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Jan Řı́dký
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1 Introduction

The presented dissertation consists of the papers [A.1, A.2, A.3, A.4, A.5, A.6, A.7] on
DELPHI hadron calorimeter (HAC) [B.1]. These papers deal with signal simulations,
performance and major upgrade of HAC after the period LEP1 (production of Z0 around
the resonance peak). This upgrade resulted from extensive tests of streamer tube1 prop-
erties and studies of possible utilisation of tube signals for data analysis. The aim was to
improve the capabilities of HAC for the second period of the LEP collider operation, so
called LEP200 program when the energy of e+ and e− beams has been gradually increased
up to the energy 104 GeV per beam. The above mentioned studies led to the conclusion,
that with the constraints imposed by HAC construction, the upgrade can improve signif-
icantly the muon identification of DELPHI [A.7] and on this ground the upgrade project
has been defended and realized in the years 1994-1996.

The muon identification has been used in standard analyses (part 3.1). However, it
turned out that HAC upgrade brings benefits not foreseen previously. These features
have been employed in searches for particles predicted by some supersymmetry models
in topologies which are very difficult from the point of view of trigger and background
suppression [A.8, A.9].

The large volume of HAC with good muon identification capability led naturally to
increased interest in cosmic muons. DELPHI has adopted a cosmic trigger which led to
regular cosmic muon detection even during data taking at LEP operation. The regis-
tered data initiated study which resulted in proposal to use muon identification to unfold
the dynamics of cosmic ray interactions at very high energies [A.10, A.11, B.5]. This
method cannot be used in collider experiments and it increases potential of muon identi-
fication beyond its standard use like Drell-Yan pair detection, b or c quark identification,
semileptonic or leptonic decays of various particles etc.

2 DELPHI Hadron Calorimeter

The DELPHI detector at LEP has been conceived in the beginning of 80’s as an apparatus
based on novel technologies with increased particle identification capability. DELPHI is
an acronym for ’DEtector with Lepton Photon and Hadron Identification’ and its most
prominent feature were state of the art (at that time) Ring Image Čerenkov counters
(RICH) based both on liquid and gas radiators. Inclusion of the RICH counters into
design put additional constraints on other sub-detectors and somewhat compromised the
hadron calorimetry. HAC with the depth 7 nuclear interaction lengths was preceded by
passive material of 1. ÷ 1.2 nuclear interaction lengths depending on the polar angle. This
led to deterioration of the energy resolution and serious effort has been made to improve
the hadron calorimetry before start of the phase LEP200 of LEP collider operation.

2.1 Calorimeter Design

DELPHI hadron calorimeter construction was based on Iarocci tubes operated in limited
streamer mode [A.3]. The tubes were assembled in planes covered by cuprexite boards
with etched readout pads. The readout units were organized in ’towers’ which consisted
of five pads in consecutive layers in radial direction and the whole readout setup formed a
pointing geometry structure [B.1]. The smallest readout unit, i.e. one tower, occupied a

1sensitive elements of DELPHI hadron calorimeter
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volume of about 25× 25× 35 cm3 depending on the position inside the calorimeter. The
granularity in angular variables was 2.96 deg in polar angle and 3.75 deg in azimuthal
angle.

Figure 1: Hadron calorimeter towers layout

The early studies have shown that such geometrical structure is insensitive to the
details of the shower development [A.1], [A.2]. Moreover it turned out during the later
prototype tests of the assembled calorimeter modules that the homogeneity of the resistive
paint inside the tubes is of inferior quality and the charge induced by streamers diffuses
along the tubes. As a consequence the muon signal in the hadron calorimeter was several
towers long in z direction in the barrel part and in rφ direction in the end-cap parts. This
all complicated the muon identification only by hadron calorimeter. However, it has to
be noted that the original design of the experiment relied basically on muon chambers
and it used only passive material of hadron calorimeter for distinguishing muons from
other particles. This approach fully complied with the philosophy of muon identification
at that time.

The energy of e+e− events was reconstructed with the precision

σ(E)/E = 1.12/
√

(E) ⊕ 0.21

(E expressed in GeV). The fixed term is due to the material between the hadron calorime-
ter and the electromagnetic calorimeter [A.6]. From the point of view of the hardware the
hadron calorimeter construction was very stable and robust. The whole hadron calorime-
ter contained nearly 20 000 limited streamer tubes and after twelve years of operation
only less then 2 % of them failed.
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Figure 2: Dependence of the muon detection efficiency on the position of hit along the tube.

