronic collisions will lead to a
rapidly expandindpot partonic shell and that in the interior of the shell the chiral field may
get misaligned from the true vacuum, resulting in the formation of DCC (figure 2). This

was termed as theaked Alaskanodel.
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Figure 2. The baked Alaska model of DCC formation.
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Possibility of DCC formation in the context of relativistic heavy-ion collisions was first
proposed by Rajagopal and Wilczek who argued that a non-equilibrium dynamics during
the chiral symmetry breaking phase transition may produce DCC domains [4]. It is im-
portant to appreciate that the most essential ingredient in almost all the models of DCC
formation is the assumption of an intermediate, thermalized state with temperatures higher
thanT, so that chiral symmetry is (approximately) restored. Such a state is very natural
in the context of heavy-ion collisions, but may not be so naturgbfprcollisions, or for
cosmic ray collisions. Therefore, it is important to understand whether it is possitike to
orientthe chiral vacuum without invoking such an intermediate state. For example in the
baked Alaska scenario discussed in ref. [3], it is not clear how the parton shell can disorient
the vacuum without invoking thermal equilibrium. If thermal equilibrium is assumed, then
it is not clear why one should not get multi domain formation in the interior of the shell.
(Though, in this context, see ref. [7].)

If one assumes the existence of a thermalized, (approximately) chirally symmetric in-
termediate state, then DCC formation naturally happens as the system cools down through
T.. In the chiral limit, spontaneous breaking of chiral symmetry for temperatures below
T. implies that one particular point on the vacuum manifefdwill be chosen as the vac-
uum state in a given region of space, with all pointsSohbeing equally likely. One may
expect this to essentially hold true even in the presence of small pion mass. This will lead
to a sort of domain structure in the physical space where each domain will have the chiral
field aligned in a given direction, but the directions in different domains vary randomly,
see figure 3.
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Figure 3. Domain formation in the chiral limit. Top figure shows the situation when
chiral symmetry is restored at high temperatures. Vacuum expectation value of the
chiral field is zero. Bottom figure shows the spontaneously broken case at low tempera-
tures. Domain like regions form where the magnitude of the chiral field is uniform, but
its direction in the vacuum manifol8® (denoted here by the arrow) varies from one
domain to another. The direction is uniform inside a given domain.
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This essentially summarizes the conventional picture of the formation of DCC domains.
Formation of this type of domain structure in a phase transition has been extensively dis-
cussed in the context of topological defects in condensed matter physics and also in particle
physics models of the early Universe. For an equilibrium, second order phase transition
one expects [4] maximum size of domains to be of the ordes pt. For such small do-
mains, dramatic signals like fluctuation in the réfi@f neutral pions to all pions will not
be observable. However, it has been suggested that in a non-equilibrium transition coherent
pion emission may be observable [4], see also ref. [8] in this context. The amplification of
long-wavelength pion modes due to parametric resonance, leading to larger DCC domains,
has been discussed in ref. [9]. The effects of fluctuations on the growth of DCC domains,
in the conventional picture, have been extensively studied in refs [10,11]. More recently,
similar investigations, for the case of spherical expansion of the plasma, have been carried
out in ref. [12]. Especially in the annealing scenario [13] it is suggested that reasonably
large DCC domains of sizes as large as 5 fm may form. The issue of initial conditions for
these scenarios, appropriate at high temperatures, has been discussed in refs [14], see also
ref. [15] in this context.

Kapusta and Vischer [16] discussed the case of DCC formation for the first order tran-
sition case. They calculated the probability of forming a bubble with disoriented chiral
field inside and estimated the roll down of the chiral field during the bubble expansion.
Recently, Scavenius and Dumitru have proposed that a first order transition can naturally
lead to quench like scenario which can then lead to growth of DCC domains [17].

3. Signals of DCC

The most dramatic, and hence most discussed, signature of DCC is the distribution for the
ratio of neutral pions to all pions
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=—. 2
f Pme + Tons 2)

If pions are incoherently produced that the probability distributiofi will be a Gaus-
sian, peaked at the value 1/3. Let us now consider the case when all the pions are produced
from a single DCC. By taking the number of pions of a given Cartesian isospin to be pro-
portional tor?, i being that component of isospin, and by assuming that all points on the
vacuum manifoldS?® are equally likely as initial condition, one can easily show that the
probability distribution forf is given by [4],
1
2VF

This distribution differs markedly from the Gaussian expected for incoherently emitted
pions, especially for lower values ¢f Probability for very small value of is essentially
negligible for incoherent pions, while it can be substantial for the DCC case. Significant
departures from the value 1/3 fican then provide the cleanest evidence for the formation
of a DCC.

