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STUDY OF THE PRIMARY COSMIC RAY COMPOSITION IN
THE KNEE REGION WITH EAS-TOP AND MACRO

EAS-TOP and MACRO Collaborations INFN/AE-97/46
23 Luglio 1997

ABSTRACT
The rigidity dependent model of the cosmic ray composition at the “knee” is checked by means of the
combined EAS-TOP and MACRO data at the Gran Sasso laboratories. Different hadron interaction
models provide consistent results with both the muon multiplicity and with the correlated electron and
TeV muon data from the two experiments.

INTRODUCTION

The combined measurements of the e.m. component of EAS at the surface and of the high energy
muons recorded in deep underground laboratories allow studies of both the cosmic ray primary com-
position and the interaction models used to interpret the data. Such measurements are performed by
the EAS-TOP and MACRO detectors at the Gran Sasso Laboratories. EAS-TOP is the EAS array
(enclosed area A; = 10° m?, sensitive area A, = 350 m?) measuring the shower size (total number of
charged particles V) at 2000 m a.s.l., while MACRO samples the number of muons (/V,) at a mini-
mum rock depth of 3100 m w.e. (4, = 6 x 140 m?, Efj‘:l .3 TeV). The two detectors are separated by
1100—1300 m of rock and located at a relative zenith angle of ~ 30°. Details on the detectors and on
their performances and on the analysis of a first sample of coincident data have been presented else-
where (EAS-TOP and MACRO, 1990, 1993, 1994, 1995). In the present note we present an analysis
of the muon multiplicity distributions in different intervals of shower size (below and above the knee)
to test the Peters - Zatsepin rigidity dependent model of the knee (Ex(Z)=Z-E(1)), as e.g. predicted by
the rigidity dependent leakage effect from the Galaxy (Peters, 1959 and Zatsepin et al., 1962). Hadron
interaction models based on different physical principles are used.

THE DATA

From the technical point of view, we want to stress the combined reconstruction capabilities of the two
detectors. They are outlined in Fig. 1 where the differences in the projected arrival directions between
the EAS (time-of-flight-technique) and muons (tracking technique) are shown. The distribution widths
are compatible with the resolutions of both detectors (~ 1° each), while the mean values don’t show
any systematic effect at a level < 0.05°. Concerning the physics results, coincident events are selected
in the range in which the shower size can be reconstructed by EAS-TOP. Data have been collected
during 347.8 live days for a total number of 7889 events in the useful angular window. The number
of recorded events is 1310 for N. > 2.2 - 10° and 226 for N, > 7 - 10° i.e. the size of the knee as
observed at 30° (EAS-TOP collab., 1995), corresponding to about 2200 TeV for primary protons.

RESULTS AND CONCLUSIONS

The results are compared with simulations based on the HEMAS (Forti et al., 1990) and DPMIJET
(Battistoni et al., 1995 and Ranft, 1995) codes. Full descriptions of the detectors are included follow-
ing the GEANT code (Brun et al., 1984). In the HEMAS code the interaction model is obtained by
the parametrization of the UAS experimental results at the SPS collider. The DPMIJET code is based
on the two component Dual Parton Model including the mini—jet production as predicted by the low-
est order perturbative QCD, and is therefore a theoretically inspired model. An extrapolation of the
low energy data is used for the primary composition (see Table 1), with different hypotheses about
the knee: at constant primary energy (Ex(Z)=E(1)=2200 TeV), and at atomic number scaling ener-
gies (Ex(Z)=Z-Ex(1)), and Ay = —0.5. The value of Ei(1) is chosen to reproduce the observed size
spectrum, assuming that it is dominated by the lightest mass component.
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Fig. 1: Distributions of the projected angular difference between the EAS and muon arrival directions
measured respectively by EAS-TOP and MACRO.

Table 1: Parameters of the differential spectra dN/dE =K - (E/GeV)™" of the nuclear components
of the composition model used.

