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• Covering today work from several groups and LOIs

• We are all already collaborating together: thank you to the MuonCollider collaboration for offering simulation, 
code, etc.

• Most results today come from their work
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Abstract The discovery of the Higgs boson in 2012, and its subsequent measurement during run 1

and 2 of the LHC, have clarified the broad strokes of the mechanism of electroweak symmetry breaking

(EWSB). The unique nature of the Higgs boson and its place at the heart of the Standard Model (SM)

and many theories Beyond the SM (BSM) make it an extremely attractive target for further study. A

muon collider [1,2] provides an exciting set of new possible measurements at potentially higher energies

than other facilities with relatively clean experimental environments, but studies of these measurements

are thus far limited compared to those at other facilities. We aim to use the results of a dedicated

object-performance study, separately submitted as an LoI, to characterize the performance of a potential

detector at the Muon Collider. We will then report on new projections on the sensitivity of a muon

collider, operating at a range of potential energies, on a range of important measurements related to the

Higgs boson and EWSB.

Higgs Couplings, Mass, and Width The characterization of the Higgs boson is one of the main

experimental goals of all upcoming high energy facilities. Most e+/e� facilities propose to operate (at

least at their start) at
p
s = 250 GeV, where the Higgs is produced mostly via Z-strahlung processes.

A muon collider operating at
p
s = 1.5 TeV or higher, on the other hand, would produce Higgs bosons

mostly via the vector-boson-fusion (VBF) process [3–5]. This VBF production mode allows for a set of

Higgs couplings measurements complementary to other facilities, and allows for particularly e↵ective

measurements of the couplings to vector bosons. We will aim to benchmark sensitivity of a muon

collider operating at a variety of energies for measuring the Higgs couplings to the various SM particles,

in particular couplings to vector bosons (V ) and bottom quarks (b) using WW ⇤/ZZ⇤ and bb̄ decay

modes, respectively. Couplings to the second generations of fermions can be quite challenging at both

hadron and lepton colliders. However, they are of particular interest due to sensitivity to a whole class

of new physics models (e.g. enhanced Yukawa in 2HDM) and potential connections with various muon

anomalies. We will thus aim to study those couplings in detail.

It should be noted that a Muon Collider operating near
p
s = 125 GeV has the potential to perform

a very precise measurement of the second generation lepton Yukawa coupling (µ) using the s-channel

production of the Higgs boson. In addition, it enables a unique measurement of the mass and width of

the Higgs boson by scanning the beam energies across the resonance mass and directly measuring the

total cross-section, similar to measurements of the Z boson at LEP. Measuring the width of the Higgs

would help place important new constraints on the Higgs couplings to BSM particles. While the beam-

induced-backgrounds, which increase at lower muon beam energies, are expected to be a challenging
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Abstract: Muon Colliders present a highly attractive future collider option due to their small size, high 
efficiency, and the potential to reach very high energies. In this Letter of Interest, we propose to 
benchmark performance of physics objects reconstruction in the Muon Collider environment using 
realistic beam and detector simulations. As part of the development, we propose to improve and advance 
the existing simulation tools in order to make them more accurate, efficient, and accessible for an average 
HEP user. We will then measure and parametrize properties (efficiency, resolutions, etc) of reconstructed 
leptons, jets, and missing energy, as well as heavy flavor tagging performance. This will be done taking 
into account the overwhelming beam induced backgrounds (BIB) present at the muon colliders, which is a 
necessary step to establish accuracy of phenomenological studies that have so far mostly ignored the BIB. 
The proposed work will be carried out with European collaborators and will lay the foundation for 
specific studies in the areas of precision Higgs/Standard Model (SM) measurements and direct searches 
for physics beyond the SM (BSM), for which separate LOIs will be submitted.  
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• Thanks to the overview from Lorenzo, we know 
what we need to measure the Higgs self-coupling 
at a muon collider:

• Signal rate is fairly low, so use highest BR 
decays: need good jet reconstruction 
and b-tagging

• Production is mostly via VBF, where muons 
become neutrinos: need good missing 
energy reconstruction