It is clear, though, that if the pions were coming from several DCC domains, then the

probability distribution will get modified. As the number of DCC domains becomes large,
one will again recover the Gaussian distribution centered at 1/3. This makes it difficult to

P(f) = 3)
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experimentally detect signal from each DCC domain [18]. Though, we may point out that
the width of the Gaussian will directly depend on the DCC size and hence may provide a
somewhat indirect evidence for DCC formation. Several methods for statistical analysis of
the data have been proposed incorporating similar considerations. An interesting technique
to identify the DCC signal from multi domain structure utilizes the wavelet method [19].

It seems clear that it is not easy to get large DCC domains in typical experimental situa-
tions. If the domains are only 2—-3 fm size, or smaller (which seems quite plausible), then
it may become very difficult to detect this signal. For example, a DCC domain of radius
3 fm will lead to only about 30 pions. Though, it may still be possible to separate out the
DCC signal due to the fact that DCC pions will be expected to have verylpw

Many other signals have also been proposed for the detection of DCC. It has been sug-
gested that DCC formation may lead to the amplification in isospin violating effects which
may survive even in the situation of multi domain formation [20]. Other suggestions in-
clude the effect on the transverse momentum distribution of pions [21], increase in dilepton
yield due to soft pion modes in DCC [22], two pion correlations arising from the squeezed
state description of DCC [23], etc. Enhancement of baryon—antibaryon production result-
ing from disordered multiple DCC domain formation has also been proposed [24]. Here
one focusses on thgnctionsof different DCC domains, instead of the interior of a domain
itself. An important aspect of this signal is that the total yield of baryons and antibaryons
is directly proportional to the number of DCC domains. Thus, this signal is stronger for
smaller DCC domains.

4. Thermal fluctuations and Ginzburg regime

We now turn to the consideration of thermal fluctuations of correlated domains, in regards
to these scenarios [25]. Itis well known from the studies of domain formation in condensed
matter systems and also in particle theory models of the early Universe (in the context of
topological defect formation) that the picture of well defined domains makes sense only for
temperatures below, what is known as, the Ginzburg temperBturé&his temperature can
be thought of as the one above which a domain of correlation length size can easily fluc-
tuate to the symmetric phase by thermal effects. Essentially, thermal fluctuations become
dominant above this temperature and mean field description breaks down. Only when such
fluctuations become sulfficiently suppressed, can one talk about a well defined domain with
the order parameter field taking well defined value inside the domain (and hence classical
evolution etc.).

A crude estimate for the value @%; can be obtained by equating the temperature to the
energy density differenc@V (T') between the bottom of the effective potential and the top
of the central bump (in figure 1) times the volume of a region of size correlation length.
For the correlation length we can take, 1. We get

m 2 AV(T) ~T, (4)

whereAV (T) can be calculated from eq. (1). An interesting aspect for the case of chiral
transition is that the bottom of the potential is tilted. Thus the valu& ©f(obtained

by the above equation) will depend on the chiral arglédere we mention that we are
using the term Ginzburg temperatdrg to denote the temperature for the onset of thermal
fluctuations destabilizing a DCC domain with certain specific valu@ ofhus, the true
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value of T, in the sense of defining the critical regime where fluctuations are dominant,
will correspond to the value &fg atd = «. Using eq. (4), we find that the valueB§; is
around 0.7, see ref. [25].

There are two important points to be noted here. First, note that these valligsaoé
significantly lower than the value @f.. It will take a long time for the system to cool down
to this temperature frofi' = 7', (e.g. for the longitudinal expansion case temperature is
proportional tor —'/3). At this temperature the bottom of the effective potential is not that
flat any more and the roll down of the chiral field will be much faster than what has been
assumed in ref. [13]. The net result will be that the resulting DCC domain will not be as
large. For, example, even though, is small atT,, it can grow by a factor of about four
when temperature drops to a value neaQ,8ee ref. [4]. The resulting DCC domain may
also then be smaller by a factor of two or so.

Second point is that, for any temperature ab®@yg regions of correlation length size
(say~ m;!) can easily fluctuate to chirally symmetric state. This has an interesting im-
plication that DCC domains can form (if these domains can grow later) even in relatively
lower energy heavy-ion collisions where the temperature of the system never ri8gs to
but only rises up td'¢. Unfortunately, this also implies that detection of DCC, though
interesting by itself, will not imply that quark—gluon plasma phase (or, more precisely,
chirally symmetric phase of matter) has been detected. A hot hadronic gas, in the sponta-
neously broken phase of chiral symmetry, can still lead to formation of DCC as long as its
temperature reaches a value néar, see ref. [25].

