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The good of Muon Collisions: New Physics

Muon, in principle, can be accelerated to very high energy without the issues of radiation losses being heavier than 
the electron.
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 !#
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Figure 1. The equivalent proton collider energy p
sp [TeV] required to reach the same, beam-level

cross section as a µ
+
µ

� collider with energy p
sµ [TeV] for (a) 2 ! 1 and (b) 2 ! 2 parton-level

process, for benchmark scaling relationships between the parton-level cross sections [�̂]p and [�̂]µ

as well as for pair production of t̃t̃ and �
+
�

� through their leading 2 ! 2 production modes.

we identify the kinematic threshold as ⌧ = sµ/sp, and likewise the factorization scale as
µf =

p
sµ/2. If one further assumes a relationship between the partonic cross sections, this

identification allows us to write equation 3.6 as
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which can be solved⇤ numerically for sp as a function of sµ and �.
For various benchmark assumptions (�) on the partonic cross sections [�̂]p and [�̂]µ,

and for the parton luminosity configurations ij = gg (red) and ij = qq (blue), where
q 2 {u, c, d, s} is any light quark, we plot in figure 1(a) the equivalent proton collider energy
p

sp as a function of psµ, for a generic 2 ! 1, neutral current process. In particular, for
each partonic configuration, we consider the case where the ij and µ

+
µ
� partonic rates are

the same, i.e., when � = 1 (solid line) in equation 3.7, as well as when � = 10 (dash) and
� = 100 (dash-dot). The purpose of these benchmarks is to cover various coupling regimes,
such as when ij ! Y and µ

+
µ
�
! Y are governed by the same physics (� = 1) or when

ij ! Y is governed by, say, QCD but µ
+
µ
�
! Y by QED (� = 10).

Overall, we find several notable features. First is the general expectation that a larger pp

collider energy is needed to achieve the same partonic cross section as a µ
+
µ
� collider. This

follows from the fact that pp beam energies are distributed among many partons whereas
µ
+
µ
� collider energies are effectively held by just two incoming partons. Interestingly,

we find a surprisingly simple linear scaling between the two colliders for all ij and �

combinations. For the ij = qq configuration and equal partonic coupling strength, i.e.,
� = 1, we report a scaling relationship of psp ⇠ 5 ⇥

p
sµ. Under the above assumptions,

⇤
Explicitly, we use the scipy function fsolve to carry out a brute force computation of this transcen-

dental equation. We report a reasonable computation time on a 2-core personal laptop.

– 7 –

2 → 2

&'&(
pp

(a) (b)

Figure 1. The equivalent proton collider energy p
sp [TeV] required to reach the same, beam-level

cross section as a µ
+
µ

� collider with energy p
sµ [TeV] for (a) 2 ! 1 and (b) 2 ! 2 parton-level

process, for benchmark scaling relationships between the parton-level cross sections [�̂]p and [�̂]µ

as well as for pair production of t̃t̃ and �
+
�

� through their leading 2 ! 2 production modes.

we identify the kinematic threshold as ⌧ = sµ/sp, and likewise the factorization scale as
µf =

p
sµ/2. If one further assumes a relationship between the partonic cross sections, this

identification allows us to write equation 3.6 as

X

ij

�ij

✓
sµ

sp
,

p
sµ

2

◆
=

[�̂]µ

[�̂]p
⌘

1

�
. (3.7)

which can be solved⇤ numerically for sp as a function of sµ and �.
For various benchmark assumptions (�) on the partonic cross sections [�̂]p and [�̂]µ,

and for the parton luminosity configurations ij = gg (red) and ij = qq (blue), where
q 2 {u, c, d, s} is any light quark, we plot in figure 1(a) the equivalent proton collider energy
p

sp as a function of psµ, for a generic 2 ! 1, neutral current process. In particular, for
each partonic configuration, we consider the case where the ij and µ

+
µ
� partonic rates are

the same, i.e., when � = 1 (solid line) in equation 3.7, as well as when � = 10 (dash) and
� = 100 (dash-dot). The purpose of these benchmarks is to cover various coupling regimes,
such as when ij ! Y and µ

+
µ
�
! Y are governed by the same physics (� = 1) or when

ij ! Y is governed by, say, QCD but µ
+
µ
�
! Y by QED (� = 10).

