
Double Higgs Prospects at Muon Collider

Donatella Lucchesi
University and INFN Padova

Muon Collider Physics and Detector Group 



Yet another collider 

Therefore, muon collider is most power-efficient machine 
at high energies

Muons are fundamental point-like particles: 
✭ well defined initial state and cleaner final states;
✭ collision energy fully available in the hard-scattering process.

Muons can be accelerated to a multi-TeV energy:
§ low synchrotron radiation losses (mμ/me ~ 200) 

compact circular machine with a relatively small footprint
§ no significant beam-strahlung.
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International Muon Collider Collaboration 

Ø IMCC started officially on July 3nd 2020: Web site

Ø Several institutions are collaborating, US via the Snowmass process

Ø Muon collider is part of European Accelerator R&D Roadmap  Yellow Report

Ø A lot of contributions submitted to the Snowmass process
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Proton-driven Muon Collider Concept 
Muon Accelerator Program

• 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 
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• Use RF and 
SC

• 𝜇± decay 
background

• Critical Machine 
Detector 
Interface 

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

• Ionization 
cooling 6D 

• MICE
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Baseline Facility 

Luminosity%Goals%

D.%Schulte% Muon%Collider,%Muon%Collider%Agora,%February%16,%2021% 5%

Tenta4ve%target%parameters%
Scaled%from%MAP%parameters%

Parameter' Unit' 3'TeV' 10'TeV' 14'TeV'

L% 1034%cmR2sR1% 1.8% 20% 40%

N% 1012% 2.2% 1.8% 1.8%

fr% Hz% 5% 5% 5%

Pbeam% MW% 5.3% 14.4% 20%

C% km% 4.5% 10% 14%

<B>% T% 7% 10.5% 10.5%

εL% MeV%m% 7.5% 7.5% 7.5%

σE%/%E% %% 0.1% 0.1% 0.1%

σz% mm% 5% 1.5% 1.07%

β% mm% 5% 1.5% 1.07%

ε% μm% 25% 25% 25%

σx,y% μm% 3.0% 0.9% 0.63%
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Every rose has its thorn

Muons decays with 𝑁"~2 & 10#$ per bunch with Ebeam= 0.750 TeV produce 4×10%decays/meter of lattice 

Detector design for a multi-TeV muon collider - PM 2022 - May 23, 2022M. Casarsa 4

An unprecedented technical challenge

The unstable nature of muons (τ
μ
 = 2.2 μs) 

poses unprecedented technical challenges

to every stage of the accelerator complex.

The decay products of the circulating muons

interact with the machine elements generating 

an intense flux of background particles

(expected 4×105 decays/m at 1.5 TeV with

 2×1012 μ/beam).

O(1010) background particles are estimated

to reach the interaction region and enter the 

detector: beam-induced background (BIB).

Coping with the BIB will represent 

the main driver of the detector design

and the development of the event 

reconstruction algorithms.

μ–

detector

detector

F. Collamati et al., 2021 JINST 15 P11009 

0                                                            6                                            13                                                        [m]

FLUKA

μ–

Mainly: electrons/positrons, photons, neutrons, 
charged hadrons and muons

Current solution to mitigate particle fluxes effects 
on detector is the nozzles, two conical tungsten 
shieldings (nozzles) cladded with borated 
polyethylene:
Ø reduce the background particle flux into the 

detector by 2-3 orders of magnitude; 
Ø filter out the high-energy tails of the 

electromagnetic BIB component;
Ø but reduce detector acceptance. 
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Beam-Induced Background 
and Detector 
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Beam-Induced Background Main Properties
N. Bartosik et al 2020 JINST 15 P05001

2020 JINST 15 P05001

Figure 2. Characteristics of the beam-induced background particles at the detector entry point: the momen-
tum spectra for photons and electrons and for neutrons and charged hadrons are shown in the left and central
panels, respectively; the time of arrival with respect to the beam crossing time is shown on the right.

3 Detector performance

The detector model and software framework used for the studies presented in this paper can also be
found in ref. [7, 8]. Figure 3 presents a schematic view of the detector components, as implemented
in the ILCRoot framework [9]. These studies focus on the tracking and calorimeter systems, a full
simulation of the muon detector is not currently available. Both the tracker and the calorimeter are
immersed in a solenoidal magnetic field of 3.57 T.

The tracking system consists of a vertex detector (VTD), an outer silicon tracker (SiT) and a
forward tracker (FTD). The vertex detector, located just outside a 400-µm thick Beryllium beam
pipe of 2.2-cm radius, is 42-cm long with five cylindrical layers at distances from 3 to 12.9 cm in
the transverse plane to the beam axis and four disks on each end. Outside the VTD, a 330-cm long
silicon tracker is comprised of five cylindrical layers at radial distances between 25 and 126 cm and
7 + 7 forward disks.

