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Search for disoriented chiral condensate in cosmicg-hadron families

C. R. A. Augusto,1 S. L. C. Barroso,2 V. Kopenkin,1,3 M. Moriya,4 C. E. Navia,1

and E. H. Shibuya2
1Instituto de Fı´sica, Universidade Federal Fluminense, 24210-340, Nitero´i, Rio de Janeiro, Brazil
2Instituto de Fı´sica, Universidade Estadual de Campinas,13081-970, Campinas, Sa˜o Paulo, Brazil

3Institute of Nuclear Physics, Moscow State University, Moscow, Russia
4Department of Physics, Tokyo Institute of Technology, Tokyo 152, Japan

~Received 5 June 1998; published 14 January 1999!

We present a systematic study of the large asymmetries in neutral pion fraction distribution in high energy
cosmic ray families (100 TeV,Ev is,700 TeV) detected at high mountain altitudes at Pamir~4300 m, 595
g/cm2). With this in mind we have constructed robust observables, ratios of factorial moments, in experimental
and simulated families in a similar way. We have found that our experimental data do not exclude the
possibility of a DCC formation mechanism in high energy interactions.@S0556-2821~99!06901-5#

PACS number~s!: 96.40.De, 13.85.Tp
tio
o
a

fa
ch

le
y
e

on
le
e
as

hic
po

va
fo

er
be

e
re
e
ig
ar
ol
it

be
ip
e
e

ilit

n
w

ex-

ions
de-

rac-
ntal

tua-
ble
ys-

ax
Cs
-
Ana-
wn

in

i-
of
s by
ring
s.
of

1991
ith
-

1.
lop-
cas-
he
the
mir

ble

ne
ful
I. INTRODUCTION

The study of hadron interactions through the observa
of g-hadron families produced by cosmic rays in the atm
sphere and detected in emulsion chambers at mountain
tudes provides information on new phenomena in the
forward region at superhigh energies still not very mu
explored by current experiments with colliders.

When a particle of primary cosmic radiation, for examp
a proton, enters the atmosphere, it dissipates its energ
several successive interactions with atmospheric nuclei. S
ondary particles originate in these successive interacti
forming an extensive air shower. The high energy partic
~hadrons, electrons, and photons! are concentrated very clos
to the shower core and arrive at the observational level
group of showers, called theg-hadron family.

Emulsion chambers are electron shower detectors w
are widely used in the mountain experiments of large ex
sure at Chacaltaya, the Pamirs, Mt Fuji, and Kambala@1#.
The emulsion chamber is particularly suitable for obser
tion of high energy electromagnetic components, called
simplicity gamma rays hereafter. The details of the exp
mental setup of the Pamir experiment are very well descri
in Refs.@2,3#.

The characteristics of secondary particles~mostly pions
and gamma rays! in a family are strongly dependent on th
mechanism of nuclear interaction in the fragmentation
gion. Because of the high energy detection threshold in
periments with emulsion chambers, the investigation of h
energy interactions is essentially limited to the projectile p
ticle fragmentation region. This situation is opposite to c
lider experiments where secondary particles emitted w
small angles in the far-forward region of collision cannot
detected because they have gone inside the collider p
Also the triggers used in most of the cases are sensitive
sentially to inelastic nondiffractive parts of events observ
in the central region.

Recently there has been growing interest in the possib
of producting a disoriented chiral condensate~DCC! in high
energy collisions@4#. This hypothesis gives one explanatio
for the peculiar events with large isospin fluctuations kno
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as Centauro and anti-Centauro-type events in cosmic ray
periments@5#.

In most of the cases the successive nuclear interact
and the stochastic electromagnetic processes in a family
velopment in the atmosphere smear out the original cha
teristics of pions and the differences between experime
and simulated generic families cannot be seen easily.

In spite of complicated stochastic processes and fluc
tions in family development in the atmosphere, it is possi
to observe some family characteristics through special s
tematic analysis.

On the other hand, to analyze data from the MiniM
experiment, for which the main goal is the search for DC
at the Fermilab Tevatron collider@6#, there have been pro
posed special parameters, so-called robust observables.
lytical and Monte Carlo simulation calculations have sho
that these quantities are sensitive to the DCC admixture
the pion multiple production mechanism.