2.2 Cathode Readout

The above mentioned problems led to serious effort to improve the performance of HAC.
It has been clear that all possible solutions were constrained by existing hard-ware and
by necessity to keep HAC running during LEP operation periods. After thorough testing
it turned out that the best possibility is to read out signals from cathodes of individual
limited streamer tubes. The tube lengths varied from 60 cm to 360 cm. This, combined
with inhomogeneous varnish mentioned earlier, posed a big problem as the signals varied
significantly both in amplitude and duration. The final accepted design integrated charge
on the accessible end of a tube for 350 µs and the signals exceeding the discrimination
level were accepted. Thus the final output was yes or no [A.4]. This is quite a long time
compared to the standard HAC readout which integrated charge from towers for 2 µs only
and the signal passed 8 bit digitizer. The final efficiency for one tube to detect passing
muon is shown in Fig. 2. The periodic structure along z-axis is caused by plastic spacers
5 mm wide which kept the anode wires in proper positions.

Due to small cross-section of a tube (1 × 8 cm2) the granularity of the HAC readout
grew finer significantly. The new cathode readout was thus able to count all hit tubes
and to show signals distribution in (x, y) plane (perpendicular to the beams) in the barrel
region [A.4, A.5]. The information on z-coordinate was lost in this region. The situation
in end-caps was somewhat more complicated as the tubes in consecutive layers along the
beam crossed at 15 deg in (x, y) projection so that the granularity in (x, y) was not that
fine as in the barrel. On the other hand the z-coordinate was given by the plane number.

Already the Monte Carlo (MC) studies have shown that counting of signals within a
hadronic shower does not improve the energy resolution. However, the muon identification
based on the track fit using the positions of hit tubes improved significantly the identifi-
cation. Demonstration of this feature in MC studies led DELPHI collaboration to accept
the project of ’HAC cathode readout’. Realization of this project took part from 1994 till
1996 and during the winter shut-down periods in these years all 20 000 limited streamer
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tubes of HAC were equipped by individual readout, connected to front-end electronics
and integrated into central data acquisition automated system. The contribution of the
Prague group amounted to 50 % of the whole work.

Since the beginning of the HAC upgrade and the cathode readout project the major
concern has been the possible noise in the running conditions of the accelerator and
of the whole DELPHI apparatus with its numerous sub-detectors and many technical
components. As this was impossible to test in the laboratory, the limited number of HAC
modules have been equipped by cathode readout in 1994 and the electronics design of the
cathode readout has been changed properly after this test so that the noise would not
affect the system. The only system drawback, which remained uncured, was a cross-talk
in the cathode readout data acquisition system. This cross talk appeared when a signal
with large amplitude was detected near the connection of a limited streamer tube to the
cathode readout circuit. The cross talk then appeared as if two adjacent tubes were hit.
This feature had consequences on the purity of muon identification and it will be discussed
later.

2.3 Muon Identification in Hadron Calorimeter

The ’classical’ approach to the muon identification based on stopping power of calorimeter
used as passive absorber and muon chambers data has been improved already in the
years 1989 - 1994 by taking into account the signals of hadron calorimeter. The necessary
conditions for a particle to be identified as a muon were signals at least in three towers out
of four in radial direction with one of these signals in the fourth layer and a corresponding
level of signal amplitude in each of the towers. These conditions improved the muon
identification. However, there had been still left space for faked muons due to rather
coarse granularity of towers and dependence of the signal amplitude on electronic channel
calibration. This identification works clearly better for isolated muons and cannot treat
well those muons which stop inside the calorimeter. Thus this identification improves the
purity of identification by muon chambers but it leaves the momentum cutoff imposed by
passive material in front of the muon chambers which in case of DELPHI is about 3 GeV
depending on the polar angle.

The fine granularity of the cathode readout allows to treat the hadron calorimeter
almost as a tracking device. To make use of the full potential of the new data with fine
granularity, the new analysis package has been written [A.7] and implemented into general
DELPHI analysis software.

The muon identification based on cathode readout signals is divided into three steps

1. pattern recognition and search for track elements

2. fit of the track elements to the charged tracks found by track detectors

3. sorting the results and imposing the additional criteria in order to achieve the desired
purity

The search for track elements in e+e− interaction has been eased by the condition that
all tracks roughly point to the interaction region. In the case of cosmic muons this was
not true any more and the search had to be quite general.

The search for track elements has to find optimum between the efficiency, i.e. not to
loose real muon tracks and the purity on the other hand, i.e. not to pick up too many
noise signals. The optimal value turned out to be four hits. In standard applications the
tracks of accepted muons consist of larger number of hits and this value would influence
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mostly efficiency of search for muons with very low momenta. The whole program is
written so that all important variables (e.g. minimal number of hits per track) are kept
as parameters. This flexibility is quite useful. There are various goals of physical analysis
which may have different needs. For example in b-quark physics it is necessary to identify
muon inside a jet. Thus one needs to ignore the remnants of jet - hadron signals which die
out in initial layers of HAC (in radial direction) and to look for track patterns emerging
from such cluster of hits. On the other hand the search for J/ψ particle production in
γγ interactions or certain aspects of τ physics deal with the processes with very little
background and the whole volume of HAC can be utilised.

