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Abstract. A detailed study of the cores of extensive air showers (EAS) at mountain level (Tien-Shan 690
g/cm?) was carried out in the hybrid experiment HADRON. An analysis of the fine structure of the EAS spectrum
in the energy region10' — 107 (knee) showed that there are two breaks in the spectrum. Along with the
previously known break at an energy of 3 - 103 eV, a change in the slope of the EAS spectrum is observed at
an energy slightly below 10'7 eV. In addition the use of a large X-ray emulsion chamber (XREC) as a detector
of EAS cores allowed us to obtain several new results. An abnormal scaling violation in hadron spectra for
N, ~ 107 (Ey ~ 10'% V) means the existence of a penetrating component of non-nuclear origin. The conclusion
about the non-nuclear origin of the penetrating component in the primary radiation of CR is confirmed by the
data about the excess of muons in the EAS containing hadrons of maximum energies. It is assumed that the
mass composition of primary cosmic radiation varies sharply at energies of 10" — 10'° eV, where quasi-nuclei
(strangelets) appear instead of nuclei. A new model of the mass composition of cosmic rays in the region of
ultrahigh energies is proposed on this basis .

1 Introduction 10%

The power spectrum of the primary cosmic radiation ‘% #&

(PCR) has two specific areas, the so-called knee at ener- F; 1 ﬁ 4 #

gies of 103 — 10'® eV and the cutoff of the PCR spectrum - ;ﬁ W%

at energy ~ 10" — 10%° eV. Really we are dealing with ? ‘6+ T {

extensive air showers (EAS) deep in the atmosphere but E > ToNKA

not with CR. The primary energies of such showers are es- 7 + - Tt (QGSJET:HD)

timated by means of models of the nuclear cascade using ¢ TIEN-SHAN

some features of showers. Since Ej is a model dependent 10% & SAUSER

quantity, we will use the experimental value N, where pos- . . . .
15 16 7 19(E,) 18 19

sible. The EAS spectrum of N, in area of knee has two
rather sharp breaks at N, = 10% [1] and N, ~ 108 [2]. The
origins of these peculiarities of the spectrum are still not
clear but often the region between them is considered as
the region of the slope adjustment of individual spectra of
CR components from protons to iron.

The results of the spectrum measurements of several
experiments are shown in figure 1. All spectra are multi-
plied by E3, allowing to highlight more clearly the pres-
ence of inhomogeneities in the all particle spectrum.

The shape of the spectra is different at mountain al-
titudes and sea level. Figure 2 presents two possible
schemes of the EAS spectrum without taking into account
the scatter of the data of different experiments. Spectrum 1 1§ 6 g, 1
is for mountain levels (HADRON and GAMMA) and spec-
trum 1 for sea level. Figure 2. Schematic representation of the EAS spectrum. 1 -

The spatial resolution of XREC allows us to allocate mountain measurements, 1’ for sea level.
individual cascades of y—quanta (7° — 2y) and deter-
mine individual energies of y—quanta with energies above
2 TeV. For each cascade in XREC, the angles of arrival ©

Figure 1. The EAS spectra in different experiments. All spectra
are multiplied by Ej.
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and ¢ are determined. Cascades with the same angles are
*e-mail: serl01 @inbox.ru considered to belong to the same shower and are combined
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Figure 3. The integral spectra of x = E,/E, in intervals of N,
for gamma-families with ZE, > 10 TeV.
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Figure 4. The N, dependence of the slope < b > for the inte-
gral spectra N(> E,) in gamma-families with ZE, > 10 TeV.

Horizontal line - the model MQIn - < b >=1.9 +0.1.

into a y—family. The combination of events in XREC with
EAS [3] allows us to construct spectra for a given primary
energy and to compare spectra E, in different intervals of
primary energies Eqy (IV,).

The spectra of the most energetic y-quanta with E,, > 6
TeV are shown in figure 3 in different intervals of N, [4, 5].
It is the integral spectra of x > E, /Eq, where Ey = 2 - N,
GeV is simple and linear estimation of the EAS primary
energy. Representing the spectra of the variable "x" in-
stead of E, avoids them overlapping. The numbers in the
figure designate numbers of logarithmic intervals in the
range IgN, = 4.93 — 7.93 through AlgN, = 0.25 from
1 to 12. The y—quanta with energies more than 6 TeV are
absent in the interval at number 11, which is why this spec-
trum is missing. The N, dependence of the spectra slopes
"b" (N(> Ey) ~ E;)) are given in figure 4 compared with
the theoretical predictions of the model MQ1n [6].

