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Physic processes: two colliders in one

IMCC -  11-14 Oct - CERN Fabio Maltoni - Physics 

Muon collider physics
The essentials #1 : two colliders in one
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A completely new regime opening for a multi-TeV muon collider
Different physics being probed in the two channels  

Energetic final states  
(either heavy or very boosted)
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O(10) TeV muon collider energy  allows to have two colliders in one: 

Large production rates,  
SM coupling measurements 

Discovery light and weakly interacting
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Standard Model coupling measurements 
Discovery light and weakly interacting particles

Different physics can be 
probed in the two channels

F. Maltoni 
"Physics Overview" Annual Meeting IMCC

Muon Colliders, 1901.06150
The muon Smasher’s guide, Rept.Prog.Phys. 85 (2022) 8, 084201 2103.14043 
Muon Collider Forum Report, 2209.01318
Towards a Muon Collider, Eur.Phys.J.C 83 (2023) 9, 864, 2303.08533 

https://indico.cern.ch/event/1175126/contributions/5056279/attachments/2526133/4345414/MC-Physics-maltoni.pdf
https://inspirehep.net/literature/1714987
https://inspirehep.net/literature/1854006
https://inspirehep.net/literature/2147075
https://inspirehep.net/literature/2642414
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A “convenient” accelerator complex 

LHC

FCC

CLIC

MC
10 TeV

MC 3 TeV

Compact: 
cost effective 
& sustainable

21

Table 1: Tentative target parameters for MuCs of different energies based on the MAP design with modifications.

Parameter Symbol Unit Target value
Centre-of-mass energy Ecm TeV 3 10 14

Luminosity L 1 ⇥ 10
34

cm
�2

s
�1 2 20 40

Collider circumference Ccoll km 4.5 10 14
Muons/bunch N± 1 ⇥ 10

12 2.2 1.8 1.8
Repetition rate fr Hz 5 5 5

Total beam power P� + P+ MW 5.3 14 20
Longitudinal emittance "l MeVm 7.5 7.5 7.5
Transverse emittance "? µm 25 25 25

IP bunch length �z mm 5 1.5 1.1
IP beta-function �

⇤
? mm 5 1.5 1.1

IP beam size �? µm 3 0.9 0.6

by particles that are not at the focus [116]. For example,1452

when the RMS bunch length is not zero, but �z = �⇤
?,1453

eq. (11) is replaced by1454

�? =
r

mµc�z"?
pfhg

, (12)

with a hourglass factor fhg ⇡ 0.76. The RMS longi-
tudinal emittance is "l = �mµc2���z where �� is the
fractional RMS energy spread, so the luminosity may
be expressed as

L ⇡
e⌧µ

(4⇡mµc)2
fhg��B̄

"?"L
Eµ

2N+N�nbfr , (13)

where Eµ = �mµc2 is the energy of the collding muons.1455

Naively, the number of muons reaching the accel-1456

erator may be obtained from the number and energy1457

of protons, i.e. from the proton beam power. This as-1458

sumes proton energy is fully converted to pions and1459

the capture and beam cooling systems have no losses.1460

In reality pion production is more complicated; practi-1461

cal constraints such as pion reabsorption, other particle1462

production processes and geometrical constraints in the1463

target have a significant effect. Decay and transmission1464

losses occur in the ionisation cooling system that sig-1465

nificantly degrades the efficiency.1466

The final number of muons per bunch in the collider,
N±, can be related to the proton beam power on target
Pp and the conversion efficiency per proton per unit
energy ⌘± by

N± =
⌘⌧⌘±Pp

nbfr
. (14)

Overall the luminosity may be expressed as

L ⇡
e⌧µ

(4⇡mµc)2
| {z }

KL

fhg��B̄

"?"Lnbfr
⌘+⌘�(⌘⌧PpEµ)2

| {z }
P+P�

, (15)

where KL = 4.38 ⇥ 1036 MeV MW�2 T�1 s�2 and P±1467

is the muon beam power per species.1468

This luminosity dependence yields a number of con-1469

sequences. The luminosity improves approximately with1470

the square of energy at fixed average bending field. We1471

thus find the desired scaling in eq. (1) that entails,1472

as discussed in the previous section, a constant rate1473

for very massive particles pair-production, as well as1474

a growing VBF rate for precision measurements. The1475

quadratic scaling of the luminosity with energy is pecu-1476

liar of muon colliders and it is not present, for example,1477

in a linear collider. This is because the beam can be1478

recirculated many times through the interaction point1479

and beamstrahlung has a negligible affect on the fo-1480

cusing that may be achieved at the interaction point of1481

the muon collider. This yields an improvement in power1482

efficiency with energy.1483

The luminosity is highest for collider rings having1484

strong dipole fields (large B̄), so that the circumference1485

is smaller and muons can pass through the interaction1486

region many times before decaying. For this reason a1487

separate collider ring with the highest available dipole1488

fields is proposed after the final acceleration stage, as1489

in Figure 9.1490

The luminosity is highest for a small number of very1491

high intensity bunches. The MAP design demanded a1492

single muon bunch of each charge, which yields the1493

highest luminosity per detector. Such a design would1494

enable detectors to be installed at two interaction points.1495

The luminosity decreases linearly with the facility1496

repetition rate, assuming a fixed proton beam power.1497

For the baseline design, a low repetition rate has been1498

chosen relative to equivalent pulsed proton sources.1499

The luminosity decreases with the product of the1500

transverse and longitudinal emittance. It is important1501

to achieve a low beam emittance in order to deliver1502

satisfactory luminosity, while maintaining the highest1503

possible efficiency ⌘± of converting protons to muons.1504

High center of mass energy & high luminosity & power efficient:
 luminosity increase per beam power
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CLIC
MuCollMuons do not suffer from synchrotron radiation in this energy range 

Integrated luminosity:
𝑠 = 3 TeV 1 ab-1 5 years one experiment
𝑠 = 10 TeV 10 ab-1 5 years one experiment

C. Accettura et al. "Towards a muon collider"

https://doi.org/10.1140/epjc/s10052-023-11889-x


April 20, 2024 Donatella Lucchesi 4

Next 
generation 

of 
accelerator 

complex

Neutrino 
physics 

experiments, 
not 

discussed 
here

Experiments 
at 𝑠 

ranging from 
few TeV to 
10-ish TeV

The Facility 
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Muon Collider Facility in a nutshell
Key challenges
❊ Proton source

• High intense proton driver with short (1-3ns) high-
charge bunches

• Multi-MW target immersed in 15-20 T magnetic 
field to contain pion beam

❊ Muon cooling
❊ Beam acceleration 
❊ Dense neutrino flux
❊ Interaction region

If not specified material is taken from
C. Accettura et al. "Towards a muon collider” 

https://doi.org/10.1140/epjc/s10052-023-11889-x
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Muon ionization cooling principle

§ Absorber: low Z material (Lithium hydride for first phase, liquid H for final cooling)  in high 
magnetic filed to minimize the effect of multiple scattering

§ RF cavities in magnetic field: accelerate the beam

Two cooling stages:
1) muons cooled both transversely and longitudinally, rectilinear cooling. 
2) muons cooled transversely, final cooling.

