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ABSTRACT

Backgrounds arising from muon decay at a4 TeV muon col-
lider are summarized, and someimplicationsfor amuon collider
detector are discussed. |deas on how to cope with the significant
background levels are a so described.

. INTRODUCTION

The physics case for amulti-TeV |epton collider has been ex-
tensively studied [1]. It is generdly believed that new physics
associ ated with el ectroweak symmetry bresking will manifest it-
self at or below thefew TeV scale. If thisnew physicsgivesrise
tonew particles(e.g. SUSY, technicolor, extended gaugegroups
with new gaugebosons, ...) precise measurements of their prop-
erties will be essential to obtain a full understanding of the un-
derlying physics. A lepton collider would seem to be the tool of
choice for these precision measurements. A multi-TeV lepton
collider will be needed if any of the new particles have masses
close to 1 TeV or above, or if no new particles are discovered
below 1 TeV in which case precise measurements of longitu-
dinal WW scattering at high-energy are important. Hopefully
we will begin to explore some of this new physics at TEV 33,
LEP2, and/or theLHC. However, it seems likely that our know!-
edge of any new physics beyond the Standard Model obtained
at these machines will be incomplete, and that either a multi-
TeV leptoncollider or avery highenergy hadron collider will be-
come essential to move beyond the LHC energy scale. Unfortu-
nately the performance of amulti-TeV et e~ collider isseverely
limited by beamstrahlung and (for circular machines) by syn-
chrotron radiation. Furthermore, the two full energy linacs re-
quired for alinear et e~ collider may not be affordable. A pos-
sible solutionisto build amuon collider. Since the muon is 207
times heavier than the eectron, beamstrahlung is not a severe
problem [2] and the drastic reduction in synchrotron radiation
permits a circular collider. In addition, a multi-TeV muon col-
lider would have the added bonuses that (i) the reduced beam-
strahlung results in a reduced spread in center-of-mass energy
yielding more precise energy scans, and (ii) for s-channel cross-
sections that grow with mass squared (e.g. Higgs production) a
muon collider has an advantage of (207)? over an electron col-
lider. If thiswas the whole story then the muon collider would
be an obvious choice for amulti-TeV lepton collider. However,
therearetwo mgjor problemsthat must be overcome. First, more
work is needed before it can be demonstrated that a muon col-
lider will work (maybeit won’t !). Second, muons decay giving
rise to a large background flux through the detector. It has yet
to be demonstrated that physics can be done in this background
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environment (maybe it can’'t !). This second problem was con-
sideredin Refs. [3, 4], was subsequently the subject of aworking
sub-group [5] a Snowmass, and is the subject of this paper.

In the following we consider a 2+2 TeV muon collider with
two bunches of 2 x 102 muons per bunch, a luminosity of
10%% cm~2s7%, 85 = 3 mm, and a beam-beam interaction re-
gion 3 mm long and 3gm radial rms. The time between bunch-
bunch crossingsisabout 10 ps. In Section |1 asummary of our
current understanding of the background fluxes is presented. In
Section |11 some general detector considerations are discussed.
Sections |V and V discuss the background implicationsfor ver-
tex and outer tracking detectors, together with some ideas for
trackersthat have been discussed at Snowmass and are worthy of
further consideration. Sections VI and VI discuss e ectromag-
netic and hadronic calorimeter performance, and Section VI
discusses muon detection. Finaly, asummary is given in Sec-
tionIX.

