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The Muon Collider is a possible option for the next generation of high energy collider machines.
It would permit to achieve the energy frontier in lepton collisions, without occurring in signifi-
cant synchrotron radiation losses as in electrons rings. Among the technological challenges in the
realization of such a machine, the treatment of the beam-induced background is one of the most
critical issues for the detectors. Beams with intensity of the order of 1012 muons per bunch are
necessary to obtain the desired luminosity, therefore the muons decay rate is very high. Beam
decay products and subsequent particles from secondary interactions with the machine elements
can reach the interaction point, limiting the physical performance of the detector. A study of the
beam-induced background is presented together with possible strategies for its reduction. Prelim-
inary results on the reconstruction of a benchmark process, µ+µ−→Hνν̄→ bb̄νν̄ , including the
beam-induced background are illustrated as demonstration of physics measurements feasibility in
this harsh environment.
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Detectors for muon collider Donatella Lucchesi

1. Motivation for a muon collider

The Standard Model, the guide for physicists in the last fifty years, can not predict what to
investigate to go beyond its predictions and answer the open questions. The energy where the
so called New Physics can manifest itself could be very far from what any collider can achieve.
The Higgs boson offers an important tool to investigate physics beyond the Standard Model: the
accurate reconstruction of the shape of the Higgs potential. The Standard Model predicts a shape

V =
1
2

m2
hh2 +(1+ k3)λ

SM
hhhvh3 +(1+ k4)λ

SM
hhhhh4

with a range of values expected for k3 and k4 that have to be measured experimentally. Among the
future colliders proposed so far, the muon collider is the only one that allows to produce enough
double and triple Higgs events to measure directly k3 and k4 [1].In fact, a muon collider can reach
energies in the center-of-mass higher than any electron-positron collider thanks to the minimal
synchrotron and beamsstrhalung radiation. Preliminary muon collider designs exist, which are
being studied by different groups as summarized in the input from the muon collider working
group to the European strategy update [2]. Here, detector challenges due to the muon decay are
presented.

2. Beam-induced background

The muon decay products generate a stream of secondary and tertiary particles that arrive to
the interaction region (IR) posing a serious issue to physics measurements. The exact rate and
composition of the beam-induced background depend on the beam energy, the layout of the accel-
erator around the interaction point (IP), the experimental hall, and the detector itself. The study
of this background has been performed by the MAP collaboration [3] and resulted in a specific
Machine-Detector-Interface (MDI) for two, at the moment, collider center-of-mass energies [4, 5].
The proposed solution consists of a pair of cone-shaped tungsten shields (nozzles) in the vicinity
of the IP with the cone angle optimized depending on the beam energy and IR lattice. The re-
sults presented here use the beam-induced background generated by using the MARS15 code [6]
for 1.5 TeV center-of-mass energy collider. Figure 1 (left) illustrates the IR with the detector,
the nozzles and the tracks of the beam-induced background as simulated by MARS15, and (right)
the particle composition arriving to the detector for a single bunch crossing. The beam-induced
background particles are characterized by low momentum, as shown in Figure 2 (left) for example
the secondary and tertiary charged hadrons have an average momentum of the order of 500 MeV.
Another distinctive feature of the background particles from muon decays is represented by their
timing. Figure 2 (right) shows the distributions of the time of arrival at the detector entry point with
respect to the bunch crossing time for the different background components. For each particle type
the distribution has a long tail and central Gaussian-like shape except the neutrons.

3. Detector performance study

The characteristics of the beam-induced background were not fully exploited to minimize it
in the detector design used for the previous studies, in fact the detector model is inherited from the
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components and in the walls of the tunnel produce a high flux of secondary particles (see figure 1).
As it was shown in the recent study [1], the appropriately designed interaction region and machine
detector interface (including shielding nozzles, figure 2 and figure 3 ) can provide the reduction of
muon beam background by more than three orders of magnitude for a muon collider with a collision
energy of 1.5 TeV.

Figure 1. A MARS15 model of the Interaction Region (IR) and detector with particle tracks > 1 GeV (mainly
muons) for several forced decays of both beams.

