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We have measured the longitudinal particle punchthrough probability from shower cascades produced by hadrons
~incident on the iron-scintillator calorimeter of the CCFR neutrino detector and hive compared them to a Monte

:arlo simulation. Measurements of the dE/dx energy loss in iron of high energy cosmic ray muons (up to 1 TeV)
Incident on the same detector are presented and are compared against calculations.

1. INTRODUCTION

Muons are identifiedby penetration through I hadron
absorber. Hence, knowledge of the penetration depth of
particles in an hadronic shower is important for the de­
sign of future hadronic colliders. Muons are measured
in tracking chambers after an absorber. This measure­
ment can be obscured in two ways by the presence of a
shower from an interaction created by the muon in the
.bsorber. First, unless the absorber is a calorimeter. the
energy lost in the absorber is not measured. Second, the
shower could be present in the tracking chambers, mak­
ing tracking difficult. Accurate information on shower
production by muons is necessary for building a reliable
muon detector. We present in this paper I measurement

of hadronic showers penetration depth and muon energy
loIS in an apparatus used to detect neutrinos.

2. APPARATUS
The CCFR neutrino detector at Fermilab 1 was

used to measure hadronic shower punchthrough Ind TeV
muon dE/dx energy loss. The CCFR neutrino detec­
tor consists of a target calorimeter followed by I muon
spectrometer. The calorimeter is made of 640 tons of
3 m square steel plates interspersed with drift chambers
(every 20.6 ern of steel) and liquid-scintillator counters
(every 10.3 cm of steel). The 84 scintillator counters are
read out with ADCs and multi-hit TDCs. The 42 drift
chambers in the calorimeter are read out with multi-hit
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Figure 1: Intergral probability distribution for hadronic

shower punchthrough as a function of depth in terms of

em of steel for the 1984 Run. Distributions Ire shown

for IS, 25. SO, 100, 200, and 300 GeV/c hadron beam.

TDCs. In addition, during the 1987 Run the drift cham­

bers were readout with flash ADCs (FADCs). The spec­

trometer employs 3 toroidal magnets with a total trans­

verse momentum kick of 2.4 GeV[c, 25 drift chambers,

and 25 acrylic counters. The 25 drift chambers in the

toroid are grouped in 5 clusters, with I chamber clus­

ter downstream of each toroidal magnet and 2 clusters
downstream of the spec:trometer. The fractional momen­
tum resolution is tr/p - 0.l1J1 + (p/900)2, where p is
in GeV/t. This indicates our spectrometer tan determine
the momentum of muons to 2 TeV Ie.

3. HADRON SHOWER PUNCHTHROUGH

Shower punehthrough measurements 2, 3 come from

data taken for hadron energy calibration and measure­
ments of hadron-induced muon production. These data
were taken in 1984 and 1987. During 1984 Run, hadron
punehthrough was studied with beams of 15, 25, 50.

100,200, and 300 GeVIe momentum. During 1087 Run,

hadron beams of 40,70, and 100 GeVIc momentum were

Figure 2: Integral punchthrough probability distributions
for 70 GeVIe pions and kaens,

........,
used. For the 1987 Run two ~erenkov counters were

used to tag pions and kaons for the 70 GeVIe data. For

both the 1984 and 1987 Run an upstream spectrometer

measured the incoming beam momentum. The spectro­

meter consisted for four sets of tracking chambers that

measured the particle trajectory before and after pair of
dipole magnets.

Figure 1 shows 2 the integral probability distribution

for hadronic shower punchthrough as a function of depth
in terms of em of steel. The most downstream scintil­
lator counter with I discriminator hit corresponding to
I threshold setting of about 25% of minimum ionizing
defines the penetration depth. The data is shown for 15,
25, 50, 100, 200, and 300 GeVIc momentum positive
hadrons. The punchthrough probability for 100 GeV[c
hadrons WIS measured both in the 1984 Run and 1987
Run, and the two measurements agree.

The punehthrough data show two distinct regions 4.
In the region after the flat top most of the puncht' th
particles are hadrons. Ind the exponential fall o~s

the absorption of hadron.. In the region where the pen­
etration probability flattens out. punchthr"ough i. due to



Figure 3: Integral probability distributions for hadronic
shower punchthrough for 15 GeV[c, 40 GeV, 100 GeV[c;
and 300 GeV[c momentum hadrons compared with a
GHEISHA Monte Carlo calculation. The solid histogram
is the Monte Carlo calculation with the statistical error
bars of each Monte Carlo calculation shown for one point.
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tually has twice as many counters as drift chambers.)
The above cell has the same density as the CCFR de­
tector. The simulation has cutoffs of 1 MeV for elec­
trons and photon, and 10 MeV for neutrons, hadrons,
and muons. A punchthrough is defined by having one
of the two following conditions satisfied: 1) Any charged
particle with momentum greater than 3 MeVIc reaching
• counter. 2) Any neutron with momentum greater than
3 MeVIc which is captured or has a hadronic interaction
in a counter. Most of the punchthrough i. from charged
particles. but some is contributed from interactin. neu­
trons.

