
HllAEKC 3'<t9 

;rdlrt. 
EPEBAHCKM~ ~H3HYECKHA HHCTMTYT 

@ 
Preprint YERPHI-1345(40)-91 

br'l:i'lULt' !bN21'4USI' f'"LUSl'Sn"s 
EPEBAHCKHPI COH3Vl4EC~VIPI VIHCTVITYT 

YEREVAN PHYSICS INSTITUTE 

-

-------------------=----.--------.--..,_.-------------~ -- --======--=-==========· 

( 

A.A.CHILINGARIAN, H.Z.ZAZIAN 

PARTICLE BEAM EXPERIMENTS IN COSMIC RAYS. 

STRONG INTERACTION PARAMETERS DETERMINATION' 

BY STATISTICAL PATTERN RECOGNITION 

PM . 
liP&':WI - 1991 
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3KCilEP11MEHTH C fl)'t{KAMH qACTHU B KOCMHqECKHX Jl)'t{AX. 
OnPEt!EJIEHHE IlAPAMETPOB CKJlbHHX B3A11MOtlE~CTBH~ METOtlAMH 

TEOPHH PACil03HABAH~ OEPA30B . 

B pa6oTe npeAJIO*eH H0TOA COBH0CTHOro aHan113a HOAeJlbHl::IX 11 

3KCnep11MeHT8JlbHblX A8HHblX B HHOroMepHOM npocTpaHCTBe 113Hep~eMl::IX 

npl13H8KOB IIIA1l, no3BOJl~IOl!lHR, nyreM pemeHl1~ o6paTHOR 38Aaq11, 

onpeAenl1Tb COPT 11 3Hepr1110 neps11qHoR qaCT11UN 11 OU0Hl1Tb HeKOTOPNe 

napaMeTPN B38HMOAeRCTB11~ npoTOHOB 11 ~AeP c ~AP8M11 aTOMOB 

eo3Ayxa. B qacTHOCTK, o6cYlK.llaeTc~ ao3MO*HOCTb oueHKl1 Heynpyroro 

ceqeH11~ B38KMOAeRCTBl1~ npOTOHOB c aTbHaMK B03AYlCa 11 

K03qici>11u11eHTOB HeynpyrocTK B PA-s3a11110AeRcTB11~x. 3TM pe_3YnbTaTN, 

. nonyqe,Ht1Ne c noMOIJlblO aHaJ1113a MOA0JlbHblX Billt50poK, no3BO Jl ~IOT 

HaAe~TbC~ Ha .To, qTo B03MO*Ha nocTaHOBKa aHanora MKWeHHOr o 

3KCnePHM0HTa B. KOCM11qeCKMX nyqax 11 11ccneaoaaH11e xapaKTep11c T11 K 

PA- 11 AA-e3a11110AeRcTBMR B 06nacT11 3HeprKR 10 15-l0
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1 . INTRODUCTION 

In the cosmic ray physics the main technique of solving 

the incorrect problem of determination of initial physical 

parameters (such as mass composition and energy spectrum of 

strong interaction characteristics, 

measurable EAS characteristics is the direct 

etc.) 

problem 

by the 

solution 

with detailed simulation of the traversal of the atmosphere and 

the experimental installation by PCR with a following 

comparison of the . multivariat~ simulation and experimental 

data. Actually, an algorithm is constructed, which describes 

EAS de~elopment and registration of its different components on 

the ob$ervation level, which is based on a certain model of the 

process investigated, i.e. ~he set of the parameters that 

characterize the PCR fiux and interaction of hadrons and nuclei " 

with th~ air nuclei. 

By simulations with different models and comparing the 

experimental and model data, a class of models is selected, 

which describes the experimental data satisfactorily. Such a n 

approach · allows us to discard a certain class -of 

rt_ satisfactory models, but the available experimental dat a do · 

not all.ow one to s~lect the only model among the many proposed, · 

as the mass composition and energy spectrum of PCR and t he 
·-characteristics of hadron-nucleus interactions at E>lOOOTeV are 

unknown. So, our task was to divide the problem of model 

selection into separate stages. First we determine the type of 

the primary nucleus, the~ the energy, and after that, having 

· obtained the proton: and nu~lear "beams· with a known energy_, we 

coneider the pbssibility of estimating the parameters of t ~ 
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first interaction. 

A method based .on t~e statistical pattern recognition is 

proposed in Refs.[l-3], which allows us to determine the type 
. ' 

of the primary particle with an efficiency of N70-801 and · .. ~ . . 

estimate its energy with an accuracy of N251 for each 

individual event, this allowing us to carry out experiments 

with cosmic-ray particle beams of certain type and energy and 

study the hadron-nuclear interactions at 

energies. 

