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Search for fingerprints of disoriented chiral condensates in cosmic ray showers
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Abstract: Although the generation of disoriented chiral condensates (DCCs), where the order parameter for chiral sym-
metry breaking is misaligned with respect to the vacuum direction in isospin state, is quite natural in the theory of strong
interactions, they have so far eluded experiments in accelerators and cosmic rays. If DCCs are formed in high-energy
nuclear collisions, the relevant outcome are very large event-by-event fluctuations in the neutral-to-charged pion fraction.
In this note we search for fingerprints of DCC formation in observables of ultra-high energy cosmic ray showers. We
present simulation results for the depth of the maximum (Xmax) and number of muons on the ground, evaluating their
sensitivity to the neutral-to-charged pion fraction asymmetry produced in the primary interaction.
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1 Introduction

Almost forty years ago exotic, apparently hybrid and unex-
pected events, dubbed Centauros, were observed in cosmic
ray (CR) experiments in emulsion chambers in Chacaltaya
by Lattes and collaborators [1]. Those events were very
different from what is commonly observed in CRs, exhibit-
ing a large number of hadrons and a small number of elec-
trons and gammas, which suggests the presence of very few
rapid-gamma-decaying hadrons. So, a possible imbalance
in the number of neutral to charged pions could be envis-
aged. The nature and reality of Centauro events started a
long debate, that includes the reexamination of the original
emulsion chamber plates, and is still not resolved [2, 3, 4].
Nevertheless, Centauro events were certainly an experi-
mental motivation for the development of the theory of dis-
oriented chiral condensates (DCCs) that started in the early
1990s [5, 6, 7]. For a detailed review, see Ref. [8]. As-
suming that a given nuclear system could be heated above
the critical (crossover) transition region for chiral sym-
metry restoration, i.e. for temperatures of the order of
180 − 190 MeV [9], then quenched to low temperatures,
the chiral condensate initially melted to zero could grow in
any direction in isospin space. Besides the vacuum (stable)
direction, it could build up as in a metastable, misaligned
pseudo-vacuum state, and later decay to the true, chirally
broken vacuum. The fact that DCCs could be formed in
high-energy heavy ion collisions stimulated several theo-
retical advances and experimental searches [8]. Most likely
the temperatures achieved in current heavy ion experiments

are high enough to produce an approximately chirally sym-
metric quark-gluon plasma, and the following rapid expan-
sion can cool the system back to the vacuum [10], so that
the dynamics of chiral symmetry restoration and break-
down can be described in a quench scenario, so that the
evolution of the order parameter can be much affected by
an explosive behavior that naturally leads to large fluctua-
tions and inhomogeneities [11, 12, 13].
Since, by assumption, the order parameter for chiral sym-
metry breaking, i.e. the chiral condensate, is misaligned
with respect to the vacuum direction (associated with the
σ-direction in effective models for strong interactions) in a
DCC, this would be a natural candidate to explain the ex-
cessive production of hadrons unaccompanied by electrons
and photons, suggesting the suppression of neutral pions
with respect to charged pions.
Regardless of the outcome of the debate on the nature of
Centauro events, DCC formation seems to be a quite natu-
ral phenomenon in the theory of strong interactions. How-
ever, given its symmetric nature (in isospin space), it should
be washed out by standard event averaging methods. So
far, there has been no evidence from colliders or CR ex-
periments. Motivated by the possibility of attaining much
higher statistics in current ultra-high energy cosmic ray
(UHECR) experiments than in the past, so that an event-
by-event analysis for very high-energy collisions can in
principle be performed, we consider possible signatures of
DCC production in CR air showers. If DCCs are formed in
high-energy nuclear collisions in the atmosphere, the rel-
evant outcome from the primary collision are very large
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event-by-event fluctuations in the neutral-to-charged pion
fraction, and this could affect the nature of the subsequent
atmospheric shower. Very preliminary, yet encouraging re-
sults were presented in Ref. [14].
In this paper we search for fingerprints of DCC forma-
tion in two different observables of UHECR showers. We
present simulation results for the slant depth of the maxi-
mum (Xmax) 1 and number of muons on the ground (Nμ),
evaluating their sensitivity to the neutral-to-charged pion
fraction asymmetry produced in the primary interaction. To
model the effect from the presence of a DCC, we simply
modify the neutral-to-charged pion fraction, assuming that
the system follows the same kinematics. Although this is
certainly a very crude description of the dynamics of the
primary collision, we believe it captures the essential fea-
tures that have to be tested in order to verify the feasibility
of detecting DCCs in UHECR showers.