Muon Cooling

8

Short muon lifetime —> Ionisation cooling only option

Absorber: reduction of longitudinal and transverse momentum. 

Scattering: beam blow-up —> need for strong solenoids and low Z absorbers. 

Cavities: acceleration, i.e., increase of only longitudinal momentum. 

Net effect: reduction of transverse momentum and thus beam cooling. 

Code development: RFTRACK integrating multiple scattering and collective effects, maintained at CERN.

B. Stechauner

Mice Coll. Demonstration 
of cooling by the Muon 
Ionization Cooling 
Experiment

https://doi.org/10.1038/%20s41586-%20020-%201958-%209.%20arXiv:1907.08562
https://doi.org/10.1038/%20s41586-%20020-%201958-%209.%20arXiv:1907.08562
https://doi.org/10.1038/%20s41586-%20020-%201958-%209.%20arXiv:1907.08562
https://doi.org/10.1038/%20s41586-%20020-%201958-%209.%20arXiv:1907.08562
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Design baseline overview 

Key challenges
❊ Proton source.
❊ Muon cooling.
❊ Beam acceleration:

1) Re-circulating Linacs “dogbone” 
shaped for fast acceleration.

2) Rapid cycling synchrotrons with pulsed 
dipoles & superconducting fixed field 
dipoles. 

❊ Dense neutrino flux
❊ Interaction region
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Beam background 
sources in the 
detector region

F. Collamati et al. 2021 JINST 16 P11009

✘ Muon decay along the ring, 𝜇" → 𝑒"𝜈̅#𝜈$: dominant process at all 
center-of-mass energies
❊ photons from synchrotron radiation of energetic electrons in collider 

magnetic field
❊ electromagnetic showers from electrons and photons
❊ hadronic component from photonuclear interaction with materials
❊ Bethe-Heitler muon, 𝛾 + 𝐴 → 𝐴" + 𝜇#𝜇$

✘ Incoherent 𝑒"𝑒% production, 𝜇%𝜇" → 𝜇%𝜇"𝑒%𝑒": important at high 𝑠
❊ small transverse momentum 𝑒$𝑒# ⟹ trapped by detector magnetic field

✘ Beam halo: level of acceptable losses to be defined, not an issue now
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Shielding structure: the nozzles

D. Calzolari
IMCC Ann. 
meeting 
Orsay 2023

Originally designed for 𝑠 = 1.5 TeV
by MAP (Muon Accelerator Program)
N.V. Mokhov et al., Fermilab-Conf-11-094-APC-TD

Nozzles reduce background 
particle flux by 2-3 orders of 
magnitude

https://indico.cern.ch/event/1250075/timetable/
https://indico.cern.ch/event/1250075/timetable/
https://indico.cern.ch/event/1250075/timetable/


§ Use the same nozzle structure of 𝒔 = 1.5 TeV ⟹ optimization for 𝒔 = 3 TeV and 𝒔 =
10 TeV in progress

§ Fluxes at 𝒔 = 3	and 𝒔 = 10 TeV quite similar ⟹ beam-induced background 
characteristics determined by the nozzles

[-1, 15] ns wrt t0

Survived beam-Induced background (BIB) properties

Time arrival wrt collision time Fluxes dominated by low momentum particles

April 20, 2024 Donatella Lucchesi 11
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Detector concept at 𝑆 = 3 TeV evolved from CLIC’s detector design

• Removed forward 
luminosity detectors

• Inserted nozzles

• Adapted tracker 
detector

• Magnetic field 
modified to cope with 
available beam-
induced background

ILCSoft is the simulation and reconstruction framework, implemented starting from CLIC’s software.
Transition to key4hep in progress. Tutorial available if interested to play with.

CLICdp-Note-2017-001

https://ilcsoft.desy.de/portal
https://indico.cern.ch/event/1277924/
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Major detector challenges: occupancy
First layers of barrel vertex detector & 
forward disks highly impacted BIB Comparison with Double Layer Filter in Vertex 8

Original plot with DL Update with cluster filter

Total hit reduction after timing + 
DL:
95.6% BIB hits removed

Total hit reduction after timing + tight 
cluster:
97.3% BIB hits removed (96.2% after loose)

S. Pagan Griso C. Sellgren Detector requirements
• Timing: high resolution to 

suppress out of time BIB. 
Tracking ~ 30ps, ECAL 
~100ps

• High granularity
+

• Double layers on vertex
• Longitudinal segmentation 

ECAL

/16

Calorimeter R&D

10

BIB hits in the calorimeters

Occupancy in ECAL > 10 times occupancy in HCAL

• Flux of 300 particles per cm2 

through the ECAL surface
• 96% photons and 4% neutrons
• Average photon energy 1.7 MeV

Key features

• Timing: BIB hits are out-of-time a 
resolution in the order of 100 ps is 
desiderable

• Longitudinal segmentation: 
different profile for signal and BIB

• Granularity: helps in separating 
BIB particles from signal, avoiding 
overlaps in the same cell

• Energy resolution: target ΔE
E

≃ 10 %
E[GeV]

ECAL surface flux: 300 particle/cm2

• 96% photons,  4% neutrons
• 𝐸&'(#.~1.7 MeV

• Hadronic calorimeter and barrel muon detector 
almost not affected by BIB

• Forward muon affected as the tracker system
Radiation hardness requirements 
like expected HL-LHC 



Muon det.

HCAL
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Tracks & muon reconstruction

𝜇#𝜇$ → 𝑍"𝑋 → 𝜇𝜇𝑋 
𝑠 = 10 TeV
𝑀!" = 9.5 TeV

Need to cover a momentum range from few GeV up to TeV

𝜇𝜇 → 𝐻𝜈𝜈̅ → 𝜇𝜇𝜈𝜈̅

Δ𝜎%→''
𝜎%→''

~38% 1 experiment 1 ab-1

CLIC at 3 TeV 2 ab-1: 25% 

Usual methods for “low” momentum Jet-like structure: combine information from 
muons detector, tracker and calorimeter
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Jet reconstruction performance 𝜇#𝜇$ → 𝐻𝜈𝜈̅ → 𝑏:𝑏𝜈𝜈̅

Δ𝜎%→()(
𝜎%→()(

~0.75% 1 experiment 1 ab-1

CLIC at 3 TeV 2 ab-1: 0.3% 

Invariant mass resolution: 18%

§ 𝐸*+ ≥ 2	MeV EM calorimeter cells to mitigate 
BIB effect

§ efficiency: 80 ÷ 90%
§ Negligible fake rate

b-jet identification:
• Simple algorithm, secondary vertex
• Efficiency:45% (20 GeV) 70% (120 GeV)
• c-jet mis-identification ~20%
• light jets mis-identification few %

No major issues with photon reconstruction
The 𝜇%𝜇" → 𝐻𝜈𝜈̅ → 𝛾𝛾𝜈𝜈̅ reconstructed obtaining
𝜎,
𝑚 ≈ 2.5%

