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ABSTRACT

Hadron punchthrough probabilitics us functions of hadron energy and absorber
length (in terms of interaction length) al the SSC are studied in detail using GEANT
Monte Carlo stmuiations. Lnergy epcctra. charged multiplicity and the angular spread
distributions of the punchihiroughs wre presented. Total muon rates including prompt
muons and the punchthronaits are colculated us functions of muon transverse momen-

tum and the rapidity cocoraae with (VM delector baseline design.

1 Introduction

Experiments at the next generation of Lhadron colliders «SSC/LHC). operating at
very high luminosities 1+ (0™ — (e~ 4<=! 4 will allow us to explore the physics
behind the electroweak ~viimetry breakine. This inplies the search for the Higgs
hoson. technicoior. ~inersvinmetry. i werl as the scarch for new gauge bosons. new
leptons and quariks. Leptonic:sphotome tinal states will be detected as the most
sensetive signatures tor new phivsies, At the extremeiy high luminosities. muons offer
an advantage over eicctrous:photons ~ince the trigger and the measurement can be

performed outside o the caorimeters 1as absorbers of hadrons). where the particie



flux is low. For irgh luminosity hadron coitiders. muon detections is therefore the

hrst principie in optimizing the detector design.

Very broad physics topics at the TeV energy scale require the muon detection at
the SSC to cover targe range ol the muon momentum. (rom few GeV to few TeV,
and large solid angle. down 10 few degrees trapicity larger than 2.3). Understanding
the hadron punchihroughs and muon rates is crucial for muon detector and trigger
design. Ilowever. punchthrough simulations nced cuormouse amount of computer
time: in order to obtain reasonabtly wood spectra. we need to simulate in total about
13 miilion siiower developments in the caiorineters. Qur strategy for the simuiations

is thereiore:

(1) To obtain punchthrough probabilities lor single hadron (mainly pions) with
different energies and incident angles (therefore different calorimeter thickness)

using full GEANTIL] simulations:

(2) The total hit distributions in mnon chambers and the muon trigger rates are
obtained using IS \JET2] Monte Carlo prograin to generate pp collision events.
o il [ g =1
The punchthroueh nrobabilities and the muon energy loss were then for each
! 2

i, w and A according to the spectra obtalned lvom the GEANT simulations.

[t 1s the goal of this study to provide detailed information on punchthroughs which
should be easily uscd for total muon rate catculations ol any detector configuration
for high luminosity hadron colliders. \We liave used this information and calculated

total muon rate with thie GEM detector haseline design.

[n this paper we wiil first deseribe thie maiu parameters of the detector model
and the piivsics processes set [or hadronic <hower stmulation in GEANT programs.
[n section three we wiil teport the results on simulations of single muon and pion
with different cnergies and mcidence angles. Section four reports the results of total
muon rate calculations with GEN detectar at the SSC. Discussions on the calculation

uncertainties and the conclusions will bhe given in the last section.



2 Detector and Physics Parameters for GEANT
Simulation

We have used a simplified detector model lor GEANT (version 3.14), which uses

the GHEISHA[3] collision model tor a rull shower simulations. [igure 1 shows the

detector geometry set up:

(1)

(4)

1.5 mm Beriilium beam pipe iocated at a distance{ R} of 10 cm from the beam
line:

A simple Silicon centrat tracker trom R=13-T5 cm. with length=300 cm:

BaF,; EN calorimeters from R=73-130 ¢ in barret. Z=210-262 ¢m in endcaps.
{t has in total 27 radiation lengths ( Ny} corresponding to 1.7 interaction lengths

(A);

Fe/Ph/scintillator sandwitch hadrvon calorimeter located between R=145-335 cm
in the barrel. aud Z=330-338 cm in the endcaps. Its total interaction length

equals to 10.1\ in the barrel {| 7 |< 1.1}, and 12.3\ in the endcaps.

Three tavers of Aluminum muon chambers located at R=370. 600. 330 c¢m in
the barrei. Z=600. 1023, 1130 in the endeaps, luner and outer chambers have

10% radiation iength. and the middle chamber has 20% radiation length.

All the subsystem detectors are focated in a large magnetic field (1.0 T) with

the field direction along the beam line.

