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Abstract: It is shown that lateral features of most energetic particles in young EAS cores are independent of average
transverse momentum, 〈pt〉, of secondary particles in hadron-air nucleus interactions but strongly determined by depen-
dence of transverse momentum on xLab at 0.02 � xLab � 0.20, i.e, in the fragmentation range of secondary particle
generation. Average xLab- and x2

Lab-weighted pt-dependent parameters are calculated in different xLab intervals. Pa-
rameters are proposed to characterize interaction model features related to lateral dimension of γ-ray families.
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1 Introduction

At energies E � 1011 eV of particles of primary cosmic
radiation (PCR), all the astrophysical experiments, which
exploit ground-based arrays, must simulate air cascade de-
velopment. A number of models of hadron-air nucleus in-
teractions with different features were proposed. However,
the best one is not chosen yet. Models used by the popu-
lar CORSIKA package are mainly tuned by using sea-level
EAS data. As a rule, high-mountain EAS data and X-ray
emulsion chamber (XREC) results are not taken into ac-
count. Study of superhigh-energy cosmic rays using XREC
techniques to detect so-called γ-ray−hadron (γ-h) fami-
lies, i.e., groups of EAS-core high-energy (E � 4 TeV)
particles (γ, e±, h), seems to be more sensitive to inter-
action model variations. Moreover, the dominant part of
γ-ray families is produced by PCR protons that decreases
uncertainties related to the vague PCR mass composition.
So, data on γ-ray families can give some information which
could be useful to determine parameters of models.
Formation of γ-ray families is a complicated process. Al-
though their lateral features depend on different parame-
ters, just the transverse momentum, pt, is undoubtedly a
factor of great importance in this case. However, it seems
that the lateral features relate to pt values in the fragmen-
tation range but not to the average value, 〈pt〉, calculated
over particles in the whole kinematic range.
Thus, it is very important to study in detail lateral features
of γ-ray families in light of existence of some pt(xLab)
correlation in any model to make the comparison of models
more reliable and informative.

Simulation of γ-ray families were made with use of PCR-
spectrum particles with energies E0 ≥ 1015 eV for an ob-
servation level of the Pamir experiment (4370 m a.s.l.).
Families analyzed in Sect. 2 with no simulation of mea-
surement procedure were selected for consideration with
the following criteria: γ-ray multiplicity is Nγ ≥ 4, dis-
tance from the event center is Rγ ≤ 15 cm, energy is
Eγ ≥ 4 TeV; summary energy is

∑
Eγ = 100 − 400

TeV. The average energy of PCR protons producing such
families is 〈Ep

0 〉 � 1016 eV. So, just this energy value is
selected as a bench mark for consideration of interactions.
As is well known, EAS main characteristics (Xmax, e.g.)
are determined by features of the first interaction of PCR
particle. Let us assume that features of γ-ray families are
mainly determined by the first interaction as well and at-
tempt to search for correlations between doubly averaged1

radius, 〈Rp

γ〉, of proton-initiated γ-ray families (EAS-
core’s most energetic particles) and pt-dependent param-
eters, P (pt), at Ep

0 = 1016 eV.
Comparison with experimental data is made in Sect. 3 with
accounting for XREC response.

2 pt(xLab) dependence and features of γ-ray
families

MC0 [1], FANSY/QGSJ 1.0 [2, 3], FANSY/QGSJ 1.01
models as well as CORSIKA’s QGSJET 01, QGSJET II,

1. Double averaging of a parameter means that at first stage
averaging is made over particles of each separate event. At the
second stage, the found values are averaged over all events.
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Figure 1: Model charged-particle pt(xLab) dependencies
in p-air interactions at E0Lab = 1016 eV.