Figure 3. Schematic view of the detector, with each component identified by the label.
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§ Low momentum particles 
§ Partially out of time with respect to beam crossing t0
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Detector Configuration 𝐟𝐨𝐫 𝒔 =1.5 TeV 
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Beam-Induced Background in the tracker 

Vertex
Detector

Inner/Outer 
Tracker
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Beam-Induced Background in the Calorimeter
HCAL

HCAL

ECAL ECAL

Beam background is not an issue for HCAL
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Detector Performance
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Tracks reconstruction performance

Detector design for a multi-TeV muon collider - PM 2022 - May 23, 2022M. Casarsa 9

Track reconstruction performance

Track reconstruction 

performance already

satisfactory despite a

not-optimized detector 

and crude background

mitigation measures.

N. Bartosik et al., arXiv:2203.07964 

~100000 fake 
tracks per event

endcap    barrel
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Track reconstruction performance

Track reconstruction 

performance already

satisfactory despite a

not-optimized detector 

and crude background

mitigation measures.

N. Bartosik et al., arXiv:2203.07964 

~100000 fake 
tracks per event

endcap    barrel

Despite:
§ Use shieldings to mitigate beam-induced background
§ Track reconstruction algorithms not optimize yet
Track reconstruction performance already satisfactory 
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Jets  reconstruction performance

Jets reconstruction proceeds:
§ Filter ”on time” calorimeter hits
§ Combine track and calorimeter information to 

reconstruct particles
§ Use kT algorithm to cluster particles in jets
§ Apply requirements to remove fake jets (max 0.7%)
§ Correct energy

Donatella Lucchesi HiggsPairs 2022 15June 2, 2022
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Fig. 24: Efficiency of b-jet reconstruction as a function of truth-level jet ⌘ (left) and as a function of the
truth-level jet pT (right, for |⌘| < 1.5).
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Fig. 25: Left: relative difference between reconstructed and true jet pseudo-rapidity. Right: b-jet pT
resolution as a function of the jet pT .

resolutions are of the same order, however some differences exist between the jet flavours: it has been
checked that these are mainly due to different jet ⌘ distributions in the three samples.

6.6 Invariant mass reconstruction of Higgs and Z bosons to b-quarks
The jet reconstruction is applied to the simulated samples of H ! bb̄ and Z ! bb̄ to probe the dijet in-
variant mass reconstruction. The invariant mass separation between these two processes is of paramount
importance for physics measurements at the muon collider. In this study both jets are required to have
pT > 40 GeV and |⌘| < 2.5. In Fig. 27 the dijet invariant mass distributions for H ! bb̄ and Z ! bb̄

are shown. The distributions are fitted with double gaussian functions, and the shapes are compared. A
relative width, defined as the standard deviation divided by the average value of the mass distribution, of
27%(29%) for H ! bb̄(Z ! bb̄) is found. It can be seen that a significant separation is achieved.

6.7 Future prospects on jet reconstruction
Before discussing the heavy-flavour jet identification, we notice that, at this stage, the jet reconstruction
algorithm can be improved in several ways. In this Section some guidelines are given:

– track filter: it has been verified that the track filter has a different impact in the central and the
forward region, in particular the efficiency in the forward region is lower. An optimized selection
should be defined,

– calorimeters threshold: the hit energy threshold has been set to the relatively high value of 2
MeV, as a compromise between computing time and jet reconstruction performance. This is a
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Fig. 24: Efficiency of b-jet reconstruction as a function of truth-level jet ⌘ (left) and as a function of the
truth-level jet pT (right, for |⌘| < 1.5).
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Fig. 25: Left: relative difference between reconstructed and true jet pseudo-rapidity. Right: b-jet pT
resolution as a function of the jet pT .
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algorithm can be improved in several ways. In this Section some guidelines are given:

– track filter: it has been verified that the track filter has a different impact in the central and the
forward region, in particular the efficiency in the forward region is lower. An optimized selection
should be defined,

– calorimeters threshold: the hit energy threshold has been set to the relatively high value of 2
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Fig. 24: Efficiency of b-jet reconstruction as a function of truth-level jet ⌘ (left) and as a function of the
truth-level jet pT (right, for |⌘| < 1.5).
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Fig. 25: Left: relative difference between reconstructed and true jet pseudo-rapidity. Right: b-jet pT
resolution as a function of the jet pT .

resolutions are of the same order, however some differences exist between the jet flavours: it has been
checked that these are mainly due to different jet ⌘ distributions in the three samples.

6.6 Invariant mass reconstruction of Higgs and Z bosons to b-quarks
The jet reconstruction is applied to the simulated samples of H ! bb̄ and Z ! bb̄ to probe the dijet in-
variant mass reconstruction. The invariant mass separation between these two processes is of paramount
importance for physics measurements at the muon collider. In this study both jets are required to have
pT > 40 GeV and |⌘| < 2.5. In Fig. 27 the dijet invariant mass distributions for H ! bb̄ and Z ! bb̄

are shown. The distributions are fitted with double gaussian functions, and the shapes are compared. A
relative width, defined as the standard deviation divided by the average value of the mass distribution, of
27%(29%) for H ! bb̄(Z ! bb̄) is found. It can be seen that a significant separation is achieved.

