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Why a muon collider
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The luminosity per beam power is independent 
of collision energy in linear lepton colliders, but 
increases linearly for muon colliders 
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The advantage in colliding muons rather than 
protons is that $% is entirely available to produce 
short-distance reactions. At a proton collider the 
relevant interactions occur between the proton 
constituents, which carry a small fraction of $&

pair production particles M~ $%
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The Challenge: beam-induce background

• 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) 

It g
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Beam-induced background simulation at ! =1.5 TeV

MAP developed a realistic simulation of beam-induced backgrounds in the detector:
q 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); 

q Secondary and tertiary particles from muon decays 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. 

Muon Collider Preparatory Meeting - CERN, April 10, 2019M. Casarsa 4

Machine-detector interface

N.V. Mokhov and S.I. Stiganov, arXiv:1204.6721v1 (2012)

N. Terentiev
N. Terentiev

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.

IP for a 125-GeV μ collider IP for a 1.5-TeV μ collider 

Θ = 10
o
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Beam-induced background properties ! =1.5 TeV

Muon Collider Preparatory Meeting - CERN, April 10, 2019M. Casarsa 6

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

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

Secondary and tertiary particles have low momentum

MAY 9, 2019

Figure 3: Momentum spectra of the beam-induced background particles at the detector entry point.

Figure 4: Time of arrival of the background particles at the detector entry point with respect to the interaction point.

VXD pixel size is 20 µm. The tracker is constituted by silicon pixel sensors of 50 µm pitch, mounted on five cylindrical
layers from 20 to 120 cm in transverse radius and 330-cm long. The forward region is instrumented with disks also
based on silicon pixel sensors, properly shaped in order to host the tungsten shielding nozzles. The full simulation
includes electronic noise and thresholds and saturation effects in the final digitized signals. The calorimeter is based
on a scintillation-Cherenkov dual-readout technique, A Dual-Readout Integrally Active and Non segmented Option
(ADRIANO) [11]. The calorimeter simulation for MC in ILCRoot [12] considers a fully projective geometry with a
polar-angle coverage down to 8.4o. The barrel and the endcap regions consist of about 23.6 thousand towers of 1.4o
aperture angle of lead glass with scintillating fibers. Cherenkov and scintillation hits are simulated separately and
digitized independently. The photodetector noise, wavelength-dependent light attenuation and collection efficiency are
taken into account in the simulation of the detector response. Clusters of digitized energy deposits are then used by the
jet reconstruction algorithm.
The tracking system and the calorimeter are immersed in a solenoidal magnetic field of 3.57 T .
Simulation of the muon detector is not performed given that this is the outermost detector and signatures studied in this
article do not include final state muons. Figure 5 shows a schematic view of the full detector used in the simulation.

Before describing the physical objects reconstruction, we discuss the beam-induced background and the handles
available to mitigate its impact. As shown in Section 2, the noise in the detectors comes from the muon decay products
and from their interaction with the nozzles. The spatial and the kinematic distributions show that the tracking system is
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Beam-induced background properties ! =1.5 TeV

Time information are crucial to reduce the beam-induced background 

Muon Collider Preparatory Meeting - CERN, April 10, 2019M. Casarsa 11

Timing of bkg particles w.r.t. the IP

750-GeV μ− beam

MAY 9, 2019

Figure 5: Actual configuration of the detector. From inside to outside, in cyan are the nozzles followed by the tracking
system in magenta. The magnetic coil is drawn in blue and the calorimeter system is depicted in red. The muon system,
not implemented yet, is represented in green.

the most affected detector. As presented in Ref. [5], the maximum neutron fluence in the innermost layer of the silicon
tracker (R = 3 cm) for a one-year operation is at the level of 108 cm�2, which is lower than what has been measured
for LHC in a similar position and several order of magnitude lower than the 1017 cm�2 expected for FCC-hh [13].
The number of hits released in the tracking detector by background particles can be reduced by exploiting the time
information. As shown in [9] and reproduced in this study, these particles have an arrival time distribution that is
significantly different from the signal ones. In Figure 6 it is shown the simulated arrival time of particles to the tracker
modules with respect to the arrival time of the photons radiated from the interaction point. By selecting a time window