Figure 3 indicates that the declination of the spectra
varies immediately behind the break of the EAS spectrum
at lgN, = 6.1, and such a correlation is unlikely to be
accidental. A N, dependence of the spectral index < b >
illustrates that a strong scaling violation takes place in con-
tradiction with model predictions and this violation has an
abnormal fashion. An abnormal scaling violation, because
of the weighting of cosmic rays in the knee area, would
have to lead to a softening of the spectra. The slope of the
spectra decreases in the range N, = 10°—107, i.e. the spec-
tra become more rigid and the hadron energy increases.
Such behavior clearly contradicts the scaling predictions
of model MQ1n [8]. By its characteristics, the MQ model
is close to the QGSJET (CORSICA) model, since both are
based on the quark-gluon string model [7]. The MQIn
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Figure 5. N, dependence of muon number < N, >.

model assumes the so-called normal mass composition of
the PCR with a proton fraction of 40% at an energy of
3-10" eV and the maximum possible scaling violation
due to nuclear effects. As follows from the calculations,
the slope of the model spectra practically does not change
in the knee region.

2 Discussion

Of particular interest is the coincidence of the region of
scaling violation and restructuring of the CR spectrum. It
means that the changes of the slope of the CR spectrum
at region N, = 10% — 10® should be associated with a
violation of scaling in the spectra of EAS hadrons. Let
us consider possible explanations for the behavior of the
hadronic spectra.

2.1 Change in the nuclear composition of CR

A significant increase in the hadron energy at N, ~ 107
means the manifestation of the penetrating component of
CR. Among the nuclei it can only be protons. However,
it is traditionally believed that the proton spectrum has a
break at N, = 10° and their contribution to the spectrum of
all particles at N, = 107 cannot be the main one. Spectrum
index "b" close to b ~ 1 can be explained if, at N, 107,
only protons are present in the CR. It is not possible to ex-
plain this situation through any transformation of nuclear
spectra.

Formally, the only option that can explain the observed
behavior of hadron spectra is as follows. The rigidity of
cutoff of the partial nuclear spectra due to their diffusion
from the Galaxy or limitation of energy acceleration is
R ~ 10 V. Then the CR spectrum break at N, ~ 10°
(Ep = 3 x 10" eV) corresponds to the break in the partial
spectrum of Fe nuclei. For some reason, at high energies, a
new nuclear component appears, first of all, protons, etc.,
to Fe nuclei at N, ~ 10% due to which the hadron spec-
tra are softened in the region N, = 107 — 10%. However,
this variant contradicts the data on muons obtained in the
HADRON experiment and shown in figure 5.

It shows the N, dependence of the number of muons
for all EAS and EAS with y-families. The EAS with +y-
families at ~ 70 —80% are generated by protons and there-
fore the number of muons should be less than the average
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Figure 6. The distributions of N, for different primary nuclei and
the same N,.

for all EAS. This expectation for a mixed nuclear compo-
sition of CR is indicated by a dotted line in the figure. The
experimental values are higher than the average.

Model distributions of muons in EAS generated by dif-
ferent primary nuclei for the same value of N, are shown
in figure 6 [9]. The values of N, for light nuclei (p, He)
have to be less than the average for all EAS at the same
N,. The discrepancy between the experimental data and
the model could not be eliminated within the framework
of nuclear cascades.

No nuclear composition can explain the simultaneous
generation of y-families and the shown excess of the num-
ber of muons. A prominent feature of nuclear cascades
is the following, namely, light nuclei generate y-rays of
high energies, but the number of muons in their EAS have
to be relatively low. On the contrary, EAS generated by
heavy nuclei should contain many more muons, but do not
contain virtually high-energy y-rays. Therefore EAS with
abnormal rigid y-ray spectra and, simultaneously, with a
maximal number of muons cannot be explained with tra-
ditional nuclear-cascade models. It remains to speculate,
that the area of knee is shaped by showers of an unknown
origin.

2.2 Changes in the characteristics of nuclear
cascades

The most naturally sharp form of the break in the EAS
spectrum at N, =~ 10 (Ey ~ 3 PeV) could be explained
by a change in the characteristics of nuclear cascades at
a given energy. But there is no model explaining this
change. In addition, at N, = 108, the slope of the hadron
spectrum returns to the previous or slightly larger values
of the slope, which can no longer be explained under this
hypothesis. Finally, there is no indication in the LHC data
of the possibility of any changes to the basic act.

2.3 A new component of CR?

If we assume the emergence of a new component in the
CR, as follows from the previous considerations, it must
be of a non-nuclear origin. Herewith particles in the CR
must be stable or metastable with cosmological lifetime of
7 ~ 10° years or more. There is only one such compo-
nent in theoretical predictions. It is the hypothetical quasi-
nuclei - strangelets [10]. Furthermore we assume that up to
N, = 10° CR consist of nuclei, above they consist mainly
of strangelets.