6.7 Future prospects on jet reconstruction
Before discussing the heavy-flavour jet identification, we notice that, at this stage, the jet reconstruction
algorithm can be improved in several ways. In this Section some guidelines are given:

– track filter: it has been verified that the track filter has a different impact in the central and the
forward region, in particular the efficiency in the forward region is lower. An optimized selection
should be defined,

– calorimeters threshold: the hit energy threshold has been set to the relatively high value of 2
MeV, as a compromise between computing time and jet reconstruction performance. This is a

25

Efficiency

Resolution



Heavy Flavor Jets Identification

Heavy flavor jets identification :
§ Primary vertex (PV) reconstruction
§ Secondary vertex (SV) identification: use tracks not compatible with PV rejecting as much as 

possible fake tracks
§ Apply requirements to further reject fake SV
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Efficiency 𝜖& =
'!,#$
'!

Mistag c,(light) 𝑀(,(+,-.//1234) =
'%,('()*+/-./0),#$
'% ('()*+/-./0)

of the nozzles. The mistag for c jets is shown in Fig. 34 and is found to be around 20%. As for b-jet
efficiency, the c mistag increases in the central region of the detector. Fig. 35 (left) shows the mistag for
the light and fake jets versus jet pT , up to 90 GeV, and is found to be lower than 1% below 50 GeV, while
increases to 5% at higher jet pT . Fig. 35 right shows the light+fake jet mistag as a function of ✓.
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Fig. 32: Distribution of the secondary vertex proper lifetime for b, c and light jets tagged. Distributions
are normalized to the unit area.
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Fig. 33: Left: b-tagging efficiency as a function of pTRight: b-tagging efficiency as a function of the
angle between the jet and the beam axes.

20 40 60 80 100 120 140
 [GeV]TP

0
0.1
0.2

0.3
0.4
0.5
0.6

0.7
0.8
0.9

1

c 
m

is
ta

g

Muon Collider
Simulation

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
 [rad]θ

0

0.1

0.2

0.3

0.4

0.5

0.6

c 
m

is
ta

g

Muon Collider
Simulation

Fig. 34: Mistag in cc̄ dijet samples as a function of pT (left) and ✓ (right).

As for jet reconstruction, the b-jet identification algorithm needs further improvements, but a solid
starting point has been set. In particular it will take advantage of the advancements in the vertex detector
and track reconstruction. Given the impact of the BIB, the features shown in this section are not sufficient
to setup an effective c-tagging algorithm, therefore this case should be studied by defining a dedicated
strategy for the muon collider environment.
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Fig. 31: Left: pT distribution of tracks coming from b (blue) or c (black) hadrons decay and combinatorial
BIB (red) tracks. Right: Z0 distribution of tracks coming from b (blue) or c (black) hadrons decay and
combinatorial BIB (red) tracks. Distributions are normalized to the number of tracks.

– first, the truth-level jets are matched with the quarks from Monte Carlo to determine its flavour,
requiring a distance �R < 0.5 between the truth-level jet axis and quark momentum. If more than
one truth-level jet is found to match with the same quark, the one with the lowest �R is chosen;

– then, the flavour of the reconstructed jets is determined by matching them with the truth-level jets,
by requiring a �R distance between the jets axes below 0.5;

– if the reconstructed jet do not match with any truth-level jet, it is labeled as fake.

The characteristics of secondary vertices inside reconstructed jets have been studied in order to
reduce the mis-identification of c, light and fake jets. Fig. 32 shows the distribution of the secondary
vertices proper lifetime (⌧ ) for b jets, c jets and light+fake jets. A cut on ⌧ > 0.2 ns rejects ⇠ 30% of
both c and light+fake jets, while keeping 90% of b jets. A reconstructed jet is identified (tagged) as b jet,
if at least one secondary vertex with ⌧ > 0.2 ns is found inside its cone (�R < 0.5).

The b-tagging efficiency is defined as:

✏b =
Nb,SV

Nb

(1)

where Nb,SV is the number of tagged and truth-matched b jets, while Nb is the total number of truth-
matched b jets. Then, the mistag on c and light+fake jets is calculated as:

mistagc,light =
Nc(light),SV

Nc(light)
(2)

where Nc(light),SV is the number of tagged and truth-matched c(light+fake) jets, while Nc(light) is the
total number of truth-matched c(light+fake) jets.

The effect of the Double Layer Filter on the secondary vertex finding efficiency have been eval-
uated reconstructing bb̄, cc̄ and qq̄ dijet samples without BIB, with and without the Double Layer filter.
The following ratio has been calculated as a function of of the jet pT and of the angle of the jet axis with
respect to the beam (✓):

r(pT , ✓) =
NnoBIB,NoDL

NBIB,DL

, (3)

where NnoBIB,NoDL is the number of tagged jets without double layer filter and NnoBIB,DL is the
number of tagged jets with the double layer filter. The final tagging efficiencies are then corrected for
this ratio, assuming that its value does not change in the presence of the BIB. The b-tagging efficiency as
a function of the jet pT and ✓ is shown in Fig. 33. The efficiency is around 50% at low pT and increases
up to 70 � 80% at high pT . At low ✓ the efficiency is lower (⇠ 30%) probably due to the presence
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BIB (red) tracks. Right: Z0 distribution of tracks coming from b (blue) or c (black) hadrons decay and
combinatorial BIB (red) tracks. Distributions are normalized to the number of tracks.