• Cross-section goes up with energy, especially 
for quartic coupling: need high energy 
accelerator

What Do We Need?
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• Robust designs for accelerator exist for Higgs factory ( ) and 

• MAP collaboration had advanced conceptual design for up to 
, and we are now studying up to 

• Design calls for bunched beam with 10 μs spacing: 100 kHz collision rate

125 GeV
s = 1.5 TeV

s = 6 TeV s = 14 TeV

Accelerator Design
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Muon Collider

● Opportunity: provides a versatile and powerful tool for HEP exploration

● Challenges: design a system (accelerator+detector) the meets physics 
requirements

● Different stages of design depending on CoM energy

– Quite advanced conceptual design for Higgs factory, 1.5 TeV

– Good ideas of roadmap to scale up to ~ 6 TeV (and maybe to ~10 TeV)

– In the context of Snowmass, being investigated up to 14 TeV

– Beyond that, significant new challenges require fresh R&D

Alternative acceleration concept (positron-based) being also explored

oversimplified
picture
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The Challenge

5

μμ → Hνν → bbνν

 + 0.03% BIBμμ → Hνν → bbνν

• Of course, we know how to make 
detectors that can measure jets and do 
b-tagging

• The muon-collider adds a new challenge: 
beam induced background from 
decays of muons in the beam 

• Leads to a huge background: what 
detector considerations can help 
alleviate this?

• Background worse for Higgs factory 
compared to high energy machine: 
faster rate of decays for muon beam
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• A full simulation (including 
BIB!) baseline detector, 
developed by the 
MuonCollider Collaboration, 
is the basis for all our studies

• The detector is mostly based 
on the CLIC design: 
emphasizing tracking and 
particle flow calorimetry

• Tungsten+polyethylene 
‘nozzle’ used to (partly) 
shield detector from beam

The ‘Baseline’ Detector
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Detector overview

muon 
chambers

hadronic
calorimeter

electromagnetic
calorimeter

superconducting
solenoid (4T)

tracking system

shielding nozzles
(tungsten + borated 

polyethylene cladding) 

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

§ Detector design optimization at '=1.5 (3) TeV is one 
of the Snowmass goals.

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

Vertex 
Detector

Inner 
Tracker

Outer 
Tracker ECal HCal

4 layers
3 layers (barrel)

7 disks
3 layers
4 disks

40 layers 
W + silicon

60 layers 
steel + plastic

25x25μm2 50x50μm2 50x50μm2 5x5mm2 30x30mm2
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• Simulation implemented in ILCSoft framework

• Tutorials available and documentation available

• Detector optimized for : full simulation works without issues

• BIB implementation available, but leads to extremely long reconstruction (mostly in 
tracking)

• Optimization underway: improvements converging

• Jet reconstruction (via Pandora PFlow algorithm) working

• BIB mitigation using energy cuts in place: optimization of PFlow underway

• B-tagging under study: in progress, almost ready

• Full simulation largely ready to be used!

• Fast simulation underway: ‘target’ performance card, and ‘degraded’

s = 1.5 TeV

Simulation Status
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https://indico.fnal.gov/event/45187/timetable/
https://confluence.infn.it/display/muoncollider/Muon+Collider+Home
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• Here, show characteristics of BIB particles and their origin for 750 GeV beams

• Photon and neutron component is the largest

• Timing and directionality can be critical for reduction of background

• Energy cuts can also be utilized: most BIB interactions are very soft

• Partly due to the ‘nozzle’: absorbs primaries, softens high energy particles

BIB Characteristics

8

2/12/2020

4 BIB at Different center-of-mass Energies
MAY 9, 2019

Figure 2: Particle composition of the beam-induced background as a function of the muon decay distance from the
interaction point for the cases of a 1.5 TeV (left) and a 125 GeV (right) collider.