Overall, we find several notable features. First is the general expectation that a larger pp

collider energy is needed to achieve the same partonic cross section as a µ
+
µ
� collider. This

follows from the fact that pp beam energies are distributed among many partons whereas
µ
+
µ
� collider energies are effectively held by just two incoming partons. Interestingly,

we find a surprisingly simple linear scaling between the two colliders for all ij and �

combinations. For the ij = qq configuration and equal partonic coupling strength, i.e.,
� = 1, we report a scaling relationship of psp ⇠ 5 ⇥

p
sµ. Under the above assumptions,

⇤
Explicitly, we use the scipy function fsolve to carry out a brute force computation of this transcen-

dental equation. We report a reasonable computation time on a 2-core personal laptop.

– 7 –

&'&(

pp

2 → 1 *+ = !, ./

Vector boson fusion at multi-TeV muon colliders, A. Costantini et al.

Equivalent proton collider energy !# required to reach the same beam-level cross section as a &'&( collider 
with energy !"

https://arxiv.org/pdf/2005.10289.pdf
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The Higgs Potential: the portal to the New Physics
Higgs boson couplings to fermions and bosons reaches have to be evaluated, similar or better performance of 
!"!# are expected. 
In addition, muon collider has the unique possibility to determine the Higgs potential having sensitivity also to 
quadrilinear coupling
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Figure 2: Expected cross sections (left) and signal event numbers for a reference integrated
luminosity of 100 ab�1 (right) for µ

+
µ
�

! HHH⌫⌫ versus the c.m. collision energy, for
M⌫̄⌫

>
⇠

150GeV. Cross sections for di↵erent assumptions of the trilinear and quartic couplings
are presented, as well as for the SM case, obtained by Whizard (left-hand side) and Mad-

Graph5 aMC@NLO (right-hand side). Details on the scenarios are given in the text.

switching o↵ �4 (�3 = 0, �4 = �1 or 3 = 1,4 = 0). The e↵ect is an increase, as expected
from general arguments on unitarity cancellation, of production rates of about 20%�30% in
the

p
s range considered here. On the right-hand plot, we show the corresponding results

as obtained from MG5aMC also including two scenarios of interest: the �3 = ±1, �4 = ±6
cases, corresponding to relative shift between �3 and �4 consistent with an EFT approach, and a
scenario �3 = 0, �4 = +1 with no change in �3, yet a 100% increase of �4. It is interesting to note
that, as far as total rates are concerned, the latter case turns out to be hardly distinguishable
from the scenario where �3 = �SM and �4 = 0.

A second set of relevant information is provided in Table 2, where we report the µ
+
µ
�
!

HHH⌫⌫ total cross sections and event numbers 6 for the reference set of collision energies and
integrated luminosities of Table 1. In addition to total cross sections, also the number of events
close to threshold, i.e., with a requirement on the HHH-invariant-mass (MHHH) to be less
than 1 and 3 TeV is given. As we will discuss in the following, the sensitivity to the quartic
coupling depends rather strongly on the phase space region occupied by the Higgs bosons in
the final state, being the strongest close to threshold.

In Figs. 3,4,5 we plot the inclusive Higgs transverse momentum, the Higgs rapidity and the
Higgs-pair �R distributions, with and without an upper cut of 1 TeV on the HHH invariant
mass, respectively. We note that peak value of the transverse momentum is around 100 GeV, a
value that turns out to be rather independent on the collider energy. The invariant mass cut at

6
A cut M⌫̄⌫

>
⇠

150 GeV will be implicit from now on.
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Measuring the quartic Higgs self-coupling at 
a multi-TeV muon collider, M Chiesa et al.

First attempt to determine the sensitivity with full simulation
including the beam-induced background:

45
5 ≅ 35%

By assuming:
• : = 3 ;!$
• ℒ = 4.4 ? 10-/A)#(:#'
• T=4.4 ? 10/s

https://arxiv.org/pdf/2005.10289.pdf
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The challenge: beam-induced 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/meter of lattice

§ Muon induced background is critical for 
o Magnets, they need to be protected
o 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,
developed a realist simulation of the 
beam-induced backgrounds in the detector 
by implementing a model of the tunnel 
and the accelerator ±200 m from the 
interaction point.