5. Formation of a single large DCC domain

We now discuss a novel possibility where a truly large, single, domain of DCC can form
[26]. In our model, the entire region of hadronic system (or QGP, depending on the maxi-
mum temperature reached) gets converted to a single DCC domain which can have diame-
ter as large as 14 fm (for gold nucleus). The main idea of our model is that during the rapid
heating of the initial parton system, the chiral field is driven towards the value zero due to
a rapidly changing effective potential. If heating is fast enough, and the maximum temper-
ature reached is large enough, then the field picks up enough energy to overshoot the zero
of the field and goes to the opposite point on the vacuum manifold. That is, starting from
the true vacuum with chiral angle being zero, the field ends up at chiral angléfost
importantly, this happens for the entire region being heated up. The end result being that
the entire region of the QGP ends up with chiral field being maximally disoriented, with
the chiral angle being (close to) Eventually the field will roll down from there, emitting
coherent pions in the process.

Due to thermal fluctuations, there will be some variation in the chiral angle over the
entire DCC. We require that this variation remains relatively small, compared to the aver-
age disorientation of the chiral field from the true vacuum. We find that if the maximum
temperature of the plasma is too large, or the rate of expansion too slow (e.g. in the longitu-
dinal expansion model), then thermal fluctuations become dominant. Thermal fluctuations
remain small only when spherical expansion is assumed even at very early stages of the
plasma evolution. For that case we find allowed valugBofo lie roughly in the range
200-400 MeV, the lower bound arising due to the fact that for sffiglthe chiral field
does not overshoot at all. Such valueslgfare small compared to the maximum QGP
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temperatures expected in central events in the heavy-ion collisions involving very heavy
nuclei at LHC and RHIC. This suggests that in such experiments, or for that matter, even
in present heavy-ion experiments, observing a large DCC is more likely if one explores a
range of centrality in selecting events, so that the possibility will be larger for the plasma
temperature to lie in the allowed range for some events. Requirement of early three di-
mensional expansion suggests that possibility of a large single DCC domain may be larger
for very energetic collisions of smaller nuclei, or even hadron—hadron collisions. In this
sense, Tevatron may indeed be a good place to look for DCC [27]. This is, in some sense,
consistent with what one expects from Centauro events where very heavy nuclei are not
involved in the collision.

We now discuss the evolution of chiral field during heating and cooling of plasma in this
model. In the beginning, system is at zero temperature with the chiral field being at the
true vacuum (i.e. with chiral ange= 0 with < ¢ >= f, and< 7; >=0). If chiral field
overshoots the central barrier to the opposite poingér(i.e. § = ), it will sit at that
saddle point until some fluctuation de-stabilizes it. More naturally, one will expect some
pionic components to develop during overshooting, so chiral field will end up at some point
close tod = 7 on the vacuum manifold?3.

To take care of thermal fluctuations, we evolve chiral field using the following Langevin
equations [28]

oV (1)
0®;

o + (g + ) = -

where ®; represents components of the chiral field with = =; fori = 1,2,3 and
®, = 0. V(1) is the effective potential (eq. (1)) with temperatlréeing time dependent.
n = 1 for linear expansion angl= 3 for spherical expansiom,.’ is the friction coefficient
due to coupling to the heat baify(7) represents Gaussian white noise term with

(&i(m) =0,

2T
1%

Y is the volume of the region over which the chiral field is being evolved by above equa-
tions. We take;’ ~ 14 fm~—1, andV ~ 5 fm? (radius~ 1 fm).

Now, the initial system of hadrons is @t = 0. Eventually the system achieves ther-
mal equilibrium with a temperatur€ = T, andT starts decreasing due to expansion.
What happens in the initial stage betwéEn= 0, and7T = T,? Presumably the most
natural approach is to think of the initial system of partons as being completely out of
equilibrium which then thermalizes due to interactions. As thermalization proceeds, the
system approaches a state in (quasi) equilibrium with a well defined temperature, which
is the maximum temperature of the QGP. Thus, in this picture, at any instant during this
intermediate stage, the system does not have a well defined temperature.