1. BACKGROUNDS

The main backgrounds a a muon collider are expected to
come from the interactions of high energy e ectrons produced
by muon decay. With 2 x 102 muons per bunch and a beam
energy of 2 TeV therewill be 2 x 105 muon decays per meter
producing €l ectronswith amean energy of 700 GeV (seeFig. 1).
These electrons are emitted at very small angles with respect to
the beam direction, and hence stay within the beam-envelope
until they see the magnetic fields of, for example, the fina fo-
cus quadrupoles. On average, as the decay e ectrons traverse
the fields of the final focus system they radiate 300 synchrotron
photons with a mean energy of about 500 MeV, and therefore
loose on average 20% of their energy before being swept out of
the beam-pipe. The e ectrons can then interact in the beam-pipe
walls, beam elements, or shielding to initiate electromagnetic
showers. Important secondary interactionsthat contributeto the
overall background flux are Bethe-Heitler muon pair production
in the fields of the atomic nucleii (yZ—Zu™u~), muon pair
production by eectron—positron annihilation (et e~ —utp™),
and photonuclear interactionsthat resultin alarge flux of low en-
ergy protons and neutrons, and produce additional muons from
hadron decay. The result of all these electron-induced interac-
tionsis alarge flux of low energy electrons, photons, charged
hadrons, and neutronsthat areincident upon the detector volume
together with a significant flux of higher energy prompt muons
amost parallel to the beam directions. A careful design of the
final focus system and the shielding immediately before the de-
tector can reduce this background by several orders of magni-
tude[4]. Obtainingthe optimal configurationisan iterative pro-
cess which has not yet been completed. However, a factor of
100 reductionin the predicted background flux has a ready been
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Figure 1: Energy distributionof electronsfrom 50000 simulated
decays of 2 TeV muons. Courtesy of T. Diehl.

obtained. Furthermore, several further improvementsto the lat-
tice and shielding have been discussed at Snowmass and are ex-
pected to lead to an additional reduction of the predicted back-
grounds.

The present background calculations, which provide a de-
tailed simulation of all of the effects listed above, are described
in Ref. [6] and summarized in thefollowing sub-sections. Beam
halo and beam-beam interactions will aso contribute to the
backgrounds seen by the detector. There will need to be avery
efficient scraping system to eliminate beam halo on the far-side
of the collider ring. This system has not yet been designed, and
amodel for the halo has not yet been developed. Hence beam-
halo backgrounds are not included in the present calculations.
The beam-beam interaction is also not yet in the background
simulation. Eventualy it will have to be included, however it
is believed that backgrounds from this source will be relatively
small [2].

final focus

Q44

Figure 2: Region around the P modelled in GEANT. The ex-
perimental hall and the final 50 m of the straight section imme-
diately beforethe IP are shown.
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Figure 3: Shielding configuration implemented in the GEANT
background cal culation.

A. Background Calculations

A correct understanding of the backgroundsis essential in or-
der to devel op areasonabl e strawman detector design and under-
stand thefeasibility of doing physicsat amuon collider. Two in-
dependent detailed background simulation programs have been
devel oped. Thefirst cal cul ation hasbeen developed by |. Stumer
and is based on version 3.21 of the GEANT code used to-
gether with EGS [7] for electromagnetic shower simulation,
FLUKA [8] to propogate hadronic showers, and MICAP[9] to
transport low energy neutrons. The second cal cul ation has been
developed by N. Mokhov and is based on the MARS code [10].
These calculations have used different |attices, different shield-
ing configurations, and different particle dependent energy cut-
offs. In genera the results from the two calculations are simi-
lar. Where there are significant differences, they can be under-
stood in terms of the differences in the details implemented in
the calculations. In the following the final focus and shielding
configuration used in the GEANT calculation is described. The
corresponding detailsfor the MARS cal culation can befound in
Ref. [4].