– first, the truth-level jets are matched with the quarks from Monte Carlo to determine its flavour,
requiring a distance �R < 0.5 between the truth-level jet axis and quark momentum. If more than
one truth-level jet is found to match with the same quark, the one with the lowest �R is chosen;

– then, the flavour of the reconstructed jets is determined by matching them with the truth-level jets,
by requiring a �R distance between the jets axes below 0.5;

– if the reconstructed jet do not match with any truth-level jet, it is labeled as fake.

The characteristics of secondary vertices inside reconstructed jets have been studied in order to
reduce the mis-identification of c, light and fake jets. Fig. 32 shows the distribution of the secondary
vertices proper lifetime (⌧ ) for b jets, c jets and light+fake jets. A cut on ⌧ > 0.2 ns rejects ⇠ 30% of
both c and light+fake jets, while keeping 90% of b jets. A reconstructed jet is identified (tagged) as b jet,
if at least one secondary vertex with ⌧ > 0.2 ns is found inside its cone (�R < 0.5).

The b-tagging efficiency is defined as:

✏b =
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(1)

where Nb,SV is the number of tagged and truth-matched b jets, while Nb is the total number of truth-
matched b jets. Then, the mistag on c and light+fake jets is calculated as:

mistagc,light =
Nc(light),SV

Nc(light)
(2)

where Nc(light),SV is the number of tagged and truth-matched c(light+fake) jets, while Nc(light) is the
total number of truth-matched c(light+fake) jets.

The effect of the Double Layer Filter on the secondary vertex finding efficiency have been eval-
uated reconstructing bb̄, cc̄ and qq̄ dijet samples without BIB, with and without the Double Layer filter.
The following ratio has been calculated as a function of of the jet pT and of the angle of the jet axis with
respect to the beam (✓):

r(pT , ✓) =
NnoBIB,NoDL

NBIB,DL

, (3)

where NnoBIB,NoDL is the number of tagged jets without double layer filter and NnoBIB,DL is the
number of tagged jets with the double layer filter. The final tagging efficiencies are then corrected for
this ratio, assuming that its value does not change in the presence of the BIB. The b-tagging efficiency as
a function of the jet pT and ✓ is shown in Fig. 33. The efficiency is around 50% at low pT and increases
up to 70 � 80% at high pT . At low ✓ the efficiency is lower (⇠ 30%) probably due to the presence
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of the nozzles. The mistag for c jets is shown in Fig. 34 and is found to be around 20%. As for b-jet
efficiency, the c mistag increases in the central region of the detector. Fig. 35 (left) shows the mistag for
the light and fake jets versus jet pT , up to 90 GeV, and is found to be lower than 1% below 50 GeV, while
increases to 5% at higher jet pT . Fig. 35 right shows the light+fake jet mistag as a function of ✓.
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Fig. 32: Distribution of the secondary vertex proper lifetime for b, c and light jets tagged. Distributions
are normalized to the unit area.
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Fig. 33: Left: b-tagging efficiency as a function of pTRight: b-tagging efficiency as a function of the
angle between the jet and the beam axes.
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Fig. 34: Mistag in cc̄ dijet samples as a function of pT (left) and ✓ (right).

As for jet reconstruction, the b-jet identification algorithm needs further improvements, but a solid
starting point has been set. In particular it will take advantage of the advancements in the vertex detector
and track reconstruction. Given the impact of the BIB, the features shown in this section are not sufficient
to setup an effective c-tagging algorithm, therefore this case should be studied by defining a dedicated
strategy for the muon collider environment.
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the light and fake jets versus jet pT , up to 90 GeV, and is found to be lower than 1% below 50 GeV, while
increases to 5% at higher jet pT . Fig. 35 right shows the light+fake jet mistag as a function of ✓.
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Fig. 32: Distribution of the secondary vertex proper lifetime for b, c and light jets tagged. Distributions
are normalized to the unit area.
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Fig. 33: Left: b-tagging efficiency as a function of pTRight: b-tagging efficiency as a function of the
angle between the jet and the beam axes.
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Fig. 34: Mistag in cc̄ dijet samples as a function of pT (left) and ✓ (right).

As for jet reconstruction, the b-jet identification algorithm needs further improvements, but a solid
starting point has been set. In particular it will take advantage of the advancements in the vertex detector
and track reconstruction. Given the impact of the BIB, the features shown in this section are not sufficient
to setup an effective c-tagging algorithm, therefore this case should be studied by defining a dedicated
strategy for the muon collider environment.
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Fig. 32: Distribution of the secondary vertex proper lifetime for b, c and light jets tagged. Distributions
are normalized to the unit area.
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Fig. 33: Left: b-tagging efficiency as a function of pTRight: b-tagging efficiency as a function of the
angle between the jet and the beam axes.
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Fig. 34: Mistag in cc̄ dijet samples as a function of pT (left) and ✓ (right).

