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ABSTRACT

The muon rates and momentum resolution for muon detectors are calculated.
The muon rates are calculated at exit of the calorimeter and the muon filter using
a simple detector geometry for the SSC at ,;s = 40 TeV with L = 1033cm-2sec- 1•

Contributions from prompt, decay, and punchthrough are presented as a function
of various muon quantities. Also, the, efficiencies for typical physics process are
calculated for corresponding muon quantities. The momentum resolution for
muon toroid system is calculated by a simple simulation and track fitting for
various configurations and parameters. The result of simple simulation which
include only multiple scattering effect is compared with that of full simulation
by GEANT and they have resonable agreement.

MUON TRIGGER RATES CALCULATIONS

At the SSC, many of the new physics signatures involve leptons. Since some
of the processes, such as Higgs --+ ZOZO --+ 4" and Z' --+ ,,+,,-, involve only
muons and no other activities, the muon trigger is quite important (especially
at 1st level trigger) to ~atch those events. Here, the muon rates exiting the
calorimeter and the muon filter are calculated for various quantities which might
be used in the trigger.

Detector Geometry

In order to calculate the rate of muons, at least the geometry of absorber
material should be specified. A simple geometry shown in Fig. 1 is used in the
calculation described in the following. A simple cylindrical geometry is assumed:
The barrel calorimeter starts from R = 2 meters and is treated just as 2 meter
thick iron block. A 2.5 meter thick iron muon filter is placed just outside of
the calorimeter; The endcap calorimeter starts from Z = 4 meters with same
thickness of barrel part (2 meter thick iron). A 3.5 meter thick iron muon filter
follows it. The inner corner between barrel and endc'7P corresponds to rapidity
y = 1.5.
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Event Generation

The background events are generated using ISAJET1 (version 6.21) at yS
== 40 TeV. In order to estimate background rates in the region relevant to the
consideration here (mainly 1st level trigger) including minimum bias events, the
process 'TWOJET' in ISAJET are used with wide rapidity range and low p, limit
for primary jets. The ranges used here are: -8 < y < 8 and 5 < p, < 200GeV/c.
This gives a total cross section of 90 mb which is about same as the expected
total cross section (~ 100 mb). In order to get enough statistics for full range of
consideration, events are generated in 6 steps of p, ranges.

Muon sources

The following three sources are considered for the muon rate associated with
the beam interactions.

i) Prompt muons: prompt muons are defined as particle which has muon
particle ID in the generated events by ISAJET. These muons come from decays
of heavy quarks (c and b). The mass of top quark is set to 160 GeV/c2 in the
program and the contribution to the background muon rate from top quark is
negligible in the first level trigger.

ii) Decay muons: muons produced by decay in flight of stable hadrons.
The decay probability is given by

Prob. == [1 - exp( -L/CT,)] x Br(had --+ fJx)

where L is distance to the surface of calorimeter from the interaction point,
, == E/mh, and Br(had--+ fJx) is a branching ratio for muonic decay. Only ,,±
and K± are considered as decay source for simplicity (3-body decay of KL is
neglected). Decay muons coming from two body decay of hadrons with f3 ~ 1
have flat energy distribution:

E,. ~ ,(E;. + p~cos/1'), with - 1 < cos/1' < 1

iii) Punchthrough: There are several empirical parametrization formula
which were obtained by fitting experimental data. However, the range of the
data in fit is limited and sometimes 2 formula give quite different answers. For
example, WAI parametrization was used in the muon rate calculation at Snow-

2mass 86:

Prob. = exp - [(A - 1.53Eo.33)/(0.89Eo.165)J

Ref. 3 gives following formula:

VAl Fit: Prob, = 0.13p1.62exp( -x/23cm)



Bodek Fit: Prob. = (pj350) x 0.0095 x exp[-1.42( v'R - 2)] x 0.81

Lang Fit: Prob. = 1O-4a · pbexp[_(cjp + d)R']

(for the detail of formula, see ref. 3). These formula are compared in Fig. 2 for
Fe thickness of (a) 2 meters and (b) 4.5 meters. They differ orders of magnitude.
relatively low energy and thin Fe data are used in WAl and VAl fits, while
relatively high energy and thick Fe data are used in Bodek and Lang fits. In the
calculation here, probabilities are calculated both for WAl and Lang fits and the
higher probability is taken for given energy and Fe thickness. This is illustrated
in Fig. 3. Basically, WAl fit is used at thin Fe and Lang fit is used at thick Fe.