In order to see a possible DCC signature ing-hadron
families the algorithm of MiniMax is applied to both exper
mental and artificial generic families only after reduction
degradation effects by electromagnetic cascade processe
using the decascading procedure and after the jet-cluste
procedure that relates to the nuclear interaction processe

We use experimental data from thick lead chambers
homogeneous structure exposed at the Pamirs in 1977–
@2,3#. These data give us a chance for a broad study w
high accuracy of theg-hadron families, especially their had
ron component. The chamber thickness~40–110 cm Pb! is
large enough to make the detection probability close to
Also the chamber design enables us to see the full deve
ment of electron showers generated through the nuclear
cade of incoming hadron from the top of the chamber till t
large depths at the bottom. However, in order to increase
experimental statistics we use also families detected in Pa
experiment carbon chambers@7#.

The present analysis is based on 139 families with visi
energySEv is5SEg1SEh(g) above 100 TeV and until 700
TeV, found in;780 m2 yr of exposure.

We have shown that to find the peculiarities in the fi
structure of the families it is necessary to perform a care
©1999 The American Physical Society01-1
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systematic analysis with full use of such appropriate para
eters as the robust observables.

II. SEMICLASSIC INTERPRETATION
OF DCC FORMATION

Basically, the formation of a DCC in one hadronic col
sion can be explained within the semiclassic frame ands
model@4,8# using a fireball shell production mechanism. In
hadron collision fireball with massMX can be formed in the
leading particle region. The fireball is initially small in siz
and it can expand to a big macroscopic volume (R<5 fm!.
The interior of the fireball cools quickly before the hadron
zation starts. Under these circumstances the fireball inte
region can be characterized by a state of a different vacu
The chiral orientation of the vacuum leans from the origin
direction, to the new one~DCC formation!. This vacuum
relaxes to the original direction again emitting pions, go
erned by the following distribution

dN

d f
5

1

2Af
, ~1!

where f 5Np0 /(Np01Np6), not by a binomial one.
At the tevatron energy (As51800 GeV! overlapping with

the energy of cosmic ray families the spontaneous prod
tion rate of a DCC is estimated as 24% on average for
leading particle region@8#. For the whole inelastic channe
this value is less than 5%.
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The production rate of DCCs can be linked to the form
tion of exotic families, for example clean families of th
Centauro type. As was mentioned above, the small spo
neous production rate of DCCs does not allow a direct c
relation with the observed large fraction of about 20% of t
hadron-rich families@9#. In other words, exotic families can
not be interpreted as a simple extrapolation of the w
known collision characteristics from accelerator experimen

So we expect that the production rate of DCCs can hav
significant increase. For example, there is the possibility
DCCs to be induced by a strong electromagnetic field, un
certain circumstances described in@10#.

III. ROBUST OBSERVABLES AND DCC FORMATION

It has been shown in@6# that there are robust observabl
with sensitivity to DCC admixture in particle multiple pro
duction. The robust observables are constructed through
ratio of factorial momenta sensitive to the distributionp( f ),
wheref is the fraction of produced neutral pions. The robu
observables can be expressed as

r i ,15
Fi ,1

Fi 11,0
, ~2!

with
Fi , j5
^nch~nch21!•••~nch2 i 11!ng~ng21!•••~ng2 j 11!&

^nch&
i^ng& j

. ~3!
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If the p( f ) distribution is governed by a binomial distr
bution and peaked atf ;1/3, then standard pion multipl
production is observed, which is also called generic p
production. In this case for all indexesi>1 and j 51 we
have the following relation:

r i ,1~generic!51. ~4!

If the f distribution has the form ofp( f )51/(2Af ), then it is
connected to DCC formation in the semiclassical limit a
the robust observables are expressed as

r i ,1~DCC!5
1

i 11
. ~5!

Increasing the order of the moments becomes more sens
to DCC formation. If there are peculiar clusters of pions w
large asymmetries in the neutral pion fraction distributio
then it can be reflected in values of the robust observab
Thus, statistically significant values ofr i ,1 below 1 can be an
indication of events with DCC formation overlaying gene
events.
n

ive

,
s.