Table | lists the values ol the particle energy cutoff and the physics processes

setup in the GEANT program to control the shower development and the tracking of

the secondary particles 1 the detector,

3 Results from GEANT Simulations



Table 1: Parameters used i1 GEANT J\lonte Carlo Simulations

xexx= GEANT Version 3.1416 DATE/TIME 91100572008 ====x=*
PE R & K X X FERE R R R EERREE R R R LR R R SRR AL R AR AR EE LS LA LR RS SLLE LSS XS
* *
* Standard TPAR £f£or this run are *
W e e o — o ——— o — ——— T ——— ——— - - -
* o
* CUTGAM= - .00 GEV CZUTELE= 1.00 GEV CUTNEU= 1.00 GEV ~*
= CZUTHAD=500.00 MEV CUTMUO=100.C00 MEV *
* 3CUTE = 1.00 GV =2CUTM = 1.Q0 GEV *
* DJCUTE = 1..00 GEV 2>CUTM = 1.00 GEV 2?PCUTM= 10.00 MEV ~*
* IPAIR = 1. ICOMP = 1. IPHOT = 1, ~»
* 1IPFIS = 1. IDRAY = 1. JANNI = 1., *
* IBREM = 1. IHADR = 1. IMUNU = 1, *
* IDCAY = 1., ILOSS = 1. IMULS = 1, *
* TIRAYL = 0 *
* -
PR 2 22 L X 3 or R R-prprpren IR R PR LS SRR LR E RS AL AL RS SRSl EL LSS L]

3.1 Hadron Punchthrough Probabilities

To obtain the punchthrough probabiliteis. we simulated the shower development
of single pions and kaons uicidented to the detectors from the interaction point.
We have paratleliy used anout 10 VAN workstavions. 2 DEC-3000 workstations and
10 SGI CPUs to run thic computing jobs lor about G weeks to study the hadron
punchthrougis using GEANT [ull shower simulations. Tabte 2 lists number of hadron

showers simulated in our studies.

In the following. we present main results which are needed for total muon rate

calculations:

¢ Single =7 punchthrough probability: [t is defined as N,/ Vi where 2V,
is the number ol events with chareed particles leaking out ot the calorimetry
and Ny, s the total number oi pions simulated. N,/ .\V,a¢ versus pion ener-

gies at several different interation iengthes are shown in Figure 2. =~ and k¥



punchthrougi prowilities at Y0 degrees are compared with =7 in Figure 3.

¢ Single pion punchthrough charged multiplicity: It is defined as the num-
ber of hits in the inner laver of the muon chambers from a single incident pion.
Note that if a low enerey particle loops in the magnetic field and hits the cham-
ber twice. we have counted it twice. Figure || shows single pion punchthrough
charged muitiplicities at different pion enervies and calonimetry thickness (in

terms of ).

e Normaiized momentum spectra: ¢ is deined as P/ hincdenty Where poy,
is the momentum of the punciithrougin particle and poacdene 15 the momentum
of the incident particle. For ieading enerey punchihrough charged particles the
spectrum is shown in Figure 3. Figure 6 and Figure 7 show the spectra for the
second and the third leading cnergy punchthrough particles. vespectively. The
spectra of low p,cuiene at large A show clear enhancement at high poue/Pincident

values. These are contributions from the flight decavs.

e Punchthrough particle angular spread: [t is defined as the angles between
the out-going punchthrough particles and the incident hadron. The angular
spread is corrciated to the normalized momentum. Figure § shows 2-dimension

histograms., A0 versus j1,../ Poewienc . tor diiferent incident pion energies.

3.2 Muon Energy Loss Spectra

The purpose to study muon eneroy loss it the calorimeters is:
A .

{1) To obtain correct prompt muon spectra out ol the calorimetry by taking into

account muon cnerey loss 11 the calorimeters,

(2) To learn how to correct the energy loss lor total muon energy measurement.

Figure Y shows the cnerev lass spectra for muons with different muon energies

at different calorimetryv tiiicikness 1in terms of \l. The spectra peaks correspond to



the d£/dx energy ioss. and the tails mainly come from muon bremsstrahlung energy
foss in the cajorimeter. [or high cnerey muons such energy loss is significant. which
implies that we have to collect the muon energy loss in the calorimeter to improve

total muon energy resolution.