As for jet reconstruction, the b-jet identification algorithm needs further improvements, but a solid
starting point has been set. In particular it will take advantage of the advancements in the vertex detector
and track reconstruction. Given the impact of the BIB, the features shown in this section are not sufficient
to setup an effective c-tagging algorithm, therefore this case should be studied by defining a dedicated
strategy for the muon collider environment.
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Fig. 35: Mistag in light dijet samples as a function of pT (light) and ✓ (right).
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Fig. 35: Mistag in light dijet samples as a function of pT (light) and ✓ (right).
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of the nozzles. The mistag for c jets is shown in Fig. 34 and is found to be around 20%. As for b-jet
efficiency, the c mistag increases in the central region of the detector. Fig. 35 (left) shows the mistag for
the light and fake jets versus jet pT , up to 90 GeV, and is found to be lower than 1% below 50 GeV, while
increases to 5% at higher jet pT . Fig. 35 right shows the light+fake jet mistag as a function of ✓.
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Fig. 32: Distribution of the secondary vertex proper lifetime for b, c and light jets tagged. Distributions
are normalized to the unit area.

20 40 60 80 100 120 140
 [GeV]TP

0
0.1
0.2

0.3
0.4
0.5
0.6

0.7
0.8
0.9

1

b 
ta

gg
in

g 
ef

fic
ie

nc
y

Muon Collider
Simulation

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
 [rad]θ

0.3

0.35

0.4

0.45

0.5

0.55

0.6

0.65

0.7

b 
ta

gg
in

g 
ef

fic
ie

nc
y

Muon Collider
Simulation

Fig. 33: Left: b-tagging efficiency as a function of pTRight: b-tagging efficiency as a function of the
angle between the jet and the beam axes.
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Fig. 34: Mistag in cc̄ dijet samples as a function of pT (left) and ✓ (right).

As for jet reconstruction, the b-jet identification algorithm needs further improvements, but a solid
starting point has been set. In particular it will take advantage of the advancements in the vertex detector
and track reconstruction. Given the impact of the BIB, the features shown in this section are not sufficient
to setup an effective c-tagging algorithm, therefore this case should be studied by defining a dedicated
strategy for the muon collider environment.
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Whizard used to generate at 𝑆 = 3 TeV: 
Ø 𝜇6 𝜇7 → 𝐻𝜈𝜈̅ → 𝑏5𝑏𝜈𝜈̅
Ø 𝜇6 𝜇7 → 𝑍𝜈𝜈̅ → 𝑏5𝑏𝜈𝜈̅
Ø 𝜇6 𝜇7 → 𝑏5𝑏𝜈𝜈̅, 𝜇6𝜇7 → 𝑐 ̅𝑐𝜈𝜈̅ removing the above processes

Samples reconstructed taking into 
account the beam-induced background 

The detector configuration and simulation is described in Sec. 5.3. The beam-induced back-1693

ground is included. Jets are reconstructed using a Particle Flow algorithm for selecting tracks and1694

calorimeter clusters, and the kt algorithm with radius R = 0.5 is used for the clustering. In order1695

to select jets in the region with the best performance in term of reconstruction efficiency and jet1696

energy resolutions, the requirements pT > 40 GeV and |⌘| < 2.5| are applied.1697

The heavy flavour identification efficiencies and misidentification rate have been determined1698

with independent samples of bb̄, cc̄ and light jets. Secondary vertices (SVs) are reconstructed using1699

tracks in the jet cones, and a jet is tagged as heavy flavour if at least one SV is found. The light1700

jet misidentification rate is found negligible, and for this reason light jets have not been included1701

in the background. The tagging efficiencies have been determined as a function of the jet pT and1702

polar angle (✓). These efficiencies are then applied to the reconstructed H ! bb̄ and background1703

samples with a reweighting technique.1704

The dijet invariant mass distributions for signal and background are then fitted with double-1705

gaussian pdfs, in order to obtain the signal and background models. The number of expected1706

signal and background events is determined by considering the WHIZARD cross sections, the total1707

selection efficiency and the integrated luminosity. In particular of about 59.5k H ! bb̄ events and1708

65.4k background events are expected to be collected with 1 ab�1.1709

The signal and background invariant mass models and the expected number of events are used1710

to generate pseudo-data. The pseudo-data are then fitted with the invariant mass models, by using1711

an unbinned maximum likelihood fit, and by letting the signal and background yields float. In this1712

way the measured H ! bb̄ yield is extracted. A result of one of this fits is shown in figure 24.1713

The uncertainty on the signal yield obtained from the fit is 0.75%. Several pseudo-experiments1714

(1k) have been performed to check the stability of this result, and to rule out possible biases. This1715

uncertainty can be taken as statistical uncertainty on the measurement of the H ! bb̄ cross-section.1716
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Figure 24: Result of the dijet invariant mass fit used to extract the H ! bb̄ yield and uncertainty.
Pseudo-data are obtained by exploiting the Muon Collider experiment simulation at

p
s =3 TeV,

and assuming an integrated luminosity of 1 ab�1.