beam energy [GeV] 62.5 750
µ decay length [m] 3.9⇥ 105 4.7⇥ 106

µ decays/m per beam 5.1⇥ 106 4.3⇥ 105

photons (Ekin
ph. > 0.2 MeV) 3.4⇥ 108 1.6⇥ 108

neutrons (Ekin
n > 0.1 MeV) 4.6⇥ 107 4.8⇥ 107

electrons (Ekin
el. > 0.2 MeV) 2.6⇥ 106 1.5⇥ 106

charged hadrons (Ekin
ch.had. > 1 MeV) 2.2⇥ 104 6.2⇥ 104

muons (Ekin
mu. > 1 MeV) 2.5⇥ 103 2.7⇥ 103

Table 1: Expected average number of muon decays per meter and estimated number of background particles entering
the detector per bunch crossing for beam energies of 62.5 and 750 GeV. A bunch intensity of 2⇥ 1012 is assumed. In
parentheses are shown the thresholds set on the particles kinetic energy.

Nevertheless, the absolute flux of particles is still very high and poses a serious challenge for the detector readout
and particle reconstruction. Another potential approach for reducing the flux of background particles is discussed in
Section 6.

In Figure 3 the momentum spectra of the beam-induced background are shown for the case of 750-GeV beams. The
electromagnetic component presents relatively soft momentum spectra (hpph.i = 1.7 MeV and hpel.i = 6.4 MeV), the
charged and neutral hadrons have an average momentum of about half a GeV (hpni = 477 MeV and hpch.had.i = 481
MeV), whereas muons momenta are much higher (hpmu.i = 14 GeV).

Another distinctive feature of the background particles from muon decays is represented by their timing. Figure 4
shows the distributions of the time of arrival at the detector entry point with respect to the bunch crossing time for the
different background components. The evident peaks around zero are due to leakages of mainly photons and electrons
in correspondence with the IP, where the shielding is minimal.

3 Beam-induced background characterization

The background samples generated with the MARS15 program are the inputs to the simulation of the detector response
in the ILCRoot framework [9]. The detector used for the studies presented here has been thought for a MC with a center
of mass energy of 1.5 TeV. Both the framework and the detector are the same as those used by the MAP collaboration
before 2014. Several improvements have been achieved since then from the detectors point of view, a new detector
design based on up-to-date technologies is needed to compare the physics potential of this machine to the other proposed
Future Colliders. The old configuration is used as a starting point for this study, which is going to be updated. In the
following, it has to be kept in mind that this is not the best that can be done as of today.

The detector simulation includes a vertex (VXD) and a tracking (Tracker) silicon pixel subsystem, as described in
Refs. [9] and [10]. Outside a 400-µm thick Beryllium beam pipe of 2.2-cm radius, the vertex detector covers a region
42-cm long with five cylindrical layers at distances from 3 to 12.9 cm in the transverse plane to the beam axis. The
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BIB characterization

● Key findings for discrimination:

– Precise timing and Directional information (not from IP)

– Energy deposit (especially for low-energy γ/n interaction in Si)

– Majority of particles with low transverse momentum

● Ongoing studies to reproduce these results and study different CoM E

– Competing effects: larger energy but longer muon lifetime in lab frame

● Re-optimization and new handles being explored now!

1.5 TeV 1.5 TeV
1.5 TeV
BIB-only
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• Tracking critical for jet 
reconstruction and b-tagging

• Occupancy is a large problem: can be 
reduced substantially with timing cuts

• CMS-style ‘double layer’ readout with 
directional discrimination can also 
substantially lower occupancy

Tracking Design
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Tracker design and optimization

● Several optimization studies performed and in progress
Occupancy studies → pixel pitch

Timing selections

Tracking optimizations
Double-Layer for
directional discrimination
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Tracking optimizations
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• With some basic hit suppression and track 
level cuts, get good track efficiency and low 
fake rate

• Next question: how much of this can be 
done ‘on detector’ to reduce read out 
burden?

Tracking Performance
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Fitted track parameters cuts allow 
additional BIB clean up 

cu
ts
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• Here, run jet reconstruction (without tracking) using ~default CLIC reconstruction and up to 25% of BIB

• Two critical observations:

• Jet momentum increases dramatically: 250 GeV → 650 GeV

• Number of jets increases dramatically: 2 → 30

• Most are higher energy than the ‘real’ jets in the event! Very different from LHC

Jet Performance
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• However, there are obvious timing and 
energy cuts than can be used to suppress 
the BIB

• Here, still Calo only: PFlow with tracking 
results also in progress and very 
promising!