The final focus geometry implemented in the GEANT calcu-
lation is shown in Fig. 2. The straight section before the inter-
action point (1P) is130 m long, and consists of an 80 mlong re-
gion containing no magnets followed by a 50 m long find fo-
cus region which accommodates the 4 fina focus quadrupoles,
3toroids, and an experimental hall containing the detector plus
shielding. Thetoroidsfulfill adoublerole; firstly they are scrap-
ers for the electromagnetic debris, and secondly they sweep
prompt muons away from the detector. The last 6.5 m before
the IPisused for shielding to reduce the backgroundsin the de-
tector volume as much as possible. The shielding occupies two
conesthat point at the IPwith cone anglesof 20°. The shielding
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Figure 4: GEANT results: Radia particle fluxes shown as a
function of radius in the detector volume. Calculation per-
formed by I. Stumer.

geometry within these cones is shown in Fig. 3. The upstream
end of each shielding cone has an entrance aperture of 2.5 cm,
and can be thought of asahadronic beam dump. Itisconstructed
from copper absorber surrounded by apolyboronliner to reduce
the neutron flux, and followed by a tungsten radiator to absorb
el ectromagnetic showers. The inner surface of each piece of the
dump is shaped like an inverted cone so that particles emitted
from the surfaces cannot travel directly to the IP without pass-
ing through more material. The last part of the shielding, which
has an inner aperture of 4.2 mm, ismade of tungsten and can be
thought of as an el ectromagnetic dump. Of the decay electrons
that are produced throughout the 130 m long straight section,
2% interact in the last part of the shielding (" el ectromagnetic
dump”), 30% interact in the " hadronic dump”, 62% interact up-
stream of the shielding, and 10% passthroughtheinteractionre-
gion without interacting. Finally, the” detector” implementedin
the GEANT calculation consists of an evacuated tracking vol-
ume within a 2 Teda solenoid field, surrounded by a copper-
liquid argon calorimeter which starts at a radius of 150 cm and
is150 cm deep.

B. Background Results

In the GEANT calculation eectrons produced from muon
decays occurring uniformly aong the 130 m long straight
section are tracked through the various magnetic fields of
the quadrupoles, toroids, and detector solenoid. Showers in-
duced by eectrons and synchrotron photons interacting in the
beampipe, magnets, and shielding are simulated down to parti-
cle cut-offsof 25 keV for electronsand photons, 0.00215 eV for
neutrons, and 1 MeV for other hadrons. The GEANT code has
been supplemented with a simulation of low energy photonu-
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Figure5: MARS results. Particle fluences (track length per unit
volume) per bunch-bunch crossing shown as a function of ra-
diusina=+ 1.2m central detector. Calculation performed by N.
Mokhov.

Table I: GEANT results: Longitudinal particle fluxes shown as
afunction of radiusfor photons, neutrons, electrons, pions, pro-
tons, and muons. The predicted fluxes (particles’cm?) corre-
spond to the background from one bunch containing 2 x 1012
muons.

Radius(cm) v n e at p ut
Vertex

5-10 7900 1100 69 144 08 15
10-15 3100 1200 3.7 005 05
15-20 1600 1000 4.6 4.0 2.3
Tracker

20-50 450 870 0.8 39 0.3
50-100 120 520 0.1 2.2 0.06
100-150 130 330 0.003 04 0.01
160-310 0.002

clear interactionsincludingthe giant dipol e, quasi-deuteron, me-
son, and quark fragmentation regions. The predicted fluxes of
particles in the detector volume are shown as a function of ra
diusin Fig. 4. The corresponding resultsfrom theMARS cal cu-
lation are shown in Fig. 5. Despite the different lattices, shield-
ing configurations, and energy cut-offsimplemented in the two
calculations, the MARS and GEANT predicted charged particle
and photon fluxesare similar. The predicted neutron flux isalit-
tle higher in the MARS cal culation, which is believed to reflect
the presence of polyboron shielding surrounding thetracker vol -
umeinthe GEANT simulation. The GEANT predicted longitu-
dinal and radial particle fluxes are summarized in Tables | and
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Tablell: GEANT results: Radid particlefluxesshown asafunc-
tion of radius for photons, neutrons, eectrons, pions, protons,
and muons. The predicted fluxes (particles’cm?) correspond to
the background from one bunch containing 2 x 102 muons.