Figure 6: Simulated time of arrival (TOF) of the beam background particles to the tracker modules, summing up all the
modules, with respect to the expected time (T0) of a photon emitted from the interaction point and arriving at the same
module.

of a few ns around the expected arrival time, a large fraction of the background can be suppressed. This possibility
must be studied in detail in the light of the new timing detectors already proposed for HL-LHC where resolutions of
tens of picoseconds are achievable [14]. Figure 7 shows the hits density as function of the vertex detector layers. As
expected, the first barrel layer, which is closer to the beam, has high hit density, around 450 cm�2 in this configuration.
The occupancy of the other barrel layers is significantly lower, at the level or below 50 cm�2, while the endcap layers
show an occupancy around 100 cm�2. The cluster density is reduced by applying a time cut, in the first layer it goes
down to about 250 cm�2 by requiring a time window of ±0.5 ns. Improvements are seen also in the endcap layers.
In Ref. [9] preliminary studies were presented to illustrate the benefits of using a double layer silicon design. Other
strategies, not viable at the time of quoted studies, can be adopted in order to reduce the detector occupancy exploiting

5

New detectors generations help to mitigate the effects  
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Current Detector Response Simulation at ! =1.5 TeV
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 + MARS15 background merging 

Inherited from MAP
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Tracking detectors for ! =1.5 TeV

Nazar Bartosik Detector performance at Muon Collider  3

Tracking: VXD
Beam pipe: Beryllium (Be) 

thickness: 400 µm 

Nozzles: for background suppression 

material: Tungsten (W) 
gap between nozzles: 12 cm 
Rmin: 1 cm 

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)

Vertexing detector (VTX) 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) 

Nazar Bartosik Detector performance at Muon Collider  4

Tracking: SiT+FTD
Silicon Tracker (SiT): 

Si pixel sensors:  50⨉50 µm pitch 

• thickness:  200 µm 
R: 20-120 cm  L: 330 cm 

• Barrel:   5 layers 
• Endcap:  2 ⨉ (4 +3) disks 

Forward Tracking Detector (FTD): 
Si pixel sensors:  50⨉50 µm pitch 

• thickness:  200 µm 
• Endcap:  2 ⨉ 3 disks 

Hit simulation with GEANT4: 

• full simulation chain in place: hits → sdigits → digits 
• noise, electronic thresholds, saturation effects are included

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 

Nazar Bartosik Tracking performance studies 8

Momentum resolution

Evaluating track pT resolution using a 
simulation of 1M single muons 

Comparing 3 points in pseudorapidity and 
track momentum

Suboptimal number of iterations affects the pT resolution at low momentum 

5 iterations 
≥5 hits/track
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Tracking Detector Occupancy at ! =1.5 TeV
Assuming different time resolution for different Si detectors 
Pitch 75 and 100 µm: 50 ps
Pitch 200 µm:100 ps

  2

Time cut on SDIGIs 

Assumed time resolutions:
75 and 100 μm  →  50 ps
200 μm  →  100 ps

-3 σ +4 σ -3 σ +5 σ

75 µm / 100 µm 
sensors
(layers 0-12)

200 µm sensors
(layers 13-37)

  2

Time cut on SDIGIs 

Assumed time resolutions:
75 and 100 μm  →  50 ps
200 μm  →  100 ps

-3 σ +4 σ -3 σ +5 σ

75 µm / 100 µm 
sensors
(layers 0-12)

200 µm sensors
(layers 13-37)

A lot of background 
can be removed with
“4D” Si detectors!

Preliminary

VTX endcaps

VTX barrel

FTD 
endcaps

SiT
barrel

SiT endcaps
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Tracking Algorithm at ! =1.5 TeV

Hit assignment and track refitting performed iteratively: more iterations → better tracking efficiency in 
particular at low momentum since more iterations are needed.  But the current version of the code is 
very slow.  Working to move to a better, optimized software.