• Should be able to have good efficiency 
with good resolution: not as good as 
CLIC, but starting to be comparable

Mitigating BIB in Jets
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Implementation

● An aggressive acquisition time window is 
set: ±0.25 ns.

● The digit selection has been implemented 
directly in the digitizer processor.

BIB at √s = 1.5 TeV ● E and σ are calculated in bins of θ (angle 
with respect to the beam axis) and R 
(distance from the beam axis)

● As first test thresholds are applied just to the 
ECAL barrel.  ECAL endcaps are not 
considered. HCAL digits are all accepted.
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Digit energy

● Average digit energy for BIB is 11 MeV.

● Average digit energy for H→bb  is 15 
MeV (withouth BIB).

● The overlay of H→bb+BIB produce an 
average digit energy between 20 and 
30 GeV for digits that contains both 
signal and BIB.

● Calculated thresholds are in the range 
between 10 and 40 MeV depending on 
R and θ. 
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Jet reconstruction with calorimeters

● The PandoraPF and kt algorithms are 
used for jet reconstruction, using just 
selected calorimeter hits.

● Sample used is H →bb + BIB.

● 50 events have been reconstructed (the 
same BIB bunch crossing have been 
overlayed).

● ~5 days of CPU time, 40-50 GB of RAM 
constantly used. 

● On average 5.2 jets per event have been 
reconstructed. Without BIB we have 3.8 
jets per event.

● Jets reconstructed with and without BIB 
are matched in the (η,φ) space for 
comparison.
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• The older “MAP” framework 
had simple b-tagging 
implemented, with decent b-
tagging based on SV finding

• CLIC’s BDT-based b-tagging 
being implemented now: 
good progress

• With good tracking and 
low fakes already seen, 
should be powerful

B-Tagging
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Being the intercept of the fit compatible with 1, it can be concluded that the transverse mo-
mentum of jetreco is well correlated to the transverse momentum of jetMC .

The jet reconstruction e�ciency is calculated as a function of the trasverse momentum of jets
and is calculated as:

‘ = Ntrue,matched

Ntrue,matched + Ntrue,unmatched

where Ntrue,matched is the number of true jet matched with reconstructed jets, while at the denom-
inator there is the total number of truth-level jets.

Figure 51: Jet reconstruction e�ciency as a function of the jet transverse momentum.

As can be seen in Figure 51 the reconstruction e�ciency is around 90 % for pT > 50 GeV while
goes to 60% for low pT ≥ 10 GeV jets.

The jet transverse momentum resolution is then evaluated. The jetMC are divided into the same
intervals in pT as before, and for each jet the transverse momentum resolution has been calculated
as:

�pT

pT,MC
= pT,MC ≠ pT,reco

pT,MC

Then each pT interval, the gaussian fit of the distribution of the jet transverse momenta is
performed. In Figure 52 can be seen the sigma of the gaussian fit as a function of the pT . The
resolution on the jet transverse momentum is lower than 10% for jets with pT > 20 GeV, while it is
higher for jets with pT < 20.

6.7 b-tagging algorithm
The identification of jets originated by heavy quarks (in general b and c jets) is performed via

flavour tagging tagging algorithms. The one available in the ILCSoftware has to be optimized for
muon collider environment. Therefore the analysis described in Section 7 is performed by assuming
the e�ciencies on the identification of b jets calculated in [17]. Such e�ciencies are expected to be
the same in the two analysis, since the vertex detector characteristics are the identical.

In [17] a b-tagging algorithm was optimized to reduce the beam-induced background at 1.5 TeV
center of mass energy and its e�ciency was evaluated by using b jets coming from the µ

+
µ

≠ æ
H‹‹̄ æ bb̄‹‹̄ process.
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Figure 52: Jet transverse momentum resolution as a function of the jet transverse momentum.