The sensitivity in this channel, among others, has been studied in [14] including physics back-1717

grounds using fast simulation at both 3 TeV and 10 TeV. Here we briefly summarise the analysis1718

strategy used there at 3 TeV for comparison with the above full simulation results. Events were1719

generated using MadGraph5 [210] and showered with Pythia8 [211], with detector reconstruc-1720

tion and performance approximated by using the muon collider detector card included in the latest1721

Delphes [212] releases. Jets were clustered using the exclusive Valencia jet clustering algorithm1722

with R = 0.5 and N = 2. After applying a pT correction factor, preselection cuts of pT > 40 GeV1723

and |⌘| < 2.5 were applied.1724

A flat flavour tagging efficiency of 50% was taken for b-jets, with a c-jet misidentification rate1725

of roughly 1-3%, and negligible light-jet mistagging rate. Events with two b-tagged jets passing1726

49

In 1 ab-1 (5 years) expected:
Ø 59.5k signal events
Ø 65.4k background events

Pseudo-data, generated by using signal & background 
invariant mass models, fitted by using unbinned
maximum likelihood fit

uncertainty on the signal yield: 0.75% 

For 𝑆 > 1.5 TeV Higgs production dominated by WW fusion
For theory see Zhen Liu talk 



𝝁;𝝁< → 𝑯𝒙 → 𝒃$𝒃x with Beam-Induced Background at 3 TeV

Event 1300, Run 13
Event display after the reconstruction
No cleaning cuts, no analysis requirements
Fake jets with contributions of beam background 
removed during the analysis

ECAL

Inner/Outer Tracker

Vertex Detector

Yellow/green tracks: Montecarlo particles
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𝐇𝐇 𝐂𝐫𝐨𝐬𝐬 𝐒𝐞𝐜𝐭𝐢𝐨𝐧 at 𝑺 = 𝟑 TeV
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Whizard used to generate at 𝑆 = 3 TeV: 
Signal 𝜇6𝜇7 → 𝐻𝐻𝜈𝜈̅ → 𝑏5𝑏𝑏5𝑏𝜈𝜈̅
Background 𝜇6𝜇7 → 𝐻𝑏5𝑏𝜈𝜈̅ → 𝑏5𝑏𝑏5𝑏𝜈𝜈̅
Background 𝜇6𝜇7 → 𝑏5𝑏𝑏5𝑏𝜈𝜈̅

• Signal and background reconstructed in the detector:
- pT

jet > 20 GeV, at least two SV-tagged jets
• Boosted Decision Tree trained to separate signal from background 

exploiting kinematical information.
• Minimize the figure of merit F = (𝑚#$ −𝑚8)$+(𝑚9: −𝑚8)$
• Expected: 50 events signal, 430 events background
• Fit pseudo-data to extract precision on cross-section

Preliminary result:
Uncertainty of 30% on cross section x BR with 1 ab-1



𝐓𝐫𝐢𝐥𝐢𝐧𝐞𝐚𝐫 𝐜𝐨𝐮𝐩𝐥𝐢𝐧𝐠 𝐞𝐯𝐚𝐥𝐮𝐚𝐭𝐢𝐨𝐧 𝐚𝐭 𝑺 = 𝟑 TeV
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Two Multi-Layer Perceptrons to:
• distinguish HH signal from background 
• select events with trilinear coupling among all HH events

Produced and analyzed  sample with Whizard with λ3 varied respect to Standard Model:
statistical uncertainty ~20% at 68% CL with 1 ab-1

Toward trilinear coupling measurement

Generation with WHIZARD and simulation of HH events just with the process mediated by
the trilinear coupling

By comparing HH from trilinear vs total HH it is possible to see di�erences in angular
observables.

Angle between H1 and H2 Angle between selected jets and z axis

Laura Buonincontri (1) Higgs boson couplings at muon collider 12 / 14
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𝐓𝐫𝐢𝐥𝐢𝐧𝐞𝐚𝐫 𝐜𝐨𝐮𝐩𝐥𝐢𝐧𝐠 𝐞𝐯𝐚𝐥𝐮𝐚𝐭𝐢𝐨𝐧 𝐚𝐭 𝐇𝐢𝐠𝐡 𝐄𝐧𝐞𝐫𝐠𝐢𝐞𝐬
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Machine interaction region, machine detector interface, detector design and events reconstruction 
algorithms at 𝑆 = 10 TeV in progress.
Detector acceptance:  8823

884
= 81% (using the same shielding structure, it is expected to be improved)

Higgs potential

After the electroweak symmetry breaking, Higgs potential:

V = 1
2 m

2
h
h

2 + ⁄SM(1 + ”Ÿ3)vh
3 + ⁄SM

4 (1 + ”Ÿ4)h4 ⁄SM = m
2
H

2v2

At 14 TeV, with 33 ab
≠1, possible to measure ”Ÿ4 with an uncertainty of 50%.

In this talk, results on full simulation with BIB at
Ô

s = 1.5 TeV included:
State of the art on studies of µ+µ≠ æ H‹‹̄ æ bb̄‹‹̄ at

Ô
s =3 TeV

First results on the µ+µ≠ æ HH‹‹̄ æ bb̄bb̄‹‹̄ at
Ô

s =3 TeV
More studies:

Studies ongoing on H æ WW and H æ cc and H æ bb samples
Prospects for ‡H ◊ Br(H æ µ+µ≠) at 3 TeV see poster * by A. Montella
Dark-SUSY channels to study muon reconstruction performance at the Muon Collider *, talk
by C. Aimè
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Double Higgs production

✦ Reach on Higgs trilinear coupling: hh → 4b


✦ For comparison, reach of FCC-hh is !"3 ~ 3.5% – 8% depending on 
systematics assumptions

