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Abstract. The unfolding of the primary energy spectra from
size spectra measured by MAKET ANI installation is per-
formed. The nonparametric regression method was used for
estimation of energy of each detected shower. Simple method
of the unfolding of size spectra was introduced as robust al-
ternative to event-by-event analysis of EAS data. Both meth-
ods agree within experimental and methodical errors. The
ways to utilizea priori knowledge for physical inference are
discussed.

1 Introduction

The ”all charged particle” spectrum of Cosmic Rays (CR)
measured by surface arrays represents integrated information
on both primary CR flux in vicinities of Earth - information
for solving long standing problem of CR origin and accel-
eration - and on strong interaction of primary hadron with
atmosphere nucleus - at energies ant secondary phase space
that cannot be obtained on the modern colliders.

The aim of modern installations measuring Extensive air
Showers (EAS) such as KASCADE (Klages H. O., et al.,
1998) and ANI (ANI Collaboration, 1992) is to solve men-
tioned astrophysical and particle physics problems simulta-
neously. This ambitious goal requires measurement of the
different EAS components, sophisticated simulation programs
and adequate methods of multivariate statistical analysis.

We develop package of different multidimensional statis-
tical methods (Chilingarian A. A., 1998), especially for solv-
ing inverse problems in astroparticle data analysis. In present
paper we’ll demonstrate usage of one of the modes of ANI
package, namely adaptive nonparametric regression, for pri-
mary particle energy estimation. Simple unfolding method
is introduced for reconstruction of the energy spectra from
measured size spectra for different angles of incidence.
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2 Nonparametric Adaptive Regression

Usually, for experimental physics data analysis, the Like-
lihood Function cannot be written explicitly, and we deal
with implicit, nonparametric models, for which no paramet-
ric form of underlying distribution is known, or can be as-
sumed.

Nonparametric methods use much less stringent assump-
tions about population than those made in parametric statis-
tics. Usually the underlying population distribution is as-
sumed to be continuous only. Of course this assumption is
rather mild comparing with the very specific assumptions
made in parametric case.

Let us consider the stochastic mechanism that generates
the observationsvi, i = 1,Mexp in a multivariate feature
space -V, vi is one ofMexp d-dimensional vector of EAS
parameters measured experimentally.

We assume that observations are random and can be de-
scribed by some conditional probability density function de-
pending on the primary particle type and its energy. The fea-
ture spaceV covers possible acceptable values of EAS pa-
rameters including cuts on shower age and size,. . .

We don’t know full statistical description of how nature
produces EAS from incident particles, nor we have the pos-
sibility to use particle beams outside of the atmosphere to
calibrate the installations. That is why the total Monte-Carlo
simulation of the EAS development in the atmosphere and in
detectors is performed, including experimental data registra-
tion and handling for different primaries.

Usually the following parameters are used as inputs for a
Monte-Carlo simulation program:

– the primary type;

– the primary energy;

– the angle of incidence;

– the strong interaction mode (one of possible alterna-
tives).
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The set of correspondingd-dimensional vectorsui, i =
1,Mtr (training sets) obtained from simulations is an analog
of the experimentally measured values ofvi, but, unlike the
experimental data we exactly know the energy and type of
primary used in the simulations.

These labeled events includea priori information about
dynamics of the EAS development and registration with in-
herent fluctuations, as well as the information on the pri-
maries energy spectra. All statistical variability of events is
given in a nonparametric form of simulation trials.

The problem is how to assign the probability measure in
the primary particle parameters space. Which type of pri-
mary mass composition and energy spectra use in simula-
tions? The same question has to be answered concerning
the strong interaction model. The common answer to such a
question is to use statistical procedures, not to depend cru-
cially on the choice. Robust statistical procedures will de-
pend strongly on the experimental data and not very strongly
on particular type of the model, used for simulation.

Let’s assume that training sample(ui, Ej/A), i = 1,Mtr,
is generated according to the chosen energy spectrum,A− is
one of 5 primary nucleus used in simulation. The regression
model usually is presented in the following form:

Ei = fmodel(ui) + εi i = 1,Mtr (1)

wherefmodel represents the stochastic algorithm used in
simulation andεi are identically and independent distributed
random numbers with zero mean and finite variance.

We are interested in estimation of energy of the experi-
mental events:

Êj = fexp(vj) + εj j = 1,Mexp (2)

wherefexp represents the way nature used to generate EAS.
Consequentlyεj has unknown distribution.

After validation of the model, when we prove that at least
fmodel ∼ fexp, we can construct energy estimator exploiting
thea priori information contained in the training sample:

Êj =

∑Mtr

i=1 Ei K(Rmahi,j , h,Wi)∑Mtr

i=1 K(Rmahi,j , h,Wi)
j = 1,Mexp (3)

whereÊj− is the energy estimate of the j-th experimental
event,Ei− is the energy of the i-th event of training sam-
ple,Wi is the event weight, obtained according the particular
simulation scheme,h is the kernel width (parameter control-
ling the degree of the ”smoothness” of an estimate), and the
Mahalonobis distance is the measure of the ”closeness” of
experimental and simulated events in the measurement met-
ric space:

Rmahi,j =
√

(vj − ui)TΣ−1
i (vj − ui), (4)

whereΣi is the sampling covariance matrix of the class to
which ui belongs (different primaries will produce different
covariance matrices).

In present study we use the following form of the kernel
function:

K(Rmahi,j , h,Wi) = Wi·e−
Rmah
i,j
h , i = 1,Mtr, j = 1,Mexp.(5)

As usual, we made the adaptation of estimator (Chilingar-
ian A. A., 1989),calculating the energy for different values of
smoothing parameter h simultaneously, and taking the me-
dian of this sequence as final estimate.