SYBILL 2.1, EPOS 1.99 models are below used. MC0 is a
QGS/QCD/minijet-based model and close in simulation re-
sults to QGSJET 01. FANSY 1.0 and FANSY 1.01 include
four versions (QGSJ, feeble, weak, strong) [2, 3]. The first
version is only discussed in this paper.
Fig. 1 shows a significant difference between charged-
particle pt(xLab) dependencies realized by models in p-air
interactions at E0Lab = 1016 eV. The FANSY/QGSJ 1.0
and 1.01 models differ only in behavior of pt(xLab) depen-
dence at 0.01 � xLab � 0.5. Thus comparison of their
results must show the direct influence of this factor.
Let us search for some quantitative pt-dependent parame-
ters which could characterize model lateral features of γ-
ray families more understandable. Obviously, contribution
of particles with larger xLab values into the cascade’s trans-
verse evolution is higher than contribution of low-xLab

particles. So, some analysis of average xLab- and x2
Lab-

weighted pt-dependent values suggests itself.
The average transverse momentum 〈pt〉 is routinely calcu-
lated for N charged particles generated in the whole kine-
matic range particles, 0 ≤ xLab i ≤ 1, in all interactions:

〈pt〉 =
N∑

i=1

pti/N (1)

Let us define two types of xLab- and x2
Lab-weighted

pt-dependent parameters calculated with including parti-
cles generated in ”truncated” kinematic ranges, xmin ≤
xLab ≤ xmax.

Px xmin−xmax
=

N∑

i=1

ptixLab i/
N∑

i=1

xLab i, (2)

Px2 xmin−xmax
=

N∑

i=1

ptix
2
Lab i/

N∑

i=1

x2
Lab i. (3)

Special cases are possible. For example, xLab- and x2
Lab-

weighted parameters Px 0−1 and Px2 0−1 are found by us-
ing the whole kinematic range, 0 ≤ xLab ≤ 1.
Parameters Px 0−.5 and Px2 0−.5 are calculated with con-
sidering a limited kinematic range, xLab ≤ 0.5, to exclude
the fluctuating contribution of the most energetic particle.
Parameters (2) and (3) are calculated in different ”truncat-
ed” kinematic ranges at xmin = 0.01 − 0.07 and xmax =
0.20 − 0.50. Non-zero xmin values are used to exclude
the contribution of lowest-energy particles, which give the
main contribution into calculated parameters but do not in-
fluence on real cascade development.
Let us search for correlations between 〈Rp

γ〉 of γ-ray fami-
lies and pt-dependent parameters as Y = m · X + const.
Here m is found by the least-squares method for rela-
tive variables X and Y defined for any model as X =
Pmodel/P FANSY 1.01, Y = 〈Rp

γ〉model/〈R
p

γ〉FANSY 1.01. The
determinancy coefficient, r2, is additionally calculated.
Obviously, the ideal case would be m = 1 at r2 = 1.
Figure 2 shows dependence of 〈Rp

γ〉 on charged-particle
〈pt〉 (Eq. (1)) at E0 = 1016 eV in p-air interactions for each
of models. The scatter in 〈Rp

γ〉 values is obviously much
more than that in 〈pt〉 values and undoubtedly depends on
general pt(xLab) behaviour at 0.01 � xLab � 0.5 (see Fig.
1). In this case m = 1.99±1.26 at r2 = 0.33, i.e., no some
understandable correlation is found in this case. So, the
traditional variable 〈pt〉 is not concerned with the average
radius of γ-ray families generally and 〈Rp

γ〉 in particular.

Figure 3 shows dependence of model 〈Rp

γ〉 values on (a)
Px 0−1 (m = 2.03± 1.05 at r2 = 0.43), (b) Px2 0−1 (m =
0.05± 0.97 at r2 = 0.001) at 0 ≤ xLab ≤ 1.
Figure 4 displays dependence of model 〈Rp

γ〉 values on (a)
Px 0−0.5 (m = 0.62 ± 0.29 at r2 = 0.47), (b) Px2 0−0.5

(m = 0.72 ± 0.96 at r2 = 0.10) at 0 ≤ xLab ≤ 0.5.
r2 values are very low. So no understandable correlation is
found in both these cases as well.
Analysis of truncated parameters for different xmin and
xmax gives different results for used intervals. The gen-
eral trend shows a correlation amplification during xmin

approaching to 0.02 and xmax approaching to 0.20− 0.25.
However, this relates to all the models excluding QGSJET
II that deviates from the common trend. It could be pos-
sibly explained by a specific combination of different fac-
tors (cross section σinel, inelasticity coefficient Kinel, xLab

spectra of secondary particles etc.) in this model and re-
quires some additional analysis. Therefore the m value
is below calculated for a part of models, i.e., MC0, FAN-
SY 1.0, FANSY 1.01, QGSJET 01, SYBILL 2.1, EPOS
1.99, and denoted mtr. To illustrate results, let us restric-
t ourselves to events satisfying rather strict conditions of
mtr ≤ 1.20 and r2 ≥ 0.97.
Figure 5 shows correlation of 〈Rp