Nazar Bartosik Tracking performance studies 7

Tracking performance

Tracker occupancy can be strongly 
reduced by rejecting hits with time  
outside the expected signal window 

Low occupancy is crucial for the  
efficient track reconstruction 
in its current implementation at least

12 iterations 
5 iterations 
4 iterations 
3 iterations

Hit assignment and track refitting  
performed iteratively:  
more iterations  →  better tracking efficiency but slower processing

using 
5 iterations  
as a 
compromise

1 event ⨉ 10K π-

Five iterations affect the 
reconstruction of low 
momentum and forward tracks 

Nazar Bartosik Tracking performance studies 7

Tracking performance

Tracker occupancy can be strongly 
reduced by rejecting hits with time  
outside the expected signal window 

Low occupancy is crucial for the  
efficient track reconstruction 
in its current implementation at least

12 iterations 
5 iterations 
4 iterations 
3 iterations

Hit assignment and track refitting  
performed iteratively:  
more iterations  →  better tracking efficiency but slower processing

using 
5 iterations  
as a 
compromise

1 event ⨉ 10K π-
Preliminary Preliminary
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Tracking Performance at ! =1.5 TeV

Evaluate track #$ resolution and efficiency by using 1M 
of single muons.

Three pseudo-rapidity values

Nazar Bartosik Tracking performance studies 8

Momentum resolution

Evaluating track pT resolution using a 
simulation of 1M single muons 

Comparing 3 points in pseudorapidity and 
track momentum

Suboptimal number of iterations affects the pT resolution at low momentum 

5 iterations 
≥5 hits/track

Nazar Bartosik Tracking performance studies 8

Momentum resolution

Evaluating track pT resolution using a 
simulation of 1M single muons 

Comparing 3 points in pseudorapidity and 
track momentum

Suboptimal number of iterations affects the pT resolution at low momentum 

5 iterations 
≥5 hits/track

Nazar Bartosik Tracking performance studies 9

Track reconstruction efficiency

Looking at a real world scenario using H→bb simulation  +  beam background

Similar story with the track reconstruction efficiency

5 iterations 
≥5 hits/track

1000 events 
40 events

Preliminary Preliminary
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Tracking Performance at ! =1.5 TeV cont’d

Evaluate track #$ resolution and efficiency by using 
1M of single muons 

Three momentum values

Nazar Bartosik Tracking performance studies 8

Momentum resolution

Evaluating track pT resolution using a 
simulation of 1M single muons 

Comparing 3 points in pseudorapidity and 
track momentum

Suboptimal number of iterations affects the pT resolution at low momentum 

5 iterations 
≥5 hits/track

Nazar Bartosik Tracking performance studies 9

Track reconstruction efficiency

Looking at a real world scenario using H→bb simulation  +  beam background

Similar story with the track reconstruction efficiency

5 iterations 
≥5 hits/track

1000 events 
40 events

Preliminary Preliminary
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Tracking Performance at ! =1.5 TeV cont’d

Compare single muons tracks 
properties with the beam-induced 
background  

Preliminary

Preliminary

H → %&%+beam-induced background
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Calorimeter detector at ! =1.5 TeV

MAY 9, 2019

Figure 7: 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.

the developments done in the latest years for LHC and HL-LHC. This level of background, thought unsustainable years
ago, nowadays is comparable with what expected, for example, by the ALICE experiment. In the ALICE Inner Silicon
Tracker [15] the hit density of the order of 150 cm�2 is foreseen and silicon pixels of 20 ⇥ 20 µm are adequate to
resolve tracks in Pb-Pb events. From what discussed above it is obvious that MC detectors will largely benefit from the
R&D planned for the future colliders.

The effect of the machine induced background on the calorimeter has been studied and discussed in Ref. [16]. Figure 8
shows the background energy deposition per bunch crossing in the ADRIANO calorimeter as obtained in this study,
which is in agreement with what found before. As discussed in [16], the contamination of this background to the
calorimeter clusters associated to signal particles can be reduced by applying appropriate energy thresholds, which is
not done here.