We have studied the method to correct the muon energy loss for total muon energy

measurements:

o .
lf;.‘,,““ = P_;—:jmuuber + —lE

where P, jumoer i~ Lhe muon momentun measured in the muon chambers out side of
the catorimeters. ML is the muon enerey {oss iu the calornneters. ['rom the studies
we determined that ii AL < 127 « [, we used Eyeqi o correct for the muon
energy loss: otherwise we used AL measured by the calorimeters assuming an energy

resolution of AE/E = 0%/ v EE + 2%.

Figure 10 shows Ap*/p distributions using the above mentioned method com-
pared with using oniy the calorimetry measured AL to correct for the muon energy
losses. [t is clear that the method we used improves the muon energy resolution

significantly.

4 Total Muon Rate Calculations

We have used ISAJET Moute Carlo program to generate events for various pro-
cesses of pp reactions. The final state particies then pass through the GEM detector
(baseline design) ~<imulation by parametrizations from the resuits of the GEANT sim-
ulations. Figure |l shows vhe calorineter matevial thickness (in A) versus rapidity.

1. for muon energy loss and the punchthrough rate calculations.

The tollowing procedure was used in our simulation to calculate the total muon
=

rate:



¢ ISAJET genecrate events with selected physics processes. For this study we
included TWOJET(G quarks and siuon jets. with [40 GeV Top mass), W+JET,
Z+JET. and DRELL-Y AN processes. Table 3 shows the number of generated

events for each process.

e For each prompt muon. we caiculated the pass-through thickness of calorimetry
material according to the incident angle. Tle energy loss is simulated by the
energy loss spectrum obtained i GEANT simulation of muons that are closest
in both momentum and incident angie. dE/dx enerey loss is corrected according

to the calorimetry thickuess,

o For each charmed pions and kaons. the lollowing procedures were used to gen-

erate the punchthrough particles:

1. We first chieck if the particle should vield punchthrough particles in the
muon chambers. The probability is calculated according to the spectra in

figures 2 and 3.

2. If there arc charged punchthroughs in the mmuon chambers, the charged
muitiplicity was ecnerated according to the distribution extrapolated from

the distributions 1 g, +

3. The energies and angular ~pread of the punchthrough particles are calcu-
lated according to the spectra shown in Figures 3. 6. 7 and 8. If there
are more than three particles, their energies were generated based on the
spectrum of the third leading energy particle (Fig. 7).

4. The difference of punchthrough rates between outer laver and inner layer
of the muon chambers were taken care by the difference of the first few

bins of the normalized momentum spectra of inner and outer lavers.

t

For == .nd &% “we used the spectra for =7 ol the same energy and incident

angle,

o The total muon rates are calculated by combining the spectra from each physics

process weighted by the cross section,



Fig. 12 shows the total rates in the ner laver muon chambers as functions of
muon transverse momentwin., . 0 different rapidity ranges. Spectra from different

physics processes were piotted to show their relative contributions.

Fig. 13 shows the total rates versus the vapidity. 5, with different muon pr cut.
Without pr cut. punchthrouens dominate the total rate. However with pr > 10 GeV.

the prompt muons dominate.

Fig. 14 shows the rvateram” as funcuions of 0. with different hadron calorimeter
thicknesses in the barrer rewion. \We bave assuimed that the barrel inner laver muon
chambers located at a distance vl 3.7 in trom the beam line. and endcap inner laver
located at z=3.3 m (the beam line is along the z coordinatei. \We found that in the
barrel region. the muon rate is roughly constant at 0.3 Hz/cm” for 12X absorber, and
about factor of 3 higher in the case of 10X, In the endcap region. 14A is necessary,

since the rate increase exponentially as the angle decreases.

As a summary, Table -} lists the muon rates in the inner laver of the muon chambers
at several § angles. with different pr cuts. and Table 5 lists the integrated muon rates
in various n regions. Lable b lists thic multi-muon event rates with different muon pr

cuts.

5 Discussions and Conclusions

5.1 Rate Calculation Uncertainties

Muon chamber and trieger design need to know the total muon rates. It is im-
portant to understand thie caiculation vncertainties for the designs. \Ve list the cal-

culation uncertainty contributions in the following:

¢ GEANT simulation energy cut off: we set the shower development energy

o



cut off at 0.1. 0.3 and |.U Ge\ for muons. liadrons and electron/photon respec-
tivelv to speed up the simuiations (if the GEANT detauit energy cutoff values
were used. at [east 3 times more L P hours would be needed). [n order to check
our caiculation uncertanties. we have used the GEANT default energy cutoff
values {see Table 2} to studyv the punchthrough probabilities with 10 GeV and
20 GeV pions at different angies. \We compared the punchthrough probabilities
from low cutoftf runs with our standard cutotf runs. and found that the differ-
ences were at 307 levei, We thierefore estimated our punchthrough probability
calculations with an uncertainiy of ~ 507 for energy less then U.3 GeV charged
particles. [t is clear that this uncertainly wiil not atfect the muon trigger rates if
we consider triggering on muons with pr >3 Ge\'. [lowever muon inner chamber

hit occupancy shonid Le higher than what we have presented.