Radius (cm) ¥ n e& 7 p ut
Vertex

5 16900 1600 840 95 17 .35
10 4800 1400 94 45 14 043
15 2200 1400 21 21 11 033
20 1250 1400 1.3 19 0.20
Tracker

50 440 1500 022 42 0.032
100 160 360 0.04 0.8 0.008

Table 111: GEANT results: Mean energies of background parti-
clesin the tracking volume. The number in the rightmost col-
umn is for muons from pion decay only.

Particle vy p wF n uF
(Kinetic) (MevV) 1 30 240 10 130

Il respectively, and the mean particle energies are summarized
in Tables 11 and 1V. The predicted mean particle energies from
the MARS calculation are summarized in Table V.

C. Potentia for Improvements

Several ways of improving the present lattice and shielding
configurations have been discussed at Snowmass. In particular,
the following modifications may lead to reductions in the pre-
dicted background fluxes:

e Additiona dipoles. In the present lattice configuration
there is an 80 m straight section before the fina focus
quadrupolesthat isfree. Thisstraight section could accom-
modate additional dipoles to further supress backgrounds
originating upstream of thefinal quadrupoles.

e Dog Legs. The IP could be located above the machine
plane by severa metersif dog legs were implemented be-
fore the fina focus quadrupoles. This might help to lower

Table 1V: GEANT results: Mean energies of Bethe-Heitler
muons passing through the detector volume.

Detector Radius (cm) Energy (GeV)
Vertex 10-20 24
Tracker 50-100 66
100-150 31
Calorimeter 160-310 19

TableV: MARS results: Mean energies of background particles
in the inner tracking volume [4]. The mean e* energy includes
a contribution from relatively high energy electrons trapped in
the magnetic field, and is therefore higher than for the GEANT
result. The mean p* energy includes contributions from pion
decay muons and from the higher energy muons, in contrast to
the equivaent number in the GEANT table.

Particle v et hnt n =
(E),Mev 25 80 249 02 3630

the prompt muon flux through the detector and provide
some protection against beam halo.

e Additional neutron shielding and moderation close to the
tracking volume: reduction of the neutron flux has not yet
been optimized. Additiona neutron shielding and modera:
tion might result in areduced neutron flux.

This list is by no means complete. However, there are plans
to try the three things listed above in the near future, and we
can hope for at least a modest reduction in the predicted back-
grounds.

I11. GENERAL DETECTOR
CONSIDERATIONS

The predicted photon and neutron fluxes throughout the inner
part of the detector volumeare large. However, the mean photon
and neutron energiesarevery low of theorder of 1 MeV. Further-
more, at agiven radiusthelongitudinal and radial fluxes of these
particlesare similar. Hence the dominant part of the background
flux comes from a sea of very low energy neutral particles that
do not come from the IP. We would expect this background sea
to pepper the tracking volume with random hits, and produce
significant energy pedestals in the calorimeter cells. These ef-
fects are considered in more detail in the following sections. In
general, in designing a strawman detector that must operate in
alarge background flux we will want to employ as many detec-
tor channels asis practica. In Fig. 6 the number of non-pixe
channelsis shown for arandom selection of large detectorsasa
functionof theyear when each detector first cameinto operation.
It appears that the channel count increases by about an order of
magnitude every 15 years. A strawman muon collider detector
designwithafew times 108 non-pixel channelswoul d seem rea-
sonable. Over thelast few years pixel detectorshaveresultedin
arevolutionin "channel count”. For example, the SLD vertex
detector contains300 million pixels, and similar numbersof pix-
elsareplanned for the LHC vertex detectors. Hence, astrawman
muon collider vertex detector employing 108-10° pixelswould
seem reasonable.