Figure 8: Background energy deposition per bunch crossing in the ADRIANO calorimeter as a function of the polar
angle with respect to the beam axis (✓) and the azimuthal angle (�).

3.1 Physical object reconstruction

Tracks are reconstructed from clusters of tracker hits that pass the cuts on timing and deposited energy. The parallel
Kalman filter, which is part of the framework, is used for pattern recognition, track propagation and refitting with several
track hypotheses in parallel, allowing for cluster sharing between multiple tracks. Both primary tracks (constrained to

6

Beam-induced background generates 
diffuse occupancy in the calorimeter 

Time requirements will help to reduce 
beam-induced background on each cell
“5D” detectors has to be developed!

Dual read-out technology for the moment, best suited calorimeter has to be studied 

Preliminary Preliminary
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Jet Reconstruction Performance at ! =1.5 TeV
Use a very simple cone jet algorithm, room for a lot of improvements!

§ Removal of the “average” energy as if it is underlying event:
§ mean deposited energy #$ and %& are calculated for each “wedge”

§ If the cluster energy $'( − #$ > 2×%& ⟹ the cluster is used in the algorithm with $'(. = $'( − #$
§ Use the cone algorithm with / = 0.5

PreliminaryPreliminary

Fake jets
~25%
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b-Jet Tagging Performance at ! =1.5 TeV

Very simple tagging algorithm, inspired by LHCb:
§ Select tracks with #$ > 500 MeV and impact parameter ( > 400 *m w.r.t. interaction point;
§ Form two-tracks vertices by requiring the distance of closest approach (+, < 200 *m and 

#$/01,+23 > 2 GeV;
§ Three-tracks vertices are formed starting from the two-tracks couples.

Background tagging:
§ Low statistics when all clean-up cuts are applied
§ fake rate: 1 ÷ 3%

It needs to be studied with more statistics.
Tests done so far show fake rate is manageable.

Preliminary
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!"! Studies at # =1.5 TeV
Events %&%' → )*)+ @ # = 1.5 /01 are generated with PYTHIA 8

MAY 9, 2019

Process cross section [pb]
µ
+
µ
� ! �

⇤
/Z ! bb̄ 0.046

µ
+
µ
� ! �

⇤
/Z�

⇤
/Z ! bb̄ +X 0.029

µ
+
µ
� ! �

⇤
/Z� ! bb̄� 0.12

µ
+
µ
� ! HZ ! bb̄ +X 0.004

µ
+
µ
� ! µ

+
µ
�
H H ! bb̄ (ZZ fusion) 0.018

µ
+
µ
� ! ⌫µ⌫µH H ! bb̄ (WW fusion) 0.18

Table 2: Cross sections for processes with two b-quarks in the final state

.

originate from the interaction point) and secondary tracks (remaining tracks without the constraint) are found with this
method. The performance of the tracking algorithm has been presented in [17] and was not yet evaluated in this study.

Jet reconstruction was not included in the ILCRoot package, therefore a dedicated algorithm was developed for jet
clustering combining information from the tracking and calorimeter detectors. First, the reconstructed tracks and
the calorimeter clusters are combined using a Particle Flow (PF) algorithm [33], which performs matching between
tracks and clusters to avoid double counting. PF candidates with the transverse momentum greater than 0.5 MeV are
then used as input objects in the jet clustering algorithm with the cone size parameter R =

p
�⌘2 +��21 of 2.0

and 1.0 for the 125 GeV and 1.5 TeV cases, respectively. The jet radius is optimized in order to contain most of the
energy of b-quark jets from the Higgs boson decay. A jet energy correction is applied as a function of the jet transverse
momentum. It is determined by comparing the reconstructed jet energy to the energy of jets clustered from Monte Carlo
truth-level particles. The jet energy resolution was found to be 11% for the 125 GeV case and 20% at 1.5 TeV, when no
beam-induced background is present in the detector.