Unfortunately, it is hard to do any calculations within this picture, as one has to deal
with a non-equilibrium system, which is approaching an equilibrium state. We assume a
simplified picture wherein we think of the initial system of partons at zero temperature
which is getting heated up, finally reaching the temperafigref the QGP. In this picture,
at any instant, one has a well defined temperature which first increases to a maximum
value ofTy, and thereafter starts decreasing due to continued plasma expansion. Thus we

<§i(T1);fj(T2)> = 77'5ij5(T1 —T). (6)
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take the system starting with = 0, initially heating toT = T, (when interactions and
secondary particle production dominate over expansion), subsequently cooling according
to T ~ 7-7/3 (n = 1 (3) for linear (spherical) expansion). We take different types of
temperature evolution for the heating stage and study the evolution of the chiral field due
to the changing effective potential, see figure 4. DCC formation happens whertfesler
overshoots to the opposite sidest.

We see here that there are cases whéield overshoots the central barrier and settles
on the other side, eventually rolling down to the true vacuum. This corresponds to the
formation of DCC. (We mention here that in this model also, DCC formation is possible
even wherlly, < T.. This again raises the issue, as we discussed above, whether DCC
can be taken as a signal for chiral symmetry restoration.) Figure 5 shows parametric plot
of the magnitude off vs. o, showing the evolution of the chiral field in the presence of
thermal fluctuations. Here we have plotted different trajectories, difference arising due to
the random nature of the noise termin eq. (5).

Different trajectories in figure 5 represent different parts of the DCC domain. If all parts
correspond to rolling down roughly along one sideSdf we will have approximate DCC
and hence coherent pions. This is the same situation as for any large DCC. Importantly,
we find that for largeél” all trajectories do not overshoot. Also pionic component are too
large for largel’, implying that DCC is not well defined. We find that this happef%iis
too large and for linear expansion (i.e. for slow cooling thermal fluctuation are always
dominant). This leads us to important conclusion that such large DCC is expected to
form only whenTy lies in a window, roughly 200 MeV to 400 MeV, and with spherical
expansion. Requirement of spherical expansion at very early stages suggests that heavy
ions at LHC, RHIC are not suitable for large DG&- p(p — p) collisions should be better
suited for large DCC formation. This also seems consistent with Centauro events where
heavy nuclei are not expected to be involved.

An interesting possibility of DCC formation in this model arises when chiral field in
the entire DCC forms a patch arouéd= 7, Subsequently, field rolls down coverisg.
This is like forming a huge Skyrmion like configuration. Evolution of this configuration
leads to interesting signal due to the simple fact that for Skyrmion, spatial variation of
the field is correlated with field variation in the internal space. This leads to well defined
spatial variation of pion distribution since the rafioof neutral to all pions depends only
on one angle oif3, say¢ (see, ref. [26]). As the large Skyrmion collapses, it should
acquire standard spherically symmetric configuration due to energetic reasons (as seen in
texture simulations for structure formation in cosmology). Such a configuratioh (aasl
henceR) constant in conical shells about the axis connecting North and South poles. If
we assume spherical expansion, (which seems reasonable for late stages) then)(low
pions will come out radially. For data collection, one can assume some North pole around
collision point, and then collect pions in conical shells. This can be repeated with changing
position of North pole over a full#range. For one choice of North pole, one should start
getting pions of fixedR in each conical shell. In fact this seems an interesting method
of analysis of particle distributions as it should detect any axially symmetric phenomenon
(which leaves imprint on lowPr pions). Itis straightforward to adapt this method for fixed
target experiments by taking projections of conical shells.

60 Pramana — J. Phys.yol. 55, Nos 1 & 2, July & August 2000



Formation of disoriented chiral condensates

400

lon

a% —
¥ 200 . | |
LY
ioo - I'q.-' _,..-’-r
=50
-78 T

Figure 4. (a) shows the evolution of temperature am) $hows corresponding evolu-
tion of o field. 7 is in fm andT ando are in MeV.

100

80

60

Mod (7r)

40

20

80 40 0 420 80 100

Figure 5. Parametric plot of the magnitude ®ivs. o (in MeV).

6. Conclusions

In conclusion, DCC is an exciting possibility to be probed in high energy colliders. DCC
size is still the most crucial issue. There are variety of models which present possibilities
for the formation and detection of DCC. An important point we have discussed here is
that DCC detection may not necessarily mean the detection of an intermediate chirally
symmetry phase. This is because DCC can form by thermal fluctuations at temperatures
belowT.. Also, we have discussed a new possibility of forming truly large DCC where
almost the entire hot region may convert to a single DCC. We have also discussed an
interesting phenomenon where spatial distribution of pions shows systematic variations due
to the formation of non-trivial DCC structure. To detect this we propose a method of data
analysis which can be useful in general and may detect any axially symmetry phenomenon
which leaves imprints on loir pions.
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