Rate calculation

The muon rates are calculated in two ways for decay and punchthrough:

A) Simulate decayjpunchthrough muons according to the calculated probabil
ity using random number.

B) Multiply decay jpunchthrough probability as weight for each particle and
accumulate histograms for various quantities.

Method A) is more realistic but statistics is much lower than B). Most of the
plots shown below is using method B).

Results

The results are presented in terms of the rate (Hz) which is converted from
the cross section assuming L = 1033cm-1seC1 (i.e. 1 mb corresponds to 106

Hz). The overall muon rates for each source are shown in Table 1. The decay
muons are dominant SOurce for all cases and the punchthrough gives only small
contribution especially after the muon filter.

Table 1. Overall muon rates

y range Exit at Prompt(Hz) Decay(Hz) Punch(Hz) Tota1(Hz)

Iyl < 3 CAL 1.3 X 105 1.lx107 5.3x 105 1.2x107

Iyl < 3 Mu Filter 1.1 x 105 5.3x10s 3 x 103 6.4xlOS

Iyl < 1.5 CAL 1.5x 101 2.8xI0s 4 xl03 3 x10s

Iyl < 1.5 Mu Filter 2.6xl03 9 x 103 5 x101 1.2x 101

Fig. 4 shows muon multiplicity rates. The rate of multiplici ty 2 is an acci
dental rate of single muons in the same bunch. Therefore, if muon trigger can
not separate N bunches the 'dimuon' rate is N times higher. Fig. 5 - 8 show
muon rate vs Polar angle and y of muons for each muon Source component at the



exit of the calorimeter and the muon filter. The rates are presented in two plots
for each case: a) The (differential) rate at given quantity value; b) The trigger
rate with given threshold value for the quantity. This is given by integrating the
differential rate a) from threshold value to infinite. In order to minimize statisti
cal effect, the integration was done after smoothing the distribution shown in a).
The values at the lowest point gives total rate. Fig. 9 - 12 show muon rate vs p,
and p for rapidity range Iyl < 3 and Fig. 13 - 16 shows those for Iyl < 1.5. For p,
and p plots, momenta of decay muons are used rather than momenta of parent
hadrons, since momenta measured by the muon detector would be relevant to' the
muon triggers for early stage. For punchthrough muons, momenta of hadron are
used for convenience. Fig. 17 compares the total muon rates vs p,/p threshold
values for various cases.

Most of new physics signatures give leptons to be isolated. A simple isola
tion algorithm is considered here. The calorimeter energy deposit around muon
track are cheeked for single, 9 (3 x 3), and 25 (5 x 5) calorimeter towers. The
calorimeter energy deposit is simulated using simple calorimeter simulation pro
gram CALSIM 4 with tower size b.y x b.¢> = 0.15 x 2,,/32. Fig. 18 (a),(b) show
energy deposit distributions of the calorimeter towers. Fig. 19 show trigger rate
versus calorimeter isolation energy threshold ECAL where if calorimeter towers
have energy deposit more than ECAL, the events are rejected. It shows rate
does not decrease so much. Probably, without muon momentum cut, majority of
muon rates are due to low momentum particles and already away from the hard
component of the jet.

Efficiency for Physics Events

For any quantity, the trigger rate can be reduced to any value by raising
the threshold. However, the threshold should be kept low enough to keep the
efficiency of the interesting physics events to be good enough. As an example,
the Higgs production process (H ..... W+W- ..... p. + v+jets) is chosen. The mass
of Higgs is chosen to be 400 GeV/c2 • The events are generated using' ISAJET
program. The total cross section of the process is 0.46 pb including branching
ratios.

The results are shown in Fig. 20-23. Now a) shows the differential cross
section and b) shows the efficiency vs threshold value for each set.