After the first stage, when all track elements have been found, the muon identification
package attempts to match each of these elements with charged tracks reconstructed from
track detectors (e.g. vertex detector, Time Projection Chamber (TPC) [B.1]). The extrap-
olation of a track with momentum measured by track detectors is calculated throughout
HAC and compared to the tracks found in cathode readout signals. The fit takes into
account ionization losses and it also incorporates the multiple scattering. The differ-
ences between the extrapolation and the track inside HAC are then expressed in terms
of χ2/ND, where the number of degrees of freedom is basically given by number of tube
hits ND. Despite the rather large tube cross-section (1 × 8 cm2), this procedure is quite
accurate as the tubes are located at large radii measured from the interaction point. The
accuracy can be assessed from Fig. 3, where the χ2 distribution is shown before and after
alignment of the tubes in HAC barrel.

The tubes have been aligned using the high momentum muons from Z → µ+µ− decays
measured by muon chambers. The average shift of a tube inside HAC slot to real position
was about 4 mm. The peaks at χ2 = 1 are due to the tube layout geometry (see Fig. 4)
- the tubes at the HAC module borders are not staggered and the tube hits therefore do
not represent the independent position measurements.

After the stage of track fit the tracks inside HAC with good fit probability are further
filtered with the aim to suppress faked muons. The main criterion is that the track should
not be ’too wide’. This means that along the track there may be occasionally two hits
in one plane - this might be caused e.g. by δ-electrons, but one has to reject the tracks
where there are several hits in several consecutive planes, which correspond more likely
to hadron induced showers in the HAC iron. It is this phase of identification where the
above described cross-talk degrades the muon identification. One is unable to distinguish
muon tracks wide due to electronics effects from narrow hadronic showers. This fault
affects mainly the muons with polar angles θ ∼ 40 ÷ 43 deg (resp. 157 ÷ 160 deg) while
in the region θ ∼ 65 ÷ 115 deg the purity of muon sample can reach at small penalty on
efficiency the punch-through limit.

It has been a standard since the beginning of DELPHI operation to devote each year
a week before LEP operation start to registration of cosmic events. The original purpose
was just to check the functionality of detectors and to align individual DELPHI sub-
detectors. After the installation of cathode readout it become clear that due to the large
volume of HAC and the tracking capability of the cathode readout, DELPHI was able to
detect meaningful data on cosmic events, e.g. to measure the muon multiplicity density.
Therefore in 1998 the trigger tests were performed and in the period 1999 - 2000 the
cosmic events have been routinely registered by DELPHI throughout the full data taking
season. It has been done in so called parasitic mode, i.e. whenever there has been triggered
no e+e− event the DELPHI trigger opened to incoming cosmic particles. Due to small
interaction rate at LEP this trigger had reasonable duty cycle and during the mentioned
period the cosmic triggers equivalent to 1.6 106 s of up-time have been registered.

7



Figure 3: Comparison of χ2 distribution before and after alignment of the tubes in both sides of HAC
barrel.
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Figure 4: The projection to the x-y plane of the two adjacent barrel HCAL modules. The horizontal x
axis and vertical y axis shows the dimensions in cm, the central point [0,0] is in the center of the DELPHI
detector. The innermost plane contains 9 tubes, the widest outer plane has 13 tubes.

The adoption of cosmic ray program by DELPHI collaboration was entirely based
on the capability of HAC to detect cosmic events. (The volume of TPC, the biggest
DELPHI track detector, is too small to detect reasonable cosmic data and in fact the
necessity of the knowledge of the time t0 for drift determination even hinders the use of
TPC for this purpose.) As already mentioned, the treatment of cosmic muons by the
muon identification program [A.7] is different. In fact it led to its major upgrade. The
algorithm used for track finding is completely general without any assumptions about the
track, the fitting procedure fits muon momentum component from the track curvature
and the final filtering is aimed to discard faked tracks, which might be ’found’ in the
events with large multiplicities.

The muon identification program [A.7] evolved during several years and it amounts
to more then 14 000 lines of Fortran code. It provides DELPHI with versatile tool for
large variety of physical analyses in e+e− interactions and for almost complete analysis of
cosmic events. After basic analysis of the cosmic event by [A.7] the additional information
on the event can be learned from Time of Flight detector and barrel muon chambers [B.1].

3 Muon Identification in Physical Analysis

Successful completion of the HAC cathode readout (HCRO) improved significantly the
quality of muon identification by HAC. This is documented by results from the years
1995, 1996 and 1997 summarized in Tab. 1 [C.1]. The momentum dependence of the
identification efficiency compared to muon chambers can be seen in the Fig. 5[C.1]. It
shows the ratio of the number of HCRO tagged tracks to the DELPHI muon chambers
Tight tagged tracks (purity > 90 %)[C.2] versus the momentum of the track. Actually the
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1995 1996 1997
Z0 → µ+µ− (56.8 ± .7)% (87.9 ± 4.0)% (86.0 ± 2.9)%

Table 1: Efficiency of HCRO tag to tag muons from selected Z0 → µ+µ− events [C.1].
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Figure 5: The dependence of the relative efficiency of HCRO tag to tight muons from hadronic Z0 events
on the momentum of the track [C.1].

results from 1996, 1997 do not represent the optimal values as in these years the operation
of HCRO was still hampered by external noise picked up in a limited region of HAC. This
is demonstrated by the dependence of the HCRO tag efficiency on the azimuthal angle φ
and polar angle θ shown in the Fig. 6[C.1]. The drop in the central part of the detector
around θ = 90 deg is caused by the dead zones around the ends of the tubes. The external
noise has been reduced to acceptable level during the shut down period 1997 - 1998 and
the efficiency in φ become uniform.