Figure 2. The shielding nozzle, general RZ view
(W — tungsten, BCH2– - borated polyethylene).

Figure 3. The shielding nozzle, zoom in near IP
(Be — beryllium).

The amount of MARS15 simulated data was limited to 4.6% of the µ+ µ� decays on the
26 m beam length yielding total of 14.6 ⇥ 10 6 background particles per bunch crossing (BX).
The corresponding statistical weight (⇠ 22.3) was taken into account in the following ILCRoot
simulation. For each particle output by MARS15, 22 or 23 particles were generated by choosing a
new azimuthal angle at random. This provided a total of 3.24 ⇥ 10 8 particles entering the detector
in the ILCroot simulation. The most abundant background consists of photons and neutrons.
Table 1 lists these background yields together with kinetic energy thresholds used in the MARS15
simulation for di�erent types of particles.

– 2 –
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Background composition

Contributions form μ decays outside the simulated range become quickly

negligible for all background species but Bethe-Heitler muons, whose range

of interest is ±100 m from IP. 

In our background sample, generate for |z| < 25 m, we are missing ~20% of 

Bethe-Heitler muons.  

750-GeV μ± beams

Figure 1: Left: Simulation model of the Interaction Region, the detector with the nozzles and the beam-
induced background. Right: Particle composition of the beam-induced-background as a function of muon
decay distance from the IP for the case of a 1.5 TeV collider.
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Momentum spectra of bkg particles

photons

〈Pγ〉 = 1.7 MeV 

electrons

〈Pe〉 = 6.0 MeV 

neutrons

〈Pn〉 = 480 MeV 

ch. hadrons

〈Pch. had.〉 = 460 MeV 

muons

〈Pμ〉 = 7.0 GeV 
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Timing of bkg particles w.r.t. the IP

750-GeV μ− beam

Figure 2: Left: Momentum spectra of the beam-induced background particles at the detector entry point.
Right: Time of arrival of the background particles at the detector entry point with respect to the bunch
crossing time.

old studies by the MAP collaboration which was designed back in 2014. The tracking system is
composed by silicon pixel detectors with 20 µm and 50 µm pitch respectively [7], it is surrounded
by a dual-readout calorimeter based on the ADRIANO design [9]. Everything is immersed in
a solenoidal magnetic field of 3.57 T. Muon detector, supposed to be in the outer region is not
simulated in this study. Full simulation of the detector response is performed with a software
based on the ILCRoot framework [7] and takes into account sensor efficiency and noise, saturation
effects, light attenuation in crystals and other experimental effects tuned on test beam experience.
The framework is used also to reconstruct physics objects: tracks and jets for the moment.

3.1 Tracking detectors performance

The presence of the nozzles mitigates the effects of the beam-induced background but the
amount of particles is still very high, in particular close to the beam. The occupancy on the first
layers of both the central and forward region of the tracker is largely reduced by using a high
spatial resolution pixel detector and by applying a cut on the hits arrival time. The time resolution
is assumed to be of 50 ps for silicon pitch of about 75 µm and to be of 100 ps for pitch of about
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200 µm, and the hit is retained if it is in a window of [−3σ ,+4σ ]. The effectiveness of the method
is shown in Figure 3 on the left, where the occupancy, defined as the number of hit clusters per
cm2 area, is plotted. Layers 0-4 (VTX barrel) and 13-17 (SiT barrel) correspond to the central
tracker, from the closer to the more distant from the beam pipe. Other layers, VTX, SiT and FTD
endcaps, correspond to the forward/backward detectors, from the closer to the more distant from
the nominal interaction point. The tracking efficiency has been studie in detail, here it is shown

VTX endcaps

VTX barrel

FTD 
endcaps

SiT
barrel

SiT endcaps

Figure 3: Left: Simulated occupancy as a function of tracker layer number before and after applying hit
arrival time requirement to be in the selection window. Right: Track reconstruction efficiency for the signal
events described in the text with and without the beam-induced background as function of track transverse
momentum.

the result on a physics benchmark process. A sample of events µ+µ−→ Hνν̄ → bb̄νν̄ generated
with Pythia [8] at

√
s = 1.5TeV is fully simulated without and with the beam-induced background.