From the background distributions, it is important to have p, or p threshold
in the first level trigger in order to reduce the muon trigger rate to comfortable
level. p, (or p) threshold of 20 (40) GeV/c is enough to reduce background rates
to the level of 10~, while the efficiency for Higgs production process still kept
more than 80%.

MUON MOMENTUM RESOLUTION CALCULATION



It is important to estimate the muon momentum resolution in designing de
tectors for the SSC. It is possible to calculate resolution using empirical formula, S

but sometimes it is not straightforward to apply it to different and complicated
configurations. Therefore, it is useful to calculate resolutions with more real
istic procedures for various detector configurations. For this purpose, a simple
simulation and fitting program was made.

Geometrical Configurations

A planar geometry of muon chambers and filter material is assumed in the
program and calculation is made two-dimensionally in the bending plane. The
general configuration and coordinate system is illustrated in Fig. 24. For each
layer of material, magnetic field and radiation length are are assigned. The
magnetic field is assumed to be uniform. Calculation can be done for given
numbers and positions of material layers and chambers.

Procedures

The calculation is made in the following procedures:

1) A track trajectory is produced through the material layers for given mo
mentum (p), sine, and y position at x=O (sineo, Yo). A multiple scattering
is taken into account by tracing trajectory with small steps (1 radiation
length). Simple formalism with Gaussian distribution is used for multiple
scattering calculation. 6

2) Hit position at each chamber is calculated from a trajectory. The posi
tions are smeared with Gaussian distribution with given chamber position
resolutions.

3) A track fit to chamber hit positions is performed with p, sineo, and Yo
being free parameters. A fit was done in a 'brute force' manner using
program MINUIT as follows: Since only uniform field is considered, the
position at each chamber can be calculated analytically (without multiple
scattering effect) for given p, sineo, and yo. Then, X2 = L(Yi - Yfi.)2 10; is
calculated and fed into MINUIT. Note that this program is not intended
to develop a track fitting algorithm used in a analysis but just to estimate
the momentum resolution which would be obtained by a reasonable fitting
program.

Procedures 1) - 3) are repeated for each events and (Kfit - Ko)/l<o (I< =
lip) is accumulated in histogram. The momentum resolution (0'1</1< = O'p/p) is
obtained by fitting histogram with Gaussian distribution.

Trajectory points can be supplied from the file so that the fully simulated
trajectory by GEANT can be also used for resolution calculation.

Results
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In the following, calculations are done for configurations based on the muon
toroid system of the ACS detector.

7
Fig. 25 (a) and (b) show the barrel and end

cap configurations used in the calculation. The barrel (end cap) part consists of
3 (4) layers of magnetized iron filters with thickness of 85 em and 15 em gaps
between them. 3 chambers with 3 em apart are always treated as one set in the
calculation for convenience, which is different from actual design. Two sets of
chambers are placed before and after muon toroid and one set of chambers is
place each gap between iron. For two set of chambers after muon toroid, three
different gaps between chamber sets are considered: (A) 40 em, (B) 1 meter, (e)
2 meters. 40 em gap is taken if it is noted otherwise. The magnetic field in iron
is assumed to be 2 Tesla.

In Fig. 26, results from simple track simulation in step 1) (multiple scattering
only) are compared with full simulation by GEANT (provided by M.Asai) for
barrel part with chamber resolution of 300 uttx. In GEANT simulation case,
(Kfil - Ko)/Ko distribution shows long tail for high end as shown in Fig. 27.
This is due to the energy loss by bremsstrahlung and reflected in large difference
in resolutions taken from width of Gaussian fit (x) and from RMS of distribution
(+). Except this long tail, the effects to resolution due to energy loss by dEldx
and bremsstrahlung in full simulation is not so large (about 10%) and simple
simulation gives good estimate for resolution. Also shown in figure (by .) are
average shift of fitted momentum from originally produced momentum (in unit
of %).

All the results described in the following are obtained by simple simulation
with multiple scattering only.

Shown in Fig. 28 and 29 are the dependence of momentum resolution on
chamber position resolution and on the gap between the last 2 set of chambers
after iron toroid for barrel part. Fig. 30 shows the dependence of momentum
resolution on chamber position resolution for end cap part.