Δ𝜎%→**
𝜎%→**

= 7.6% 1 experiment 1 ab-1

CLIC at 3 TeV 2 ab-1: 10% 
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Good performance on Higgs trilinear self coupling determination, even if not optimal
Process: 𝜇%𝜇" → 𝐻𝐻𝜈𝜈̅ → 𝑏C𝑏𝑏C𝑏𝜈𝜈̅  only

Δ𝜎--→/0//0/
𝜎--→/0//0/

~33%
12#
2#
~20 − 30%	(25%) 

         parametric study

𝑠 = 3 TeV full detector and BIB simulation,1 experiment 1 ab-1

Sensitivity on Higgs potential parameters
standard model, the Higgs potential is formulated with two di↵erent values for trilinear

(�3) and quartic (�4) self-couplings:

V (h) =
1
2
m

2
Hh

2 + �3vh
3 +

1
4
�4h

4
, 2.

where �3 = �4 = � = m
2
h/2v

2 in the standard model and the scalar field, h, is an expansion

around v/
p
2, describes a physical Higgs boson.

The gateway to the trilinear self-coupling is the double Higgs production cross section.

Its measurement was studied with the detailed detector simulation in the hadronic final

state HH ! bb̄bb̄ for a 3 TeV collider with an integrated luminosity of 1 ab�1 (58). Events

are selected with at least four reconstructed jets having p
jet

T > 20 GeV. The requirement of

b-tagging suppresses most of the backgrounds from light quarks. A final number of 77 signal

events and 1422 background events is expected, which leads to an estimated sensitivity on

the production cross section of 33%. Including additional final states and assuming an 80%

polarization of the electron beam, CLIC quotes a precision of 22% with 2 ab�1 of data.

From this study, a preliminary estimate in the order of 20-30% is derived on the sensitivity

on the trilinear self-coupling (60). It will be possible to determine the final sensitivity

with the detailed detector simulation once all the relevant final states are included and the

reconstruction algorithms, particularly the b�jet tagging, are fully optimized

Since the design of the detector at
p
s = 10 TeV is not ready yet, a study by using

a parametric description of the physics objects is performed. In (65) the sensitivity at 3

TeV center-of-mass energy has been evaluated with selections that mimic those applied in

the analysis with the detailed simulation. The uncertainty on the trilinear self-coupling is

around 25%. The exercise is repeated at 10 TeV center-of-mass energy finding an uncer-

tainty of 5.6% assuming 10 ab�1 of data.

The muon collider o↵ers a unique opportunity to measure the quartic self-coupling.

A parametric study indicate that the quartic self-coupling can be probed to an accuracy

of tens of percent (66) with 20 ab�1 of data. Here no background has been considered.

The reconstruction of events with 6 jets, some of them in the forward region will require

dedicated algorithms. In addition, at the moment the generation of the background with 6

b�jets final state is not viable due to high computational time required.

5. THE EXPERIMENT AT THE 10 TEV FRONTIER

The discovery potential of the multi-TeV muon collider can be exploited by looking for a

large variety of signatures (6). The possibility of having collisions at
p
s = 10 TeV and

beyond enables the search for new particles at an energy scale not accessible by other

proposed e
+
e
� colliders.

Although the importance of exploring high-mass particles is evident, the capability to

measure low-momentum signatures should not be overlooked. As an example, scenarios with

Higgs composite models or where dark matter is a particle charged under the electroweak

interaction could be probed at the muon collider in a wide range of final state momenta. As

will be discussed in this Section, the standard model Higgs physics can be considered low

momentum physics at
p
s = 10 TeV, as well as various other standard model measurements.

The measurements done at
p
s = 3 TeV could be used to improve the LHC exclusion bounds

for several models (67) and to perform precision standard model physics tests. Nevertheless,

the muon collider potential will be fully unleashed with very high energy collisions.

20 D. Lucchesi, M. Casarsa, L. Sestini

CLIC at 3 TeV 2 ab-1+ final states: 22% 

Han T, Liu D, Low I, Wang X. 
Phys. Rev. D 103:013002 (2021) 

M. Casarsa et al.

Chiesa M, et al. J. High Energ. 
Phys. 2020:98 (2020) 

§ Only 𝜇%𝜇" → 𝐻𝐻𝐻𝜈𝜈̅ → 𝑏C𝑏𝑏C𝑏𝑏C𝑏𝜈𝜈̅
§ No background considered
§ No BR applied 
§ No selections optimization  

Parametric study on quartic self coupling 

Accuracy of ~50% with 20 ab-1  

𝑠 = 10 TeV parametric studies  
Δ𝜆3
𝜆3

= 5.6% 1 experiment 10 ab-1   5 years

https://arxiv.org/abs/2311.03280
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𝑍=	boson	mass	reach	
Effective 𝑍4-model with new gauge boson 
couplings to the SM fermions 

K. Korshynska et al. 
https://doi.org/10.48550/arXiv.2402.18460 

General idea

→ study several observables Oi in the s-channel lepton production (LO) 
and combine their statistical significance in terms of χ2 statistics

Note: the lepton-channel analysis is particularly simple only if the models are flavour-univesal.

4

Mass reach

• A given model is fully determined 
by (af,vf). MZ' is a free parameter.

• By varying MZ', one can find values 
for which the χ2 test gives significant 
discrepancy from the SM.

• The mass reach depends on 
magnitude of the couplings.

• Hadronic observables: gain up to 
50%, see [hep-ph/9607306]

6

Observables of fermion final states 𝑓 = 𝑒, 𝜏 for off-
peak analysis combine in a 𝜒!:
§ Total cross section 𝜎5
§ Forward-backward asymmetry 𝐴67

5 = 8$
%"8&

%

8%

§ Left-right asymmetry 𝐴9:
5 = 8'(

% "8('
%

8%

§ Polarization asymmetry 𝐴;<=> = 8'(
) "8('

)

8)

Masses up to 70 TeV can be excluded 
@95% CL depending on the model
Mass limit:
LHC: 5 TeV, HL-LHC: 8 TeV 
Future 𝑒%𝑒": 20 TeV



April 20, 2024 Donatella Lucchesi 20

You may think that the muon collider is far in time…
… true, but the activities on the facility can start with a demonstrator on a short time scale!

A technically limited timeline for 
the muon collider R&D program.

  864 Page 22 of 110 Eur. Phys. J. C           (2023) 83:864 

Fig. 11 A schematic of a possible staged approach to a muon collider. The first stage, shown on the left, would produce collisions at 3 TeV
center-of-mass energy while the second would produce collisions at 10 TeV centre-of-mass energy. Sections of the facility that are not required are
shown in grey

Fig. 12 A technically limited
timeline for the muon collider
R&D programme that would see
a 3 TeV muon collider
constructed in the 2040s

– The collider can potentially produce a high neutrino flux
that might lead to neutron showering far from the col-
lider. A scheme is under study to ensure that the effect is
negligible.