Extrapolation of punchthrought spectra: \Ve have used momentum spec-
tra obtained {rom pions at certain incident angles. Particles with incident angles
different from these values can have different flight decay probabilities. We also
used only spectra of 30. 100, 200. and 300 GeV pions. The punchthrough spec-
tra of low energy pions « <20 CeV ) show significantly increase of flight decays,
which are not 1 the 53 GeV spectrum. ‘We estimated that these eifects can

cause an rate uncertainty ol ~ 10%.

Theoretic model: quark hadronization. which determines charged multiplic-
ity of jets. in ISAJLET program was tuned by UAl data. extrapolation to the

SSC energy scaie gives uncertainties. [t is not clear to us how much does this

contribute to the rate uncertainties.

Small angie detector geometry: for | 4 |> 2.3. the rate calculation using
parametrizavion method has farge uncertainty since hadronic showers spread
into the detector hoie around the beam. Also charged particles interacting
with the beam pipe e small anele will knock out many showered particles
and increase the occupancy ol the small angle muon chambers. Therefore.

without detail detector and beam pipe shielding design and using full GEANT



simulation. the calcutation is not reiiable. in this study. we used only the

calculation results above Y° .

¢ Cosmic rays and beam spread : The calculation reported in this paper

doesn’t include the contributions irom cosnmuc rays and heam spread.

In summary. considering the above uncertainties in our calculations the real oc-
cupancy rate in the muon chamber witl be higher than our results., A safety factor of

~3 should be used lor chamber and tricger desians hased on these resuits.

5.2 Applications of the Resuits

o Muon Level-i Trigger

The GEM collaboration proposed to use Resistive Plate Counters "RPC’s” | which
have a response time ol less than 10 nanoseconds, and Cathod Strip Chamber “CSC’s™,
which have a response time of less than 13 nanoseconds (wire spacing for "CRC’s” is
2.5 mm), as the last muon trigger devices {or the barrel and the endcap regions re-
spectively. The "RP("<" can handle a rate of 40 Hz/em®. which is limited by chamber
dead time. The ~t'SC’5” in principle can handie a rate up to 100 kHz/stripe. which
is limited by signal integration time. Figure 14 shows that even at 10%/cm?/s lumi-
nosity, the total muon rate in the barrel region is about 3 Hz/cm?, “RPC’s” certainly
can hadle this rate with large safetv lactor. [n the endcap regions. the tatal muon
rate in inner muon chambers can be as high as 200 Hz/cm? at the 10*/em?/s, the

*CSC's" can be casiiv designed to work on such rate.

Fast muon trigger i< sencrated from roads in three layvers of “RP(Cs™ or ~CSC’s”.
Roads are formed by few centnmeter wide strips in the central "RPC's7. and by radial
cathod sirips and vertical wires in the endeaps. According to Table 3. the total muon
rate (| 7 |< 2.3} with pp >3 GeVois about 10 kHz. and with p4 > 25 GeV is about
1 kHz at the SSC ~tandard luminosity. If the Level-1 trigger is designed to handle a

few tens of kHz. then it is possible 10 trigger on inuons with 3 GeV pr threshold at

10



10%/em= /5 luminosity. and with 23 GeV pr threshold at 10*Y/em=/s.

¢ Muon Chamuoer (ccuponcy

Assuming that the barrei muon chambers are made of 4 meters long drift tubes
with 4 cm diameters. Based on Fig. 11. the rate per tube would be about 300 Hz at
the SSC standard luminosity. The occupancy can be estimated as rate x Ty,g, where
Trmaz is the maximum drift time of the tube. Assuming T.nor = lus. the occupancy
would be about 3 « {07 .t [0 /177~ luminosity. aud 3 x 1072 when the luminosity

increases by a factor ot iU,

If the endcap muon chimnbers are made of “("'SC"s" (also called PAD chambers)
with 0.3 cm wide and | meter long cathod steips. The occupency would be less than
0.1% at the standard luminosity. Here we assumed the strip integration time to be
I s, and that one charged particle signals three pads. From this result we believe

that it will also work at higher Tuminosities.

