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Comparison of backgrounds in detectors for LHC, NLC and �+��

colliders

N. V. Mokhov�

Fermi National Accelerator Laboratory, P. O. Box 500, Batavia, IL 60510, U. S. A.

Background levels in detectors at future high-luminosity colliders of three di�erent types - pp, e+e� and �
+
�
�

- are analyzed. Two sources - debris from the collision points and those from an accelerator tunnel - are studied.

It is shown that hadron, electron and muon colliders are similar and very di�erent at the same time with respect

to background origin, integrated radiation levels and instantaneous rates of particles in the detectors.

1. INTRODUCTION

The high physics potential of future hadron,
e+e� and �+�� colliders comes from the high lu-
minosity (L � 1034cm�2s�1) of particle collisions
in the TeV energy range. The overall detector
performance in this new domain is terribly depen-
dent on the background particle rates in various
detector components. The mutual e�ects of the
radiation environment produced by the accelera-
tor and experiments have become one of the key
issues in the interaction region and detector de-
velopment [1{3]. A good analysis of the radiation
environment in the experiments at the colliders
of the generation to come has been recently per-
formed at the SARE2 workshop at CERN [4{7].
In this paper LHC, NLC and 2� 2TeV �+�� col-
liders are considered as the best representatives of
their classes. Despite di�erent colliding particle
types and machine parameters, there are many
common features of the background environment
in the detectors at these accelerators.
Particles originating from the interaction point

(IP) and collision remnants are most often the
major source of background and radiation levels
in the hadron collider detectors, in the experimen-
tal halls and in the �nal focus triplet. Small aper-
ture collimators on either side of the IP in front
of the �rst low-� quadrupoles are the main way
to protect the accelerator components from the
intense IP radiation [3]. Shielding around such
collimators reduces radiation levels in detectors
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and in collision halls. For example, two tungsten
collimators followed by lead and steel shielding
were embeded into the D� detector at Fermilab
from the very beginning, providing favorable con-
ditions for the experiment.
Beam loss in the IP vicinity is the second back-

ground source. The collider detectors sit right
on the beam lines, so they unavoidably experi-
ence bilateral irradiation by particle 
uxes from
the accelerator tunnel. Without protection, the
number of hits from halo particles in the detector
can be equal to or even greater than the num-
ber of hits from particles originating from the IP
and their products. The reduction of beam loss
rates in the interaction region is the most e�cient
and intelligent way to improve this situation. An
additional way is the plugging of the accelerator
tunnel at the entrance to the experimental hall.
A full calculational study, design and installation
of the shielding walls at both ends of the D� de-
tector hall were recently done at the Tevatron [8]
resulting in almost a 10-fold suppresion of the ac-
celerator backgrounds.
Temporal considerations in the background

analysis are of primary importance [6]. Integrated
levels determine radiation damage, ageing and ra-
dioactivation of detector components as well as
the radiation environment in the experimental
hall and its surroundings. High instantaneous
particle 
uxes complicate track reconstruction,
cause increased trigger rates and a�ect detector
occupancy. So, the beam's time structure is a
driver in the comparison of expected background
environments at di�erent machines.
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Table 1
Collider parameters and calculated integrated and e�ective luminosities

Parameters LHC NLC-500 NLC-1000 �+��

Ecm(TeV) 14 0.5 1 4
L (1034cm�2s�1) 1 0.71 1.45 4.55
Rep. rate f (Hz) - 180 120 4.04�104
Particles/bunch (1011) 1 0.07 0.11 20
Bunch/rf pulse - 90 75 1
Bunch separation (ns) 25 1.4 1.4 18.6�103
Yearly Ly (fb�1) 100 71 145 455
�h (�b) 80�103 0.045 0.034 0.054
�td or bunch train length (ns) 300 126 105 -
Leff (cm�2) 3.00�1027 3.94�1031 1.21�1032 1.13�1030
(�h �Ly)/(�h � Ly)LHC 1 4.00�10�7 6.16�10�7 3.07�10�7
(�h �Leff )/(�h �Leff )LHC 1 7.39�10�3 1.71�10�2 2.54�10�4