2 DCC simulations

The conditions of a high temperature initial state followed
by a rapid cooling stage are both possible to happen in
heavy ion collisions at the very high energies like those ac-
cessible at RHIC and to be reached at the LHC, as well as in
UHECR collisions in the top of the atmosphere. The large
aperture of a detector like that of the Pierre Auger Observa-
tory [22] (combining shower sampling at ground level and
longitudinal shower profile reconstruction) has been pro-
viding high quality data and unprecedented statistics in the
field [25, 23, 24]. Therefore, even though the formation
of a DCC is probably rare, we believe it is worth studying
the implications of such events to the physics of showers
generated by UHECR.
The neutral pion fraction distribution [6], given by

dP ≈ d(cos θ) =
1

2 cos θ
d(cos2 θ) =

df

2
√
f
. (1)

is at the basis of our strategy to search for DCC fingerprints
in UHECR showers. This fraction determines the initial
distribution of particles between the electromagnetic and
hadronic components of the showers.
If DCCs really exist, the conditions for them to be produced
should include not only high energy densities, but the re-
gions where such densities are achieved should not be small
as well, since DCCs are considered “macroscopic” space-
time regions where the chiral parameter is not oriented in
the same direction as the vacuum. With those requirements
in mind, we have chosen to work with Fe initiated show-
ers at 1019 eV. Then, central collisions are privileged over
peripheral ones by selecting events with a large number of
participating nucleons (Npart > 40) which, in turn, should
lead to a higher multiplicity in the first interaction.
For all simulations presented in this work, we have used
CORSIKA 6.617 [15] with the interaction models Sibyll
2.1 [16] and GHEISHA 2002d [17], for high and low en-
ergy processes, respectively. The DCC-like shower simu-

lation chain is as follows: Large Npart collisions are se-
lected and their first secondaries (mostly pions and kaons)
separated; after, some of the neutral pions in this sample
are converted into charged ones; the resulting particle list
is then inserted back into CORSIKA to proceed with usual
cascade development through the atmosphere. Such a pro-
cedure was performed for several π0 fractions and 2 differ-
ent zenith angles. The first interaction slant depth (X0) dis-
tribution for DCC-like showers will therefore be the same
as for normal Fe initiated showers in central collisions.
This is a valid assumption, since the DCC formation pro-
cess takes place during a subsequent cooling stage of the
initial hot plasma, with the first interaction cross section
being the same as in a Fe-nucleus collision. We believe
that even though the simulation approach adopted here is
simplified, the essential features of the process are being
taken into account.
For comparison, proton initiated showers as well as normal
Fe initiated ones were also generated. For the normal Fe
case, we have produced both a sample rich in central colli-
sions and another sample with all the centralities. For each
shower we extract the value of Xmax and the number of
muons on the ground.

3 Discussion of results

From now on we shall identify our DCC-like Fe initiated
showers by Fe+DCC. Fig. 1 shows the depth of the maxi-
mum versus number of μ+ + μ− on the ground for vertical
showers (θ = 0 degrees) corresponding to an extremely
asymmetric situation (f = 0), that is, where all the initially
produced π0’s are converted into π+/π−. For the distribu-
tion of Eq. (1), sharply peaked at f = 0, the probability
for less than 1% of π0’s being produced is 10%. Four types
of showers: normal Fe (all centralities), Fe-Central (cen-
tral collision), Fe+DCC and proton initiated are shown. On
can clearly see that both samples generated from a central
collision have smaller than averageXmax, since the higher
the multiplicity in the first interaction the faster is the sub-
sequent cascade development in the atmosphere. And there
is essencially no difference between the Fe-Central and the
Fe-DCC samples in terms of Xmax, which might indicate
that the early stage where the π0 population is depleted to-
gether with the higher interaction probability due to the
large multiplicity allow for a complete recovery of these
particles in the subsequent interactions. Nonetheless, it is
clear that one should look at lowXmax events when search-
ing for DCCs signatures, and this property is independent
of the initial π0 fraction.

1. The slant depth of the maximum in the atmosphere is de-
fined as the integral of the atmosphere density along the shower
axis

∫
ρdx and expressed in units of g/cm2) at which the shower

reaches its maximum development, Xmax. For brevity, from now
on we should refer to the slant depth as simply depth. However,
the reader should be aware that in the literature the term depth
may be used to refer to the integral of the atmosphere density
along the vertical and not along the shower axis.
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The Xmax fluctuations for Fe-DCC and Fe-Central are
smaller than those of proton and Fe with all centralites.
This is to be expected, since the fluctuations in Xmax have
basically two components: the ones in the first interac-
tion slant depth X0 (which, in turn, depends on the inter-
action cross-section) and those introduced by the cascade
growth up to the maximum. The latter depends on the ini-
tial shower size (the multiplicity), in average being smaller
for high multiplicity events, i.e. those found in the central
collisions.

