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Motivations

Why muons?
Muons do not suffer of synchrotron radiation up to very 
high energy ⟹ can be used in circular accelerators.

Full cost to operate a muon collider facility not evaluated 
in detail yet but going to high energy it  is “convenient” 
respect to 𝑒!𝑒". Energy consumption similar to FCC-hh.

The 2020 Update of the European Strategy for Particle Physics recommended to “investigate the 
possibility to have bright muon beams”.

SnowMass 2021 process sees a renovate interest in the Muon Collider following the large experience of 
MAP (Muon Accelerator Program). 

https://map.fnal.gov/
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Physics Discovery Potential

§ Muons: elementary particles ⇒ 𝑠# entirely available to produce short-distance reactions. 
§ Protons: formed by partons ⇒ interactions occur between the proton constituents ⇒ fraction of 

𝑠$ enter in the short-distance reactions.

(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
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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 –

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

𝝁!𝝁"

pp

2 → 2

https://arxiv.org/pdf/2005.10289.pdf
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Physics Discovery through the Higgs Boson
• Higgs boson couplings to fermions and bosons are expected to be measured with a precision similar 

or better than 𝑒!𝑒" .
• Muon collider has the unique possibility to allow the determination of  the Higgs potential:
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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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https://arxiv.org/abs/2003.13628


If the Muon Collider is such a “dream 
machine” why we do not have it yet?
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Muons Decay!

Muons decay with an average lifetime of 2.2 . 10"* seconds at rest, at 𝑠 = 3 TeV they live for about 
3.1 . 10"& seconds. In this very short time,  produced muons have to: be accelerated, transferred in the 
collider and make them interact, possibly several times. 

Design the facility

Number of muons decay particles…back of the envelope evaluation:
beam 1.5 TeV 𝜆 = 9.3×10*m, with 2×10%&𝜇/bunch ⇒ 2×10+decay per meter of lattice.

Beam induced background, if not properly treated, could be critical for: 
§ Magnets, they need to be protected.
§ People, due to neutrino induced radiation.
§ Detector, the performance depends on the rate of background particles arriving to each subdetector.

Study all of them
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The Facility

Proton Driver:  intense proton source on a MW class target produces 
bunched pions.
Front-end: 𝜋 → 𝜇𝜈 decay in solenoidal B field to capture muons  
RF cavities to bunch muons 

Cooling: “ionization cooling” needed to be fast
• 6D phase space reduction of ~50.
• Transverse cooling demonstrated by MICE 

with liquid hydrogen and lithium hydride 
absorbers.

• Longitudinal cooling technique proposed.

MAP facility design is considered as the baseline 
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The Facility: Rings

Acceleration Stage: 
- Fast to limit the number of muon decay.
- Keep low emittance.
- Limit the cost and  have good power efficiency. 
- Several accelerator techniques are under study. 

Collider Ring, luminosity goal 10(+𝑐𝑚"&𝑠"%: 
- Low beta function at IP.
- Small emittance.
- Short bunch length.
- Small ring circumference to increase 

collision rate.
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Neutrino Induced Radiation HazardNeutrino Hazard “Ring” dose and “straight section” 
dose
(plot from B.King, hep-ex/005006)

4

Expected scaling laws:
Ring:          NP* E3, from Energy*cross section*1/J
Straight: : NP*E4, from Energy*cross section*1/J*1/J

• Neutrinos from intense muon beams 
are very well collimated, 𝜃 ≈ 1/𝛾.  At 
1TeV 𝜃 ≈ 10").

• Neutrinos beams interact with matter,  
interaction products could originate 
radiological hazard when reach the 
earth surface.

B. J. King

Radiation hazard studied since the beginning MAP shows: 
§ Along the collider arcs no issues for Ebeams∼1.5TeV.
§ Solutions for the straight sessions already proposed Mokhov-Ginneken .

New studies are in progress to reach high energies (10 TeV): 
§ Careful design of the collider in particular the straight sections to mitigate the effects.
§ Evaluation of the accelerator site characteristics.

https://arxiv.org/abs/hep-ex/0005006
https://www.tandfonline.com/doi/pdf/10.1080/00223131.2000.10874869?needAccess=true
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The Beam-Induced Background - BIB
Ø MAP developed a realistic simulation of beam-

induced backgrounds by implementing a model of 
the tunnel and the accelerator.  