Mass group K (m? s sr GeV/nucleus)™ 41 Einee (GeV) 72

P 5.57 - 10* 2.86 2.2 - 10° 3.36
He 9.15-10° 2.68 4.4-.10° 3.18
CNO 1.18 - 10° 2.56 1.5-107 3.06
Mg-Si 1.35-10° 2.63 2.6 -107 3.13
Fe 1.46 - 103 2.63 5.7-107 3.13

The N, — N, relation for both composition models and interaction codes is shown in Fig. 2.
Most significant are the muon multiplicity distributions obtained for shower sizes below and above
the knee of the measured size spectrum, and are shown in Figs. 3 and 4. The high multiplicity tail of
the muon number distribution is better reproduced by a composition becoming heavier above the knee,
as predicted by the rigidity dependent break, for both interaction models. It is interesting to remark
that the DPMJET model solves the systematic deviation of the first point in the N, — N,, plot shown in
Fig. 2 (relative to &~ 100 TeV primaries). The measurement concerns the average muon multiplicity

< N] det - in fixed size windows and is therefore largely independent of the assumed primary spec-
tra (see paper HE 1.2.24 in these proceedings). This means that for higher primary energies (> 1000
TeV, where secondary production at low z becomes relevant for the TeV muon yield) both models
describe the experimental rates; at lower energies (< 100 TeV, where the fragmentation region is dom-
inant) the DPMJET model is more adequate. A recent work (J. Knapp et al., 1996), aiming to compare
different interaction models, confirms that around the knee energy the predictions for TeV muons ex-
hibit differences within 10%. We want also to point out that, qualitatively, the relative difference in
the shapes of the muon multiplicity distributions for the two hypotheses about the nature of the knee
is only marginally dependent on the details of the chosen input spectra, for a wide class of reasonable
mixed compositions. Thus the data support a primary composition becoming heavier above the knee,
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Fig. 2: Correlation between < N, ;fe‘ > and <LogoN. >: comparison between different knee hypothe-

ses (left) and different interaction models (right).

in agreement with the rigidity-dependent model of the knee. We also notice how the analysis of the
underground muon fluxes as a function of multiplicity, performed by MACRO alone (Ambrosio et al.,
1995 and 1996), is consistent with a rigidity dependent knee. This was first proposed in the frame of
the rigidity dependent leakage effect from the Galaxy (P-Z), but other processes can as well be re-
sponsible. Different hadron interaction models provide consistent results; this aspect will be further

investigated.
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Fig. 3: Measured and expected integral distribution of detected muon multiplicity, for 5.35< LogioN.
< 5.85 (left), and LogioNe > 5.85 (right): comparison between different knee hypotheses.
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Fig. 4: Measured and expected integral distribution of detected muon multiplicity, for 5.35< LogioNe
< 5.85 (left), and Log1oN. > 5.85 (right): comparison between different interaction models.
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ABSTRACT

The measurement of TeV muons in deep underground laboratories and of the e.m. component at the
surface allows checks of the hadron interaction models and of the propagation codes used in EAS ex-
periments in a primary energy range 10-50 TeV in which the primary spectra are measured by direct
experiments. First results of such measurements between MACRO and EAS-TOP at the Gran Sasso
laboratory, providing significant constraints on secondary production cross section in the forward re-
gion (zr >0.2) in this energy range, are here reported. This provides a unique link between the EAS
and the cosmic ray direct experiments.

