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Motivation
Muon Collider offers the potential precision measurements on Higgs couplings including Higgs potential 
via trilinear and quadrilinear coupling
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Motivation cont’d
Muon Collider could be an efficient discovery 
machine! 
Full collision energy available for particle production
But sufficient luminosity is required…

14 TeV lepton collisions are comparable to 
100 TeV proton collisions

 0.1
 0.2
 0.3
 0.4
 0.5
 0.6
 0.7
 0.8
 0.9

 1
 1.1
 1.2

 0  1  2  3  4  5  6

L/
P b

ea
m

 [1
034

cm
-2

s-1
/M

W
]

Ecm [TeV]

CLIC
MuColl

The luminosity per beam power is about constant in linear 
colliders, It can increase in muon colliders

A. Wulzer

D. Schulte
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What is different for a muon collider detector?

• Muon decay… just a back of the envelope calculation:
beam 0.75 TeV ! = 4.8×10)m, with 2×10+,-/bunch ⇒ 4.1×10/decay per meter of lattice

• Muon induced background is critical for 
q Magnets, they need to be protected
q Detector, the performance depends on the rate of background particles arriving to each 

subdetector and the number and the distribution of particles at the detector depends on the 
lattice

2018 JINST 13 P09004

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 –

Electromagnetic showers induced by electrons and 
photons interacting with the machine components 
generate hadrons, secondary muons and electrons and 
photons.

Muon Accelerator Program, MAP (https://map.fnal.gov)
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Beam-induced background simulation

MAP developed a realistic simulation of beam-induced backgrounds in the detector:
• implements a model of the tunnel ±200 m from the interaction point, with realistic geometry, materials 

distribution, machine lattice elements and magnetic fields, the experimental hall and the machine-
detector interface (MDI); 

• Secondary and tertiary particles from muon decay are simulated with MARS15 then transported to the 
detector

For each collider energy the machine elements, the MDI and IP have to be properly designed and 
optimized. 

In particular, the two tungsten nozzles, cladded with a 5-cm 
layer of borated polyethylene, play a crucial role in 
background mitigation inside the detector. 
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Beam-induced background properties for 750 GeV µ± beams 

Contributions form µ decays |z| > 25 m 
become negligible for all background 
species but Bethe-Heitler muons

Secondary and tertiary 
particles have low 
momentum
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Beam-induced background properties for 750 GeV µ- beam 

Time information are crucial to reduce the beam-induced background 

New detectors generations are needed 
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Detector Response Simulation
q A detailed simulation of the potential detector is necessary to assess the achievable precision of future 

physics measurements 
q Making use of the simulation/reconstruction tools previously developed within the MAP program 

based on the ILCroot package: supports signal + MARS background merging 

Muon detector (not used) - -
Magnetic coil 3.57 T - - -

Vertex and tracking detector - - -

Calorimeter detector - -

Noozle - - - - - - -

Inherited from MAP
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Tracking detectors

Vertexing detector (VXD) precise tracking 
Si pixel sensors: 20⨉20 µm pitch 
R: 3-13 cm L: 42 cm 
Granularity: 
• Barrel: 5 layers (75 µm thick) 
• Endcap: 2 ⨉ 4 disks (100 µm thick) 

Beam pipe: 
Beryllium (Be) 
thickness: 400 µm 

Silicon Tracker (SiT) and
Forward Tracking Detector (FTD): 
Si pixel sensors: 50⨉50 µm pitch, thickness: 200 µm 
SiT: Barrel: 5 layers Endcap: 2 ⨉ (4 +3) disks 
FTD: Endcap: 2 ⨉ 3 disks 
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Tracking Performances
Assuming different time resolution for different Si detectors 
Pitch 75 and 100 µm: 50 ps
Pitch 200 µm:100 ps

A lot of background 
is removed

Keeping high efficiency
on signal
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Calorimeter detector: dual readout calorimeter for the moment
Cerenkov + scintillation light simultaneously measured  -> electromagnetic and hadronic fraction of 
each shower determined

Beam-induced background influence 
also the calorimeter performances

Time can help to reduce
Beam-induced background

!"!# → % → &'&
background
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Jet Reconstruction Performances

Use a very simple cone jet algorithm, room for a lot of improvements!
§ Ecell>200 MeV 
§ Removal of the “average” energy as if it is underlying event
§ Run a cone algorithm with R=0.5 

Sample !"!# → % → &'& + background @ ( = 1.5 -./

Resolution
~38%

Jet energy resolution Jet energy scale

Efficiency
• ~60% per jet
• ~38% per event

2 b-jets invariant mass (truth match) 
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Summary and Next Steps

§ Physics reaches at muon collider strongly depend on beam-induced background which depends on 
beam characteristics and machine lattice in particular on the IR design.

