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The Challenge: beam-induced background

Muon induced background is critical for: 
q Magnets, they need to be protected
q Detector, the performance depends on the rate of background particles arriving to each subdetector 

and the number and the distribution of particles at the detector depends on the lattice
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components and in the walls of the tunnel produce a high flux of secondary particles (see figure 1).
As it was shown in the recent study [1], the appropriately designed interaction region and machine
detector interface (including shielding nozzles, figure 2 and figure 3 ) can provide the reduction of
muon beam background by more than three orders of magnitude for a muon collider with a collision
energy of 1.5 TeV.

Figure 1. A MARS15 model of the Interaction Region (IR) and detector with particle tracks > 1 GeV (mainly
muons) for several forced decays of both beams.

Figure 2. The shielding nozzle, general RZ view
(W — tungsten, BCH2– - borated polyethylene).

Figure 3. The shielding nozzle, zoom in near IP
(Be — beryllium).

The amount of MARS15 simulated data was limited to 4.6% of the µ+ µ� decays on the
26 m beam length yielding total of 14.6 ⇥ 10 6 background particles per bunch crossing (BX).
The corresponding statistical weight (⇠ 22.3) was taken into account in the following ILCRoot
simulation. For each particle output by MARS15, 22 or 23 particles were generated by choosing a
new azimuthal angle at random. This provided a total of 3.24 ⇥ 10 8 particles entering the detector
in the ILCroot simulation. The most abundant background consists of photons and neutrons.
Table 1 lists these background yields together with kinetic energy thresholds used in the MARS15
simulation for di�erent types of particles.
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Ø MAP developed a realistic simulation of beam-

induced backgrounds in the detector by 
implementing a model of the tunnel and the 
accelerator  ±200 m from the interaction point.

Ø Secondary and tertiary particles from muon 
decays are simulated with MARS15 then 
transported to the detector.

Ø Two tungsten nozzles play a crucial role in 
background mitigation inside the detector.

https://map.fnal.gov/
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Beam-induced background properties for 750 GeV µ± beams 

Muon Collider Preparatory Meeting - CERN, April 10, 2019M. Casarsa 6

Background composition

Contributions form μ decays outside the simulated range become quickly

negligible for all background species but Bethe-Heitler muons, whose range

of interest is ±100 m from IP. 

In our background sample, generate for |z| < 25 m, we are missing ~20% of 

Bethe-Heitler muons.  

750-GeV μ± beams

Contributions form µ decays |z| > 25 m 
become negligible for all background 
species but Bethe-Heitler muons
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Momentum spectra of bkg particles

photons

〈Pγ〉 = 1.7 MeV 

electrons

〈Pe〉 = 6.0 MeV 

neutrons

〈Pn〉 = 480 MeV 

ch. hadrons

〈Pch. had.〉 = 460 MeV 

muons

〈Pμ〉 = 7.0 GeV 

Muon Collider Preparatory Meeting - CERN, April 10, 2019M. Casarsa 10

Momentum spectra of bkg particles

photons

〈Pγ〉 = 1.7 MeV 

electrons

〈Pe〉 = 6.0 MeV 

neutrons

〈Pn〉 = 480 MeV 

ch. hadrons

〈Pch. had.〉 = 460 MeV 

muons

〈Pμ〉 = 7.0 GeV 

Secondary and tertiary 
particles have low 
momentum and different 
arrival time in the IP.
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Timing of bkg particles w.r.t. the IP

750-GeV μ− beam
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The beam-induced background simulation 
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See F. Collamati talk at ICHEP2020
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Beam Induced Background Studies
Work plan and collaboration:
q The software necessary to perform beam-induce-background (BIB) studies is ready.

q The BIB can be studied and characterized at different center-of-mass energies:
§ ! = 1.5 TeV is what was available from MAP, used to test the full software chain, thanks to 

MAP collaboration for providing the machine lattice and optics.

§ ! = 3 TeV is the next step, machine lattice and optics are needed, it should be available from 
previous MAP activities. Some work may be needed. The “nozzle” shape and material has to be 
optimized or other mitigation strategies have to be studied.
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Study of Detector Response at ! =1.5 TeV

The simulation/reconstruction tools supports signal 
+ beam-induced background merging.
ILCSoft, which will be part of the Future Collider 
Framework, Key4hep, is used.

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

Detector overview

muon 
chambers

hadronic
calorimeter

electromagnetic
calorimeter

superconducting
solenoid (4T)

tracking system

shielding nozzles
(tungsten + borated 

polyethylene cladding) 

The current detector will be optimize in the 
future.
Vertex Detector (VXD)
§ 4 double-sensor barrel layers 25x25µm2

§ 4+4 double-sensor disks       ’’
Inner Tracker (IT)
§ 3 barrel layers 50x50µm2

§ 7+7 disks          ’’
Outer Tracker(OT)
§ 3 barrel layers 50x50µm2

§ 4+4 disks        ’’
Electromagnetic Calorimeter (ECAL)
§ 40 layers W absorber and silicon pad sensors,     

5x5 mm2 

Hadron Calorimeter (HCAL)
§ 60 layers steel absorber & plastic scintillating tiles, 

30x30 mm2
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Tracking performance at ! =1.5 TeV 

Effects of beam-induce background can be 
mitigated by exploiting “5D” detectors, i.e. 
including timing.