Jets originating from b-quarks are identified using a simple and not yet optimized b-tagging algorithm. A secondary
vertex, significantly displaced from the primary vertex, formed by at least three tracks is searched. Tracks with an
impact parameter greater than 0.04 mm inside the jets are used as inputs to the algorithm. The 2-track vertices are built
requiring a distance of closest approach between the two tracks less than 0.02 mm, and a total transverse momentum
greater than 2 GeV. Finally, 2-track vertices that share one track are combined to form 3-track vertices. The b-jet tagging
efficiency defined as ✏b = Nb�tagged/Nreconstructed is found to be ✏b = 63% at 125 GeV and ✏b = 69% at 1.5 TeV.
These numbers refer to signal only, since no background is added to the events.

A complete study of tracks efficiency has to be performed including the machine background with a detailed evaluation
of the fake tracks. This is mandatory also for the evaluation of the b-jet tagging performances in terms of wrong tags.
Similar studies have to be completed also for the calorimeter, where anyhow we expect lower contribution from the
background.

4 Characterization of H ! bb̄ and Z ! bb̄ processes

The reconstruction of H ! bb̄ and Z ! bb̄ is taken as a benchmark to assess the first physics performance of the MC
at 1.5 TeV. The two resonances are generated with Pythia 8. In Table 2 the production cross sections of processes with
two b-quarks in the final state are summarized. The Higgs and Z signals are generated, simulated and reconstructed
following the procedures described above. In this study b-tagging is not applied in order to not reduce the statistics, and
the background described in Section 3 is not included. The fiducial region considered is defined by an uncorrected
jet transverse momentum greater than 10 GeV and an absolute jet pseudorapidity lower than 2.5. In Figure 9 the
uncorrected jet transverse momentum and the jet pseudorapidity in Higgs and Z events are shown. It is evident that jets
in Higgs events are well contained in the fiducial region while part of Z events fail the requirements. In Figure 9 the
reconstructed di-jet mass distributions for Higgs and Z are shown. The Z boson is mainly produced in association with
a high energy photon (see Table 2), therefore the Z distribution is labeled as Z + �. The relative normalization of the
Higgs and Z distributions is taken as the ratio of the expected number of events, considering the selection efficiencies
and the cross sections, and it is equal to 12. Although the cross sections are similar, most of the Z + � events fail the
fiducial region cuts, therefore a low yield of such events is expected. Since b-tagging is not applied a tail at high mass in
the Z distribution is present, it corresponds to candidates where the � is reconstructed as a jet.

1�� is the difference between the calorimeter cluster and the jet axis in the azimuthal angle. �⌘ is the same difference in the
pseudo-rapidity variable.

7
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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

Preliminary

Preliminary

Normalized to the ratio of the 
expected number of events 
considering acceptance and 
reconstruction efficiencies

%&%' → 233̅ → )*)33̅ + beam-induced 
background fully simulated 
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Physics measurements are possible at muon collider ⇒ physics 
possibilities are investigated.
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Higgs !"! Couplings: Assumptions

#(%&%' → )**̅) - ./() → 010) ∝
3455
6 3477

6

Γ4

#(%&%' → )**̅) - ./ ) → 010 =
:;

<=ℒ?

4
Δ3477
3477

6

=
Δ#
#

6

+
Δ(32455/Γ4)
32455/Γ4

6

Taken from E&E'

with several 
approximations

:; : number of signal events.
:F: number of background events, %&%' → G1G from Pythia + beam-induced background
#:  cross section times BR
<: acceptance; removed nozzle region for ; =1.5 TeV, 2 jets H < 2.5, and LM > 40 GeV

for ; = 3, 10 TeV same nozzle angle is conservatively assumed
=: measured with the full simulation at ; =1.5 TeV,  used the same at ; = 3, 10 TeV (conservative)
S: U - VWXYcm-2s-1

One detector

Δ#
#
≃

:; + :F
:; arXiv:1608.07538v2



105th  Plenary ECFA meeting November 14, 2019 20

Higgs !"! Couplings: Preliminary Results
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Higgs self-coupling: unique to Muon Collider

Higgs potential via trilinear and quadrilinear coupling can be determined by measuring the cross-section 
!(#$#% → ''((̅) and !(#$#% → '''((̅).