The misidentification probability was evaluated from τ → 3π decays. Events were
selected according standard DELPHI tau selection cuts [C.3] within the frame of the
package TAUPLUS. All the three particles in 3 prong τ decay were considered as π mesons
and the corresponding muon tag was recorded. The combined results from the 1996 and
1997 Z0 data give the misidentification probability of the HCRO tag p = (4.93 ± 0.45) %
where the error is the statistical one. This result is close to the Very Loose tag (efficiency
> 90 % ) [C.2] misidentification probability from muon chambers.

The absolute limiting factors are the rates of punch-through and δ-electrons. However,
in practice this may be deteriorated by other effects. In the case of HCRO the earlier
mentioned cross-talk worsened the purity of muon identification. The muon tracks were
widened by this electronic effect, as the passage of the particle nearby the electronic red-
out circuit resulted in signals in two adjacent tubes. Therefore is was necessary to loosen
the criterion on muon track width in order not to reject muons. This on the other hand
increased the probability of accepting hadrons.

3.1 Muon Identification in e+e− Events

The reviewed results of HCRO muon identification capabilities show that in fact a new
muon detector has been added to the DELPHI apparatus. This increased the identifica-
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Figure 6: The dependence of the HCRO tag efficiency to muons from Z0 → µ+µ− events on the azimuthal
φ angle (a) and polar θ angle (b). The (a) plot shows worse performance of the modules 18 – 21, which
correspond to the φ angle 255 deg – 315 deg [C.1].

tion redundancy and allowed to sharpen the analyses which rely on muon identification.
However, it has to be noted that not all possible analyses could include the improved
muon identification. The bulk of Z0 data has been collected in the period 1992 - 1994
and thus all the analyses based on large samples of data, like e.g. searches for the new
particles containing b-quark and many studies of τ lepton properties and decay modes
cannot use HCRO identification as it would be desirable.

The integration of HCRO muon identification into general DELPHI particle identifica-
tion coincided with the transition of the LEP collider to the energies above Z0 peak. The
muon identification improvement thus affected analyses of semileptonic W decays [B.2],
b-tagging relevant for the Higgs boson search [B.3] and also b-tagging in γγ-physics as the
major part of the data in this case has been collected at LEP200.

Another rather unexpected benefit of HCRO appeared in searches for the exotic phe-
nomena. In many theories going beyond Standard Model it is possible to observe ap-
pearance of new phenomena in channel with one single non-pointing photon or with
multi-photons. This channels have been studied in LEP200 data.

After filtering large amount of data few events with single non-pointing photon were
really found and only after careful scrutiny it turned out that the signal in electromagnetic
calorimeter is in fact trace of cosmic muon passing through DELPHI apparatus slightly
off-time. These muons left therefore no traces inside track detectors and only due to small
jitter in electromagnetic calorimeter timing they left a signal there. Only scanning of all
these events and looking at their appearance in HCRO data allowed to exclude them.

In the case of multi-photon events the missing mass spectra have to be compared with
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contribution from SM channel e+e− → νν̄γγ(γ) in order to observe any possible excess.
The implications of negative result are summarized in papers [A.8, A.9]. They concern

the following models:

• Production of an unknown neutral state. Production of any such state would be
accompanied in some events by initial state radiation. The observed spectrum of
single photons is in agreement with Standard Model (SM) neutrino production.

• Production of gravitons. In theories with extra compact dimensions the production
of undetectable gravitons would manifest itself again by single photons in reactions
e+e− → γG. DELPHI is sensitive to this process at the highest beam energies in the
region of low energy photons. The agreement with SM prediction puts the limit on
radius of extra dimensional torus R < 0.4 mm for number of extra dimensions d = 2.

• Compositness. Composite models predict several new particles which would be con-
stituents of particles considered by SM as elementary. Notably composite weak
bosons would lead to deviations in number of single photon events from that given
by SM cross-section.

• Production of gravitinos. In the models with gravitino as the lightest supersymmetric
particle (LSP), the only kinematically accessible process at LEP may be e+e− →

G̃G̃γ. DELPHI is most sensitive to this process at low energy photon region and
away from radiation return peak.