2. PARAMETERS AND SOURCES

The parameters of three types of future col-
liders relevant to the problem under considera-
tion are presented in Table 1. The integrated
luminosities, which determine the long-term ac-
cumulated e�ects, are obtained from the design
peak values by multiplying by 107 s - the stan-
dard detector year. The instantaneous or e�ec-
tive luminosity, which determines the detector
performance, is de�ned for the amount of ra-
diation in the detector active element over the
drifting time �td or the bunch train length,
whichever is smaller [6]. Collider detector ele-
ments most susceptable to occupancy problems
have the drifting/integration time in the 40 to
300ns range. Taking conservatively �td=300ns,
one gets Leff=L��td for LHC and Leff=L/f
for the other colliders, where f is the repeti-
tion rate. The NLC 

 mode is 10 to 20 times
worse compared to the e+e� one because of the
large backscattered laser cross-section [6]. Multi-
plying the above luminosities by the appropriate
hadron production cross-sections, one can com-
pare pp, e+e� and �+�� collisions as a source of
background. The last two lines of Table 1 show
that LHC produces at least 106 times more back-
ground hadrons from the IP annualy than the
lepton machines. At the same time the instan-
taneous background productions are not so dras-
tically di�erent: the NLC IP production rate is

about 1% of that for LHC, whereas the muon
collider rate is 0.025% of the LHC one.
The situation is very di�erent with the accel-

erator related backgrounds. At hadron colliders
this component is due to beam-gas interactions in
the beam pipe both in the warm and in the cold
sections of the interaction region (IR), and due
to quasi-local beam halo loss in the IR compo-
nents, mainly di�ractive protons from another IP
and halo tails from the beam cleaning system [3].
The Tevatron experience [4,8] and our studies for
the SSC [1{3] and LHC (see below) indicate that
although the beam halo induced rates might be
rather high they can be suppressed below those
from the IP via beam loss reduction in the IR and
plugging the tunnel at the entrance to the exper-
imental hall, as mentioned in the Introduction.
At the high-energy lepton colliders the back-

grounds generated in the machine are a major
concern. The studies performed for NLC [9] and
TESLA [10] show that synchrotron radiation and
muons produced in beam halo interactions along
the lattice create serious background levels in the
detectors at linear e+e� colliders. These can be
reduced with an appropriate �nal focus region de-
sign and a set of collimators. At muon colliders
the situation is much worse. Unavoidable �!e�~�
decays occurring in the beam-pipe have the po-
tential of killing the concept of the muon collider
without a complex of serious measures [11{14].
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3. SIMULATIONS

Details of high-energy particle interactions
with collider and detector components are de-
scribed elsewhere [3,6,9,12,14{16]. All the stud-
ies of background levels are done with a few well
established Monte-Carlo codes. At hadron ma-
chines the story starts from the pp collision sim-
ulations using, usually, the dtujet event genera-
tor [17], based on the two-component Dual Parton
Model which treats both soft (low pt) and hard
(minijet, large pt) processes in a uni�ed and con-
sistent way. Hadronic and electromagnetic show-
ers in collider detectors, experimental halls and
surrounding facilities are simulated in practice
with one of the four codes: fluka [18], geant
or its version gcalor [19], lahet [20], or mars
[21]. Being coupled with the struct code [22],
mars allows in addition detailed analysis of the
beam loss problem with a multi-turn tracking of
halo particles in the colliders and treatment of
their interactions in the lattice components. The
cut-o� energies are typically �0.001eV for neu-
trons, as low as 10keV for 
 and e�, and 1MeV
for muons and charged hadrons.
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Figure 1. Muon and pion momentum distribu-
tions for 500GeV electrons on a tungsten target,
as calculated with the mars and mucarlo codes.

Muon background at NLC was studied with the
mucarlo code [9]. struct has been successfuly
used recently to minimize the expected beam loss
rates in NLC and TESLA linear colliders [23]. All
studies of the background problem at a 2�2 TeV
�+�� collider [7,12{14] have been performed with
the mars code [21] with one recent attempt to
use geant for electromagnetic component analy-
sis. Figure 1 shows the secondary muon and pion
yields for 500GeV electrons on a tungsten target
20 radiation lengths thick. The results obtained
with two di�erent codes are in good agreement
and are of interest for both e+e� and �+�� col-
liders. Selected results of recent studies for detec-
tors at LHC, NLC and a muon collider are pre-
sented in the next section for IP and beam loss
as sources.

4. BACKGROUND LEVELS

Three critical detector regions are paid most
attention to: 1) a central tracker with its inner-
most pixel and strip layers and scintillating �bers
or straw tubes at larger radii; 2) endcap and for-
ward calorimeters where the IP background levels
reach their maxima; 3) forward muon system in-
terfaced with the machine.