The importance of the complete reconstruction of the shape of the Higgs potential is being studied by 
M. Chiesa et al. (to be published soon). If measured with enough precision, it can allow to detect a 
possible BSM deviation, even in the hypothesis of the trilinear self-coupling being in agreement with 
the SM.
Full simulation is foreseen to establish the +, sensitivity.
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New Physics 
Very High Energy Lepton Collider

Muon collider, or e+ e- plasma (?), from 10 to 30 TeV. 
Great direct reach, no waste due to pdf!

Amazing indirect reach, by high energy measurements. 
Like CLIC, but 10 times better! 
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A. Wulzer

Muon Collider at high energy has great possibilities:
q Higgs compositeness, at ! = 14 TeV can reach 60 TeV
q in searching for new particles

Wulzer@LHCP-2019 

Very High Energy Lepton Collider

Reach on Higgs Compositeness:

(very) tentative   [Buttazzo, Franceschini, AW. in prog.]

CLIC

CLIC

14 TeV

30 TeV

cϕ
cW
c2W

CLIC

0 20 40 60 80 100

2

4

6

8

10

m* [TeV]

g *

Composite Higgs, 2σ, VHEL14

cϕ
cW
c2W

CLIC

0 50 100 150 200

2

4

6

8

10

m* [TeV]

g *

Composite Higgs, 2σ, VHEL30
cϕ
cW
c2W

HL-LHC

10 20 30 40 50 60

2

4

6

8

10

m* [TeV]

g *

Composite Higgs, 2σ, CLIC

 28

A. Wulzer

https://indico.cern.ch/event/687651/contributions/3400870/attachments/1851010/3038713/talk_wulzer.pdf
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Summary

q Muon collider allows to access collisions at the highest energy for a given beam energy, and this 
opens a new research field that has been not only unexplored but even not considered till now

q By using the MAP framework and simulated beam-induced background, first detector performance is 
assessed demonstrating that precision measurement are possible @ ! = 1.5 &'(.
Preliminary results are arXiv:1905.03725.  A paper in progress: to be submitted to JINST

http://arxiv.org/abs/arXiv:1905.03725
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Next Challenging Steps

Ø Moving to the Future Collider Software to make comparison with other colliders easier.

Ø Advanced reconstruction methods and analysis techniques have to be developed and applied.

Then a change in the paradigm is needed: MDI and detector have to be studied and designed together!
Ø MDI is available for ! = 3 $%&, ! = 6 $%&, from MAP, ⇒ beam-induced background has to be 

studied and then design a possible detector.  

Ø Interaction Region is needed for ! = 10 $%&, … MDI and detector have to be designed and 
optimized. The option of ! = 340 -%& can be studied as well.

Ø New detectors have to be designed where position, energy and time resolution are pushed to the 
limit.
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Beam-induced background properties for 750 GeV µ- beam 

Time information are crucial to reduce the background

Muon Collider Preparatory Meeting - CERN, April 10, 2019M. Casarsa 11

Timing of bkg particles w.r.t. the IP

750-GeV μ− beam

Muon Collider Preparatory Meeting - CERN, April 10, 2019M. Casarsa 11

Timing of bkg particles w.r.t. the IP

750-GeV μ− beam



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
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Higgs Studies at ! =1.5 TeV
MAY 9, 2019

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
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http://arxiv.org/abs/arXiv:1905.03725
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b-Jet Tagging Studies at ! =1.5 TeV

Pseudo-lifetime # = $(&)(
)

# > 0
No requirements on the vertex associated mass

Preliminary Preliminary

Characteristics associated to the tagged vertex are not fully exploited, machine learning algorithms 
will improve a lot performance
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Higgs !"! Couplings: Preliminary Results
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p
s = 350 GeV 1.4 TeV 3 TeV