• Production of neutralinos. In the models with gauge mediated supersymmetry break-
ing, gravitino occurs as the lightest super-symmetric particle. This gravitino is sup-
posed to be produced in decays of the “next to lightest super-symmetric particle”
(NLSP) e+e− → G̃χ̃0

1 → G̃G̃γ and e+e− → χ̃0
1χ̃

0
1 → G̃γG̃γ where χ̃0

1 would have
a macroscopic decay length in certain mass range of gravitino. Production of such
particle would appear as an energetic photon inside detector. This photon - also
the decay product of the NLSP would not point to the interaction region. It is this
process where the HCRO rejection of cosmic background was most important.

• Production of neutralinos as LSP. In SUSY models with neutral LSP and NLSP,
the process e+e− → χ̃0

2χ̃
0
2 → χ̃0

1γχ̃
0γ has the same experimental signature as the

previous case with somewhat different kinematics given by χ̃0
1 and χ̃0

2 masses.

It turned out that HCRO provides also certain “hermeticity” in time because of its
long charge integration time (see part 2.2). Thus the activity inside HAC slightly before
and after beam cross-over can be monitored in the off-line analysis. This helps to check
the performance of other DELPHI subdetectors especially in such difficult channels.

3.2 Muons in Cosmic Ray Events Detected by DELPHI

As mentioned earlier (see parts 1, 2.3) DELPHI registered routinely cosmic events which
time to time have quite spectacular density of muons (Fig. 7).

Apparently such cases correspond to the impact of a core of an extensive air shower.
Given the sensitive volume of DELPHI and the observation times, the energy of impinging
cosmic particles one can observe is in the region 3 1013÷1017 eV . This is quite interesting
region of so called “knee” in cosmic ray energy spectrum where the spectral parameter
changes and it is known that also the chemical composition of cosmic rays changes [C.4].
The cosmic data collected by DELPHI are quite unique due to location of DELPHI
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100 meters underground and corresponding overburden which imposes a cut of 52 GeV
on muon momenta. Extensive simulations [A.11], [B.4] have shown that such energetic
muons originate either directly or as the decay products from the first few interactions
in the chain of development of an extensive air shower. Extensive air showers have been
measured so far either on the ground (e.g. [C.5], [C.6], [C.7]) where the energetic muons
(few hundreds per event) are entirely hidden in the overall shower with typically 105 muons
per shower at the “knee” energies, or underground by former proton decay experiments
with momentum cut-off around TeV [C.22], [C.20], [C.17], [C.25], [C.18]. In these cases
one is left with very few muons (1÷2) per event at very high energies. Thus the new data
detected at medium depth underground are quite valuable as they can help to test the
high energy models of elementary particles like e.g. QGSJET, NEXUS (VENUS) [C.15],
[C.14] and several others. These models, extensively used by all cosmic ray experiments,
are tuned to Tevatron data and then extrapolated up to energies 1020 eV . Although they
describe the data from current experiments reasonably well they show notable differences
in their predictions for a medium depth underground experiment as can be seen from
Fig. 8.

Figure 8: Comparison of muon lateral distribution functions obtained from VENUS and QGSJET at the
depth of 100 m underground. Mean primary energy was ∼ 2.2 1015eV .

The aim of the DELPHI cosmic event analysis was to determine the flux of multi-muon
events, to estimate the chemical composition and possibly to measure their other char-
acteristics (time variation, zenith angle dependence etc.). The cosmic events registered
during the years 1999 and 2000 correspond roughly to 1.6 106 s of effective run time.
The analysis of DELPHI cosmic events is based on reconstruction program of HAC data
[A.7] and time of flight detector (TOF) trigger. The analysis partially involved also other
DELPHI sub-detectors (TPC, barrel muon chambers). The results have been reported at
several conferences [A.10] and they were subject of PhD dissertation [B.5].
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Figure 9: Direction of cosmic muons reconstructed from CRO data [A.10].

To detect the cosmic events, DELPHI cosmic trigger (DCT) has been implemented
to the DELPHI trigger system. It requires 3 active TOF detector sectors ( TOF MJ3 )
to trigger the event. The agreement of event rates during all detection periods and the
agreement of event rates between different triggers was studied as a function of muon mul-
tiplicity measured in HCAL. The good agreement is obtained for all multiplicities starting
from 4 and higher. The disagreement for smaller multiplicities could be explained by noise
dependence of the trigger. In the ideal situation only two muons in TOF are enough to
hit 3 TOF sectors and thus activate DCT. However, the TOF detection efficiency to-
gether with possible noise in the different TOF counters may either decrease the trigger
efficiency or to fake false triggers at small multiplicities. Thus at small multiplicities
the efficiency of event to be triggered depends more on the actual state of TOF than
in case of events with bigger multiplicities. Therefore the further analysis includes only
events with at least 4 muons (Nµ > 3) detected by the HCAL cathode readout in order
to ensure 3 TOF counters to be hit by muons and to avoid the noise dependent trigger
decision. At multiplicity higher then 3 almost all reconstructed events are triggered by
DCT (99.4%). ECTANA reconstruction package ([A.7]) is applied to reconstruct muon
tracks from HCAL cathode readout in all accepted runs. The minimal track length of 50
cm is required. No explicit assumption of track parallelness is used in the reconstruction.
The parallelness of reconstructed tracks was checked according to the cut that requires
more than 50% of reconstructed tracks to be be within 5o from the mean value of all track
angles in the event. This condition rejects electromagnetic showers due to secondary in-
teraction in the ceiling of DELPHI pit or inside the detector material. We have found 14
such shower like events out of 1065 high multiplicity (Nµ ≥ 30) events. As an example of
event reconstruction by [A.7], the direction of muons in event shown in Fig. 7 is given in
Fig. 9.