– Beam impurities such as products of muon decay may
strike the detector causing beam-induced background.
The detector and machine need to be simultaneously opti-
mised in order to ensure that the physics reach is not
limited by this effect.

– The collider ring and the acceleration system that follows
the muon cooling can limit the energy reach. These sys-
tems have not been studied for 10 TeV or higher energy.
The collider ring design impacts the neutrino flux and the
design of the machine-detector interface.

– The production of a high-quality muon beam is required
to achieve the desired luminosity. Optimisation and
improved integration are required to achieve the perfor-
mance goal, while maintaining low power consumption
and cost. The source performance also impacts the high-
energy design.

The technology options and mitigation measures that can
address these challenges are described in some detail below.
Further dedicated studies of the key technologies would pro-
vide a robust quantitative assessment of their maturity and
technical risk, for example based on Technical Readiness
Levels (TRL) as described in [14].

123

Demonstrator facility can:
§ Test muon cooling cells and, later, muon cooling 

functionalities for 6D cooling principle at low 
emittance including re-acceleration.

§ Study high gradients and relatively high-field 
solenoid magnets for the machine.

§ Develop and test high-power production target.
§ Identify and construct detectors to measure beam 

emittances.
§ Perform physics measurements

Where:
Several possibilities: CERN, Fermilab, JPARC, …

Updated soon
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The International Muon Collider Collaboration has 
working groups that are making progress on

§ Facility complex design:
o Muon production
o Muon cooling
o Muon acceleration and collision

• Detector design and performance:
o First detector concept for a 𝑠 = 3	TeV 

exhibits performance sufficiently robust 
o A 𝑠 = 10 TeV detector is being designed with 

new approach to cope with very high energy

§ Design of demonstrator facility

Summary

Cordination 
Committee

Physics

Muon 
prod./cool

Magnets Demonstr. US acc.

Detector 
and MDI

Proton 
Complex

Accelerat.

Collider, 
site/NF

RF

Coll. eff.

Beam-matter  

target techn.

Cool. cell

Asia det.

Asia acc.

US det.

If interested contact:
Study Leader: D. Schulte
Deputies: A. Wulzer, D. Lucchesi, C. Rogers
CB chair: N. Pastrone
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Additional material
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• Based on 6-8 
GeV Linac 
Source 

• H- stripping 
requirements 
similar to 
neutrino 
ones 

• high power 
target

• 𝜋 
production 
in high-
field 
solenoid

U.S.$Muon$Accelerator$Program$$

  43 of 56 

(MC), thus providing the final elements of a Muon Accelerator Staging Plan which spans the 
Intensity and Energy Frontiers—in a nutshell,   
 

• nuSTORM → NuMAX → NuMAX+ → HF(commissioning) → HF(operation) → TeV-
scale MC  

2.4.3.1 Components%
 

 
Figure 27:  Functional elements of a Higgs Factory/Muon Collider complex 

 
The functional elements of a Higgs Factory/TeV-scale Muon Collider complex are illustrated 
schematically in Figure 27.  They can be listed as follows:  

• A proton driver producing a high-power multi-GeV bunched proton beam.  

• A pion production target operating in a high-field solenoid.  The solenoid confines the pions 
radially, guiding them into a decay channel. 

• A “front end” consisting of a solenoid π→µ decay channel, followed by a system of RF 
cavities to capture the muons longitudinally and phase rotate them into a bunch train suitable 
for use in the cooling channel. 

• A cooling channel that uses ionization cooling to reduce the longitudinal phase space 
occupied by the beam by about six orders of magnitude from the initial volume at the exit of 
the front end.  The first stages of the cooling scheme include 6D cooling and a bunch merge 
section.  For a Higgs Factory, cooling would stop before entering a “Final Cooling” section 
which trades increased longitudinal emittance for a ten-fold improvement in each transverse 
emittance as required for a high luminosity TeV-scale Muon Collider. 

• A series of acceleration stages to take the muon beams to the relevant collider energies.  
Depending on the final energy required, this chain may include an initial linac followed by 
recirculating linear accelerators (RLA) and/or fixed-field alternating gradient (FFAG) rings. 
At present, the multi-TeV collider designs utilize rapid-cycling synchrotrons (RCS) as the 
baseline for achieving the highest beam energies. 

• A compact collider ring, having a circumference of ~300 m for a Higgs Factory and several 
kilometers for a TeV-scale collider, along with the associated detector(s).  At present, the 
baseline Higgs Factory design assumes 1 detector while the TeV-scale colliders can readily 
accommodate at least 2 detectors. 

2.4.3.2 Implementation%on%the%Fermilab%site%
 
Here we discuss specific facilities based on Fermilab’s infrastructure and integrated with the 
stages of Project X.  Based on the physics needs identified at the time, the facility could support 
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• Fast 
acceleration 

• Use RF and 
SC

• 𝜇± decay 
background

• Critical 
Machine 
Detector 
Interface 

• RF 
cavities 
bunch & 
phase 
rotate 𝜇± 
into 
bunch 
train

• Ionization 
cooling 6D 

• MICE

Proton-driven Muon Collider Concept Muon Accelerator Program (MAP)

https://map.fnal.gov/index.shtml
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Higgs Physics at Muon Collider
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Ali HA et al. 

Higgs physics prospects at a 3 TeV muon collider Massimo Casarsa

Figure 1: Cross sections for the main Higgs boson
production processes as a function of the muon col-
lider center-of-mass energy [1].

cross section [fb] expected events
3 TeV 10 TeV 1 ab�1 at 3 TeV 10 ab�1 at 10 TeV

� 550 930 5.5 ⇥ 105 9.3 ⇥ 106

/� 11 35 1.1 ⇥ 104 3.5 ⇥ 105

CC̄� 0.42 0.14 420 1.4 ⇥ 103

�� 0.95 3.8 950 3.8 ⇥ 104

��� 3.0 ⇥ 10�4 4.2 ⇥ 10�3 0.30 42

Table 1: Cross sections for the main Higgs boson
production modes at

p
B = 3 and 10 TeV and the

expected events in 1 ab�1 and 10 ab�1, respectively.

that are interleaved in the iron return yoke of the magnet. Two tungsten cones, covered in borated
polyethylene cladding, are utilized for shielding the beampipe on both sides of the interaction region.
More details can be found in Ref. [5].

The muon collider software framework [6] is based on CLIC’s iLCSoft: the detector geometry
is modeled with the DD4hep toolkit [7], the detector response is simulated by G����4 [8], and
event reconstruction is done with the Marlin package [9]. The MARS15 software [10] is used to
generate the beam-induced background.

To maintain high efficiencies and resolutions for the physics objects in the presence of machine-
induced background, all reconstruction algorithms required revision or fine-tuning, as described in
Ref. [5]. The initial focus was on muons, photons, and jets. Muons and photons are reconstructed
by the PandoraPFA algorithm [11]. The algorithm identifies muons as tracks in the central tracker
that match hit clusters in the muon detectors, whereas photons are identified as isolated clusters
in the electromagnetic calorimeter. Hadronic jets are formed by clustering PandoraPFA objects.
Corrections are applied to the reconstructed energy of photons and jets to account for detector
effects and inefficiencies. Jets originating from 1 quarks are identified by searching for displaced
secondary vertices within the jets.