5.3 Conclusions

We conclude. based on our simulations. that:

e At the high luminosity hadron colliders. inuons certainly offer an advantage
over electrons/photons due to the low particle rate outside of the calorimeter.
We can trigger on muons with the py cut as iow as 3 GeV. Such low pr cut is
very important tor increasing tlie event acceptance in events like H® — ZZ* —

HUpg.

o Muon chamber located outside the calorimeter can certainly work at the 1034 /em?* /s

luminosity.

e Excent trom the uneertaintios in the theoretical modets. this simulation should
be accurate to within a factor ol 2 lor | 4 {< 2.3, For smmall angle | 7 |> 2.5 muon

chamber and trizgger design. vne needs full GEANT simulation with completely

1l



defined detector geomertry.
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Figure Captions

Figure |

Figure 2

Figure 3

Figure 4

Figure 3

Figure 6

Figure 7

Figure 8

Side view of detector geometry set up lor GEANT Mounte Carlo simulations.

Singel #¥ punchthrough probabilities as functions of energy of the incident =+

and the absorber thickness.
Comparison of the punchthrough probabilities of =7, =7, &%, and k~.

[n total 12 Heures show the single pion punchthrough charged multiplicity dis-
tributions at dilferent pion enersy and absorption length., Shaded histograms

show the muon component in the punchithrough particles.

In total 12 figures show the normalized momentum spectrum of the leading en-
ergy punchthrough particle. Open histogram corresponds to the inner chamber
spectrum. and shacled listogram corvesponds to the outer chamber spectrum.

The difference is due to the low energy particle looping inside the magnetic
feid.

In total 12 figures <ltow the normalized momentum spectrum of the second
leading energy punchthrough particie. Open liistogram corresponds to the inner
chamber spectrim. and shaded histogram corresponds to the outer chamber
spectrum. The difference is due to the low energy particle looping inside the

magnetic field.

In total 12 figures show the normaiized momentum spectrum of the third lead-
ing energy punchthrough particle. Open histogram corresponds to the inner
chamber spectrum. and shaded histogram corresponds to the outer chamber
spectrtum. The diiference is due to the low energy particle looping inside the

magnetic field.

[n total 12 figures sl:ow the puuchthrough particle angular spread correlated to

the normalized momentun.
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Figure 9

Figure 10

Figure i1

Figure 12

Figure 13

Figure 14

In total 12 Hgures show the muon energy loss distributions for differnt muon

energies and absorber thicknesses,

Muon energy resolution distributions for 20 GeV and 30 GeV muons. Solid
histograms were obtained using the method described in section 3.2, Dashed
histograms were obtained by adding energy loss measured in the calorimeters

only.

Calorimeter interaction iength as a function of the rapidity used in our total

rate cajculations.

Total muon rates versus muon transverse momentum (pr). Contributions from
different physics processes are also shown. (a) | 7 [< 1.3, (b) 1.3 < 7 |< 2.0,

() 2.0 <| n |< 2.53. (d) total vate with | n |< 2.5.

(a) Total muon rates as functions of the rapidity with different muon pr cuts.
{(b)-(f} show the total muon rates as well as contributions from different physics
processes. with differcnt muon pr cuts. Note that the rates at the positive and

negative rapidity have been tolded together in this figure.

Inner muon chamber iiits rate per em- versus the polar angie. ¢. For this figure
we assumed that the inner barrel chambers are located at 3.7 meters from the
beam line in the case of 12\, and 3.3 meters in the case of 10A. The inner
endcap chambers were assumed to e located at 3.3 meters from the interaction

point.
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Table 2: List of Number of Single Hadron Simulated

cutoff energy: U.1. 0.3, 1.0 GeV for u. hadron and v/e respectively

P(GeV)| 10 | 20 f 30 | 100 | 200 | 300 | 400 | 500
9=90° | | | |

(A=11.8) | 230k 200k | 20k j sk | 126k | 110k
6=15" |

(A=E4.31 7 1070k © <tk 995k « TSk | 113k | 164k
f=25° : |

(A=15.31 | 100k | i3k | 2132k | 100k | 30k 10k
o=45° |

A=17.00 | 39k | 16k | 119tk | 23k | L0k

#=70° !