The multiplicity distribution measured in HCAL from selected runs is plotted in
Fig. 10. Energy values marked by arrows in the upper part of the figure box are minimal
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primary energies of proton induced showers which can still produce events with multiplic-
ities corresponding to the values given on the x axis but not higher.

Figure 10: Distribution of muon multiplicity in HCAL.

The comparison between MC prediction for protons and iron nuclei as primary parti-
cles with the measured data is plotted in Fig. 11. In this figure the integral multiplicity
(integrated from the value indicated on the x axis up to the end of the spectrum) is
compared with MC predictions in absolute normalization. Up to the multiplicity ∼ 80
the data could be described by composition of the two extreme cases - pure proton and
pure iron primary particles. In this region of high multiplicity (≤ 80) the necessity to
include the heavy component is evident. For even higher multiplicities the MC prediction
is not sufficient to reproduce the measurement. The excess of events is apparent similarly
as in the analysis [C.27]. The multiplicity spectrum is sensitive to the primary energy of
the impinging particles, as one would expect and as observed also at the ground based
experiments. However, compared to the ground experiments, the multiplicity spectrum
seems to be more sensitive to the chemical composition of the primary radiation. These
two variables are correlated and thus with precise independent measurement of the pri-
mary energy spectrum one is able to estimate with good resolution the heavy fraction of
the mass spectrum of primary cosmic rays from these underground data. The increased
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fraction of heavier elements as a function of energy (multiplicity) is necessary to obtain
agreement between data and MC prediction. This observation is in agreement with dedi-
cated cosmic ray experiments that study cosmic particles at the knee energies (∼ 1015eV )
[C.5]. The excess indicated at high multiplicities (≥ 80) cannot be explained even with
unrealistic assumption of cosmic rays as a flux of pure iron nuclei. Therefore it is clear that
with current MC models one cannot establish chemical composition of primary particles
from underground cosmic data.

N
proton
data

iron

integral multiplicity

Figure 11: Integral multiplicity for MC protons, irons and the data.

Instead of that one can investigate how much the data are sensitive to the details of
dynamical model used for description. Such attempts were made also in case of QGSJET
[C.33]. In this paper the sensitivity of the results on proton-proton total cross-section and
elasticity of proton interactions is tested. The total cross-section is lowered within the
experimental errors of measurements at TEVATRON and the elasticity is also lowered
accordingly. These changes result in somewhat improved agreement with our data as
shown in Fig. 12. However, the main conclusion one can draw from this excercise is that
the underground data are quite sensitive and therefore also useful for tuning of the models.

The LEP cosmic ray measurements and the DELPHI cosmic muon data in particular
are unique in the sense that only QGSJET somewhat described the data as shown in
Fig. 11. All other high energy interaction models failed so badly that it has no point to
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Figure 12: Comparison of original QGSJET model and its modification 3a in [C.33].
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use them for chemical potential fits. The only conclusion one can do is, that at the ’knee’
energy interval the heavy component in cosmic primaries becomes indispensable. We have
tested the sensitivity of QGSJET [C.14] to its internal parameters describing the interac-
tion dynamics. This has been already investigated in the data from ground measurements
by Hörandel [C.33]. The results of [B.5] lead to conclusion that the DELPHI data are
very sensitive to the value of total nucleon-nucleon cross section and inelasticity used in
the model. It should be noted that data correspond to interactions at LHC energy.

4 Muons as Probes of Cosmic Ray Interactions

The interactions of cosmic rays take place at altitudes higher than 20 km and the sec-
ondary charged pions and kaons have large chance to decay into muons due to the thin
air at these altitudes. While the decay products of the neutral pions undergo interactions
throughout the whole depth of atmosphere, the muons in a sense decouple from further
shower development and are subjected only to multiple scattering and ionization losses.
Moreover the big Lorentz factor helps to collimate the secondary particles into a narrow
cone. As a result of all such phenomena there is a possibility to observe differences in
muon production in some extensive air showers from what one would expect on the basis
of standard models of high energy interactions. The fact that the hard component of
muons in extensive air showers carries information on the pion production in the initial
stage of the shower development is of great importance and it has been studied in [B.4].
It is interesting to study the sensitivity of energetic muons to the details of the primary
interaction dynamics. The paper [A.11] is an example of such sensitivity study. It has
been motivated by high multiplicity events seen by DELPHI.