In this work is investigated the third 

program - estimation of some parameters of 

superaccelerator 

stage of 
I 

hadron-nuclear 

interactions, provided the type and energy of the primaries are 

known. in particular, the possibility of estimating the 

inelastic cross section of interaction of protons with air 

nuclei and the PA interaction inelasticity coefficients is 

considered. 

' 2. DETERMINAT~ON OF THE TYPE AND ESTIMATION OF THE ENERGY 

OF PRIMARY PARTICLE 

The method of EAS classification by the multivariate 

features is described in details in Refs.[1,2]. The parameters 

used at event simulation are also presented. The classification 

method is baaed on the Bayes decision rules w{th 

non-parametric estimation of . the multivariat e probability 

.density -function, which provide a C011Plete acc ount of a priori 

information obtained by si111Ulation. 

The events were classified by the tota l number o.f 

electrons Ne and muons Nµ with E
1
,,>56eV . To test the · influerice 

of strong interaction para11eters on t;fle resu lts of the event 

classification, we iliYeetigated the correl a t ion of . the total 

l1Ullbe1" of electrons and muons wi th the total nwlber of charged 
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hadrons Nch' the mean transverse momentum 

energy I)::ch of the charged hadrons produced 

s~rong interaction, the first interaction 

<Pt>ch' the total 

in the first act of 

depth z, and the 

i~itial energy E0 . Table 
T 

presents the corresponding 

correlation coefficients. As is seen from Tabl e 1, N and N e µ 
.not practically correlate with Nch' <Pt> c h' z and are in 

strong dependence with the initial energy E0 and I)::ch' 

As far as N arid N are ma i nl y determined by 
- e µ 

t hird-fourth-generation hadrons, the energy of which 

comparab le with that of modern accelerators· where 

do 

a 

the 

.is 

the 

char ac terist ics of strong interactions are studied well, then, 

by event selection in a narrow energy range (e .g., over Ne and 

N ), one may expect that the effect of the chosen model of 
µ . 

strong interactions in the superaccelerator energy range on the 

results of classification by different nuclear gr oups wi ll be 

weak. The Bayes error matrix 1•10
5

>N >2•10
5 

is gi ven below: e 

p 

CNO 

H 

VH 

p 

0.798 

0.127 

0 .072 

0.034 

CHO 

0 .102 

0.688 

0 .113 

0.090 

H 

0.067 

0.105 

0.691 

0 .150 

VH 

0.033 

0.080 

0 .124 

0.726 

The diagonal elements of this matrix show the probability for a 

correct classification of the events that correspond to four 

nuclear groups: P, CNO, H, VH (the protons and a-partic les are 

included in a group). The non-diagonal elements show the 

misclassification probability. It is seen, that the event 

classification accuracy is 70-801, this giving us a hope for a 

reliable selection of the events initiated by a ce•tai n primary 

from the total number of the showers registered. 

Note that in this work the simulated showers have been 
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generated at zenith angles 0~6~45°, and the event selection in 

a narrow interval of zenith angles can improve the efficiency 

of classification. 

The strong correlation of N and N with 
e µ the initial 

energy allows one to estimate, according to these EAS 

characteristics, the primary particle energy for the events 

related to one of the nuclear groups. It is shown in Ref.[3], 

that the non-patametric regression method [4] permits· to 

estimate the primary particle energy with an accuracy of· H25%. 

This method is based on the simple fact, that the events that 

are close in a metrics in the space of the features measured, 

have similar initial parameters (e.g.~ energy). 

The events were simulated for primary protons and nuclei 

with A~24, the initial energy being uniformly simulated within 
4 

~he range of 100~E0~10 TeV. 

An analog of an experimental data (control sample) was 

obtained by employing the method of [1,2] to the simulated 

showers generated according to the model of quark-gluon strings 

·[5], in an assumption of a mixed composition and a PGwer-law 

energy spectrum of PCR [6]. Below are presented the relative 

r.m.s. errors of estimation of the energy of the 

"pseudoexperimental" events initiated by the protons and nuclei 

with A>24, as well as the volume.a of the simulation and control 

samples, by which the energy was estimated. 

6 

<N > 110
5 

0.66±0.196 1.404±0.281 2.716±0.534 9.758±1.079 
e 

<N >110
3 

2.74±0.258 3.839±0.335 5.881±0.667 14.545±1.01 
µ 

p 
NTS 864 913 484 402 

Np 439 465 256 216 
exp 

CKOP, % 20 24.3 25 25 

A 
NTS 377 - 357 184 128 

NA 184 ·225 102 73 
exp 

CKOA, % 10 .1 10.6 9.7 10.6 

Note that the non-parametric regression method is, in fact, a 

generalization of the classification method in the occasion of 

an infinite number of classes that differ by the continuously 

varying parameters (energy, cross section of interaction, mean 

multiplicity, etc.). Thus, making use of the methods based on 

the·statistical pattern re.cognition, we can determine, with a 

good accuracy, the type and energy of the primaries, regardless 

the model of strong interactions, this giving us a hope for 

studying the different components of EAS to turn to the 

investigation of the character ist"ics of hadron-nuclear 

interactions at superaccelerator energies. 