Tracks inside the jet cone were used to identify decay vertices compatible with the decay of b

quark. Indeed, since b quarks have lifetime · ≥ 1.5 ps, they travel for an average distance d inside
the detector < d >= “ct— where c is the speed of light, — = v

c where v is the particle velocity, and
“ = 1Ô

1≠—2 is the Lorentz factor. In the case of 1.5 TeV < d > is 8.3 mm.
The algorithm performs the following steps for each reconstructed jet:

1. tracks inside the cone with pT > 500 GeV, impact parameter with respect to the µ
+

µ
≠interaction

point greater than 0.04 cm and with a minimum number of 4 hits are selected.

2. Two tracks vertices are built, by requiring the distance of closest approach between tracks to
be less than 0.02 cm, and the total transverse momentum greater than 2 GeV.

3. Three tracks vertices are built by selecting two tracks vertices with one track in common.

4. A jet is tagged as a b jet if at least one three tracks vertex is found.

The b-tagging e�ciency, defined as the number of tagged and reconstructed b-jets divided by
the total number of reconstructed b-jets, is presented in Figure 53. It can be seen that the it varies
from about 40% to about 60% at high jet pT . The relative low e�ciency is due to the tight cuts
and requirements needed to keep mis-tag as low as possible. The algorithm will be optimized in
the future. The mis-tag rate, defined as the number of non b jets identified as b jets is studied in
detail. The beam-induced background can create fake secondary vertex inside jet cones. The ratio
between the number of cones with at least one fake secondary vertex respect to the total number
of cones is taken as mis-identification rate and is estimated to be ≥ 1%. As mentioned in section
3.4 the beam-induced background level decreases as the center of mass energy increases, then atÔ

s = 3 TeV the mis-tag is expected to be lower.
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Figure 53: b-tagging e�ciency as a function of the PT .

58

Jet reconstruction efficiency

Jet momentum resolution

Jet b-tag efficiencyJet ParticleFlow reconstruction 
algorithm under optimization. b-jet identification 

very simple, based on 
secondary verticesDetermined with the “MAP” 

detector with dual-readout 
calorimeter and very “rough” 
jet reconstruction and b-tag 
algorithms.
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• Missing energy critical for VBF 
selection: forward neutrinos can be 
useful for background rejection

• Unfortunately, BIB has large smearing 
effect on the longitudinal component
— leads to smearing of the “total” 
missing energy as well

• Update to tracking PFlow may help?

• But transverse-only missing energy 
may be more useful

• More studies in progress

Missing (Transverse?) Energy
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RECONSTRUCTING THE MISSING MOMENTUM

➤ Started from samples simulated by Lorenzo 
(more details here). 

➤ 50 H->bb events available at 1.5 TeV (VBF  
production important here) with two 
configurations: 

1. No BIB applied. 

2. Full BIB with calorimeter time selection 
( ) and energy digit selection 
( ) + correction 
( ). 

➤ Defined very simple  distribution: 

➤ BIB seems to reduce the magnitude of this 
quantity. Most of the effect due to the 
longitudinal part of .

ννH

t < 25 ns
E > EBIB + 2σBIB

Ecorr = E − EBIB

⃗Hmiss

⃗Hmiss

⃗Hmiss = − ∑
i ∈ jets

⃗p i

3
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• Raw DAQ rate, if all hits read out of tracker, is 10x rate of the 
HL-LHC

• Can this be reduced on-detector?

• 100 kHz collision rate is low, and could enable trigger-less 
readout

• Could be an advantage compared to FCC-hh?

Trigger and DAQ
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• The muon collider may be an effective way to get to high-energy collisions

• Some Higgs properties, like the self-coupling and quartic coupling, 
absolutely require these high energies

• The experimental environment of the muon collider is unique and 
challenging

• But the work of MAP, and our initial studies, are very promising: seems 
like mitigating the BIB is mostly feasible

• A muon collider can provide an environment ‘in between’ FCC-hh and 
electron machines: high energy like FCC-hh, but much cleaner!

• Snowmass is a great opportunity to develop this idea: lots of collaborating 
groups and interest, and great potential for a new approach to shake up 
the future

Why a Muon Collider for Higgs Self Coupling?
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