3. Higgs boson production cross sections

The physics objects described in the previous section were used to reconstruct the Higgs boson decay
modes into the final states 5 = 11̄, ,,⇤, WW, //⇤, and `+`� to estimate the statistical sensitivity
on the production cross sections multiplied by the decay branching ratios: f� ⇥ ⌫'(� ! 5 ).
Furthermore, the double Higgs production �� in the 11̄11̄ final state was also studied. The Higgs
and physics background samples were generated at leading order with WHIZARD v2.8.2 [12] or
MadGraph5_aMC@NLO v3.1.0 [13] and PYTHIA8 [14] was used for the hadronization of the final
states. The samples were then processed with the detailed detector simulation and reconstructed
with the muon collider software. All analyses share a common approach consisting of an initial
loose kinematical preselection to remove the dominant backgrounds, followed by a final signal
selection utilizing a multivariate analysis method. For the channels with jets in the final state, the
BIB was directly superimposed on the physics events on an event-by-event basis. For the cases

3

⇒

M. Casarsa et al. EPS-HEP2023 408

𝑠 = 3 TeV 1 ab-1 5 years one experiment
𝑠 = 10 TeV 10 ab-1 5 years one experiment

annihilation
           VBF

file:///Ali%20HA,%20et%20al.%20Rep.%20Prog.%20Phys.%2085/084201
https://pos.sissa.it/449/408
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Fig. 84 (Left) The global reach for universal composite Higgs models
at the HL-LHC and a high-energy muon collider. The figure compares
the 2-σ exclusion regions in the (g⋆,m⋆) plane from the fit presented

in Fig. 83, using the power-counting in Eq. (38). (Right) The same for
a model featuring with an heavy replica of the U (1)Y gauge boson in
the (gZ ′ ,mZ ′ )

Fig. 85 The breakdown of the global reach on composite Higgs, reported in Fig. 84, in the contribution of the individual processes. The 3 and the
10 TeV muon colliders are considered in the left and right panels, respectively

By projecting the EFT likelihood onto the (g⋆,m⋆) plane
we obtain the exclusion regions in the right panel in Fig. 84
for the different muon collider options, combined and in com-
parison with the HL-LHC reach. The results agree with those
of Fig. 7.7

We also show the EFT fit results interpretation in a simple
BSM model featuring a single Z ′ massive vector boson. As
in [25], we consider a Z ′ coupled to the hypercharge cur-
rent. In this case the dimension-6 effective Lagrangian only
receives tree-level contributions to the operator with coeffi-
cient c2B/Λ

2 = g2
Z ′/(g′ 4M2

Z ′). The corresponding indirect

7 The HL-LHC exclusion is in fact stronger than in Fig. 7 at large g⋆.
This is because the conservative cφ limit (see the footnote in Table 8)
is employed in Fig. 7.

constraints in the (gZ ′,MZ ′) plane are shown in the right
panel of Fig. 84.

While the bounds on the Z ′ model is obviously dominated
by the high-energy measurements of difermion process, and
the resulting constraints on the Y parameter (i.e., the O2B
operator coefficient), the situation is more complex for com-
posite Higgs. The contributions from the different processes
in setting the limits are shown separately in Fig. 85, high-
lighting (see also [24,63]) the complementarity of different
probes. The diboson constraints set the overall mass reach,
independently of g⋆. The reach gets extended for low values
of g⋆ by the difermion measurements. For high g⋆, cφ bounds
from Higgs coupling determinations and from the di-Higgs
mass distribution measurement dominate the sensitivity.

123

The power of 𝑠 = 10 TeV muon collisions for BSM searches

Composite Higgs: dynamics parameterised in 
terms of single coupling, g* , and mass, m* 

SM EFT including HL-LHC + MuC Higgs @10 TeV Higgs portal: new scalar field with no color  864 Page 76 of 110 Eur. Phys. J. C           (2023) 83:864 

The muon colliders sensitivity to composite Higgs, and
to a Z ′ model that is representative of new physics affect-
ing the electroweak interactions, was emphasised already
in Sect. 2.4. In particular we pointed out that the 10 TeV
muon collider is more effective than any other future collider
project that is currently under design or consideration. This
can be seen also in Fig. 84, by comparing with the dashed
line labelled as “Others”. This line is formed by the envelop
of the contours probed in the same plane by the FCC pro-
gramme (including FCC-ee and FCC-hh), by all stages of
CLIC and ILC, and all other collider projects studied in [25]
for the 2020 updated of the European Strategy for Particle
Physics. The mass reach would further improve in proportion
to the muon collider energy, provided the luminosity scales
quadratically with the energy as in Eq. (1).

Figure 84 also shows that the 3 TeV MuC sensitivity is
similar to the one of the most effective alternative project
(namely the FCC, including the FCC-hh), and vastly supe-
rior to the one of the HL-LHC. The figures conservatively
assumes 1 ab−1 integrated luminosity. EFT studies like those
described in this section thus provide strong physics motiva-
tions for the first stage of the muon collider with a centre of
mass energy of around 3 TeV.

Extended Higgs sectors

The third exploration strategy by which muon colliders can
advance knowledge of the electroweak and Higgs sector is to
search directly for the resonant production of new particles.
Few illustrative results are reported below, focusing in par-
ticular on BSM models that foresee an extension of the Higgs
sector by additional scalar fields. The new particles in these
scenarios do not carry QCD colour, therefore the mass reach
of the LHC is intrinsically limited. The muon collider is thus
generically expected to improve radically over the HL-LHC
sensitivity projections already at the 3 TeV stage.

SM plus singlet

The simplest extension of the SM Higgs sector features one
additional scalar field in the singlet of the SM gauge group.
Its simplest interaction with the SM, if not forbidden by addi-
tional symmetries, is the “Higgs portal” (see also Sect. 2.2)
trilinear coupling S H†H with the SM Higgs doublet H . By
this coupling, the singlet mixes with the physical Higgs boson
h. Following [26], we denote as sin γ the mixing parameter
and as mS the physical mass of the singlet particle. We trade
the fundamental Lagrangian parameter for mS and sin γ , and
we study the model in the (mS, sin2 γ ) plane as in Fig. 86.

The mixing with the singlet scales down all the couplings
of the Higgs particle by cos γ ≃ 1−1/2 sin2 γ . It has the
same effect as the Oφ operator with cφ/Λ

2 = sin2 γ /v2.
Therefore, the indirect sensitivity to sin2 γ can be read from
Table 8 and it is reported in Fig. 86 for the 3 TeV muon col-
lider with 2 ab−1 and for the 10 TeV MuC. The indirect sen-

Fig. 86 95% C.L. reach (adapted from [26]) on heavy singlet mixed
with the SM Higgs doublet at the muon collider. The direct and indirect
reach at other future projects and at the HL-LHC, documented in [25],
is also shown for comparison

sitivity follows the general pattern previously described. The
3 TeV MuC improves Higgs coupling determination slightly
and hence it slightly improves the HL-LHC sensitivity to
sin2 γ , by a factor 3 in this specific case. The 10 TeV MuC
performances are comparable to the ones of an e+e− Higgs
factory, leading to the same reach on sin2 γ .