IV. VERTEX DETECTOR CONSIDERATIONS

Consider the radial fluxes in the inner tracking volume. For
example, at aradiusof 10 cm there are 4800 photons/cm? witha
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Figure 6: Number of non-pixel channels shown as a function of
thefirst year of operation for a selection of detectors.

mean energy of 1 MeV, 1400 neutrons/cm? with a mean energy
of 10 MeV, and 15.7 charged tracks per cm? which are mostly
low energy electrons. Given thesebackground fluxeswe can es-
timate hit densities, occupancies, and radiation dosein asilicon
pixel detector:

o Hit densities: To estimate the hit density in a silicon pixel
layer we use interaction probabilities of 0.003 and 0.0003
for low energy photons and neutrons respectively. At ara
diusof 10 cm there are then 14.4 hits'em? from low energy
photon interactions, 0.42 hits’cm? from low energy neu-
tron interactions, and 15.7 hits’cm? from charged tracks,
yielding a total hit density of 31 hitscm?. This hit den-
sity is comparabl e to the charged track density of about 40
hits'cm? observed in theinner layer of the SLD vertex de-
tector, which workswell. Hence, apriori the hit density in
the vertex detector does not appear to be aproblemif pixe
technology can be used.

e Occupancies: To estimate occupancies we will assume a
pixel size of 50 x 300 um?. The calculated occupancy is
then 0.5%. If the vertex detector consists of 4 cylindrical
1 meter long layers at radii of 10 cm, 20 cm, 30 cm, and
40 cm then the tota surface area to be covered is 6.3 x
10% cm? — 4.2 x 108 pixels. Thisexampleisnot intended
to be astrawman design. It does however suggest that sen-
sible choices for pixel size and channel count yield calcu-
lated occupancies that do not appear to be a problem.

o Radiation dose: Of greater concern is the very large neu-
tron flux which may severely limit the useful lifetime of
a silicon detector in the tracking volume. The neutrons
can be thought of as a gas with only a ow radial depen-

events
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Figure 7: GEANT prediction for the time dependence of the
neutron flux in the tracker volume. Calculated by I. Stumer.

Figure 8: Silicon drift vertex detector.

dence. Fig. 7 shows the dependence of the neutron flux
with time after the bunch-bunch crossing. The next cross-
ing occurs after 10 us, by which time the neutron flux
from the previous crossing has falen by about 2 orders
of magnitude, and can therefore be neglected. To a first
approximation there are O(10%) neutrons/cm? per cross-
ing through the inner tracking volume. If muon bunches
are injected into the collider at 15 Hz, and are used for
1000 orbits, then the resulting neutron flux in the inner
tracker is O(107) neutrons/cm?/sec. Thisis comparable to
theequivalent flux of neutronsat aradius of 10 cm through
the CM S detector at the LHC operating at a luminosity of
103 cm~2s~1 [4]. Althoughchallenging, the CM S collab-
oration believe that silicon pixel detectors can be used in
thisenvironment [11].

These considerations suggest that the background rates may
be low enough to permit the use of silicon pixel technology for
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Figure 10: Pixel Micro-telescope geometry, showing trajecto-
riesof 0.2 GeV/c, 0.5 GeV/c, and 1 GeV/c tracks coming from
the IP and bending in a4 Tedafield.

the vertex detector. A good goa for further improvementsin
the lattice and shielding designs is to reduce the neutron flux
in the tracking volume by a further order of magnitude. This
would ease the concern that the lifetime of a silicon detector
in the tracking volume is a best marginal. Assuming that sil-
icon can be used for the vertex detector, severa more explicit
ideas about the vertex detector technology have been discussed
at Snowmass:

e Silicon Drift Detector. The idea, which is described in
the muon collider book [6], is to exploit the 10 us be-

tween bunch-bunch crossings by using the silicon drift de-
tector technology developed by E. Gatti and P. Rehak [12]
(Fig.8). Using 50 x 300 um? detectorsit should be possible
to obtainaresolution of afew micronsinthedrift direction.
Thiswould facilitate avery precise vertex detector.