Although the more precise determination of the chemical composition at the ’knee’
energy region (5 × 1014 eV up to almost 1017 eV ) is not yet feasible, the 10 % presence
of Fe56 is quite plausible. This rises an interesting possibility to observe iron nitrogen
and iron oxygen nucleus-nucleus interactions at energies beyond possibilities of terrestrial
accelerators. Though both N14 and O16 are light nuclei, the number of participating nu-
cleons in head on collisions with iron nuclei goes to several tens. Thus given the available
energy per nucleon, the formation of quark-gluon plasma might be possible. Although
the baryon density is due to the light participating nucleus only half of the density in
Pb-Pb interaction, the energy density can reach sufficient value. Due to the absence of a
comprehensive QGP theory and also due to the lack of solid experimental evidence there
are many models, sometimes with quite opposing predictions. This is true also in the
case of secondary particles multiplicity. There are predictions of a decrease of multiplicity
[C.9] in high energy nuclear collisions. However, many statistical thermal models predict
increase of multiplicity [C.10]. In any way the secondary particle multiplicity is an im-
portant variable and a change of the interaction dynamics may be indicated by particle
production change depending on the size of the effect and the sensitivity of measurements.

To study this, a very simple model of QGP formation is presented in [A.11]. It uses
only two parameters - Rh = Nhot/Nint, which denotes the fraction of interacting nucleons
Nint melting down to QGP and the mean momentum < pπ> of pions which evaporate from
freezing QGP with Boltzmann distributed kinetic energy and isotropically in the center
of mass system. Thus the whole energy of Nhot nucleons is converted mostly to pions.
Varying the two parameters one is able to simulate wide range of conditions. The two
limit cases of those studied in [A.11] are 10 % of melted nucleons with < pπ>= 1 GeV and
40 % of melted nucleons with < pπ>= 60 MeV (denoted further as QGP (0.1, 1.0) resp.
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QGP (0.4, 0.06)). They differ by one order in the average number of evaporated pions.
The model is used to simulate the QGP and the results are then compared with the
outcome of programs currently used for simulations of extensive air showers [C.11, C.15].
The sensitivity of the muon component of air showers to the QGP effects is studied.
Apparently the change in the interaction dynamics, i.e. in the first interaction, has to
appear in the hard component of the muon spectrum. One simple method, how to observe
this muon spectrum part is to place the muon detection area underground at such depth
that the overburden will filter out the energetic muons in an amount sufficient to carry the
information on the initial interaction. The simulations in [A.11] show that at the ’knee’
energies of initial interaction, the appropriate depth is just the one imposing momentum
cut-off of only several tens GeV . This is demonstrated in Fig. 13 showing the momenta
of different types of muons.

The main detected quantities used to describe extended air showers are the electro-
magnetic and muon size and corresponding lateral distribution functions (LDF). These
quantities are related as follows (e.g. for muons)

Nµ =
∫ r2

r1

2πρµ(r)dr,

where ρµ(r) is the density of particles (LDF) in the detection plane and r = 0 corresponds
to the shower center. These LDF both at ground level and underground have been
compared in [A.11]. The results of performed studies lead to conclusion that while at
the ground level the effects caused by changed dynamic of pion production in the first
interaction leave no observable traces, underground one can notice in principle some
differences. This is indicated in Fig. 14 where the ratios of underground muon LDF
functions are given.

Thus the inclusion of a very simple model of QGP production and freeze-out into
high energy interactions of iron nuclei with air in cosmic ray showers has shown that
under certain kinematic conditions one could observe the QGP induced effects in the
high energy muon component of extensive air showers. These kinematic conditions are
mainly the availability of sufficient energy Ehot of melted nucleons and not too high mean
momentum < pπ> of the evaporated pions. The model has been intentionally chosen so
simple that it can cover sufficiently large interval of these two quantities with minimum
parameters. Moreover the simulations have shown that the underground data on muons
are rather insensitive to the isotropy of initial QGP pion distribution. It is interesting
that none of the simulated QGP systems increases the muon density in the very center
of the shower and this number is essentially determined by the unmodified high energy
interaction model (VENUS in this case).

Results obtained from simulations discussed above cannot be compared at present
with real data as the muon detectors are either located at ground level where the high
energy component is entirely hidden in the overall muon flux or they are located so
deep underground that the muon momentum cutoff is of the order of TeV or larger and
only few muons penetrate to the detector ([C.17],[C.18],[C.19], [C.20],[C.21],[C.22]). The
few experiments with medium overburden have either crude spatial resolution like the
underwater experiments [C.23] and [C.24] or they have relatively small detection area like
[C.25] (6 × 6 m2).