(A=12.8) | 100k | 100k | 100k | 100k | 100k

9=90° 1 | E |

(A=10) . 1100k | 100k | 100k | 100Kk | SOk 10k
cutoff energy: U.01. U.01. U.00Ll GeV for u. hadron and +/e respectively
#=10° i

(A=11.8) | 100k | 70k

9=15° | |

(A=14.3) | 100k | 50k

f=25°

(,\=15.5\| 00k & 50k i

§=45° ! '

A=1T.00 | t00k 0k |

0=70° :

(A=12.8) | 100k = 50k | |




Table 3: Simuiated MC Events in Various Physics Processes

process

L PEY(GeV) l cross section(mb) ' Nye

Minimal bas
PP — 2 jets (q.
PP — 1t

PP — W+ X\ — v\
PP —Z+N — 7™ X

1]
=/

P
i
i
t

PP —~(Z2)+ XN ="~ X |

4-20

20-9000

10-3000
10-5000
10-3000
10-3000

1000k
9700k

| 1150k

1770k
300k
432k

Table : Particie Rate (Hz/degree) at Several Angles

Angle 90° | 70° | 45°
no procut | 2.4k | 3.0k | 10k
pr > 5 GeV 21 145
pr > 10 GeV 3 3
pr> 13 Ge\'l 13 | 22 | 33
pro>20GeN T 03 0 L1
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Table 5: Integrated Rate {Hz) in Several 5 Regions

Region | Eni< 25 i< 13 | 13<lg|<2|2<ini<25 | di-muon | 5 {< 2.5
1o pr cut ! 2167k 1 1042k 660k 760k ' 230k

pr > 3 GeV 931k a4k 223k : 2,23 " 91

pr > 10 GeV : 102k L usk o 03 19

pr > 13 GeV 630 372 136 120 9.9

pr > 20 GeV 80166 | 52 53 6.3

pr > 25 GeV 140 | 30 i 26 24

Table 6: Multi-Muon Event Rate (Hz) for | n [< 2.5

multi-u state | 1 fevent | 2u/event ' 3y fevent l 1p/event ‘ > 4u/event
nopreut | 1274k 0 LTk | 427k 19.3k 24.1k
pr > 5 GeV | 9. 14k : 8 i 134 0.17 0.022
pr > 10 GeV | 101k 174 i 0.52 | 0.14 0.016
pr > 13 GeV | (29 ~360 0 0.30 0.12 0.014
pr>20GeV | 20wy 020 I 0.092 | 0.013

17
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Figure | Side view of detector geometry set up for GEANT Monte Carlo simulations.
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show the muon component in the punchthrougn particles.
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Figure 3 In total 12 figures show the normalized momentum spectrum of the leading en-
ergy punchthrough particle. Open histogram corresponds to the inner chamber
spectrum. and shaded histogram corresponds to the outer chamber spectrum.

The difference is due to the low energy particle looping inside the magnetic
field.
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Figure 7 In total 12 figures show the normalized momentum spectrum of the third lead-
ing energy punchthrough particle. Open histogram corresponds to the inner
chamber spectrum. and shaded histogram corresponds to the outer chamber

spectrum. Tle aifference 1s due to the low energy particle looping inside the

magnetic field.



Incident r”: E=30 GeV ar 15° (14.54)

Third leading energy particie

P

i
aut’ Pm:innl

0.2 Jd 9.6 0.3 l

L Incident 7~ E=200 GeV at 15° (14.51)
: Third leading energy particle

02 0.4 0.6 0.8

P /P

7
qut

|
|
1

incident

¢ Incident n7: E=100 GeV ar 15° (14.5A)
Third leading energy particle

rT Y1 2

T

b
it

10

[lr;w;

i

h

,rj - _Li
I ! ~

T

ﬂ |

v 0.2 0.4 0.6 0.8 1
P“J Piﬂcidml

Incident 7”: E=500 GeV at 15° (14.5%)
; Third leading energy particle

10 &

0 02 0.4 0.6 0.8 1
Poﬂ/ Pim:idcm

Fiﬁ' 3 conlinue



Incident 77: E=50 GeV at 23° (15.57) - Incident ©": E=50 GeV at 45° (170)