Tracks are reconstructed and the efficiency as a function of the track transverse momentum is shown
in Figure 3 (right). The presence of the beam-induced background reduce the efficiency for low
momentum tracks due to a limitation in the software, to recover low momentum tracks a lot of cpu
time is needed at the moment.

3.2 Calorimeter detector performance

Jet reconstruction was not part of the original ILCRoot package, a specific algorithm to take
into account the beam-induced background is implemented but it is not optimized. This background
acts as an underlying event, contributing with an almost flat energy distribution in the phase space.
The instrumentation of the calorimeter with a timing detector will help to reduce the amount of
energy collected by each cell. As shown in Figure 4 (left) a fraction particles of the beam-induced
background arrive significantly later than the prompt muons coming from the IP, therefore they can
be rejected during data acquisition. This feature is not currently implemented. The algorithm used
to reconstruct jets proceeds as follow:

• the calorimeter φ −η phase space is divided in several regions, and in each region the mean
deposited energy E and the standard deviation σE are calculated for the beam-induced back-
ground using the simulated events;

3
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• signal plus beam-induced background events are analyzed, for each cluster, if Ecl − E >

2×σE then the cluster is added to the clusters list with E
′
cl = Ecl−E;

• a standard jet cone algorithm [10] with radius R = 0.5, is used on the list of clusters with the
corrected energy;

The jet reconstruction efficiency as a function of the jet transverse momentum is shown on the right
in Figure 4. The maximum efficiency of 70% is obtained at high momentum with a minimum of
50% at 40 GeV. Even if the algorithm is not optimal, its performance is good enough to use it for

Figure 4: Left: Distribution of the arrival time at each calorimeter cell of the beam-induced background par-
ticles and prompt muons coming from IP. Right: Jets reconstruction efficiency as a function of jet transverse
momentum.

physics studies. The correlation between the jet transverse momentum at truth-level in the monte
carlo simulation and the reconstructed transverse momentum plotted in Figure 5 (left) is very good.
Given the method used for the jet reconstruction a large energy correction is needed. In the physics
studies, jets with corrected momentum are used. After the correction is applied, the jet transverse
momentum momentum resolution is of about 30%, almost flat on the full transverse momentum
range.

Figure 5 (right) shows the two b−jets invariant mass when each jet is identified as a b−jet
using the truth-level information in the fully simulated sample µ+µ−→ Hνν̄ → bb̄νν̄ previously
described. The b−jet identification, (tagging), algorithm is not applied to the Higgs reconstruction.
Most of the tracks belonging to a b−jet coming from Higgs generated µ+µ− → Hνν̄ → bb̄νν̄

at 1.5 TeV center-of-mass energy have transverse momenta below 2 GeV. The current tracking
algorithm has a degraded efficiency at low momentum due to software configuration, which does
not allow to use b−jet tagging on these events. Preliminary studies show that if tracks are recon-
structed with good efficiency down to 400 MeV the b−jet tagging based only on secondary vertex
identification has an efficiency of about 60% on average.

4. Summary and future plans

A preliminary study of the effects of the machine-induced background on the detector perfor-
mance was carried out using the MAP simulation framework and MARS15 generated backgrounds

4
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Figure 5: Left: Distribution of the jet transverse momentum at Monte Carlo truth-level as a function of the
reconstructed jet transverse momentum. Right: Invariant mass of two b−jets for H→ bb̄ events.

for a muon collider with a center-of-mass energy of 1.5 TeV. Track and jet reconstruction results
are very promising although the detector and the algorithms used are not optimal.

The community of high energy physics at colliders is making an effort to implement a
common framework for the study of physics performance at future colliders, therefore the muon
collider simulation and reconstruction algorithms are being ported to the new framework. A short
term plan is to optimize the tracking detector and the track reconstruction method, to adopt a
modern and performing algorithm for jet finding and for b−jet identification exploiting machine
learning methods and to include the muon detector and reconstruction for a center-of-mass energy
of 1.5 TeV. In the future the detector will be optimized also for other center-of-mass energies,
including the beam-induced background.
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