3 •. THE POSSIBILITY OF INVESTIGATION OF THE STRONG INTERACT ION 

PARAMETERS BY THE DATA FROM EXPERIMENTAL COMPLEXE~ 

Having the purpose to investigate the poss ~ ility of 

determination of the parameters of the strong in .~raction of 

the protons with the air nuclei by the.data from experimental 
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complexes (provided, that the type and energy of the primary 

particle are determ i ned), we simu l ated showers initiated by 

primary protons with E0=1000TeV and calculated the coefficients 

of correlation of different measurable features of the shower 

with the parameters of the first interaction. The following 

parameters of the first interaction were cons i dered: z-depth ; 

Nch-the number of charged hadrons; IFch-the total energy of 

charged hadrons; IF h - the total energy of charged hadrons , c -p 

excluding the protons; IFchrr- the energy of charged pions ; 

<Pt > ch-the mean transverse momentum of the charged hadrons. 

Table 2 presents t ·he coe ff i cients of the correlation · of 

these parameters of the f i rst interaction with N and N and 
µ . e 

with the momenta of the spatial and energy distribution 

functions of the muons wi th E ~200GeV (the average distance to µ 
t he s hower core <R >, the µ 
of the spat i al and energy 

Tab le 2, that N and N 
e µ 

mean muon energy <E >, the var i ance 
µ 

d istr i butions c~,E). It follows f r om 

correlat e quite strongly wi th the 

energy cha racteristics of the fir s t interact i on (I)::ch' IFch-p' 
IFchn ), and 
hi gh~ener.gy 

t he 

muons 

spat ia l 

depend 

d i stribut i on 

on the depth 

functions of 

z of the 

the 

first 

interaction. This is also-affirmed by :Figs.1-4 which show the 

scattering diagrams of the parameters of the f i rst interaction 

and of the EAS characteristics measured. Thus, the ine lasticity 

coefficients can be est i mated by N and N . The depth 
e µ 

first i nteraction and hence, the cross section 

of 

of 

the 

t he 

i nteract i on of protons with the air nuclei can be determined by 

t he shape of the spatial d i str i bution of high-energy muons. 

The statistical independence of these EAS characteristics 

on the other parameters of the first interaction, as is seen 

f rom Table 2, indicates a certain model independence of •"the 

estimation of t he cor r esponding va lues. 

In th is paper the method of non-parametric regression is 

used to est i mate the inelast ic i ty coefficient s and the 
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inelastic cross section of the protons interaction with the air 

atom nuclei at E0=1000TeV. In'this method 

analysis is each individual event 

the object of the 

(a poi nt in the 

multidimensional space of the features measured ) . 

As far as both the hadron-nucleus interaction and the 

nuclear-electron cascade development in the atmosphere have a 

probabilistic character, then each individual event 

correspond with a certain probability to any model, and 

task of the analysis is to select the most probable model 

each event, according to the measured characteristics; 

may 

the 

for 

When generating showers · of higher than 100TeV particles, 

the model parameters of strong interaction , such as mean 

multiplicity, the cross section, the mean transverse momentum, 

the inelasticity coefficient .• were uniformly simulated in a 

wide interval. At energies lower than 100TeV, the simulation 

was performed according to the quark-gluon string model. Note, 

that with variation of the mean multiplicity at a.fixed energy 

the inclusive spectrum is also changed. Thus, we get a bank of 

possible models. The simulated events correspond to different 

models, and all the events 'enter the model bank with equa l 

probability. 

Further, to test the technique stated, we chose the 

probletn of the primary proton "beam• interaction with the 

atmosphere. The proton energy was simulated using 

distribution with a mean energy of 1000TeV and a 20S 

a nor ma l 

variance . 

The EAS were further simulated using the characteristics of a 

definite model from the bank of possible models. 

For each control event x there were determined it~ nearest 

neighbors from the bank of possible models (3 to 7 ~eighbors) 

in the apace of the prechoaen best EAS cha ct eristics. 

Naturally, for each particular problem these c haracteristics 

will be different. The corresponding characteristics of the 

"firat interaction are defined ae 
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K 

~(x) =.I:: CiE[i](x), 
l=l 

I: Ci =1 , 

where K is the number of the nearest neighbors, E[i] is the 

value of the characteristics of the interaction (path, 

irielasticity coefficient, etc.) of that model event, which is 

the i-th nearest neighbor of the experimental event x. The 

weight coefficients c. are inversely proportional to the 
l 

distance. 

such formulation of the problem al°lows us to estimate the 

accuracy of the method used, as far as we forget, for a while, 

about the characteristics put into a definite model, then, 

after their reco'nstruction, we calcufate the distribution of 

relative errors. 