Figure 1: Depth of the maximum versus number of μ+ +
μ− on the ground for vertical showers initiated by Fe (cen-
tral collision), Fe+DCC, Fe and proton with E = 1019 eV.

Besides, as we can see in figure 1, increasing the num-
ber of initial charged pions will lead to a corresponding
larger density of muons on the ground as the products of
the charged pions decay.

Figure 2: Merit factor (Eq. 2) as a function of the pion
fraction f .

Combines both pieces of information (Xmax andNμ), one
finds a good separation between the Fe-DCC sample and
all the other populations. When collisions with all the cen-
tralities are allowed, iron showers exhibit a positive corre-

lation between Xmax and Nμ. The correlation is such that
showers reaching maximum development at increasingly
larger slant depths produce, in turn, a higher muon density
at ground level, due to the decrease in the attenuation in the
atmosphere fromXmax to the ground.
Whereas for Fe-Central showers one sees no correlation
between Xmax and Nμ, for the case of Fe-DCC showers,
instead, a small anti-correlation of about 1.96 g/cm2/ 106
muons is present2, as can be seen from Fig. 1. Such an in-
verted correlation can be understood remembering the ad-
ditional correlation between Xmax and the multiplicity in
the first interaction, with low Xmax events corresponding,
in average, to high multiplicity. As we convert neutral pi-
ons to charged ones, high multiplicity (smallXmax) events
show a larger muon density on the ground as compared to
low multiplicity ones (largeXmax).
Since the number of muons on the ground depend both on
the π0 fraction f and on the zenith angle, due to atmo-
spheric attenuation, we decided to perform a more system-
atic study by varying those parameters. Applying a Lin-
ear Discriminant Analysis (LDA), similar to what has been
done in [26] we have determined, as a function of f , a
power of discrimination defined as 1 − β, with the classi-
fication error β, in the 2 populations case (A and B) given
by:

β =
NAB −NBA

NA +NB
(2)

where NAB (NBA) are the number of events from popu-
lation A (B) misclassified as B (A) and NA (NB) is total
number of events in population A (B). As training sam-
ples we have used half of the simulated showers, with the
other half being used for the determination of the power of
discrimination.
The merit factor as a function of π0 fraction (f =
0, 0.25, 0.5, 0.75, 1) is shown in Fig. 2 for θ = 38 de-
grees. One sees that for any value of f , proton showers
can always be reasonably separated from Fe-DCC, with
merit factors above 97% in the whole interval of f . For
Fe showers, of course, as we approach the f = 1/3 frac-
tion, the separation power gets weaker. Fe-Central showers
are easier to separate from the Fe (all centralities) signals
only at small values of f , where the excess of muons at
ground is large enough to segregate the Fe-DCC popula-
tion. Fe-DCCs showers in which the first interaction pro-
duces a large amount of π0 are very poor in muons and
would also be easily recognized. However, even if DCCs
exist in nature, such large-f events are very unlikely to hap-
pen taken into account the distribution of Eq. (1).

4 Conclusions

In this paper, using air shower simulations, we searched
for fingerprints of DCCs formed in ultra-high-energy (E ∼
1019 eV) central iron collisions in the upper atmosphere. In

2. A fit to the binnedXmax×Nμ distribution provides (1.96±
0.13) × 10−6 g/cm2/muon.
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particular, we studied the influence of the DCC formation
on the observablesXmax andNμ, via the asymmetry in the
neutral-to-charged pion ratio in the primary collision.
Since DCCs are expected to be formed in central colli-
sions, which lead to smaller than average values of Xmax

(a difference of about 40 g/cm2 as compared to iron, for in-
stance), one should concentrate searches within this region
of shower depth. For the same reason, if DCC events are
present they should yield small fluctuations inXmax. How-
ever, based only on the behavior of this observable one can
not distinguish between an iron shower and a central colli-
sion and one produced in the presence of a DCC.
The formation of DCCs is associated with large event-by-
event fluctuations in the ratio of neutral to charged pions,
f . In particular, for f large or small as compared to 1/3,
one should expect a sizable change in the muon density on
the ground, especially for vertical showers. This fact was
noticed in the preliminary study of Ref. [14]. In the ex-
treme case of f = 0, where DCC events lead to muon-rich
showers, we showed that this signature distinguishes be-
tween the cases of iron (even for central collisions) and a
DCC event. For large f , one can also separate these two
cases due to the large depletion of muons on the ground.
Even in this case, the signature is not contaminated by pro-
ton events.
Even though the analysis presented here is very simplified,
it has the advantage of providing a setup that is totally un-
der control for simulations, and we believe it contains the
essential ingredients of the phenomena considered. Nev-
ertheless, a more realistic study, that should contain a de-
scription of the dynamics of DCC formation, especially its
dependence on energy, is certainly necessary.
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