Concluding the discussion, we cannot but touch upon
the question of why the manifestations of strangelets are
not visible in other experiments. The reason apparently is
that the experiments with EAS are almost not registering
the core of the shower, and the periphery of the EAS is not
fundamentally different for nuclear showers and showers
formed by strangelets. First of all, this applies to classical
ground experiments with detectors of EAS located at large
distances from each other. In experiments recording fluo-
rescent light the spatial resolution does not allow to distin-
guish the contribution of the EAS cores. The most infor-
mative in this sense are hybrid experiments using XREC
as detector of cores. There are only three such experi-
ments [5, 11, 12]. Information about hadron spectra and
the number of muons was obtained only in the experiment
HADRON.

3 The properties of EAS formed by
strangelets

Stranglets are quark bags consisting of a large number of
u,d,s-quarks. The baryon number A (baryon charge) for
quarks is 1/3. For colorless baryons, which in particular
strangelets are, the baryon number is an integer. There-
fore, the value of A means the number of triplets of quarks.
At baryon numbers A > 103 particles of strange quark
matter (SQM) can be stable because of a more compact
Fermi-Dirac distribution for three quark flavors. In this
case, SQM is the basic state of matter. Unlike nuclei, the
stability of SQM increases with the baryon number A up to
the size of the star. There are three types of SQM: A < 10°
- unstable particles, 10> < A < 107 - stable positively
charged particles, A > 10 - stable neutral particles. Parti-
cles with 10® < A < 107 are called strangelets.

The charge of strangelets is positive, Z ~ 0.03 - A,
and on the boundary of a stability (A = 10%), the charge
Z =~ 30, which is comparable with the charge of the nu-
cleus Fe. The charge arises because of unequal concen-
trations of u,d,s quarks at small values of A. The amount
of the lightest u-quark is maximal, therefore an electric
charge of strangelets is positive and depends on its mass.
As A increases, the charge first increases and then de-
creases when approaching to A ~ 107. The quark concen-
trations are equalized with baryon number A. For A ~ 107
the concentrations of u,d,s quarks became equal and the
charge Z=0. Due to the charge distribution over a large
volume of the strangelet, it can reach values of Z = 1000.
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Figure 7. N, spectra of EAS and individual components of CR.

The properties of the interaction of strangelets with the
nuclei of air are qualitatively considered in [13] and partly
in [4], using the approach of Bjorken-McLerran [13].

Due to the Coulomb barrier, energy losses are mainly
due to the emission of neutral particles y,7° and n. Due
to the large cross-section of interaction and small coeffi-
cient of inelasticity, strangelets generate EAS resembling
nuclear EAS for the middle group of CNO nuclei [13].
But in some cases the increase in domestic strangeness, s,
can lead to instability and decay of strangelet to hundreds
of hyperons. Given these properties, we can imagine the
following model of the passage of strangelets through the
atmosphere.

The penetrating component of the EAS is formed as
a result of the decay of the least stable strangelets with A
around value A = 10* to hundreds of hyperons. This leads
to the appearance of rigid hadron spectra at N, ~ 107.
At N, ~ 108, the stability of strangelets increases so much
that their decays stop and the spectra of secondary hadrons
become softer [4], their slope increases to previous or sev-
eral large values.

The growth of N, in EAS is due to the increase in the
mass of strangelets, not the speed, and the growth of their
cross-section of interaction with the size. The spectrum of
N, is built according to the increase in the baryon number
A of strangelets. The cutoff of the CR spectrum corre-
sponds to A ~ 107 (N, = 10—~ 10" and Z = 0 and is due
the termination of acceleration of strangelets with Z=0.

Figure 7 shows the proposed CR spectrum. The ba-
sic statement is that above an energy of 10'7 eV the main
component of CR is strangelets (quasi-nuclei).

Model of strangelets in CR allows to solve a num-
ber problems in CR, existing for many years. In addi-
tion to the above discussed penetrating component and ex-
cess of muons, these are events of type Centauro [13, 14],
halo in y—families [15], alignment of energetic centers in
y—families [16], repeated fronts of EAS with large delays
of about 100 ns and more [17, 18].

The most reliable test of this model is the measure-
ment of the possible flow of strangelets in outer space for
energies Eg > 10'7 eV.

4 Conclusions

e The CR mass composition includes two different parts:
nuclei up to N, = 10° (Eg = 3 PeV) with A = 1 —56 and
then strangelets with A = 10° — 107.

o All CR have galactic origin and the same mechanism of
acceleration on the shock waves.

o Cutoff of the CR spectrum is determined by the zero
electric charge Z of strangelets at the maximum baryon
number A ~ 107,
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