γ〉 with (a) Px 0.06−0.20

(mtr = 1.17 ± 0.10 at r2 = 0.97) and (b) Px 0.07−0.20

(mtr = 1.14± 0.09 at r2 = 0.97).
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Figure 2: Dependence of 〈Rp

γ〉 on charged-hadron average
transverse momentum, 〈pt〉 (Eq.(1)) at E0Lab = 1016 eV
in p-air interactions for each of models.

Figure 3: Dependence of 〈Rp

γ〉 on (a) Px 0−1, (b) Px2 0−1

at 0 ≤ xLab ≤ 1
.

Figure 6 shows correlation of 〈Rp

γ〉 with (a) Px2 0.03−0.20

(mtr = 1.20 ± 0.11 at r2 = 0.97) and (b) Px2 0.06−0.20

(mtr = 1.15± 0.10 at r2 = 0.97).
Dotted lines on figures are drawn by hand to illustrate more
or less evident trends.
Let us stress the difference in FANSY 1.0 and 1.01’s data
as these two models differ only in one parameter, namely,
pt(xLab) dependence at 0.01 � xLab � 0.5.

Figure 4: Dependence of 〈Rp

γ〉 on (a) Px 0−0.5,
(b) Px2 0−0.5 at 0 ≤ xLab ≤ 0.5

.

3 Comparison with experimental data

It was shown that accounting for XREC response and
measurement procedures results in some increase of 〈Rγ〉
so that the ratio of observable and true values is R =
〈Rγ〉obs/〈Rγ〉true = 1.15 ± 0.06 [5] or R = 1.13 ± 0.06
[6]. Thus we must compare simulated and experimental
data with taking this response into account. Pamir’s exper-
imental value, 〈Rγ〉exp, is 23± 0.6 mm [7].
Families observed in XRECs are initiated by different PCR
nuclei. Figure 7 shows correlation between corrected mod-
el 〈Rγ〉all values for all-nuclei-initiated γ-ray families with∑

Eγ = 100 − 400 TeV and Px 0.05−0.50. The Pamir’s
〈Rγ〉exp value is shown by shadowed area including statis-
tical errors.
One can see that FANSY 1.01, MC0, EPOS 1.99 and
QGSJET 01 models give more or less reasonable 〈Rγ〉 val-
ues. QGSJET II, SYBILL 2.1 and especially FANSY 1.0
models give too high 〈Rγ〉 values.
A clear and understandable trend (shown by dotted line) of
model points is demonstrated by MC0, FANSY 1.0, FAN-
SY 1.01, QGSJET 01, SYBILL 2.1, EPOS 1.99 models
while QGSJET II point deviates from the general trend.
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Figure 5: Dependence of 〈Rp

γ〉 on (a) Px 0.06−0.20 and
(b) Px 0.07−0.20.

4 Conclusion

High-mountain XREC experimental data on high-energy
γ-ray families present a good chance to test hadron-air nu-
cleus interaction models at E0 � 1015 eV.
The pt(xLab) dependence in the fragmentation kinematic
range at 0.02 � xLab � 0.2 is very important as it deter-
mines lateral features of young EAS core at the initial stage
of EAS development and, in such a way, influences on the
derivable value of primary particle mass.
Average transverse momentum, 〈pt〉, is not related to lat-
eral features of EAS core high-energy particles. xLab- and
x2
Lab-weighted pt-dependent parameters defined in ”trun-

cated” xLab ranges by Eqs. (2) and (3) seem to be most
adequate.
FANSY 1.01, MC0, EPOS 1.99 and QGSJET 01 model-
s give more or less reasonable 〈Rγ〉 values. QGSJET II,
SYBILL 2.1 and FANSY 1.0 give too high 〈Rγ〉 values.
All the models (excluding QGSJET II) show understand-
able 〈Rp

γ〉 dependence on parameters found by Eqs. (2)
and (3). QGSJET II deviates from the general trend.
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