INTRODUCTION

Combined measurements of the e.m. component of EAS at the surface and of the high energy muons
detected deep underground are performed by the EAS-TOP and MACRO detectors at the Gran Sasso
Laboratories. EAS-TOP is the EAS array (internal area A; = 10° m?, sensitive area A, = 350 m?)
measuring the e.m. shower size at 2000 m a.s.l. (810 g cm™2), while MACRO samples the number of
muons (/N,,) at a minimum depth of 3100 m w.e. (A, = 6 x 140 m?, Eff‘=1.3 TeV). The two detectors
are separated by 1100-1300 m of rock and are located at a relative zenith angle of ~ 30°. Details
on the detectors and on their performances and the analysis of a first sample of coincident data have
been presented elsewhere (EAS-TOP and MACRO, 1990, 1993, 1994, 1995). Concerning the physics
results, two classes of events are selected: high energy coincidence events and low energy triggers.
For the first class (Eo > 100200 TeV) full reconstructions are available from both experiments.
They are analysed in terms of primary composition, as presented also in these proceedings (EAS-TOP
and MACRO, 1997). In the second class, the trigger is provided by at least a muon track in MACRO
pointing to a fiducial area (6.7 -10% m?) well internal to the EAS-TOP edges. The analysis is performed
in terms of the rates of the number N of detectors fired in EAS-TOP. If N<4, EAS-TOP does not
provide trigger, and we define the event as an “anti—coincidence”. These events cover a primary energy
range from approximately 2 TeV to a few tens of TeV. For N>4, the energy range of interest becomes
intermediate between the anti—coincidences and the high energy triggers. No shower reconstruction is
performed by EAS-TOP for N< 7. In the energy intervals covered by the anti-coincidences and low—
energy coincidences, the primary spectrum and composition are directly investigated by experiments
at the top of the atmosphere or in outer space. It is therefore possible to use these sets of data as an
input to test the predictions of different models for the EAS development. In this paper we report the
results of a first comparison, where two different interaction models have been tested: 1) In HEMAS
(Forti et al., 1990) the basic interaction model is obtained by a proper parametrization of experimental
results obtained at accelerators. The nuclear projectiles are treated in the framework of the “semi—
superposition model” with the NUCLIB code (Engel et al., 1992). 2) In HEMAS-DPMIET (Battistoni
et al., 1995) the shower code of HEMAS is now interfaced to the DPMIJET (Ranft, 1995) interaction
model. In contrast to the philosophy of the original HEMAS, this is a theoretically inspired model. It
is based on the two component Dual Parton Model, including also the mini—jet production as predicted
by the lowest order perturbative QCD.

THE SET OF EXPERIMENTAL DATA
For this first analysis of anti-coincidences and low energy triggers, we have used a sample of data
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Table 1: Number of experimental detected events for the different trigger classification.

No. of hit modules No. of detected events Corrected live time (days)

<4 6515 153.68
4 204 140.44
3 182 140.44
6 142 140.44

>7 876 140.44

collected in the period ranging from May 3rd 1993 to September 6th 1994. For the coincidence anal-
ysis the data taking corresponds to 140.44 days of operation, taking into account also the dead time of
both acquisition systems. We define in the muon event as seen by MACRO a center of gravity of the
muon tracks at the level of the floor of the underground laboratory. The event is accepted if the back-
extrapolation of the centroid coordinates up to the EAS-TOP height fall inside an a priori defined fidu-
cial area in the central and denser part of the EAS-TOP array. Then, if EAS-TOP had a trigger within
the time coincidence window, the event is classified according to the number of fired modules. The
number of coincidence events thus defined in the considered time period is 1404. Instead, if no trigger
with N> 4 is provided by EAS-TOP, the event is considered as an “anti—coincidence”. After a statisti-
cal correction for the dead—time (which acts in opposite ways for coincidences and anti-coincidences),
the live time for anti—coincidences is 153.68 days, with 6515 events found. In Table 1 the classification
of experimental data is summarized.

MONTE CARLO SIMULATION

The simulation has been performed in the restricted solid angle region useful for the low-energy analy-
sis already described above. All codes use the same muon transport code PROPMU (Lipari and Stanev,
1992). For each Monte Carlo we have generated 5 different mass groups (H, He, CNO, Mg and Fe)
with a continuous spectrum, for a corresponding live time of 100 (1000) days below (above) 200 TeV.
The generated events have been folded with the detector simulation. A full GEANT (Brunet al., 1984)
for the MACRO detector is invoked. For each MACRO event having at least one reconstructed muon,
the shower core at EAS-TOP height is recalculated, the trigger simulation is activated and the selec-
tion in the fiducial area inside EAS-TOP is applied. At present, both HEMAS and HEMAS-DPMIJET
have only uni-dimensional simulation of the e.m. shower size, so that a lateral distribution has to be
added a posteriori. In order to do that, considering that EAS-TOP fits the experimental density distri-
bution using the NKG function, we sample a random value of the effective age parameter distribution
of the experimental data. The trigger simulation takes into account the non—poissonian fluctuations
of the number of particles hitting the detector modules, as obtained from experimental data, together
with ADC response, including the possible saturation. In order to test the accuracy and reliability of
the trigger simulation, a detailed cross—check of the procedure here described has been performed by
means of more refined methods. The CORSIKA code (Capdevielle et al., 1992) interfaced to EGS
(Nelson et al., 1985) has been used to simulate the 3—dimensional e.m. size distribution for different
primary energies. Its output has been processed by means of a full GEANT simulation of the EAS-TOP
detector. The ratio of the trigger efficiency for N>4 calculated with the two methods as a function of
primary energy has been used to estimate the contribution of trigger simulation to the systematic error
of the Monte Carlo predictions: typically, 7% for protons and 15% for He.