The 3.13 GEANT "complete" simulation and the
3.12 GEANT "simpler" simulation were both done It
100 GeV[s: Their results were identical to within the
statistics of the Monte C.rlo simulation's. We conclude
I "complete" simulation for IS GeV/c and 300 GeV/c.
incident hadrons would be similar to the t'simpler" lim-

shower muons. These muons have longer range at higher
energy, hence the number of penetrating muons depends
"'-""e energy of the shower. Since these muons must be

_~d out, there is a longer attenuation length which
aepends upon the dE/dx loss of the absorber.

Figure 2 shows 3 the integral punchthrough proba­
bility for a tagged beam of 11'- and K-. For thickness up
to 3 meter of steel the punchthrough probability for 1r5

and Ks are similar. The K- induced showers are 3.5%
± 2.0% (the error is statistical) more likely than ?r- to
punchthrough at a depth of 5 interaction lengths. Up to
3 meters of iron where most of the punchthrough parti­
cles are hadrons, we expect punchthrough probability for
71'- and K- to be similar. As the cross section for 7r- is
about 15% higherthan the cross section of K- 5, we ex­
pect the punchthrough probability for K- to be slightly
larger. However, at a penetration depth of 6 meter of
iron and with an 11 GeV/~ cut on the muon momentum,
the rate of K- -+ JS- is 62% ± 16% ± 11% higher than
the rate for 'Jr- ~ p,-, while the rate for K- ~ p,+

is consistent with the rate for 1r- ~ p.+ 3. The first
error is statistical, and the second error is systematic.r---. klons decay more readily into muons, we expect

,Junchthrough probability to be higher for kaons for
very thick absorbers.

A GEANT GHEISHA Monte Carlo simulation 6, 7 of
the 15 GeV[c. 40 GeV[c, 100 GeVIe, and 300 GeVIe
data has been done for the CCFR detector. For the 40
GeVIc and 100 GeVIe data the simulation uses Version
3.13 of GEANT and Version 8 of GHEISHA. The geom­
etry for GEANT is taken from Table I in Reference 1. A
counter is defined as 2.54 em of mineral oil as the active
medium. The mineral oil is surrounded by a tot.1 of 3.94
cm of inactive material consistin. of lucite, mylar, lind
water. The distribution of counters, drift chambers, and
steel is the same IS the CCFR detector. The simulation
has cutoffsof 1 MeV for photons, electrons, hadrons, Ind
neutrons. A punchthrough is defined IS more than 0.3
MeV of energy loss in the mineral oil of I counter.

For the 15 CeVIe and 300 CeVIe data the GEANT
simulation is slightly simpler. This simulation uses Ver­
r3.12 of GEANT. A counter is defined as 6.48 em

neral oil, water, lucite, Ind mylar mixed together
ana all of it active. The cell geometry for this simulation
is the following: 5.15 cm of steel, I 6.48 em counter,
and 4.44 cm drift chamber. (The CCFR detector IC-



4. ENERGY LOSS OF MUONS
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The TeV muon dE/dx measurements Ire from cosmic
ray exposures of the CCFR neutrino detector taken dur­
ing the 1987 CCFR Neutrino Run. The trigger selected
muons that were nearly horizontal and went through the
entire target calorimeter. To ensure proper reconstruc­
tion of the muon momentum by the toroidal spectrome­
ter, only muons that traverse the detector in the direction
of the accelerator beam and through the full length of
the muon spectrometer are used. The final event sample
has 9443 events, with 236, 95. and 43 events between
500 to 800 GeV[e, 800 to 1000 GeV[e, Ind to
2000 GeV[c, respectively. Above 2000 GeV[c,~re
19 events. As resolution errors Ire expected to be large
in this region. they are not used. Figure 5 shows the

Figure 4: Radius which contains from 10% to 90% of
the punchthrough particles as a function of depth in the
calorimeter. The dashed curve show the 117 and 217 mul­
tiple scatter deviation of I 10 GeVIe muon.
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Figure 3 showsa comparison between CCFR data and
the GHEISHA simulation. The 15 GeVIc and 300 GeVIc
data are taken from the 1984 Run 2, while the 40 GeVIe
and 100 GeVIc data are taken from the 1987 Run 3.
At 15 GeV/c, 40 GeV/c, and 100 Gev/c, the Monte
Carlo calculation simulates the data very well. However,
at 300 GeVIc the Monte Carlo simulation is a little low
especially at large .bsorber thickness where muons Ire
expected to be the dominate source of punchthrough.