�9

E [TeV] ℒ [ab-1] Nrec

3 5 170 ~ 7.5%
10 10 620 ~ 4%
14 20 1340 ~ 2.7%
30 90 6'300 ~ 1.2%

δσ ∼ N−1/2
rec !"3

~ 10%
~ 5%

~ 3.5%
~ 1.5%

B, Franceschini, Wulzer 2012.11555

Costantini et al. 2005.10289 


Han et al. 2008.12204

‣ Weak dependence on angular acceptance 
(signal is in the central region)


‣ Some dependence on detector resolution 
(to remove backgrounds)

see also CLIC study 1901.05897

Mangano et al. 2004.03505

� �� ° �� ° �� ° ��� ° ��� ° ��� °
	
� �
��� ����
 ����

��
��
��

[�
�	
�]

[��� = ��%] � ��

��

� = �� �
�

Double Higgs production

✦ Reach on Higgs trilinear coupling: hh → 4b


✦ For comparison, reach of FCC-hh is !"3 ~ 3.5% – 8% depending on 
systematics assumptions

�9

E [TeV] ℒ [ab-1] Nrec

3 5 170 ~ 7.5%
10 10 620 ~ 4%
14 20 1340 ~ 2.7%
30 90 6'300 ~ 1.2%

δσ ∼ N−1/2
rec !"3

~ 10%
~ 5%

~ 3.5%
~ 1.5%

B, Franceschini, Wulzer 2012.11555

Costantini et al. 2005.10289 


Han et al. 2008.12204
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(signal is in the central region)
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Results based on “old” detector performance, improved during last year! 

Phenomenological evaluation
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𝐓𝐫𝐢𝐩𝐥𝐞 𝐇𝐢𝐠𝐠𝐬 𝐏𝐫𝐨𝐝𝐮𝐜𝐭𝐢𝐨𝐧 𝐂𝐫𝐨𝐬𝐬 𝐒𝐞𝐜𝐭𝐢𝐨𝐧 𝐚𝐧𝐝
𝐐𝐮𝐚𝐝𝐫𝐢𝐥𝐢𝐧𝐞𝐚𝐫 𝐂𝐨𝐮𝐩𝐥𝐢𝐧𝐠 𝐞𝐯𝐚𝐥𝐮𝐚𝐭𝐢𝐨𝐧

✻ Produced a signal sample 𝜇6𝜇7 → 𝐻𝐻𝐻𝜈𝜈̅ → 𝑏5𝑏𝑏5𝑏𝑏5𝑏𝜈𝜈̅ with Whizard at 𝑆 = 10 TeV to 
investigate the topology;

✻ Machine interaction region, machine detector interface, detector design and events reconstruction 
algorithms at 𝑆 = 10 TeV that are in progress;

✻ Dedicate events/jets reconstruction/identification algorithm is needed.

✘ Generation of the irreducible background 𝜇6𝜇7 → 𝑏5𝑏𝑏5𝑏𝑏5𝑏𝜈𝜈̅
not an easy task… Whizard never ends… 

✘ Ideas of using Whizard and/or AlpGen…
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𝐐𝐮𝐚𝐝𝐫𝐢𝐥𝐢𝐧𝐞𝐚𝐫 𝐂𝐨𝐮𝐩𝐥𝐢𝐧𝐠 𝐞𝐯𝐚𝐥𝐮𝐚𝐭𝐢𝐨𝐧

✯ No background considered
✯ No BR applied
✯ No selections optimization  

Sensitivity to ”3 and ”4 (small ”3)
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no cuts
MHHH < 1 TeV

”3 = 0
6 TeV ”4 ≥ [≠0.45,0.8]

10 TeV ”4 ≥ [≠0.4,0.7]

14 TeV ”4 ≥ [≠0.35,0.6]

30 TeV ”4 ≥ [≠0.2,0.5]

Mauro Chiesa Muon collider: quartic Higgs coupling

M. Chiesa et al. JHEP 98, 2020
Deviations from SM Higgs couplings
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We consider 3 di�erent scenarios:

1 ”3 = 0, ”4 arbitrary

2 ”3 arbitrary, ”4 = 6”3 (well behaved SMEFT)

S. Borowka et al. arXiv:1811.12366

3 ”3 arbitrary and ”4 arbitrary

Mauro Chiesa Muon collider: quartic Higgs coupling

Sensitivity evaluated in term 
of standard deviation from 
standard model 

𝑁 − 𝑁;<
𝑁;<

One sigma exclusion plots

https://doi.org/10.1007/JHEP09%282020%29098
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✓ Two different muon collider energies options considered so far:
• First stage at 𝑆 = 3 TeV and then go to 𝑆 = 10 + TeV 

✓ Deep screen during the European Accelerator R&D Roadmap, not showstopper identified 
✓ Feasibility has been addressed

✓ Muon collider offers unique possibility for high energy leptons interactions, for a complete review 
The MuonsSmasher 's Guide

✓ Currently efforts are focused to Seattle Community Summer Study Workshop

Muon Collider is an opportunity not to be missed and 
“Nothing is more expensive than a missed opportunity”
Jackson Brown Jr.