However, to estimate the efficiency of these algorithms
the sensitivity of DCC admixture taking into account th
experimental bias, a Monte Carlo calculation is inevitab
The effect of an admixture of DCC onr i ,1 values in generic
PYHTIA events in the MiniMax calorimeter is summarized
Fig. 1.

IV. MONTE CARLO GENERIC FAMILIES

For the generation of generic Monte Carlo families
(;1000) we used a hybrid Monte Carlo code that consists
the following parts. The first part is a superposition model
describes the number of wounded nucleons in a nucleus
collision and takes into account the fragmentation proces
This method has been presented in@11#. The second part is
the hadron-hadron, nucleon-nucleon, and pion-nucleon c
sion. They are described on the basis of the algorith
GENCL and DIFFR for nondiffractive and single diffractive
mechanisms, respectively, and reported by the UA5 Gr
@12#. The other necessary assumptions for the generation
family in air are very well described in@13,14#. An experi-
1-2
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SEARCH FOR DISORIENTED CHIRAL CONDENSATE IN . . . PHYSICAL REVIEW D 59 054001
mental bias in both the thick lead chamber and carbon ch
ber has been taken into account in simulation calculati
@15#.

V. ROBUST OBSERVABLES
IN GAMMA-HADRON FAMILIES

A. Main characteristics of gamma-hadron families

First of all let us see two important characteristics of e
perimentalg-hadron families detected at a large atmosphe
depth. They can be easily examined in artificial familie
where all interactions of particles can be traced and loca
from their initial point until the observational level.

The first characteristic is the height of the family ma
interaction, that is, the one contributing most for the o
served family energy. To detect the family the main inter
tion should happen not far above the chamber level.

The second characteristic is the type of primary parti
that initiates family. Since the atmospheric depth in t
Pamir experiment is very large~595 g/cm2), only light nu-
clei and especially protons are expected to induce fam
that can be detected at the Pamirs level. Protons are the
to have a high probability of penetration deep into the atm
sphere.

Figure 2 shows the distribution of the chemical compo
tion of the nuclei in the primary cosmic radiation used
input and the distribution of the composition of the nuc
inducing the families with energy(Ev is.100 TeV observed
as output. We can see in this illustration that fraction
families originated by heavy nuclei are strongly suppres
at the observational level.

Figure 3 shows the height distribution for the family ma
interaction at the Pamir level. We can see that;40% of
families have a main interaction height under 1.0 km. B
sides,;70% of families haveHmain under 2.0 km. Here
only protons were considered as primary particles.

From this analysis some general characteristics of
families can be derived.

FIG. 1. Effect on the robust observablesr i ,1 , of an admixture of
DCC in generic Phytia events as is expected in the MiniMax ca
rimeter.
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~a! Most of the families observed by emulsion chambe
at mountain altitudes such as the Pamirs are induced by
tons. It means that the atmosphere plays the role of filter
heavy components. So most of the particles detected in
form of family come from proton primaries at the top of th
atmosphere, almost irrespectively to the primary partic
abundance.

~b! In spite of the fact that the degradation and fluctu
tions in family development in the atmosphere are large,
majority of families have a low height of their main intera
tion. This characteristic is a consequence of~a!.

B. Procedure of jet construction

We are going to examine the pattern of energy flow
individual families through the picture of jets. The stream
energy in the air cascade is represented by jets produce
the nuclear interactions. The purpose of this analysis is to
back to the main interaction and to the primary particle,
reveal the structure of the cascade complex that gives ris
the family.

We have constructed jets in experiment and simula
families in a similar way, from the level of individual show

-

FIG. 2. Distribution of the chemical primary cosmic ray com
position in the simulation at Pamir level: solid line, input; an
dashed line, output.

FIG. 3. Main interaction-height distribution at the Pamir leve
for families with visible energies above 100 TeV.
1-3
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C. R. A. AUGUSTOet al. PHYSICAL REVIEW D 59 054001
ers observed in the x-ray film as gamma and hadron show
to gamma clusters and then jet clusters. To construct
energy flow pattern representing the main stream of ene
in a family we make the following steps@16#.

~1! Decascading of gamma showers to clusters with
rameterZdec511.0 TeV mm@1#. With this procedure it is
possible to trace back the atmospheric electromagnetic
cade processes for reconstruction of the original gam
quanta at the point of their production.