We determine the difference in punchthrough mea­
sured by ionization in argon·ethane in drift chambers and
by scintillator counters. The punchthrough probability
for the drift chambers is defined by recording the num­
ber of times I drift chamber had • FADC hit above 25%
of minimum ionizing. The result is independent of the
definition of minimum ionizing. The drift chambers sam­
ple every 20 cm of iron while the counters sample every
10 cm of iron. To compare the drift chambers result
to the counters, we applied the same algorithm to every
other counter. The punchthrough probability at a depth
of 169.5 cm for drift chambers is 12% ± 5% lower than
that for scintillator counters at a beam momentum of
40 GeV[c, 16% ± 9% lower at 70 GeV, and 9% ± 4%
lower at the 100 GeV beam momentum. The error is
statistical. Drift chambers are not sensitive to neutrons,
hence some of the difference in punchthrough probability
between counters and drift chambers may be explained
by punchthrough from neutrons.

A muon identifying algorithm is to extrapolate the
particle's track through In absorber to a hit in a cham­
ber. If the chamber hit is within I certain distance of
the extrapolated track. the algorithm calls the particle I
muon. To determine how often the punchthrough parti­
cle will be misidentified as a muon under the assumption
the incident hadron is a muon, we extrapolate the in­
coming hadron to drift chambers in the calorimeter. A
search is made for the nearest FADC hit to the extrap­
olated track. Figure 4 shows the result of this study 3.
The radius from 10% to 90% containment of the nearest
hit to the extrapolated track is shown IS I function of
depth in steel. The 1 17 and 2 17 level of multiple scat­
tering for a 10 GeVIe muon are shown. The plot shows
that the algorithm finds some fake muons in I hadron
shower unless the hadron absorber is thick enough.



Cosmic ray muon energy spectrum
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Figure 5: The momentum distribution for cosmic ray
~ which traverse the entire CCFR detector. The
C J a fit from dau taken by the DEIS spectrometer.

Figure 6: The average muon energy loss <dE/dx> per
em of steel, The solid line is I calculation.

momentum spectrum of the cosmic ray muons. 56%
of the cosmic rays are positive, which is in agreement
with expeetaticns. For muons with momentum above
800 GeVIe, 60% ± 4% (error statistical) are positive, so
that the ratio does not seem to change at high energy.
The line is a fit to data taken by the DEIS spectrome­
ter 8.

Figure 6 shows the muon <dE/dx> (average energy
loss) as I function of the muon momentum. <dE/dx>
measurement in each momentum range equals the to-­
tal energy deposited by the muons using the calorime­
try counters 1, 11 divided by the total pith length in
iron traversed by those muons. The solid curve is a
theoretic.I prediction 9, and it is consistent with the
measurement. In iron the energy loss is due to ion­
iution, bremsstrahlung, e+e- pair production, and phe­
tonuclear interactions. Ionization is the dominant source
~'gy loss for muon less that about 100 GeV[c.
1,. ~rocess is seen as an average loss in each scintil­
lator counter. Above 100 GeV/c, stochastit processes
dominate the muon energy loss. These process are

bremsstrahlung, e+e- pair production, and photonuc1ear
interactions. They appear IS occasional shower cascades
in the calorimeter. These cascades are superimposed
above the ionization energy deposited by the muon in
the calorimetry counters. Energy losses under I few GeV
are difficult to measure because their shower cascades
are not readily distinguishable from the ionization back­
ground. The stochastic energy loss is obtained from the
measured shower caseade energy by subtracting its aver­
age ionization energy lou from it.

In order to measure the cross section for these
stochastic processes, we search for showers deposited by
cosmic ray muons. One counter with energy greater than
3 times I minimum ionizing plrticle defines a shower.
This requirement put. I 0.4 GeV energy cut on showers.
The cosmic ray muons Ire put into momentum bins of
40-80, 80-180, 180-400, 400-800, and 800-2000 GeVIe.
(The mean muon momenta of each bin are: 58, 119,
2S9, 546, and 1132 GeVIe). Figure 7 shows the differ­
ential, stochastic energy loss spectrum for the cosmic ray
muons in these bins with energy 1055 larger than 2 GeV.
The solid curve is I prediction 9 for the shape of the
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Figure 7: Rate of stochastic energy loss for muons in momentum range from 40-80, 80-180, 180·400, 400·800, and
800·2000 GeV[c. The curves Ire I theoretical calculation and are normalized to the data.