Center of mass energy of 1.5 TeV
§ MARS15 has been used to generate muons and secondary and tertiary particles and transported to the 

detector
§ Two tungsten nozzles play a crucial role in background mitigation inside the detector.
Other Center of mass energy 
• A FLUKA-based tool is proposed to generate the beam-induced background starting from the 

accelerator design developed by MAP

https://map.fnal.gov/
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The 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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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
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Study of Detector Response at ! =1.5 TeV  

INFN Muon Collider Meeting - June 3, 2020M. Casarsa 4

Detector overview

muon 
chambers

hadronic
calorimeter

electromagnetic
calorimeter

superconducting
solenoid (4T)

tracking system

shielding nozzles
(tungsten + borated 

polyethylene cladding) 

The simulation/reconstruction tools supports signal + beam-induced background merging 
CLIC Detector adopted with modifications for muon collider needs.
Detector optimization is one of the future goal.

Vertex Detector (VXD)
§ 4 double-sensor barrel layers 

25x25µm2

§ 4+4 double-sensor disks 25x25µm2

Inner Tracker (IT)
§ 3 barrel layers 50x50µm2

§ 7+7 disks          ’’

Outer Tracker(OT)
§ 3 barrel layers 50x50µm2

§ 4+4 disks        ’’

Electromagnetic Calorimeter (ECAL)
§ 40 layers W absorber and silicon pad sensors, 5x5 mm2 

Hadron Calorimeter (HCAL)
§ 60 layers steel absorber & plastic scintillating tiles, 30x30 mm2
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Tracking System
Effects of beam-induce background can be 
mitigated by exploiting “5D” detectors, i.e. 
including timing.

A ±150ps window at 50ps time resolution in 
the Vertex detector allows to strongly reduce 
the occupancy

INFN Muon Collider Meeting - June 3, 2020M. Casarsa 10

Tracker occupancy

Hit density due to the beam-induced background for one bunch 

crossing without and with the hit time window selection:
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BIB effects can be mitigated at reconstruction time: 

Prompt particles

Prompt particles
+BIB

Impact parameter

Error on Impact parameter

By requiring well reconstructed tracks BIB effects is minimized with almost no effect on the efficiency
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Calorimeter System

These characteristics have to be exploited in order to:
§ Optimize the jet reconstruction algorithm.
§ Design the appropriate algorithm to identify b-jet.
§ Propose an integrated method to efficiently 

reconstruct muons, in particular at very high 
momentum.

ECAL barrel  hit arrival time – t0

ECAL barrel longitudinal coordinate 

Calorimeter Occupancy

Few BIB hits arrive to the muon detectors



D. Lucchesi 9

Data samples and Physics Generators

Pythia: 
§ !"!# → %&,% → ()*+,-./ 0.1 2-/-./
§ Any physics background

WHIZARD
• !"!# → %%&,% → 232,% → 232
• !"!# → 23223244̅ inclusive
• !"!# → %%%&,% → 232,% → 232, % → 232
• The physics background !"!# → 23223223244̅

inclusive, needs theoretical developments, 
WHIZARD and MadGraph in progress

/ = 1.5, 3 TeV

/ = 1.5, 3, 10 TeV

The studies at “low” energy ( / = 1.5, 3 TeV) can be done with the available generators: Pythia, WHIZARD, 
MadGraph,, tec.
The high energy signal and background generation has to be “verified” with experts to make sure all the 
processes are correctly evaluated

Available samples
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The path to high !

Combine Physics and beam-induced 
background

Optimize the detector design for high 
energy

Generate signal and 
physics background

Generate beam-
induced 

background

Design proper algorithms 
to reconstruct physics

Study " = 1.5 and 3 TeV
Infer properties at " = 10 TeV

Use the state of the 
art generators, 

collaborate with 
theoretical physicists 

Exploit future state 
of the art detectors

Design new reconstruction 
and identification algorithms: 
for example, multi-b-jets 
finale states with merged jets 
need fat-b-jets algorithms