The insensitivity of the ground level LDF to the details of the high energy interaction
dynamics is quite important and in fact useful. In ideal case the simultaneous measure-
ments both at the ground level and underground can reveal many interesting features of
high energy hadron interactions. The ground measurements provide information on the
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QGP(0.4,0.06)

VENUS only

QGP(0.4,1.0)

Figure 13: Momenta of muons from QGP and from standard production. Altitude of interaction is
33.1 km, Einc = 2.25 1015eV , Nint = 36 and Nhot = 14.
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Figure 14: Ratio of underground lateral muon densities with QGP simulation to simulations done by
VENUS only (events with Nu

µ > 990). Mean primary energy was ∼ 2.2 1015eV .
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energy of the projectile particle and the location of the shower core. The underground
data will yield information on anomalously high or low muon multiplicity events. Both
cases would signal departure from standard scenario at energies beyond reach of current
accelerators.

The estimations show that the underground detector with area of about 100m2 is
capable to register reasonable amount of high multiplicity events per year. The incident
particles with energies of Einc > 1016 eV are already accessible with detector of this size.
Moreover, as the measurements by DELPHI indicate, this phenomenon is more frequent
then expected.

5 Results

The common basis of the papers [A.1]-[A.11] is the detection of muons in a hadron
calorimeter, its hard-ware and soft-ware realization and use of the muons in physical
analysis as probes of the interaction dynamics with the extension of the use to the do-
main of the high energy cosmic rays. The main results of these studies can be summarized
as follows:

1. Muon detection by hadron calorimeters. It has been demonstrated both by MC
simulations and in practice that hadron calorimeters with tracking capability can
detect muons very precisely. The read-out electronics may be quite simple (and
cheap) without amplitude measurement capabilities. The space resolution of several
millimetres or 1 cm is quite sufficient as the calorimeters of collider experiments are
placed in the distance of several meters from the interaction point. The detector
volume equipped by such sensing devices has not necessarily to be very large as the
measurements placed at proper radii (in terms of nuclear lengths) will be sufficient,
depending on physical goals of particular experiment - the softer muons one needs
to measure, the more precise data from the inner parts of calorimeter are necessary.
By tracking muons inside hadron calorimeter one can in general reach the purity of
muon sample in desired momentum range at the level given by punch-through limit.

2. Detection of cosmic muons at medium depths. The importance of the measurements
on the cosmic muons at the depth of about 100 meters of standard rock equivalent
has been realized when data from three LEP experiments became available. These
data have quality unusual for cosmic ray experiments and they are unique as the
measurements at this depth have been not yet performed with precision allowing to
count individual muons. These data show that the cosmic muons in the momentum
range of few hundreds GeV show phenomena which are poorly described by standard
Monte Carlo programs for cosmic shower simulation. It is too early to conclude
whether this is signature of unknown phenomena or just bad tuning of MC programs.
Even in the latter case the data are important for correct tuning of high energy models
as they are extrapolated to energies 1020 eV and the knowledge of correct muon
flux underground is indispensable for studies of neutrino oscillations and neutrino
astronomy.

3. Sensitivity of high momentum cosmic muons to the dynamic of the initial high en-
ergy interaction. The simulations necessary to describe LEP underground data have
shown that the muons detected at the depth of about 100 meters underground origi-
nate from the first few interactions in development of the shower initiated by particle
with primary energy up to about 1017 eV . Further studies have shown that certain
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details of the particle production in the very first interaction can be still observed in
the underground measurements.

Sensitivity of the high energy interaction models to the data on high momentum
muons has been experimentally verified in [B.5]. It is shown that changes on the
level of several % of the value of total proton-proton cross section and inelasticity
are observable.

The importance of the detection technique described in point 1) is becoming to be
widely recognized. Although the results became known late to be incorporated into LHC
detector design, they are taken into account in R&D programs for linear collider. In this
context the possibility of “digital calorimeter” is investigated (see [C.28]).

The importance of the measurements on cosmic muons by three LEP experiments
(ALEPH, DELPHI and L3+C) has been pointed out by rapporteurs at ISVHECRI2002
([C.29]) and at ICHEP2002 ([C.30]). DELPHI data are important in this context as
the event statistics of DELPHI is ten times higher then that of ALEPH and although
DELPHI cannot measure momentum of cosmic muons it can count the multiplicity of
muon bundles up to more then 100 while L3+C can count the multiplicity up to 30 only
([A.10, B.4, C.31]).

The sensitivity of high momentum cosmic muons to the dynamic of the initial high
energy interaction is important in the context of narrowing gap between terrestrial accel-
erators and cosmic rays. RHIC results are of great relevance for the cosmic ray physics at
the “knee” energies. However, even the LHC range will reach only 1017 eV in Lab system.
Thus the measurements on high energy cosmic rays performed simultaneously at ground
level and preferably at several underground levels with relatively large area detectors may
bring results valuable for particle physics. Based on the results of cosmic ray measure-
ments at LEP and [B.4] proposal, a new experiment is currently under preparation in the
Center for Underground Physics in Pyhälmi mine [C.32] in Finland. The experiment will
utilise DELPHI muon chambers.
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