Unlike low-energy Higgs factories, the muon collider
also offers opportunities to produce the new scalar parti-
cle directly. The production occurs dominantly via the VBF
VV → S process, that benefits from the large luminosity
for effective vector bosons at the muon collider, as already
discussed in Sect. 2.2. The single production vertex S VLVL
involves longitudinally polarised vectors and it emerges
directly from the S H†H trilinear interaction via the Equiva-
lence Theorem. The same interaction mediates the dominant
decays of the singlet, to two massive vectors or to a pair of
Higgs boson. The latter channel with Higgs decays to bottom
quarks, namely S → hh → 4b, is the most sensitive one at
high energy lepton colliders and it is employed [26] in the
direct reach estimates presented in Fig. 86.

By combining the two blue lines (horizontal dashed and
continuous), and comparing with the black lines, we can
appreciate the potential progress of the 3 TeV MuC with
respect to the HL-LHC.8 We also notice a considerable region
that can be only probed indirectly at the HL-LHC. In that
region the presence of the singlet would produce tensions in
the HL-LHC measurements of the Higgs couplings and the
physics underlying such tension will be discovered directly
at the 3 TeV MuC.

The reach is greatly extended by the 10 TeV MuC. It
covers almost all the region that could be probed by the
combination (black dotted lines) of the FCC-ee and FCC-hh

8 The indirect HL-LHC sensitivity is most likely overestimated, as the
aggressive bound on cφ (see the footnote in Table 8) is employed in the
figure.
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Scalar field singlets, mass: ms  mixing 
parameter: sin 𝛾 
          direct sensitivity            indirect sensitivity

C. Accettura et al. "Towards a muon collider” 

https://doi.org/10.1140/epjc/s10052-023-11889-x
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Dense neutrino flux

Muons per bunch: 1.8×10@!           No decay per meter of lattice:
2×10A at 𝑆 = 3 TeV
6×10B at 𝑆 = 10 TeV

Hadronic/electromagnetic showers produced by high-energy neutrinos interacting with the 
underground environment can induce radiation when exiting.

Collider arcs: 
• Keep induced radiation at the level of LHC 

• Not an issue at 𝑠 = 3 TeV if at 200 m.
• At 𝑠 = 10 TeV, beam movement inside magnet aperture should be enough.

Straight sessions, interaction points:
At higher energy, 𝑠~10 TeV, beam parameters and surface map need to be used (GeoProfiler) 
to determine the effects of fluxes.

Muon Decay and Neutrino Flux

D. Schulte      Muon Collider, Padova, February 2024 

~600 m

But want to have negligible impact from arcs
• Similar impact as LHC
• At 3 TeV this is the case for 200 m depth
• At 10 TeV use angle change of +/- 1 mradian  to go from 

acceptable to negligible level
• Mockup of mover system planned
• Impact on beam to be checked

Impact of experimental insertions
• 3 TeV design acceptable with no further work
• Maybe acquire land in direction of experiment, also for 10 TeV

t1

t2

Neutrino Flux

63

D. Schulte                        M
uon Collider, DESY Colloquium

, Ham
burg, June 2023 

G. Lacerda, Y. Robert, N. Guilhaudin
(CERN)

O(10
11-10

12) neutrinos per second
Plan to either dilute or likely aquire 
the land around this spot

Im
portant to know

 if this is helpful 
becsause depends on the lattice 
design

Muon decays per bunch passage
• 235,000 m-1 at 3 TeV
• 58,000 m-1 at 10 TeV

16
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Collider interaction region
Longitudinal size of the detector determined by position of final focusing magnets.
it would be very difficult from the the lattice point of view to have more than ±6 m
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2◊ Lú = 12 m

nozzle outer
radius = 60 cm

Final focusing
magnets

LHC MC 
𝑆 = 10 TeV 

bunch 
length 𝜎*

7.7 cm 1.5 mm

bunch 
size 𝜎+

16.7 µm 0.9 µm

C. Carli, A. Lechner, D. Calzolari, K. Skoufaris 

Single bunch mode
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Radiation environment
1-MeV neutron equivalent fluence per year Total ionizing dose per year

Assumptions:
§ Collision energy 1.5 TeV
§ Collider circumference 2.5 km
§ Beam injection frequency 5Hz
§ Days of operation/year 200

Radiation hardness requirements like HL-LHC (expected) 

K. Black, Muon Collider Forum Report

𝑆 = 3 TeV the same, 𝑆 = 10 TeV under study, expected similar since dominated by BIB 

https://doi.org/10.48550/arXiv.2209.01318
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Tracker system: full detector & BIB simulation
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Fig. 22 Average hit density per bunch crossing in the tracker as a
function of the detector layer