Ø Secondary and tertiary particles simulated with 
MARS15 and now with FLUKA transported to the 
detector.

Ø Two tungsten nozzles are crucial in background 
mitigation inside the detector.

Yellow: photons
Green: 𝑒!𝑒"
Red: Hadrons

detector

detector

nozzle

one beam 

https://map.fnal.gov/
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The Beam-Induced Background properties 𝑠 =1.5 TeV

Integration path for BIB 
contribution to the interaction 
region depends on 𝑠 and 
accelerator lattice

Timing distribution determined 
by 𝑠 and accelerator lattice

Distance from µ decay point to IP (cm)

Secondary and tertiary particles 
have low momentum

BIB characteristics strongly affect detectors design ➞ detailed evaluation 
is needed.  Full simulation available for 𝑠=1.5 TeV, 3 TeV in progress.
Higher 𝑠, new strategy to be defined.
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Full Simulation of the Detector at 𝑠 =1.5 TeV

CLIC Detector 
technologies adopted 
with important 
modifications to cope 
with BIB.

Detector design 
optimization at 
𝑠=1.5 (3) TeV is 

in progress.
Room for collaboration!
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Tracker Characteristics 𝑠 =1.5 TeV

Tracking performance have been studied applying 
timing and energy cuts on clusters reconstruction 
compatible with IP time spread.

Detector Performance Studies at a Muon Collider - ICHEP2020 - July 29, 2020M. Casarsa 6

MDI and detector design

Two examples of MAP’s solutions

to cope with the BIB:

MDI: two tungsten nozzles

with 5-cm polyethylene 

cladding for neutrons reduce

the beam-induced background

in the detector by a factor 

of ~500.

VXD geometry: the vertex

detector barrel is designed 

in such a way not to overlap

with the BIB hottest spots

around the interaction region.

VXD layer 0
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The impact of BIB on tracking system could be 
severe if not mitigated

Vertex detector barrel properly designed to 
not overlap with the BIB hottest spots
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C𝒂𝒍𝒐𝒓𝒊𝒎𝒆𝒕𝒆𝒓 𝑪𝒉𝒂𝒓𝒂𝒄𝒕𝒆𝒓𝒊𝒔𝒕𝒊𝒄𝒔 𝒂𝒕 𝑠 =1.5 TeV

Current simulation is based on CLIC configuration: 
Silicon + tungsten for ECAL,  Iron + Scintillator for HCAL.

ECAL barrel  hit arrival time – t0

ECAL barrel longitudinal coordinate 

In progress:
§ Design appropriated and cheaper calorimeter system 
§ Optimization of jet reconstruction algorithm and 

design appropriate algorithm to identify b-jets.
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M𝒖𝒐𝒏 𝑹𝒆𝒄𝒐𝒏𝒔𝒕𝒓𝒖𝒄𝒕𝒊𝒐𝒏
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Muon Reconstruction with BIB at 𝑠 = 1.5 TeV
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With this detector and the 
performance obtained so far on 
objects reconstruction, which 
accuracy do we get on Higgs physics?
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𝝁?𝝁@ → 𝒃5𝒃 Studies at 𝑠 =1.5 TeV

𝜇!𝜇" → 𝐻𝑋,𝐻 → 𝑏E𝑏 and 𝜇!𝜇" → 𝑏E𝑏𝑋 generated at 
𝑠 = 1.5 𝑇𝑒𝑉 + BIB fully simulated 

Preliminary

§ Instantaneous luminosity, ℒ, at different √s,  from MAP.
§ Running time t = 4 · 107 s ⇒ 4 Snowmass years
§ Only one detector 

NOT FOR DISTRIBUTION JINST_160P_0120 v3

6 Comparison to CLIC

The direct comparison of the results obtained on �gHbb

gHbb

at a muon collider with other colliders,
as done in Ref. [18], is not yet available. In order to evaluate the potential of an experiment at a
muon collider, these results are compared to those published by CLIC [14]. CLIC numbers are
obtained with a model-independent multi-parameter fit. In addition, the fit is performed in three
stages, taking the statistical uncertainties obtainable at the three considered energies successively
into account. This means that each new stage includes all measurements of the previous stages and
is represented in Table 3 with a "+" in the integrated luminosity.