spectrum. The normalization of the solid curve is to

the total number of cosmic ray showers. There is rea­

sonable agreement between the measurement and shape
predictions for all muon energies. From visual scans of

a sample of cosmic ray event pictures, we observe that

with increasing muon energies, events contain more visi­

ble shower cascades. Nearly all the shower cascades are

electromagnetic (the cascades do not penetrate through

more than -30 em of Fe). Only 5% of the energy loss

of high energy muons comes from photonuclear interac­
tions 5. The ca!l:ulated 9 interaction lengths for produc­

ing energy loss in excess of 2 GeV via stochastic pro­

cesses for 10, lOa, 1000, Ind 10000 GeVIc muons Ire

47000, 3900, 280, and 61 cm of Fe respectively. For en­
ergy losses under 2 GeV, the corresponding interaetien
lengths are 330, 78, 34, and 21 em. The implication is
that I muon tracking chamber sandwiched .between iron

(hadron) absorber sees more activity for increasing muon

energies.

We use the FADC electronics of the drift chambers to

measure the hit multiplicities IS I function of the muon

energy. The FADC clock is 48 ns, living the FADCs I

bin resolution of 2.4 mm for counting particles. Figure

8 shows the integral probability vs number of FAD...Js

per plane for the same previous five energy bins. The

fraction of events in each bin where the FADCs are able to
detect multiple particles per drift cell are 14, 16, 20, 24,

and 28% respectively. In the 40-80 GeVIc momentum

bin, the multiplicity drops about two orders of magnitude

after four hits, while for the 800·2000 GeVIe momentum
bin, the multiplicity drops the same amount after nine

hits.

The shower cascades worsen the resolution of the
drift chambers. To study their effect, first _the muon

track is fit. A search for the nearest TOC hit is made in
each calorimeter drift chamber. Figure 9 shows the dif­
ference between the drift chamber hit Ind the predicted
hit. The difference is shown for drift chambers with one

FADC hit Co) and more than one FADe hit (D). The

intrinsic resolution of the drift chambers is 9.8 mils, (250
pm). Hence, the width of Figure 9 is determined by mul­
tiple sCltter in the calorimeter steel. We see, ho·· ··r,
with more than one hit the resolution becomes_~

Reconstructing muons becomes more difficult at ~er
muon momentum due to the higher rate of stochastic
energy loss.
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S. CONCLUSIONS
In conclusion, Monte Carlo simulation of hadronic

punchtbreugh reproduces the data well for 15 GeVIc
through 100 GeVIc hadrons. At 300 GeVIc, especially
at thickness where muon production is important, Monte
Carlo simulation is a little low. We find that our mea­
surements of average muon energy loss in iron and the
differential energy loss spectrum are consistent with the
latest theoretical predictions 9. Thus, the theoretical
differential cross sections on bremsstrahlung, e+e- pair
production, and photonuclear interactions can be used in
conjunction with shower Monte Carlo programs to aid in
the design of muon detectors that utilize large amounts
of hadron absorber 10.

6. ACKNOWLEDGEMENTS
We are grateful for the assistance of the Fermilab

staff, and of many individuals at out home institutions.
We would like to thank Roger McNeil for providing the
results of his GEANT calculations. This research was
supported by grants from the National Science Founda­
tion and the U.S. Department of Energy.

REFERENCES
1. W.K. Sakumoto et.al., Nucl. Instr. and Meth.

A294 (1990) 179.

,
2. F.S. Merritt et.al., Nucl. Instr. and Meth.

A245 (1986) 27.

3. P.H. Sandler et.al., Phys. Rev. D42 (1990\ "-

4. A. Bodek, University of Rochester Rep~o.
UR911 1985 (unpublished).

S. Particle Data Group, G.P. Yost et at, Phys. Lett.
B204 107 (1988).

6. H. Fesefeldt et.al., Nuc1. Inst. and Meth.
A292 (1990) 279

7. GHEISHA calculations were done by R. McNeil,
louisiana State University.

8. O.C. Allkorer et.al., Nucl. Phys. B259 (1985) 1.

9. All theoretical predictions in this paper are based
on recent cross-section formulae summarized in:
W. Lohmann, et.al., "Energy Loss of Muons in
the Energy Range 1-10000 GeV." CERN preprint:
CERN-8S-03, Mar 1985.

10. J.J. Eutman and S.C. Loken, "Muon Energy Loss at
High Energy and Implications for Detector Design,"
Lawrence Berkeley lab preprint: LBL-24039, 1987.

11. The calibration constant to convert pulse height to
energy is different for ionization, electromagnetic
processes, and hadronic processes!.

'-'"