e Columnar Pixes, developed by S. Parker et a. [13] and
proposed for use at a muon collider by A. Sill. The idea
is to exploit the very well localized primary vertex posi-
tion by using long thin tracking pixelsthat point at the IP
and thereforerecord largeionization signalsonly for tracks
coming from the IP (Fig. 9). For example, one can imag-
ine50 x 50 um? pixelsthat are 300 um deep. The pixels
are produced using controlled feed-through-drilling tech-
nology to create alattice of anodes and cathodes that extend
through the 300 pm thick wafer.

e Pixel Micro-Telescopes, proposed by S. Geer with read-
out details developed by J. Chapman [14]. The ideaisto
replace a single pixel layer with two layers separated by
a small distance, and read them out by taking the AND
between appropriate pairs. The distance between the lay-
ersis optimized so that soft MeV tracks (which are asso-
ciated with amost 80% of the predicted background hits)
produced in one layer curl up in the magnetic field before
reaching the second layer. Thus, the pixel micro-telescope
isblind to the soft background hitsand a so blind to tracks
that do not come from the IP. In the example shown in
Fig. 10 the top measurement layer has a finer granular-
ity than the bottom confirmation layer. The corresponding
rows in the two pixel layers can be read out with different
clock speeds to maintain the correct correspondence at the
input into the AND gate that registersvalid hitsin thetele-
scope. If thereadout rows are the ones parallel to the beam
direction, then variable clock speeds can be used to main-
tain the correct accepted direction with respect to the IP.

Thechalenge of ahigh background environment isclearly fruit-
ful ground for new ideas. The above considerationssuggest that,
provided silicon detectors can be used in theinner tracking vol-
ume, it should be possible to construct a vertex detector able to
tag b-jets etc at a muon collider. Detailed ssimulations are re-
quired to confirm thisimpression.

V. OUTER TRACKER CONSIDERATIONS

Consider the radial fluxes in the outer tracking volume. The
predicted background fluxes at a radius of 50 cm are 440
photons/cm?, 1500 neutrons/cm?, and 4.5 charged tracks per
cm? which are mostly low energy protons. The neutron flux is
thereforeabout the same as theflux intheinner tracking volume,
whereas the photon and charged particle fluxes are significantly
less than those predicted at smaller radii. There are two aterna
tivetracking strategiesto consider:

e Low fidd, large tracking volume drift chamber option.
This option, which is described in the muon collider
book [6], uses a TPC to exploit the 10 us time between
bunch-bunch crossings. The large neutron flux necessi-
tates choosing a gas that does not contain hydrogen. A
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Figure 11: Outer tracker TPC.

mixture of 90% Neon plus 10% CF, gives a drift veloc-
ity of 9.4 cm/us, which isin the right ballpark. High-pr
tracks from the IP imbedded in the predicted background
flux have been simulated for the TPC shown in Fig. 11.
The simulation includes ionization, drift and diffusion of
the electrons in the gas, multiplication, and other details
of the detection process. The magjority of the background
hits come from low energy Compton recoils yielding very
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Figure12: Simulated track hitsin the outer tracker TPC for red
tracksfromthevertex imbedded inaseaof background hitsfrom
Compton scatters of low energy photons. The background is
suppressed by rejecting large pulse heights. In thefigures going
fromtop-left — bottom-right the hitsare shown asthe maximum
pulse height accepted is reduced.
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Figure 13: Compact tracker geometry in a4 Tedafield.
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Figure 14: Compact tracker momentum resolution, calculated
by A. Sill.

low energy el ectrons that have aradius of curvature of less
than 1 mm in the 2 Teda field, and their projection on the
readout plane covers not more than one readout pitch (0.3
x 0.4 cm?). These background electrons, together with
the nuclear recoils from neutron scatters, yield large pul ses
that can be removed by cutting on the maximum acceptable
pulse height. The simulation predicts that with an aver-
age background flux of 100 photons/cm?, reasonable pulse
height cuts remove only 1% of the effective TPC volume,
and yield the clean bubble chamber like tracks shown in
Fig. 12. However, it was redlized during the Snowmass
discussions that positive ion build-up may be a problem
with the design shown in Fig. 11. If this problem can be
overcome, the design shown in the figure yields a simu-
lated momentum resolution of about 1.2% for tracks with
pr = 50 GeV/c.