The muon collider results are not complete, since not all the necessary parameters are deter-
mined. They are based on assumptions that are very conservative, as discussed in the previous
sections. Data samples at the three center-of-mass energies are treated as independent, and not
taken successively into account. This means that at

p
s = 3 TeV the precision achieved by the

experiment at muon collider uses 4 data-taking years while the CLIC number includes also the 4
years at

p
s = 350 GeV.

p
s [TeV] Lint [ab�1] �gHbb

gHbb

[%]

Muon Collider
1.5 0.5 1.9
3.0 1.3 1.0
10 8.0 0.91

CLIC
0.35 0.5 3.0
1.4 +1.5 1.0
3.0 +2.0 0.9

Table 3. Relative precision on Higgs boson coupling to b�quark at muon collider and at CLIC. The
di�erence on how the numbers are obtained by the two experiments is described in the text.

7 Summary and Conclusion

A detailed study of the Higgs boson decay to b�jets at
p

s = 1.5 TeV is presented, based on a full
simulation of the physics process and the beam-induced background. The physics performance of
the tracking and calorimeter detectors is discussed together with new ideas to mitigate the e�ect
of the beam-induced background. The Higgs boson decay to b�jets is e�ciently reconstructed
demonstrating that the beam-induced background does not jeopardize physics performance of
an experiment at a muon collider. These results demonstrate that high energy muon collisions
perform better than electron-positron machines thanks to the almost negligible beamstrahlung and
synchrotron radiation. The uncertainty on the Higgs boson coupling to b�quarks is determined
under several assumptions and compared to the results obtained by CLIC in similar conditions. CLIC
has quoted the best precision on gHbb [18] and the fact that the muon collider provides similar
numbers in a non-optimized configuration shows its potential. A study of the Higgs couplings to
fermions and bosons is in progress with high priority given to evaluating the Higgs self-coupling.

– 15 –

CLIC numbers: obtained with a model-independent 
multi-parameter fit performed in three stages, 
taking into account data obtained at the three 
different energies.

Results published on JINST Update available soon.

https://iopscience.iop.org/article/10.1088/1748-0221/15/05/P05001
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Double Higgs Production Study at 𝒔 = 𝟑 TeV 

§ Detector and physics objects performance determined at 
𝑠 = 1.5 TeV.   

§ Events weighted to take into account for the different 
energy.

𝚫𝝈
𝝈 = 𝟎. 𝟑𝟑

Assumptions
• ℒ,-. = 1.3 𝑎𝑏"%
• Running time t = 4·107 s ⇒

4 Snowmass years
• One detector

Very preliminary event selection and 
reconstruction.

 13

HH cross section measurement

● As a first attempt to estimate the HH cross 
section uncertainty at 3 TeV, we applied the 
tagging efficiencies obtained in the 1.5 TeV 
case → Again this is very conservative!

● A 5-observable Boosted Decision Tree has 
been trained to separate signal from 
background.

● With 1.3 ab-1 (4 years of data taking) at 3 TeV 
we expect to select 67 HH events and 745 
background events.

● With a simple fit to the BDT → An uncertainty 
of 33% on the cross section has been 
obtained.

data

HH

Bkg

√s=3 TeV 
1.3 ab-1

HH

Bkg

PRELIMINARY

With a simple fit to the 
BDT output 

Update available soon.
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The simulation of the machine and the detector 
is demonstrating that a Muon Collider could be 
a serious future accelerator machine. We need to 
work together to demonstrate that it is feasible.

An International Collaboration is being 
formed, hosted by CERN to:
§ Provide a baseline concept with expected 

performance, cost and risks.
§ Identify an R&D path to the demonstrator.

Contacts:
MuonCollider-Facilty
MuonCollider-Detector-Physics Group

SnowMass2021 started a muon-collider-forum: slack channel muon-collider-forum

To Conclude

MUONCOLLIDER-FACILITY@cern.ch
MUONCOLLIDER-DETECTOR-PHYSICS@cern.ch
https://snowmass2021.slack.com/archives/C01GJSVPYLT


Muon Collider is a chance not to be missed!
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