Fig. 31 shows momentum resolution for 3 different configurations are com
pared for barrel part with 1 m gap for the last 2 sets of chambers. (x) shows
configuration with no chambers in gap between iron filter and is compared with
that with chambers in iron gaps. In order to keep the number of chambers to be
same, chambers in iron gaps are moved between first and last 2 sets of chambers
for the former case. The chambers in iron gaps improve the resolution consider
ably. (+) shows the resolution with vertex constraint which is supposed to given
by central tracking detector in addition to the muon chamber information. The
vertex constraint is given by one additional measured point at x=O with 200 Jlm
position resolution. Further improvement is seen.

Fig. 32 shows momentum resolution as a function of pseudo rapidity '1 with
ACS muon toroid configurations for p = 1 TeV (0) and 2 TeV (+) with (doted
lines) and without (solid lines) the vertex constraint. 1 m gap for the last 2 set



of chambers is taken for both barrel and end cap part. For TJ = 1.25 and 1.5,
trajectory pass through boundary region between barrel and end cap part. This
effect is taken into account by taking iron and chamber positions along the muon
trajectory (assumed to be a straight line), as well as taking effective chamber
resolutions.

The author wishes to thank Dr. Y.Takaiwa for providing ISAJET program
package and help and discussions for proceeding the calculations.
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FIGURE CAPTIONS

Fig. 1. Geometry used in the calculation.

Fig. 2. Comparison of punchthrough probability given by different parametriza-
tions for iron thickness of (a) 2 meters and (b) 4.5 meters.

Fig. 3. illustration of punchthrough probability use in the calculation.

Fig. 4. Muon multiplicity rate at exit of calorimeter and muon filter.

Fig. 5. Muon rate vs polar angle of muons at exit of calorimeter.

Fig. 6. Muon rate vs polar angle of muons at exit of muon filter.

Fig. 7. Muon rate vs rapidity of muons at exit of calorimeter.

Fig. 8. Muon rate vs rapidity of muons at exit of muon filter.

Fig. 9. Muon rate vs p, of muons at exit of calorimeter for Iyl < 3.

Fig. 10. Muon rate vs p, of muons at exit of muon filter. for Iyl < 3.

Fig. 11. Muon rate vs p of muons at exit of calorimeter for Iyl < 3.

Fig. 12. Muon rate vs p of muons at exit of muon filter. for Iyl < 3.

Fig. 13. Muon rate vs p, of muons at exit of calorimeter for Iyl < 1.5.

Fig. 14. Muon rate vs p, of muons at exit of muon filter. for Iyl < 1.5.

Fig. 15. Muon rate vs p of muons at exit of calorimeter for Iyl < 1.5.

Fig. 16. Muon rate vs p of muons at exit of muon filter. for Iyl < 1.5.

Fig. 17. Comparison of total muon rate vs (a) Pt and (b) p of muons for: at exit of
calorimeter and muon filter; and Ivl < 3 and 1.5.

Fig. 18. Distribution of energy deposit corresponding muon position with single, 9,
and 25 calorimeter towers for muons exiting calorimeter (a) and exiting
muon filter (b).

Fig. 19. Rate vs ECAL for isolation requirement for rapidity range Iyl < 3 (a) and
Iyl < 1.5 (b).

Fig. 20. Muon rate vs polar angle of muons at exit of muon filter for Higgs produc
tion: H(400 GeV) - W+W- - JJ + 1/ + jets.

Fig. 21. Muon rate vs Pt of muons at exit of muon filter for Higgs production: H(400
GeV) - W+W- - JJ + 1/ + jets.

Fig. 22. Muon rate vs p of muons at exit of muon filter for Higgs production: H(400
GeV) - W+W- - JJ + 1/ + jets.

Fig. 23. (a) Distribution of energy deposit corresponding muon position with single,
9, and 25 calorimeter towers for muons exiting muon filter with Iyl < 3 for



Higgs production: H(400 GeV) -- W+W- -- I' + v + jets. (b) Rate vs
ECAL for isolation requirement for (a).

Fig. 24. General configuration and coordinate system used in momentum resolution
calculation.