High field, compact silicon tracker option. An alternative
strategy is to make a compact tracker by using silicon in
a high field (for example, 4 Teda). As an example, con-
sider thegeometry shownin Fig. 13inwhicha4-layer pixel
vertex detector isimbedded in a 4-layer smal angle stereo
cylindrical silicon microstrip detector witha50 x 300 pm?
resolution. Teking theinner layer of the vertex detector to
consist of acylinder of 50 x 300 um? pixels, and the outer 3
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vertex layers to consist of spherical shellsof 50 x 50 pm?
columnar pixels or pixel micro-telescopes. The system is
assumed to correspond to 15% of aradiation length at 90°.
Resultsare shown in Fig. 14 from a parametric calculation
of the momentum resol ution, which includes multiple scat-
tering and yields o,/p? = 107* (10~2) (GeV/c)~* for p =
100 GeV/c (1 GeV/c).

Both the low field and high field tracking solutions look inter-
esting, and should be pursued with more complete simulations.
Positive ion build-up may be a problem for the TPC solution,
and radiation hardness may be aproblemfor thesilicon solution.
These potentia problems need to be more fully understood.

VI. ELECTROMAGNETIC CALORIMETER

CONSIDERATIONS

Background particles entering the electromagnetic calorime-
ter are expected to give rise to significant energy pedestalsin
the calorimeter cells. Consider a 4 m long calorimeter that is
25 radiation lengths deep, has an inner radius of 120 cm, and
is constructed from 2 x 2 cm? cells. There are then atotal of
7.5 x 10* electromagnetic caorimeter towers. The GEANT
background calculation predicts that each cell sees on average
n, = 400 background photonsper crossing with amean energy
E, = 1 MeV. If an eectromagnetic shower occupies 4 cells,
then the mean background pedestal will be about 1.6 GeV. This
pedestal can be subtracted from the measured energies. The pre-
cision of theresulting el ectron and photon energy measurements
will depend on the fluctuations in the mean background energy
per cell. Thisisestimated:
=/2n, E, = 30 MeV 1)
which takes account of both the fluctuationsin the numbers and
mean energies of the photonsincident on the calorimeter cells.
For an electromagnetic shower occupying 4 cells, the fluctua-
tionsin the energy pedestals are therefore predicted to be about
60 MeV.

OEceLL

VIl. HADRONIC CALORIMETER

CONSIDERATIONS

Consider a cylindrical hadronic calorimeter with an inner ra-
diusof 150 cm that is 2.5 m deep (about 10 A), covering the po-
lar angle range from 30° to 150°. The calorimeter is then about
10.5 m long. If the calorimeter is constructed from 5 x 5 cm?
cells, there will be a total of about 4 x 10* hadronic calorime-
ter towers. The GEANT background cal cul ation predictsamean
energy deposition of about 1 GeV per tower per crossing. The
fluctuations on this average pedesta are estimated to be:

CBomsy = /21y By = O(100 MeV) 2

There is an additional source of concern for the hadronic
calorimeter, namely the contribution from the prompt muons
which pass through the calorimeter nearly paralle to the beam