~2! Jet clustering of all showers, clusters, hadrons, a
gammas with parameterZjet5200 TeV mm; this procedure
is related to the nuclear interaction processes@1#.

~3! Normalizing jet energy by setting the thresholdf min
50.04 for their fractional energyf 5Ej /Etot .

The parametersZdec and Zjet reflect the average trans
verse momentum in electromagnetic and strong interact
with the assumption of an efficient height of family produ
tion as 1 km; so the unit TeV mm is equivalent to MeV km
A certain presumed value off min50.04 was chosen to omi
low energy showers. In these terms the intervalEtot is de-
fined asEmin5 f minEtot . In this way the number of jets
n8(. f min) will have some of the original features of th
parent nuclear interaction.

In our definition a jet does not always mean production
the parent atmospheric interaction, but includes succes
interactions in the atmosphere by hadrons from parent in
actions. As can be seen, jet analysis eliminates the prob
of the identification of showers as of gamma or hadron ori
in their consideration since they include both groups equa

C. Jet picture

To review the average picture of jets in cosmic ray fam
lies we show their basic characteristics on jet energyEjet ,
transverse momentumEjetRjet and multiplicity n8. Figure 4
presents the scatter plot onEjet-Rjet correlation of all experi-
mental and simulated jets.Rj is the distance from the family
energy weighted center andEjet stands for the jet energy

FIG. 4. Correlation diagram of the energy of jetEjet and dis-
tance of jetRjet from the family center: open circles, experimen
dots, simulation.
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The average spread of the jet cluster^EjetRjet& is about 1000
TeV mm. This will correspond to minijets in events of th
collider experiment. We can see agreement between sim
tion and experiment represented by dots, and open cir
respectively. Figure 5 gives the correlation on multiplicityn8
of jets with f 8.0.04 and average value of^EjetRjet& in a
family. We recognize families of a large spread for smalln8
and for largen8 as well. They can be produced either b
successive interaction or due to high transverse moment

D. Leading jet

Now we are going to examine the picture of the leadi
jet that in the pattern of atmospheric nuclear electromagn
cascade represents the main stream of energy flow. In
analysis to trace the family back the leading jet is close to
initial stage of family development, its main interaction. Fi

FIG. 5. Correlation diagram of the number of rejuvenated
clustersn8( f 8.0.04) and average valuêEjetRjet& in a family:
open circles, experiment; dots, simulation.

FIG. 6. Integral energy spectrum of all jets after jet clusteri
procedure: open circles, experiment; triangles, simulation.
1-4
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SEARCH FOR DISORIENTED CHIRAL CONDENSATE IN . . . PHYSICAL REVIEW D 59 054001
ure 6 gives the normalized energy spectrum of all jets
integral form. The spectrum of experimental jets~open
circles! and simulated jets~solid triangles! is well reproduced
by a power law. High energy jets reflect the primary ene
spectrum of cosmic ray hadrons. Families from experim
and simulation agree well and show that the jets we h
constructed are close to the origin of the family. The ene
fraction carried by the leading jet will show a signature
primary particle origin and surviving nucleon in interactio
Figure 7 gives the distribution of leading jet fractional e
ergy f 85Elead /Etot in experiment~open circles! and simu-
lation ~proton simulation, solid line; heavy simulation
dashed line!. The valuef 8.0.5 corresponds to the familie
with a clear energy center. The rest of the distribution sho
families with several energy centers. There is clear ag
ment between experiment and simulation based on the
mary proton dominant composition hypothesis.

Proton primary families show a substantially large nu
ber of families with a clear energy center. If 100% of fam
lies were of heavy origin, then the distribution would have
absence of collimated energy concentration as we can se
Fig. 7 as the dashed line.

E. Robust observables

Let us use the robust observablesr i , j in the analysis of the
particle distribution inside leading jets in experiment a
simulation. We take into account gamma and hadron sh
ers inside of each leading jet. This heuristic systematic st
through the extraction of the robust observables ing-hadron
families allows us to see the possible formation of clust
with large asymmetries in the pion neutral fraction as is
pected under the assumption of DCC formation in the m
interaction of the family.