Fig. 25. Detailed configuration used in the momentum resolution calculation. (a)
Barrel muon detector and (b) end cap muon detector.

Fig. 26. Comparison of result from simple track simulation and full GEANT simu
lation.

Fig. 27. Kfil - Ko)jK o distribution for GEANT simulation.

Fig. 28. Dependence of momentum resolution on chamber position resolution for
barrel part.

Fig. 29. Dependence of momentum resolution on the gap between the last 2 set of
chambers after iron toroid for barrel part.

Fig. 30. Dependence of momentum resolution on the gap between the last 2 set of
chambers after iron toroid for end cap part.

Fig. 31. Momentum resolution for 3 different configurations.

Fig. 32. Momentum resolution as a function of T) with ACS muon toroid configura
tion.
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Muon Rale vs Rapidity
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Muon Rate vs PT of Muons
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Muon Rate vs Muon Momentum
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Muon Rate vs Muon Momentum
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Muon Rate vs Isolalion
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Muon Rale vs Polar Angle
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Muon Rale vs Muon Momenlum
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Muon Rale vs Isolation

H -> WW -> 1'+II+Jels (M=400 GeV) Exil Muon Iron ([yl < 3)
1.25

Solid: Tower(6y-0.15x6¢=7T/18)
Dot: 9 tower'S

Dash: 25 Towers

604020

/

/

I
I

I
. I

I
I
I
I

0.00 ll..__-:':- J-__--'-_---.J
o

c) Errlclency For < ECAL

0.7[;

1.00

0.25

s-,
c=
.~
u

:;:: o.oc
f:1

100BO

,
I

III I
II: II
/:: I

604020

a)

o

%
o 10-1
OJ

:;:;
.EJ
=:3 10-2
o
~

en
~
~

o...
U

10-3

Ec.u. (GeV) Em (GeY)

Fig. 23



J Bo

Air

Tr,,-ck

(

Fig. 24

S-l]

{(I)

:l .. ..,
.' ~:

"
,( IA) ; 40t,., (j~f

" j' ~.

~ II I"" 113) ; I JI( Cll1('
"I I I

rn "1
,., (C ) ; 2,•• Cvy

f ~o ,1, 1)·

'" Q"'" .1'
(A) re) (CJ
~

. ''':,m/~'I~~I:/,//;:~11'':/F/~:;!''';:/'///;;I:.~ ~'/ /I '{. ~'~ . ':~~ - ~,:'
': ~' 1=c ~ l' Ft: ' "foe ' ,j .... le ~I
'~.';o-: ,.~ • /' "J/' ~,

~ ;::e·zr;;~B"lr~~"B"1f;.;B-2r;
I~ ~/ ///11.= ~/////i, oj ~......, 11/1 ~' // II/~
I J I I J J

r"1 ',of] 917 111 Ion 113'1
'it'S 'fH' a~o 1·10 11'"11I 1110

""f 'l~r 11J '713 10-13 lJ'U

Cit" Mbc:. ...s

:1 ~
I,

~
j
",
"
J I

111'/ I!J7

jlh I:lW

rl f) 'lv
(A) 'co
~

Fig. 25



Muon Momentum Resolution
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Muon Momentum Resolution
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80.--------r------..,-----,

60

o : Uo.taa= = 300 J.lm

x : rJc.b1LlD. .. 500 jJ.m

+ : cco.bua - 200 J.LID

• : Clob_ - a JJ.U1

x

;;:-
<, 0- 40 -
IIe x

E +

~ 0

--.. 20 x0 +
0

• :Ii " "

0
102 103

P (GaV/c)

Fig. 28

.,

Muon Momentum Resolution

3 x B5cm Fe wi th 15cm Gaps (opo=:l=300,um)

80 ,

0: Nemine! (40cm Gap)
x : I m Gap for Back Chamber
+ : 2 ID Gap for Back Chamber

60

~

c,
<, 0- 40
IIe x.. +
~ 0

--.. 20 x0
+

ljl
III I! lI!

0
,

102 103

P (GeV/c)

Fig. 29



Fig. 30

Muon Momentum Resolution
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Muon Momentum Resolution vs Rapidity
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