The results of the simulations as well as the values of 

the relevant param~ters of the strong interaction of the 

protons with the air nuclei, which were used in the control 

shower simulation, are presented in Table 3. It is seen from 

Table 3, that the true and the estimated values of the mean 

path and the inelasticity coefficients are in a good agreement. 

The comparison of the true and estimated integral 

distributions of the depth of the first interaction is shown in 

Fig.5. It is seen, that these· distributions coincide within the 

statistical errors, although the estimated distribution is 

somewhat steeper. Fig.6 shows the distribution of the relative 

errors of the inelasticity .coefficient esti~ation: 

= {'n:"est _ on:-tr} ~tr 
D U-ch U-ch / U-ch • 

As is seen from Fig.6, the estimate of the inelasticity 

co~fficient is not biased, and the accuracy of measurement of . 
Ken in each individual event is N35Z .. 

Thus, the results of the simulation show, that by the 

· c~aracteristics of the electron-photon and muon components of 
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EAS, one can estimate with a good accuracy the inelastic cross 

section and the inelasticity coefficients of the proton-nuclear 

interactions at superaccelerator energies. 

Note, that the obtained tesults are not based on using a 

certain strong-interaction model with fixed parameters (at 

superaccelerator energies). 

4 • CONCLUSION 

The proposed approach of combined analysis of simulated 

and experimental data, which is based on the methods developed 

in the frames of the statistical pattern recognition allows us 

to find the unique model from the bank of possible models, as 
I 

.~el 1 as: 

a) to determine with 70-80% efficiency the type of the 

primary and to estimate its energy with an accuYacy of N25Z. 

The results of classification are practically independent of 

the parameters of the hadron-nuclear interactions at 

superaccelerator energiesi 

b) to obtain model-independent estimates of some 

parameters of the strong interaction at superaccelerator 

energies by the characteristics of the electron-photon and the 

muon component of EAS. 

The authors are grateful to A.M.Dunaevsky for 

collaboratfon in creation of new methods of simul'a ted and 
I 

experimental data analysis, to E.A.MamiJanian for inter est in 

~hie work. 
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N 

N 

Table 1 

The coefficients of the coTTelation of N and N 
e µ 

with the fiTst in~eTaction paTameteTs. 

Nch 

0.076 

0.270 

IF ch 

0.650 

0.830 

z 

0.230 

-0.029 

Table 2 

<Pt> ch 

0.035 

0.047 

E 
0 

0.830 

0.910 

The coefficients of the coTTelation of the fiTst inteTaction 

with the values measuTed 

Nch IF ch IFch-p IFchn z <Pt> ch 

<R > 0.167 -0.145 
µ -0.087 -0.08-4 -0.615 0.056. 

{ 0.150 -0.100 -0.052 -0.0-49 -0.590 0.012 

<E > 0.035 -0.044 µ -0.011 -0.006 -0.210 0.042 

0:: 0.030 0.040 0.053 0.057 -0.120 0.032 

N 0.076 0.652 e 0.549 0.537 0.230 0.035 

N 0.270 0.831 µ 0.735 0713 -0.029 0.0-47 

Table 3 

The tTue and estimated values of the mean path and 

inelast·icity coefficient• 

tTue estim 

<E Ech> 612 ± .5 628.3 ± 15.9 

<J; Ech-p 411 ± 9 421 ± 12 

<t Echn 361 ± 3 368 ± 12.3 

<Z> 55.-4 2.4 52.7 ± 3.2 

12 

z ( g/cm2 ) 

300 

* It 

* * 
It * * 230~ It 

* * 
**-

* 
It 

• 
* * * ***** ** * * 

** * * * * 
lsoi.- * * * ** 

* * ** ** * * 
* * *** ** * 

*** * * * * 
* ** ** * * * 

* **** * It * 
* ** * * ** * * 

** *** **** * * * 
* * ** * ** * * * 

001- ** *** ** ** * * * 
* ** **** *** It * 

* ****** *** * * * 
** *** ******* * * * * 
* ****** *** **** * ** 

* .** ***** ******* *** *** 
* *********** **** **** **** * 

*** ********'****** ** *** ** * *** ********* ******** **** ** *** * * d- *** * *** ******* ***** *** * ** * * * *** * 
5 15 25 35 <R > ( m) 

µ 

Fig.l The aveTage distance to the showeT core fOT the muons 

with E>200GeV as a function of the fTee path. 
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Fig.6 The inelasticity coefficient estimation relative error 

repetition histogram. 
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