function of the radial distance from the beam-line, as shown2909

in Fig. 22.2910

It is clear from these numbers that high granularity of2911

silicon pixels is necessary in order to achieve hit occupancy2912

level of a few %. In addition, various handles to reduce the2913

BIB should be explored for both on- and off-detector filtering.2914

Possible filtering schemes include:2915

– Timing: Removing hits incompatible with the main2916

bunch crossing time could reduce the data load by about2917

a factor of 3. Timing information will eventually be used2918

in the event reconstruction, but an initial on-detector fil-2919

tering could be implemented as well.2920

– Clustering: Pixel clustering to reduce the number of sin-2921

gle pixels to be read out. This requires more on-detector2922

processing and results in more bits per cluster and a higher2923

power budget, but can reduce the number of hits read out.2924

Selection requirements can also be applied to the cluster2925

shape. The effectiveness needs to be assessed for each2926

BIB cluster type.2927

– Energy deposition: Each of the backgrounds has a char-2928

acteristic energy deposition signature. For example neu-2929

trons have low, localised energy deposits. On-detector2930

filters could efficiently exploit this quantity.2931

– Correlation between layers: This is a powerful handle2932

for background rejection. However, an implementation2933

may be complex and costly, doubling the number of chan-2934

nels. For on-detector filtering, it also requires transfer of2935

data between layers in a very busy environment.2936

– Local track angle: Track angle measurement can be2937

made in a single detector if the thickness/pitch ratio dis-2938

tributes the signal over several pixels. This avoids the2939

complexity of inter-detector connections and could pro-2940

vide a monolithic solution [167,168].2941

– Pulse shape: Signals from BIB can come with a vari-2942

ety of angles and may not give the deposit profile and2943

pulse shape of a typical minimum ionising particle (MIP). 2944

Appropriate pulse processing, such as multiple sampling, 2945

RC-CR filters, zero crossing, or delay line clipping can 2946

be used to reduce the data load. 2947

The basic trade-offs are between the complexity, power, 2948

and mass needed to implement a on-detector filter, and the 2949

benefit of reduced data rate. Particular caution should be 2950

taken when it comes to on-detector filtering: overly aggres- 2951

sive front-end filtering schemes can introduce irrecoverable 2952

inefficiencies and biases in track reconstruction and can limit 2953

acceptance for some beyond the Standard Model signatures, 2954

such as those of long-lived particles. 2955

A study was conducted in simulation to determine the 2956

granularity and timing requirements for the tracker sensors 2957

in order to reduce the hit occupancy to under the 1% target 2958

level. In this study, the pixel size and per hit timing resolu- 2959

tion were independently varied in each layer of the detector. 2960

The detector hits were integrated in the time period of 1 ns 2961

following the bunch crossing. It was found that for the ver- 2962

tex detector granularity of 25 × 25 µm2 and time resolution 2963

of 30 ps are needed to achieve the desired occupancy goal. 2964

The inner tracker was relying on asymmetric macropixels 2965

with 50 × 100 µm2 size and 60 ps timing resolution were 2966

sufficient to satisfy the requirement, while the outer tracker 2967

assumed either macropixels or microstrips with the size of 2968

50 µm×10 mm and a 60 ps time resolution. It is thus evi- 2969

dent that R&D efforts towards 4D tracking are necessary to 2970

achieve the required spacial granularity and timing resolu- 2971

tion. 2972

Silicon-based sensors have come to dominate the tech- 2973

nology for collider detector tracking systems. This is likely 2974

to continue into the muon collider era. In the past decade 2975

there have been a number of technological developments that 2976

promise to achieve many of the capabilities discussed in the 2977

previous section. They address different aspects of the needs 2978

for space and time resolution, pattern recognition, electronics 2979

integration, radiation hardness, and low cost. A description of 2980

promising technologies for achieving such goals is provided 2981

below. 2982

Monolithic devices (CMOS MAPS) 2983

CMOS Monolithic Active Pixel Sensors (MAPS) are based 2984

on standard CMOS process flows with thick (20–50 µm) epi- 2985

taxial layers. Charge is collected from electron–hole pairs 2986

generated in the epitaxy. There is a small area n-type collec- 2987

tion electrode with the CMOS circuitry embedded in a deep 2988

p-well to avoid parasitic charge collection by the CMOS 2989

transistors. The geometry of the electrodes and associated 2990

circuitry means that the epitaxy is difficult to deplete evenly. 2991

The first such devices used diffusion rather than drift to col- 2992

lect charge. Recent prototypes, shown in Fig. 23a, have added 2993
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Tracker requirements
• Timing: high 

resolution to suppress 
out of time BIB.

• Double layers: apply 
directional filtering.

• Energy deposition: 
exploit different 
cluster shapes.

/16

Tracking R&D

8

Higher occupancies than LHC detectors are expected
but 100 kHz crossing rate vs 40 MHz

• Timing: to suppress out-
of-time BIB hits

• Directional information: 
BIB does not come from 
the interaction point

• Energy depositions: 
pulse shape analysis for 
rejecting soft component 

Key featuresBaseline tracking geometry

BIB suppression
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Fig. 38 Track reconstruction efficiency as a function of pT for single-
muon events overlaid with BIB

Fig. 39 Momentum resolution ∆pT/p2
T as a function of θ for single-

muon events overlaid with BIB

Fig. 40 Transverse impact parameter resolution as a function of θ for
single muon events overlaid with BIB

well as future optimisations of the tracker layout will miti-3890

gate such localised degradation to negligible levels.3891

Figure 40 shows the resolution on the transverse impact3892

parameter D0, while Fig. 41 the resolution on the longitudi-3893

nal impact parameter Z0 as a function of the polar angle θ .3894

Similarly to the case of the resolution on pT, the resolution on3895

D0 and Z0 slightly degrades in the barrel-endcap transition3896

region, around θ ≈ 35◦.3897

Fig. 41 Longitudinal impact parameter resolution as a function of θ
for single muon events overlaid with BIB

Conformal tracking with double layers 3898

The Vertex Detector is constructed using double-layers (DL). 3899

A double-layer consists of two silicon detector layers sepa- 3900

rated by a small distance (2 mm for the MCD). This concept 3901

will also be used by the CMS Phase-II tracking detector [232] 3902

to reduce the hit combinatorics for a fast track reconstruc- 3903

tion in their trigger system. It works by selecting only those 3904

hits that can form a pair with a hit from the neighbouring 3905

layer that is aligned with the IP. If there is no second hit in 3906

the double-layer to form a consistent doublet the hit is dis- 3907

carded. This approach is particularly effective for rejecting 3908

BIB hits, because BIB electrons are very likely to either stop 3909

in the first layer due to their very low momentum, or to cross 3910

the double-layer at shallow angles, creating doublets that are 3911

not aligned with the IP. The DL filtering implemented in the 3912

simulation software is based on the angular distance between 3913

the two hits of a doublet when measured from the interaction 3914

point, as shown in Fig. 42. For simplicity the two variables 3915

used for filtering are the polar (∆θ ) and azimuthal (∆φ) angle 3916

differences. 3917

In practice there are several limitations to the precision of 3918

alignment that can be imposed by the DL filtering while main- 3919

taining high efficiency for signal tracks. The first is driven by 3920

the finite spatial resolution of the pixel sensors, which limits 3921

the minimum resolvable displacement between the two hits 3922

Fig. 42 Illustration of the doublet-layer filtering used for the rejection
of BIB-induced hits in the Vertex Detector. The horizontal black lines
represent double layers of pixel sensors that are crossed by signal (green)
and BIB (grey) particle tracks. Hit doublets created by BIB particles are
characterised by larger angular difference than those created by signal
particles, due to their shallow crossing angle and more displaced origin
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First layers of barrel vertex detector & 
forward disks highly impacted by BIB 

Higher occupancies respect to LHC detectors
crossing rate 100 kHz vs 40 MHz
Engaged in ECFA DRD3: silicon vertex and 
tracker
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Fig. 35 Possible TDAQ system architectures using (top) an LHCb-like
approach with a software Event Builder or (bottom) hardware boards
to structure event data and pass them to a high-level trigger farm

Fig. 36 Radiation length of the tracking detectors, as seen along a line
defined by the nominal interaction point and the polar angle θ

tracking detectors. The reconstructed object is called a track.
A track consists of a set of hits (one per layer) and five fit-
ted parameters describing the helix. A track reconstruction
algorithm can roughly be broken up into two steps: pattern
recognition to identify the hits belonging to a single track
and fitting the hit coordinates by a track model to deduce the
relevant track parameters.