Figures 8, 9, and 10 summarize the situation where
robust observablesr 1,1, r 2,1, and r 3,1 are shown, respec
tively, as a function of the leading jet energy. The absol
values ofr i ,1 are decreasing with increasing energy of t
jets and the order of momentsi. With increasing order of the
robust observables the difference between experiment

FIG. 7. Distribution of the leading jet energy fractionf
5Ejet /Etot : open circles, experiment; solid line, proton simulatio
dashed line, heavy simulation.
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simulation becomes clearer. Experimental values ofr i ,1 far
below 1 can be an indication of events with DCC formati
overlaying generic events.

From the last three figures we can see that the rob
observablesr i ,1 in artificial families are close to 1, which
corresponds to the absence of the neutral pion fraction as
metry. Fluctuations are due to statistics in our simulation

The experimental average values ofr 3,1 that are most sen
sitive to DCC formation are below 1, but by less than
standard deviation. However, the 95% confidence interva
the average experimental value ofr 3,1 does not exceed 1, a
one can see in Table. I.

A further increase of experimental statistics will give
better clarification of the possible evidence of DCC form
tion in high energy interactions.

VI. SUMMARY AND CONCLUSIONS

In this analysis the ratio of factorial moments~robust ob-
servables,r i ,1) is studied ing-hadron families generated b

FIG. 8. The robust observabler 1,1 as a function of the visible
leading jet energy: triangles, experiment; squares, simulation.

FIG. 9. The robust observabler 2,1 as a function of the visible
leading jet energy: triangles, experiment; squares, simulation.
1-5
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C. R. A. AUGUSTOet al. PHYSICAL REVIEW D 59 054001
cosmic ray interactions in the atmosphere and observe
780 m2 yr of exposure of x-ray emulsion chambers at t
Pamirs. In our consideration of families we studied the m
pattern of energy flow represented by jets. The object je
derived from the parent interaction of primary particles th
initiates family development after interaction with a
nucleus. We can conclude that the general characteristic
cosmic ray families are compatible with predictions based
the UA5 simulation.

The results of a systematic analysis of generic fami
detected at large atmospheric depth show that most of
families originate by protons. In spite of the fact that t
family is the result of repeated complex processes, it is p
sible to obtain information on the main interaction and
study the peculiarities in the fine structure of families.

It is found that experimental families do not exclude t
possibility of the existence of peculiar clusters with lar
asymmetries in the neutral pion fraction distribution.

The results shown above can be examined under the
pothesis that there can be a transformation of far-forw
reaction products, formed in the beam fragmentation reg
into a very high mass system and its subsequent evolutio
a disoriented chiral condensate.

It could be the main reason to explain the absence of D
generation in collider experiments at the energy of the co
sion compatible with the one of cosmic ray families.

We would like to note that this result is in agreement w

FIG. 10. The robust observabler 3,1 as a function of the visible
leading jet energy: triangles, experiment; circles, simulation.
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a previous analysis@9# carried out on the basis of Chacaltay
and Pamir experimental carbon chamber data. It has b
shown that there is large fraction of experimental famil
(;20%) with exotic characteristics exceeding the one
pected from simulation with an ordinary pion multiple pr
duction mechanism.

We are expecting that the existence of these peculiar
cesses in the far-forward angular region of cosmic ray h
ron interactions can be confirmed in the next generation
accelerator experiments such as the Large Hadron Coll
~LHC! at CERN and Relativistic Heavy Ion Collider~RHIC!
at BNL, as well as D0 and Collider Detector at Fermila
~CDF! at Fermilab after upgrade of their detectors. After th
we can hope to find out a definite answer to the followi
questions:

~a! Can the DCC domain be produced in hadron co
sions?~b! If so, are we capable of detecting them?~c! Are
Centauro species the result of a consequent DCC dom
formation process?
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TABLE I. Experimental statistics and 95% confidence interv
of the averager 3,1.

Jet energy~TeV! r 3,1 Number 95% confidence interva

50 0.48644 78 ~0.38,0.58!
100 0.45641 61 ~0.38,0.55!
200 0.43640 30 ~0.28,0.58!
300 0.47649 10 ~0.12,0.82!
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