https://doi.org/10.48550/arXiv.2103.14043
http://seattlesnowmass2021.net/


BACKUP
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Beam-Induced Background affects mainly tracker and electromagnetic calorimeter

Vertex Detector

Inner Tracker

Outer Tracker

ECAL

Inner/Outer Tracker

Vertex Detector
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Neutrino Flux Mitigation

29

Need mitigation of arcs at 10+ TeV: 
idea of Mokhov, Ginneken to move beam in aperture
our approach: move collider ring components, e.g. vertical 
bending with 1% of main field

Need to study mover system, 
magnet, connections 
and impact on beam

15 cm

~2 x 600 m

Opening angle ± 1 mradiant

14 TeV, in 200 m deep tunnel 
comparable to LHC case

t1

t2 s1 neutrinos

Neutrino 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

arc

Legal limit 1 mSv/year
MAP goal < 0.1 mSv/year
Our goal: arcs below threshold for legal 
procedure < 10 μSv/year
LHC achieved < 5 μSv/year

3 TeV,  200 m deep tunnel is about OK

Working on different approaches 
for experimental insertion

Nadia Pastrone
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Neutrino%Flux%

D.%Schulte% Muon%Collider,%Muon%Collider%Agora,%February%16,%2021% 7%

Mover%system%and%impact%on%beam%will%be%addressed%in%the%coming%years%before%end%if%
2025%

C.%Ahdida,%P.%Vojtyla,%M.%Widorski,%H.%Vincke%

G.%Lerner,%D.%Calzolari,%A.%Lechner,%C.%Ahdida% G.%Lacerda,%Y.%Robert,%N.%Guilhaudin%

Addressed%by:%
Site'choice'in%direc4on%of%experiments%%
•  tools%in%prepara4on%
Mechanical'mover'system'in%arcs%
•  allows%14%TeV%in%200%m%deep%tunnel%

Team%of%RP%experts,%civil%engineers,%beam%
physicist%and%FLUKA%experts%
%
Goal%to%be%similar'to'LHC:%i.e.'negligible,%“fully%
op4mised”%(10%x%be]er%than%MAP%goal,%100%x%
be]er%than%legal%requirements)%
•  With%indirect%effects%(air,%ground%water,%…)%
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Cooling%Concept%

D.%Schulte% Muon%Collider,%Muon%Collider%Agora,%February%16,%2021% 9%

energy loss re-acceleration

For%final%cooling%highest?field'solenoids'
minimise%betaRfunc4on%and%impact%of%
mul4ple%sca]ering%
32%T%reached%with%sufficient%aperture,%
40+%T%magnet%is%being%designed%
even%50+%T%appears%possible%%

NHFML'
32%T%solenoid%
with%HTS%

MICE'(UK)%Muon%cooling%principle%

Principle%has%been%demonstrated%
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Radiation levels in the detector

1-MeV neutron equivalent fluence per year total ionizing dose per year

S. Jindariani et al., arXiv:2203.07224 

A muon collider detector must be radiation-hard.

Radiation levels in the detector will strongly depend 
on the collider operation mode.

Assumptions:

collision energy: 1.5 TeV;

collider circumference: 2.5 km;

average beam intensity: 1.1×1012 μ/bunch;

average bunch crossing frequency: 15 kHz; 

days of operation per year: 200.

~1014-1015 cm-2 y-1

~1014 cm-2 y-1

~10-3 Grad/y

~10-4 Grad/y



What the nozzles do?

Muon beam 0.75 TeV

2021 JINST 16 P11009

Figure 11. Comparison of number and energy spectra of the BIB: with nozzles (Y) in solid red line and
without nozzles (N) in dotted black line.

Figure 12. 1 MeV neutron equivalent fluence in the detector region, normalized to one year of operation

The map of 1-MeV-neq in the region internal to the yoke is shown in figure 12. It has been
obtained, assuming symmetry between the positive and negative muon beams, by reflecting the
values obtained with `� beam around the IP and averaging direct and reflected maps.

– 12 –

Photons electrons/positrons

absorbed

F. Collamati et al. 2021 JINST 16 P11009

2021 JINST 16 P11009

Figure 11. Comparison of number and energy spectra of the BIB: with nozzles (Y) in solid red line and
without nozzles (N) in dotted black line.

Figure 12. 1 MeV neutron equivalent fluence in the detector region, normalized to one year of operation

The map of 1-MeV-neq in the region internal to the yoke is shown in figure 12. It has been
obtained, assuming symmetry between the positive and negative muon beams, by reflecting the
values obtained with `� beam around the IP and averaging direct and reflected maps.
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charged hadrons 

Charged 
hadrons 
absorbed

2021 JINST 16 P11009

Figure 11. Comparison of number and energy spectra of the BIB: with nozzles (Y) in solid red line and
without nozzles (N) in dotted black line.

Figure 12. 1 MeV neutron equivalent fluence in the detector region, normalized to one year of operation

The map of 1-MeV-neq in the region internal to the yoke is shown in figure 12. It has been
obtained, assuming symmetry between the positive and negative muon beams, by reflecting the
values obtained with `� beam around the IP and averaging direct and reflected maps.

– 12 –

neutrons

Neutrons
increased

Change cladding materials? 
Lythium Polyethylene instead of BCH2?
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