L.Sestini M. Casarsa N. Bartosik L. Buonincontri

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

Tracker occupancy

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

crossing without and with the hit time window selection:
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§ Simplified digitization: position + time 
smearing. Realistic digitization in progress.

§ Double-layer based BIB rejection in 
progress.

Track momentum resolution

Track momentum resolution

Track momentum efficiency

Track momentum efficiency

Signal=muon gun

See M. Casarsa talk at ICHEP2020
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Calorimeter performance at ! =1.5 TeV 
L.Sestini M. Casarsa N. Bartosik L. Buonincontri

§ New jet reconstruction algorithm based on particle 
flow is in progress.

§ New jet b-tag algorithm based on machine learning 
methods under development.

ECAL barrel  hit arrival time – t0

ECAL barrel longitudinal coordinate 

Calorimeter Occupancy

See M. Casarsa talk at ICHEP2020



9

Jet Reconstruction and b-tag performance at ! =1.5 TeV 

Background tagging:
§ fake rate: 1 ÷ 3%
§ Tests show fake rate is manageable

Jet reconstruction efficiency Jet momentum resolution Jet b-tag efficiency

L.Sestini M. Casarsa N. Bartosik L. Buonincontri

Using the MAP detector and framework,  performance have been determined using simple and 
rough methods for the reconstruction 
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Higgs !"! Couplings Results
NOT FOR DISTRIBUTION JINST_160P_0120 v3

analogous to that at electron-positron accelerators, since the beam-induced background stops at the
calorimeters and is not expected in muon detectors. Therefore the uncertainty on the coupling can
be obtained with:
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where the uncertainty on g
2
HWW

�H
has been extracted from the CLIC study [14] and scaled for the

lower integrated luminosity assumed for the muon collider at
p

s = 1.5 TeV. The expected sensitivity
on the Higgs coupling to b quark at

p
s = 1.5 TeV is then found to be �gHbb

gHbb

= 1.9%.

5.2 Higgs Boson coupling to b quarks at
p

s = 3 TeV and
p

s = 10 TeV

The procedure used in Section 5.1 is also applied to evaluate the sensitivity to the gHbb coupling
when it is measured in muon collisions at

p
s = 3.0 TeV and

p
s = 10 TeV. The approach that is

followed is very conservative. The nozzles and the interaction region are not optimized for the
higher energies, nor is the detector. The e�ciencies obtained with the full simulation at

p
s = 1.5

TeV are used for the higher center-of-mass energy cases, with the proper scaling to take into account
the di�erent kinematic region. At higher

p
s the tracking and the calorimeter detectors are expected

to perform significantly better since the yield of the beam-induced background decreases with
p

s

as demonstrated in Ref. [7]. The uncertainty on g
2
HWW

�H
at

p
s = 3.0 TeV is taken from the CLIC

study at the same center-of-mass energy [14]. At
p

s = 10 TeV this uncertainty is assumed equal
to the one at

p
s = 3.0 TeV. For the moment this is the only estimated number and, following the

conservative approach that drives this work, it is used as is. It is reasonable to imagine that, when
the full Higgs boson couplings analysis is carried out at

p
s = 10 TeV, this uncertainty will improve.

The instantaneous luminosity, L, at di�erent
p

s are taken from Ref. [17]. The integrated
luminosity, Lint , is calculated by using the standard four Snowmass years. The acceptance, A, the
number of signal events, N , and background, B, are determined with simulation. The uncertainties
on � and gHbb are calculated and summarized in Table 2 along with all relevant inputs. The
resulting relative uncertainty on the coupling is 1.0% at

p
s = 3.0 TeV and 0.91% at

p
s = 10 TeV.

It should be noted that the result at
p

s = 10 TeV is dominated by the error on g
2
HWW

�H
, which is

assumed equal to the one used at
p

s = 3 TeV.

p
s A ✏ L Lint � N B

��
�

�gHbb

gHbb

[TeV] [%] [%] [cm�2s�1] [ab�1] [fb] [%] [%]
1.5 35 15 1.25 · 1034 0.5 203 5500 6700 2.0 1.9
3.0 37 15 4.4 · 1034 1.3 324 33000 7700 0.60 1.0
10 39 16 2 · 1035 8.0 549 270000 4400 0.20 0.91

Table 2. Summary of the parameters used as inputs for the determination of the Higgs coupling to b quarks.
The data taking time is assumed of 4 · 107 s. The parameter definitions are given in the text.
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§ The instantaneous luminosity, ℒ, at different √s is taken from MAP.
§ The acceptance, A, the number of signal events, N, and background, B, are determined with simulation.
§ One detector and 4 Snowmass years are assumed.

NOT FOR DISTRIBUTION JINST_160P_0120 v3

6 Comparison to CLIC

The direct comparison of the results obtained on �gHbb

gHbb

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

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

p
s = 3 TeV the precision achieved by the

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

p
s = 350 GeV.

p
s [TeV] Lint [ab�1] �gHbb

gHbb

[%]

Muon Collider
1.5 0.5 1.9
3.0 1.3 1.0
10 8.0 0.91

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

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

7 Summary and Conclusion

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

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

Results published on JINTST as Detector and 
Physics Performance at a Muon Collider

See L. Sestini talk at ICHEP2020

https://iopscience.iop.org/article/10.1088/1748-0221/15/05/P05001
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See L. Sestini talk at ICHEP2020

See L. Sestini talk at ICHEP2020, L. Buonincontri thesis 
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See L. Sestini talk at ICHEP2020, L. Buonincontri thesis 