ANALYSIS AND RESULTS

As already introduced before, our aim is to look for the differences in the different interaction models.
Therefore, we have chosen a priori to make use of the results of direct measurements to establish the
preferred input spectra and composition. In particular, we use single power law fits to the fluxes of H
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Table 2: Comparison between the measured number of events with N modules fired in EAS—TOP (trig-
gered by a muon in MACRO) and the expectations from two interaction models.

No. of EAS-TOP N <4 4<N<6 N>6 N>0
modules fired Antic. Low En. Coinc. High En. Coinc. Total
Exp. Data 4239 376 624 5239
DPMIET Int. Mod. 3502 314 560 4378
HEMAS Int. Mod. 2729 324 600 3653

Table 3: Comparison between the measured average detected muon multiplicity for the anti—
coincidence events and the expectations from the two interaction models.

<N,> < N,>H) < N, >(He)

Exp. Data 1.321 4+ 0.003 - -
DPMIET Int. Mod. 1.310 £ 0.003 1.284 1.424
HEMAS Int. Mod.  1.282 4 0.003 1.269 1.386

and He as reported by JACEE in 1993 and 1995 (JACEE collab., 1993 and 1995). The data of higher
mass components are taken from other experiments (Miiller et al., Ivanenko et al., 1991). Our best fits
for p and He fluxes provide the following spectra:

p: 5.57-10° (E/GeV) % (m=2s7!or~! GeV 1) (1)
He: 9.15-10° (E/GeV)™%  (m~2 57! o1 GeV™1)

The errors on the fit parameters allow an uncertainty of 15 to 20% of these fluxes in the energy range
of interest.

The results are shown in Table 2, after the normalization of experimental and simulated data to
100 days of live time. The interaction model in the present configuration is tested in the energy range
2to 100 TeV. Anti—coincidences are found to be dominated by H and He primaries. As far as the num-
ber of simulated events is concerned, the previously quoted uncertainty on the primary flux should be
allowed, together with the systematics of the trigger threshold simulation. With such attention, the
higher energy rates (/N > 4) can be described by both models. Even with such care, at the lower ener-
gies (N < 4) the HEMAS codes underestimates the rate of events much more significantly than DP-
MIJET. In Fig. 1 we show the relative contribution to simulated anti—coincidence events as a function
of total primary energy for protons and He nuclei, as calculated by HEMAS and HEMAS-DPMIJET.
This plot shows the relevant energy range which dominates this class of events and points out how
most of the differences in the codes manifest themselves for values of energy/nucleon near the thresh-
old for the production of TeV muons. The contribution of protons to anti—coincidences increases by
18% from HEMAS to HEMAS-DPMIJET, while, for He nuclei, the increase is ~64%. Also the aver-
age detected muon multiplicity changes, as shown in Table 3 (where the contribution from H and He is
again separated), favouring again the DPMIJET interaction model. At this first stage we can conclude
that for a fixed minimum muon energy, in the total energy region below <50-+-100TeV, high z  values
become relevant for the TeV muon yield, and this is even more important for primaries heavier than
protons. There, the DPMJET model seems more adequate. Considering the basic nucleon-Nucleus in-
teraction, we can quantify the conclusion in terms of of the “spectrum weighted moments” for charged
pions: Z, = 1Y (”+A;;_’"+X )z1-7dz. Asshown in (Battistoni etal., 1995), DPMIJET (and other codes
based on similar hypotheses) provide larger values with respect to HEMAS: 0.068 in the range 1+ 100
TeV against 0.061+-0.057 for HEMAS in the same energy range. We can therefore conclude that the
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Fig. 1: Relative contribution to simulated anticoincidence events as a function of total primary energy
for protons and He nuclei, as calculated by HEMAS and HEMAS-DPMJET

coincident data collected by EAS-TOP and MACRO in the region below 50=-100 TeV, where direct
measurements on primary fluxes are available, can be used to discriminate the prediction of different
hadronic interaction models. A minimum value of Z,(E < 100 T'eV') ~0.068 is required to obtain a
reasonable agreement with the present primary fluxes.
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