R dL

ds0
ds0 500 fb�1 1.5 ab�1 2 ab�1

s(e+e� ! ZH) 133 fb 8 fb 2 fb
s(e+e� ! Hne ne ) 34 fb 276 fb 477 fb
s(e+e� ! He+e�) 7 fb 28 fb 48 fb
No. ZH events 68,000 20,000 11,000
No. Hne ne events 17,000 370,000 830,000
No. He+e� events 3,700 37,000 84,000

Table 1: Leading-order, unpolarised cross sections for
Higgsstrahlung, WW-fusion, and ZZ-fusion processes for
mH = 126GeV at the three centre-of-mass energies dis-
cussed in this paper.

p
s0 is the effective centre-of-mass en-

ergy of the e+e� collision. The presented cross sections in-
clude the effects of ISR but exclude the effects of beam-
strahlung. Also given are numbers of expected events, in-
cluding the effects of ISR and the CLIC beamstrahlung
spectrum. The presented cross sections and event num-
bers do not include possible enhancements from polarised
beams.

1TeV (compared to the beam spectrum with ISR alone),
because the cross section rises relatively slowly with

p
s.

The reduction of the effective centre-of-mass energies due
to ISR and beamstrahlung increases the ZH cross section atp

s = 1.4TeV and 3TeV.

The polar angle distributions for single Higgs production
obtained using WHIZARD 1.95 [20] for the CLIC centre-
of-mass energies are shown in Figure 6. Most Higgs bosons
produced at

p
s = 350GeV can be reconstructed in the cen-

tral parts of the detectors while Higgs bosons produced in
the WW-fusion process and their decay products tend to-
wards the beam axis with increasing energy. Hence good
detectors capabilities in the forward regions are crucial atp

s = 1.4TeV and 3TeV.

A SM Higgs boson with mass of mH = 126GeV has a wide
range of decay modes, as listed in Table 2, providing the
possibility to test the SM predictions for the couplings of
the Higgs to both gauge bosons and to fermions [22]. All
the modes listed in Table 2 are accessible at CLIC.

3.1 Motivation for
p

s = 350 GeV CLIC Operation

The choice of the CLIC energy stages is motivated by the
desire to pursue a programme of precision Higgs physics
and to operate the machine above 1TeV at the earliest pos-
sible time; no CLIC operation is foreseen below the top-pair
production threshold.
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CLICdp single Higgs production

Fig. 6: Polar angle distributions for single Higgs events atp
s = 350GeV, 1.4TeV and 3TeV, including the effects of

the CLIC beamstrahlung spectrum and ISR. The distribu-
tions are normalised to unity.

Decay mode Branching ratio

H ! bb 56.1 %
H ! WW⇤ 23.1 %
H ! gg 8.5 %
H ! t+t� 6.2 %
H ! cc 2.8 %
H ! ZZ⇤ 2.9 %
H ! g g 0.23 %
H ! Zg 0.16 %
H ! µ+µ� 0.021 %

GH 4.2 MeV

Table 2: The investigated SM Higgs decay modes and their
branching ratios as well as the total Higgs width for mH =
126GeV [22].

From the Higgs physics perspective, operation at energies
much below 1TeV is motivated by the direct and model-
independent measurement of the coupling of the Higgs bo-
son to the Z, which can be obtained from the recoil mass dis-
tribution in ZH ! e+e�H, ZH ! µ+µ�H and ZH ! qqH
production (see Section 5.1.1 and Section 5.1.2). These mea-
surements play a central role in the determination of the
Higgs couplings at an e+e� collider.

However, from a Higgs physics perspective, there is no ad-
vantage to running CLIC at around

p
s = 250GeV where

the ZH production cross section is larger, compared to run-
ning at

p
s = 350GeV. Firstly, the reduction in cross section

at
p

s = 350GeV is compensated, in part, by the increased
instantaneous luminosity achievable at a higher centre-of-

6

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