Figure 2. Charged hadron and neutron 
uxes at
�ve radii of the CMS central tracker [5].
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4.1. LHC

Interaction point. Particle 
uxes in the
CMS tracking cavity are shown in Figure 2. The
charged 
ux determined by the primary events
decrease as 1/r2, whereas neutron 
uxes are
more uniform in the cavity, depending strongly
on the calorimeter material. The damage in-
duced in semiconductor components is linearly
dependent on the non-ionizing energy loss (NIEL
�100MeVmb [5]), determined by the integrated

ux of >100 keV neutrons and charged hadrons.
The hit rates are proportional to the charged
particle 
ux (primary and that created by neu-
trals) in the sensitive volume and are related to
the e�ective luminosity. The rates in the end-
cap calorimeters are much higher, especially at
small radii. Neutron 
uxes in the electromag-
netic calorimeter can reach high values severely
restricting the lifetime of silicon detectors and
readout electronics [5]. In the forward muon sys-
tem, the signal is composed of charged parti-
cles, photons with �1% e�ciency and neutrons
(�0.3% e�ciency). For the CMS detector, the
signal rate ranges from 600Hz/cm2 at r=1m to a
few Hz/cm2 at r>5m [5]. These values are close
to those calculated for ATLAS [6].
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Figure 3. Tagged accelerator background MIP
rates entering the CMS detector.

Beam halo. The crucial issue here is the
beam loss distribution calculated or assumed
in the IR. The source term for the CMS and
ATLAS detectors is based on realistic mars-

struct simulations for the entire LHC lattice
with model assumptions on the beam-gas interac-
tion rates: 500m�1s�1 in warm and cold straights
and 2�104m�1s�1 in cold arcs. Figure 3 shows
background rates tagged for beam loss in the
500m region. The �nal focus sections mostly re-
sponsible for the backgrounds are clearly seen, in-
dicating the locations to deal with.
Energy spectra of particles coming to the de-

tector from the LHC tunnel are shown in Figure 4
for r>0.43m. The mean energies are 6.6GeV (�),
8.1GeV (h�), 310MeV (n), 150MeV (e�), and
30MeV (
). The mean distance from the beam
axis is 1.5m, the mean angles are �600mrad for
neutrons and �130mrad for all other particles.
Most of these particles can be intercepted with a
concrete plug at the tunnel-hall interface. Muons
are an exception, and easily penetrate through
shielding, accelerator and detector, creating a
rate of a few Hz/cm2 in the detector (Figure 5).

Figure 4. Beam loss induced particle spectra at
the entrance to the LHC detector halls.
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Figure 5. Beam halo induced muon 
uence in the CMS detector in units of 10ncm�2s�1, where the shade
indicates the power n.

4.2. NLC

Interaction point. From the standpoint of
integrated background, next linear colliders are
relatively `clean' machines. As shown in Table 1
the average integrated hadronic 
uxes produced
at the IP at linear colliders are about six orders
of magnitude lower compared to LHC. However,
the instantaneous rates are not so drastically dif-
ferent. Figure 6 shows the e�ective h� 
uence
map calculated in[6] for the NLC 
 � 
 option.
The authors of [6] conclude that a peak radiation
�eld at the NLC in this mode is about 10% of
that at LHC. The e+e� option is 10 times better
(see Table 1).
Beam halo. Synchrotron radiation, beam-gas

and beam halo interactions with the components
of the �nal focus and adjacent sections of the
linear colliders create 
uxes of muons and other
secondaries which can exceed the tolerable levels
at a detector by a few orders of magnitude. A
multi-stage collimation set and a system of mag-
netized iron spoilers which �ll the tunnel can meet

the NLC design goal of allowing a continuous 1%
beam loss, or 1010 beam particles per bunch train,
resulting in one muon at the detector [9,23]. More
work is needed on the contribution of photons,
hadrons and low-energy neutrons in all the beam
loss mechanisms.

4.3. �+�� COLLIDER

Interaction point. A muon collider is the
`cleanest' machine with respect to both integrated
and instantaneous particle background from the
IP (see Table 1), although there are some indica-
tions of the possible importance of coherent pair
creation due to beam-beam e�ects.
Beam halo. With 2� 1012 muons in a bunch

at 2 TeV one has 2� 105 �!e�~� decays per me-
ter in a single pass through an interaction re-
gion, or 6� 109 decays per meter per second. De-
cay electrons with an energy of about 700GeV
and the enormous number of synchrotron photons
emitted by these electrons in a strong magnetic
�eld induce electromagnetic showers in the col-
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lider and detector components resulting in high
background levels. Another contribution comes
from beam loss at the limiting apertures.
The hadron, e�, 
 and � 
uxes have been ex-