directionsand have a mean energy of 19 GeV. The GEANT cal-
culation predicts a flux of 0.002 muons/cm? per crossing, re-
sulting in about 1000 muons per crossing passing through the
hadronic calorimeter. These muons occasionaly undergo nu-
clear interactions and deposit large amounts of energy in the
calorimeter. Anexampleof the predicted background energy de-
posited in the hadronic calorimeter is shown in Fig. 15 for the
passage of asingle muon bunch. The nuclear interactions result
in background spikes in the towerswith energies O(10) GeV. A
possible solution to this problem isto use fine longitudinal seg-
mentation for the calorimeter towers so that hadronic showers
initiated within the cal orimeter and propagating parale to the
beam directions can be recognized and subtracted. This may
mesan that the longitudinal segmentation will need to be com-
parable to the transverse cell size, say 10 cm. In this extreme
case there are 25 samples per tower, giving a total of about
108 hadronic calorimeter channels. This is probably feasible.
However, amore modest longitudinal segmentation may be ad-
equate. This clearly needs to be studied with detailed simula-
tions, and the resulting missing transverse energy resolution for
the calorimeter calcul ated.

VIIl. MUON DETECTOR CONSIDERATIONS

The predicted background flux is expected to be relatively
modest at radii of greater than 3 m, in the vicinity of the muon
detector. Severa possible technologies for muon detectors a a
muon collider were discussed during Snowmass:

e Cathodestrip chambers. Theidea, whichisdescribedinthe
muon collider book [6], is to use MWPCs with segmented
cathodes and a short (35 ns) drift time to provide prompt
signals for triggering. The precision of the co-ordinate

all part edep calo

Figure 15: GEANT simulation of the energy deposited by
Bethe-Heitler muons in the hadronic calorimeter for a single
muon beam bunch.
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Figure 16: Long drift jet chamber with pad readout for muon
detection at a muon collider. Courtesy of M. Atac.

measurement would be expected to be of order 50 pm x
afew mm.

e Threshold cherenkov counter, proposed for the muon col-
lider by D. Summers. Theideais to use a gas cherenkov
radiator to exploit the directionality of cherenkov radiation
in order to select high-pz muons coming from the IP. The
device would also give excellent timing resolution (of or-
der 2 ns).

e Long drift jet chamber with pad readout, proposed for the
muon collider by M. Atac (Fig. 16). Drift time provides
the Z co-ordinate, and pad readout provides the r-¢ co-
ordinates. Directionality at thetrigger level is provided by
the pattern of pad hits within a limited time window. The
drift field is provided by cathode strips on grooved G-10
plates. Using 90% argon plus 10% CF, and a maximum
drift distance of 50 cm, the maximum drift timeis5 ps.

IX. SUMMARY

The background fluxes due to muon decay at a 4 TeV muon
collider have been calculated using both GEANT-based and
MARS-based simulations. The predicted background fluxes are
sensitive to the | attice and shielding configurations, which have
not yet been optimized. Although large, the predicted back-
groundsare sufficiently close to being manageable with existing
or forseen detector technologies, that further work on optimiza
tion of the shielding and lattice is certainly justified. In particu-
lar, if the neutron flux can be reduced by about an order of mag-
nitude, then it should be possible to use silicon technology for
thevertexing and tracking. In thiscase, it appears that precision
tracking and b-tagging will be achievable at a muon collider.
The backgrounds entering the cal orimeters are predicted to cre-
ate substantial energy pedestals. More compl ete detector simu-

lations are needed to understand how the fluctuations on these
pedestals affect the overall detector performance. In particular,
prompt muons undergoing a nuclear interaction in the hadronic
calorimeter create energy spikes that in principle can be recog-
nized and removed if thelongitudina segmentation issufficient.
This needs to be demonstrated with a detailed simulation.

In conclusion, backgrounds from muon decay at a muon col-
lider make the design of the detector, and its associated shield-
ing, challenging. However, no show stoppers have been iden-
tified at Snowmass. Although substantial, the predicted back-
grounds seem to be close to being “OK”. Indeed, the predicted
neutron and charged track fluxes through the tracking volume
are not very different from those that will be experienced at the
LHC [4] ! It should be noted that the discussion in this paper
has been restricted to the centra part of a muon collider detec-
tor. Perhapsthe more challenging forward detectorswill provide
fruitful ground for new idess.
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