§ By using the MAP framework and simulated beam-induced background, first detector performances 
are assessed demonstrating that precision measurement are possible @ ! = 1.5 &'(.

o New, up-to-date detector has to be designed where position, energy and time resolution have to be 
pushed to the limit.

o Detector and MDI have to be designed and optimized taking into account beam-induced background 
for center-of-mass energies: ! = 3 &'(, ! = 6 &'(, ! = 14 &'(, …
• Background diminishes with the increasing of the center-of-mass energy.
• Physics event topology has to be studied, i.e. Higgs events become more and more forward 

posing new reconstruction challenges.
o Advanced reconstruction methods and analysis techniques have to be developed and applied.

arXiv:1905.03725

http://arxiv.org/abs/arXiv:1905.03725


BACKUP
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Beam-induced background properties for 750 GeV µ- beam 

Time information are crucial to reduce the background
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Tracking Performances

Vertex detector occupancy, defined as the number of hit clusters per cm2 area, as a function of the 
detector layers. Layers from 1 to 5 correspond to the barrel layers, from the closer to the more distant 
from the beam pipe. Layers from 6 to 9 correspond to the endcap layers, from the closer to the more 
distant from the nominal interaction point. Since endcap layers are on both side with respect to the 
interaction point, the mean occupancy of left and right layers is shown. Occupancy with and without a 
time window cut (±0.5 ns) is presented. 
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Figure 9: Uncorrected jet transverse momentum (left) and jet pseudorapidity (right) in Higgs and Z events produced
in 1.5-TeV muon collisions. Higgs and Z distributions are normalized to the same area. Background described in
Section 3 is not included.

Figure 10: Di-jet mass distributions for Higgs and Z produced in 1.5-TeV muon collisions, without and with a
logarithmic scale in y-axis (left and right figures, respectively). The relative normalization of the two distributions
is equal to the ratio of the expected number of events, considering the selection efficiencies and the cross sections.
Background described in Section 3 is not included.

The next step would be to reconstruct the H ! bb̄ and the Z ! bb̄ including the machine-induced background, but
unfortunately the software and the framework, or at least the knowledge that the authors of this paper have of it, has not
allow to do it up to now. The work is in progress focusing primarly on tracking studies.

5 Neutrino induced hazard

The importance of radiation hazard due to highly collimated intense neutrino beams is known since many years. It has
already been studied in an analytic way and with MARS15 simulations, as reported for instance in Refs. [18, 19, 20].

Concerns come from the dose at the point where the neutrino beam reaches the earth surface, far away from the
production point. The dose shall be well below the recommended annual dose limit for public, presently at 1 mSv/year.
A goal of 0.1 mSv/year is assumed here. The neutrino beam spread is roughly given by 1/� of the parent muons. At
1 TeV, 1/� ⇡ 1. ⇥ 10�4 , resulting in a 100 m spot at a distance of 100 km from the production point. Despite the
very small cross section, products from neutrino interactions are concentrated in a small cone, thus delivering a sizable
dose. When considering a real collider, part of the neutrinos will be produced by muons decaying in the arcs, part in the
straight sections. The level and distribution of dose is different in the two situations. In an ideal ring, with no straight
sections, the neutrino products will reach the Earth surface along a ring concentric to the collider, at a distance that (for
a flat Earth) is roughly proportional to 1/D2, were D is the depth at which the collider is situated. The dose from a ring

8

Di-jet mass distributions for Higgs and Z produced in 
1.5-TeV muon collisions. The relative normalization 
of the two distributions is equal to the ratio of the 
expected number of events, considering the selection 
efficiencies and the cross sections. 

arXiv:1905.03725

17

! → #$# can be reconstructed, no physics background

! → #$# Reconstruction

http://arxiv.org/abs/arXiv:1905.03725
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Polar angle distributions for single Higgs events at 
! = 350GeV, 1.4TeV and 3TeV, including the effects of 

the CLIC beamstrahlung spectrum and ISR. 
The distributions are normalised to unity. 

Higgs production