amined with mars in [7,12{14] for a few inter-
action region and detector con�gurations. It was
found that to suppress the synchrotron generation
by decay electrons, the dipole magnets should
be kept as far from the IP as possible with the
�rst quadrupole starting not closer than 5{6m.
The most e�ective collimation includes a limit-
ing aperture about one meter from the IP, with
an interior conical surface which opens outward
as it approaches the IP (Figure 7). These col-
limators have the aspect of two nozzles spray-
ing electromagnetic �re at each other, with the
charged component of the showers being con�ned
radially by the solenoidal magnetic �eld and the
photons from one nozzle being trapped (to what-
ever degree possible) by the conical opening in
the opposing nozzle. The 250T/m superconduct-
ing low-� quadrupoles have a tapered aperture
of about 3.5cm radius at 6.5m and twice that
at 18m from IP with �2 cm thick tungsten liner.
The 1.2{6.5m region is occupied with a copper
collimator of a conical aperture as shown in Fig-
ure 7. Additionaly, with a set of catchers at about
60m from IP, the background rates can be supp-
resed by a few orders of magnitude.

Figure 7. Collimating tungsten nose and copper
collimator at a muon collider IP. Dimensions are
in centimeters.

Particle spectra in the tracker cavity for the de-
scribed IR con�guration are shown in Figures 8
and 9. All particles over a wide energy range con-
tribute to the background levels. Mean energies
of particles in the tracker are given in Table 2.

Table 2
Mean energies of particles in inner tracker for
2TeV muon decays in the interaction region.

Particle 
 e� � h� n

hEi, MeV 2.5 80 3630 249 0.2

Particle 
uxes in the central detector per
2� 2TeV �+�� bunch crossing are shown in Fig-
ure 10 for the most optimal lattice and collima-
tor set. There is a rather uniform distribution of
neutrals in the cavity with charged 
uxes almost
three orders of magnitude lower. Taking into ac-
count detector e�ciency to n and 
, the expected
bacground hit rate due to �!e�~� decays is about
20 cm�2 per a bunch crossing. Figure 11 shows
the particle 
ux maps in the tunnel, collider and
detector components.
It is assumed that a reliable beam cleaning sys-

tem is in the lattice far upstream from the IP.
Studies show that the loss of even a small frac-
tion of the beam closer than a few hundred me-
ters to the IP results in backgrounds in a detector
comparable to those from �!e�~� decays.
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Figure 8. h�,e�, � and 
 spectra in central
tracker for 2TeV muon decays in the IR.

5. CONCLUSIONS

Background particle spectra and space distri-
butions are not very di�erent in similar detector
con�gurations at the LHC, NLC and �+�� col-
liders (compare, e. g., Figures 4, 8 and 9, and
mean particle energies). Expected background
levels are summarized in Table 3 for interaction
points as a source and in Table 4 for the acceler-
ator backgrounds. The integrated 
uxes are con-
verted to the NIEL or \equivalent 1MeV neu-
tron" [5,6] values, and instantaneous (e�ective)

uxes (signals) are de�ned as the charged parti-
cle 
ux plus 0.003� (Fn+F
 ). One should stress
again that the integrated backgrounds originating
from the beam-beam collision points are many
orders of magnitude lower for the lepton ma-
chines compared to LHC with the instantaneous
rates at a few % level of the LHC values. Even

Figure 9. Neutron spectrum in central tracker for
2TeV muon decays in the IR.

with the sophisticated protective measures, both
integrated and instantaneous accelerator related
backgrounds at muon colliders are much higher
than those at the other colliders, being compa-
rable to the LHC IP-produced backgrounds. It
means that the same detector technology (pixel-
lated silicon devices, \smart" pixels, scintillating
�bers etc.) can be used at these machines. Fine
segmentation of the electromagnetic calorimeters
at �+�� colliders is a way to deal with the huge
energy 
ux of background particles [12].
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Figure 10. Particle 
ux radial distributions in
a �1.2m detector region around the IP per
2� 2TeV �+�� bunch crossing.

Table 3
Background 
uxes (cm�2) from the IP accumu-
lated over 1 year (1) and e�ective (2) in central
tracker, endcap calorimeter and forward muon
spectrometer at di�erent radii

Detector r (cm) LHC NLC �+��

(1)
Tracker 30 2�1013 107 6�106
ECAL 50 1014 108 108

Forward 100 1011 5�103 8�103
(2)

Tracker 30 0.6 0.01 2�10�4
ECAL 50 0.9 0.8 2�10�2

Table 4
Accumulated over 1 year and e�ective accelerator
related 
uxes (cm�2) in detector components at
r= 50 cm, with all the protective measures on

LHC NLC-1000 �+��

Integrated 108 1.6�106 4�1014
E�ective 3�10�6 10�3 20

Figure 11. Particle 
uxes in the vicinity (2.5m
in radius and 50m long) of 2� 2TeV �+�� IP
(at z=10m in the plots). The units are 10ncm�2

per bunch crossing, where the shade indicates the
power n. From top to bottom: n, 
 and �.
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