Fig. 37 Hadronic interaction length of the tracking detectors, as seen
along a line defined by the nominal interaction point and the polar angle
θ

Table 4 Comparison of the hit density in the tracking detector between
a MuC with full BIB overlay, the ATLAS ITk and ALICE ITS3 upgrades
for HL-LHC. The hit densities for the first and second layers of the vertex
detectors are shown. The MCD hit densities are reported after timing
cuts

Detector reference Hit density [mm−2]

MCD ATLAS ITk ALICE ITS3

Pixel Layer 0 3.68 0.643 0.85

Pixel Layer 1 0.51 0.022 0.51

Track reconstruction in the MCD is complicated by the
presence of a huge number of hits in the silicon sensor orig-
inating from the beam-induced background (BIB hits). The
density of BIB hits is ten times larger than the expected contri-
bution from pile-up events at a High Luminosity LHC detec-
tor. Table 4 compares the hit density between the MCD, the
ATLAS Inner TracKer (ITk) [222,223] and the ALICE ITS3
[224] upgrades for HL-LHC operation. The increase in pos-
sible hit combinations creates a challenge for the hit pattern
recognition step. It is crucial to reduce the amount of hits
given as input to a track reconstruction algorithm through
alternate means, such as precision timing information. The
BIB hits are out-of-time with hard collision hits after the
time-of-flight correction has been applied. By applying a
−3σ/ + 5σ time window, the hit density can be reduced
by a factor of two as seen in Fig. 22.

The spatial distribution of BIB-hits is also unique. They
are different from hits created by pile-up collisions. Pile-up
hits come from real charged particle tracks originating from
multiple vertices in the collision region. On the other hand,
BIB-hits come from a diffuse shower of soft particles origi-
nating from the nozzles. The compatibility of a track with a
trajectory originating from the luminous region provides an
important handle for differentiating “real” tracks of charged
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Calorimeter system: full detector & BIB simulations

/16

Calorimeter R&D

10

BIB hits in the calorimeters

Occupancy in ECAL > 10 times occupancy in HCAL

• Flux of 300 particles per cm2 

through the ECAL surface
• 96% photons and 4% neutrons
• Average photon energy 1.7 MeV

Key features

• Timing: BIB hits are out-of-time a 
resolution in the order of 100 ps is 
desiderable

• Longitudinal segmentation: 
different profile for signal and BIB

• Granularity: helps in separating 
BIB particles from signal, avoiding 
overlaps in the same cell

• Energy resolution: target ΔE
E

≃ 10 %
E[GeV]

/16

Calorimeter R&D

10

BIB hits in the calorimeters

Occupancy in ECAL > 10 times occupancy in HCAL

• Flux of 300 particles per cm2 

through the ECAL surface
• 96% photons and 4% neutrons
• Average photon energy 1.7 MeV

Key features

• Timing: BIB hits are out-of-time a 
resolution in the order of 100 ps is 
desiderable

• Longitudinal segmentation: 
different profile for signal and BIB

• Granularity: helps in separating 
BIB particles from signal, avoiding 
overlaps in the same cell

• Energy resolution: target ΔE
E

≃ 10 %
E[GeV]

/16

Calorimeter R&D

10

BIB hits in the calorimeters

Occupancy in ECAL > 10 times occupancy in HCAL

• Flux of 300 particles per cm2 

through the ECAL surface
• 96% photons and 4% neutrons
• Average photon energy 1.7 MeV

Key features

• Timing: BIB hits are out-of-time a 
resolution in the order of 100 ps is 
desiderable

• Longitudinal segmentation: 
different profile for signal and BIB

• Granularity: helps in separating 
BIB particles from signal, avoiding 
overlaps in the same cell

• Energy resolution: target ΔE
E

≃ 10 %
E[GeV]

Calorimeter requirements

• time-of-arrival: resolution     
~100 ps to reject out-of-time 
particles. 

• Longitudinal segmentation: 
different profile signal vs. BIB. 

• High granularity: to separate BIB 
particles from signal avoiding 
overlaps in the same cell.
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• Granularity: helps in separating 
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Occupancy: ECAL	> 10 times HCAL

ECAL surface flux: 300 particle/cm2

• 96% photons,  4% neutrons
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Track reconstruction performance 
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Fig. 38 Track reconstruction efficiency as a function of pT for single-
muon events overlaid with BIB

Fig. 39 Momentum resolution ∆pT/p2
T as a function of θ for single-

muon events overlaid with BIB

Fig. 40 Transverse impact parameter resolution as a function of θ for
single muon events overlaid with BIB

well as future optimisations of the tracker layout will miti-3890

gate such localised degradation to negligible levels.3891

Figure 40 shows the resolution on the transverse impact3892

parameter D0, while Fig. 41 the resolution on the longitudi-3893

nal impact parameter Z0 as a function of the polar angle θ .3894

Similarly to the case of the resolution on pT, the resolution on3895

D0 and Z0 slightly degrades in the barrel-endcap transition3896

region, around θ ≈ 35◦.3897

Fig. 41 Longitudinal impact parameter resolution as a function of θ
for single muon events overlaid with BIB

Conformal tracking with double layers 3898

The Vertex Detector is constructed using double-layers (DL). 3899

A double-layer consists of two silicon detector layers sepa- 3900

rated by a small distance (2 mm for the MCD). This concept 3901

will also be used by the CMS Phase-II tracking detector [232] 3902

to reduce the hit combinatorics for a fast track reconstruc- 3903

tion in their trigger system. It works by selecting only those 3904

hits that can form a pair with a hit from the neighbouring 3905

layer that is aligned with the IP. If there is no second hit in 3906

the double-layer to form a consistent doublet the hit is dis- 3907

carded. This approach is particularly effective for rejecting 3908

BIB hits, because BIB electrons are very likely to either stop 3909

in the first layer due to their very low momentum, or to cross 3910

the double-layer at shallow angles, creating doublets that are 3911

not aligned with the IP. The DL filtering implemented in the 3912

simulation software is based on the angular distance between 3913

the two hits of a doublet when measured from the interaction 3914

point, as shown in Fig. 42. For simplicity the two variables 3915

used for filtering are the polar (∆θ ) and azimuthal (∆φ) angle 3916

differences. 3917

In practice there are several limitations to the precision of 3918

alignment that can be imposed by the DL filtering while main- 3919

taining high efficiency for signal tracks. The first is driven by 3920

the finite spatial resolution of the pixel sensors, which limits 3921

the minimum resolvable displacement between the two hits 3922

Fig. 42 Illustration of the doublet-layer filtering used for the rejection
of BIB-induced hits in the Vertex Detector. The horizontal black lines
represent double layers of pixel sensors that are crossed by signal (green)
and BIB (grey) particle tracks. Hit doublets created by BIB particles are
characterised by larger angular difference than those created by signal
particles, due to their shallow crossing angle and more displaced origin
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Expectations in Higgs physics: determination of couplings
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MuC 3 TeV + HL-LHC
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MuC 10 TeV + HL-LHC

Studied performed so far do not cover 
all the relevant H decay modes

Exercises benchmark parametric 
studies at 𝑠 = 3 TeV and 𝑠 = 10 
TeV

Measurement of 𝜎-×𝐵𝑅(𝐻 → 𝑓) allows determination of 𝐻	to	𝑓	coupling in the 𝑘-framework
𝑘C	coupling modifiers: ratio between the measured and the standard model values. 
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