- Third leading energy particie J Third leading energy particie -
ii
10 *#
.
q] |
|
! 10 Ep
v.2 0.4 0.6 0.8 1 0 02 0.4 0.6 0.8 1
Paur"Pmc:dem Pnuffpineidtnt

10
- Incident ™: E=10 GeV at 90° (122) " Incident 77: E=10 GeV at 15° (14.5R)
|r Third leading energy particle L Third ieading energy particle
E
L
| i
|
| T
| :
| | ' |
0.4 0.6 0.8 1 ) 0.2 0.4 0.6 .3 1
Pwr[ Pinddeut P u{ Pindunt



el

h

aui

<
be

(2 ol TR I I L B L I

Incident 77 E=30 GeV at 90° (121)

-

(=]
h
(-

e
'S

o
s
' r T 1 L2 RN ] T 1] 1

02 ) “02 0.4 .06
Bour Dincident \[2012N)

Y 02 0 2 04 06
1jt:m’'}il:::ium \radian,

incident

Y

l.u«l"'incillml

@
b

Incident t°: E=100 GeV at 90° (122

(]|

Il
o
o

(=]
h
[

(=] o
ke 'S
l“r'T TAY‘W*—T-T'V—I“‘I v T L

LI §

=]

YR 22 Y 12 04 0.6
Four Yincia (radian)

Incident =": E=3500 GeV at 90° (124)

[

e
a

0.4

@
[

. 08 06
Daut™ Vincideas (F3diaN]

p
I
}

éo

& E‘l'_"“f""""r_r_f-"'_'_'—'_T-Y_V_" T [ B i e § T [ofienl B St b

&l
r

Figure 3 [n total 12 figures show the punchthrough particle angular spread correiated to

the normalized momenturm.



dent

wal’

Incident ©~; E=30 GeV at 15° (14.54) Incident ©™: E=100 GeV at 15° (14.54)

1 =1
. = |
] - = i
- d = - |
7 3 !
08 + 3 =508+ .
oy
. g -
0.6 ;;‘ 0.6 -
- 9; -
04 . t 0.4
- . : - .
- - i - .
g ‘ 02
O PP - ey g, 2 .
=3 TRy 106 )4 02 0.4 0.6
% out" Vincigen \T2A1AN) B0tV incidege (F2DIAN?

Incident ©°: E=200 GeV at 15° (14.51) Incident n°: E=500 GeV at 15° (14.5))

1 = 1
r P
L o -
| I
- [ -
. e -
03 i 22038 -
i [
0.6 - 0.6 -
: [
: F
04 |- 04 F
- L
: L
L
02 F - 02!
: i
Us  0a 02 ) 0.2 04 0.6 e 04 22 o 02 04 06
B ouc Vincigent -Fadian) Vyut Vincigene (Fadian)

=

i
oo
o
S -
s
®



Incident ©7: E=50 GeV at 25° (15.53.)

Incident =7 E=30 GeV at 45° (17)

marTy

L H A

[y

LV R B

b
by

92

out

s 06
* % agene (F2AIAN)

Incident n°: E=10 GeV at 15° (14.54)

. -1
= -
- % ""E -
= 3 208 -
- "é -
= 0.6 -
] -
F | 04
- I -
. : ]
e 02 F
b e : I
6 02 Y 2.6 )4
oul-Oiu:iduu \radian)
Incident n°: E=10 GeV at 90° (121)
1 1

l'oullpimidcni
o
to

e
-

i
|

=] (=]
[N PS
[ 1 % L] 'I‘T‘l“‘ AI_U"T' T 1' ] [ I el ¥ T [}

6 -
Ll o
1+
20.6

-4

-02

02 A 0.6

-&Ol.ll

L2
=&
-

‘ . -3.4
'Ginanem (radian)

_{-:Lj‘ 2 ConTinue

0.2

v

0l

out

-9

0.4 0.6

incident

(radian}



Muon energy ioss. E.=30 GeV. 124 Muon energy loss. £. =100 GeV. 122

10 3¢

E 10° 1
w;if- ; : l
| |
: :
10 £ r 0 !b . 3
| P ,-:-!qpmqﬂﬂll ny i
' Em:',gy loss !GeV‘} ’ ? Energy l;:s tGeV\
Muon energy loss. E =200 GeV. 122 Muon energy loss. E =300 GeV, 120

EM by 2

== il )
M 30 30 70 0

Energy ioss GeV) Energy loss 1GeV)
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