3 Size Spectra Unfolding

We use very simple algorithm of unfolding that proceeds in
the following steps:1

1. Construct experimental integral size spectra in 5 angu-
lar bins (we divide experimental data to 5 independent
pieces to check that same size spectra intensities, mea-
sured at different zenith angles, are corresponding to the
one and the same primary energy, for details see figure
on pg. 46 of(Chilingarian A. A., Sokhoyan S.O. et.al.,
1999));

2. Perform full simulation of EAS and store shower pa-
rameters for each registered EAS;

3. Select 20 values of spectra intensities and perform con-
stant intensity cuts (CIC, (Nagano M. et al., 1984)), in
points(IiNe , i = 1, 20);

4. Determine 20 consequent values of shower sizes (for
each angular bin), corresponding to the each intensity
cut (N i

e, i = 1, 20);

5. For each obtained value ofN i
e consider all simulated

events withN j
e > N i

e, select corresponding values of
Ej and form 20 energy distributions;

6. Calculate the mode of each of this 20 distributionsEmodi ;

7. Produce the integral energy spectra(Emodi , IiE), pro-
ceeding from assumption(IiNe ≡ IiE) for each of 5 an-
gular intervals.

The simulated data used for the reconstruction of primary
energy spectrum were generated by the CORSIKA (Heck D.,
et al., 1998) code and QGSJet (Kalmykov N. N., Ostapchenko
S. S., Pavlov A. I., 1997) strong interaction model. Approx-
imately 27000 events, initiated by different primaries were
generated in2 · 1014− 2 · 1016 eV energy and0− 45◦ zenith
angle intervals. By changing the weights of each simulated
event it is possible to obtain reference data correspondent to
various assumptions about mass composition and partial en-
ergy spectra.

1In description of the algorithm we fix some parameters (number
of angular intervals -5, and number of constant intensity cuts - 20).
Of course, it is arbitrary choice and another selection is possible
depending only on number of experimental and simulated events
available
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In Figure 1 the integral spectra for 3 angular intervals are
presented. We reconstruct spectra separately for 3 indepen-
dent data files, corresponding to the different angles of inci-
dence. First of all, it is the check of uniformity of installa-
tion operation and angular resolution. Reconstructed energy
spectra in contrast to size spectra must be isotropy, in a way
we can see in the upper picture. In the bottom picture, where
3 spectra are artificially shifted from each other, we can de-
tect the similarity of spectra shapes and good agreement in
fitted values of spectra slopes and knee positions.

In Figure 2 the comparison of the energy spectra obtained
by methods is presented. Obtained spectra slopes before and
after knee and knee position could be considered as prelimi-
nary. The multiple comparisons of experimental and alterna-
tive simulation data, along with different statistical analysis
methods are now performing for producing final estimates.

4 Discussion

For the first time we present the integral energy spectra ob-
tained with MAKET ANI data (for details on the installa-
tion layout and data analysis methodology see ANI work-
shop proceedings (Chilingarian A.A.,Rebel H., Roth M., Za-
zyan M.Z., 1998; Chilingarian A.A., Haungs A., Rebel H.,
Sanosyan Kh.N, 2000) and rappporteur talk (Stanev T., 1999)).

We use the method of estimation of the individual energy
of each registered shower by kernel regression function, and
- unfolding of the size spectra, to produce the energy spectra.
As one can see in Figure 2, the results of both methods are
in good agreement with each other. and with energy spec-
tra. Obtained values of spectra slopes and knee position also
agree with values reported by KASCADE collaboration in
Salt Lake City (Chilingarian A. A., Roth M., Vardanyan A.
A. et al., 1999).

For both methods the simulations were used for weighted
averaging of simulated energies in ”nearest neighborhood”
of experimental event (according to equations 3-5 of section
2), and for the calculation of the energy distributions modes
corresponding to the showe ”cutted” sizes (steps 5 and 6 in
algorithm description in section 3).

Unfortunately, the realistic simulation of detector response
is still underway (we plan to check the response function of
installation registration channels by a special calibration ex-
periment). Therefore, we are obliged to increase the detector
threshold up toNe = 2 ·105, corresponding toE0 ∼ 2 ·1014.
For this threshold the shower registration efficiency is ap-
proaching 100%. Consequently for producing energy spec-
tra we use only9 · 105 events instead of2.3 · 106 available.
Also we didn’t use the shower age parameter, that proved to
be very useful both for energy and primary type estimation
on mountain altitudes (Chilingarian A. A., Ter-Antonyan S.,
Vardanyan A. A., et al., 1998).

The main goal of the development of the new methods
of energy spectra reconstruction is to prove that thea pri-
ory assumptions on the partial energy spectra of different
primaries used in simulation didn’t influence the estimated
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Fig. 1. Integral energy spectra in 3 angular intervals obtained by
unfolding of the size spectra
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Fig. 2. Comparison of integral energy spectra obtained by methods
of nonparametric regression and unfolding of size spectra

spectra characteristics (slopes and knee position) crucially.
I.e. we have to allow the experimental data to ”speak for
themselves”, and avoid the ”dictate” ofa priory knowledge
accumulated in the theoretical models. That is why we ap-
ply the robust methods of spectra unfolding along with the
more precise and simulation dependent method of nonpara-
metric regression. Good agreement of spectra characteristics,
obtained by both methods prove the soundness of our ap-
proach. In addition we plan to perform multiple calculations
of spectra using different theoretical models, changing the
reference partial spectra and mass composition used in sim-
ulations. We also plan to use alternative methods of spectra
unfolding, based on calculation of the multidimensional ”er-



96

ror matrix” (Vardanyan A.A, 2000 ) and Bayesian adaptation
(D’Agostini G., 1999).
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