
 

BIB mitigation at Muon Collider

21.09.2020

detector level considerations

P. Andreetto a, N. Bartosik b, L. Buonincontri a,d  
M. Casarsa c, A. Gianelle a, D. Lucchesi a,d, L. Sestini a 

a INFN Padova,  b INFN Torino,  c INFN Trieste,  d University of Padova



Nazar Bartosik BIB mitigation at Muon Collider 2

Muon Collider: BIB overview
At a Muon Collider experiment the effect of Beam Induced Background (BIB) 
strongly depends on the accelerator layout, MDI and detector design 

A Muon Collider at √s=1.5 TeV is the best studied configuration to date 
• optimised MDI  [by the MAP program] 

+ corresponding BIB simulation 
• full detector simulation [ILCSoft framework] 
• preliminary estimates of detector performance 

tracking, jet reconstruction, b-tagging 

Allowed to estimate the potential relative  
precision on b-H coupling  and compare it to CLIC
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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.

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.

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

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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mass of truth-matched b-jets in H ! bb̄ events is shown in figure 15. The presence of the beam-
induced background could have jeopardized this distribution making the Higgs boson identification
very di�cult. Instead the Higgs boson peak is clearly visible in the di-jet invariant mass.

Figure 15. The di-jet invariant mass of truth-matched b-jets in H ! bb̄ full-simulated events at
p

s = 1.5 TeV.

5 Higgs Boson coupling to b-quark

In addition to demonstrating that one of the most critical decay channels, H ! bb̄, is reconstructed
e�ciently at a muon collider, the achievable sensitivity on the couplings is evaluated for three
di�erent center-of-mass energies.

5.1 Higgs Boson coupling to b-quark at
p
s = 1.5 TeV

In this section the sensitivity of the measurement of the Higgs boson coupling to b quarks (gHbb)
in µµ collisions at

p
s = 1.5 TeV is studied. Since the Higgs boson production at

p
s = 1.5 TeV

is dominated by WW fusion [7] the H ! bb̄ production cross section (�) is related to the Higgs
boson couplings as follows:

� = �(⌫⌫H) · BR(H ! bb̄) =
g2
HWW

g2
Hbb

�H
, (5.1)

where gHWW is the coupling of the Higgs boson to the W boson and �H is the Higgs boson width.
The uncertainty on g2

Hbb
is, therefore, related to the measured cross section.

The number of observed H ! bb̄ events (N) is given by:

N = A · ✏ · � · L · t, (5.2)

where A is the acceptance, ✏ is the selection e�ciency, L is the instantaneous luminosity and t is the
data-taking time. By using a sample of events generated with Pythia 8, which are fully simulated and
reconstructed following the procedure described above, the H ! bb̄ cross section at

p
s = 1.5 TeV

is found to be � = 203 fb. Therefore, with an instantaneous luminosity of L = 1.25 · 1034 cm�2s�1

in a data taking period of four Snowmass years (t = 4 · 107 s) the number of observed Higgs boson
events decaying to bb̄ is N = 5500.
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H→bb

https://map.fnal.gov
https://github.com/iLCSoft
https://map.fnal.gov
https://github.com/iLCSoft
https://iopscience.iop.org/article/10.1088/1748-0221/13/09/P09004
https://iopscience.iop.org/article/10.1088/1748-0221/15/05/P05001
https://iopscience.iop.org/article/10.1088/1748-0221/13/09/P09004
https://iopscience.iop.org/article/10.1088/1748-0221/15/05/P05001
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MDI optimisation: energy dependence
Increasing the centre-of-mass energy reduces the muon decay rate 

• BIB simulated at √s=1.5 TeV can be considered as a worst case scenario for 
higher beam energies 

Muon Collider at √s=125 GeV (Higgs pole) is of particular interest for measuring 
the Higgs-potential shape thanks to the high μ-H coupling 

• MDI shape must be optimised to compensate for the increased BIB flux

CSN1 - Roma, 31 gennaio 2019M. Casarsa 7

750-GeV to 62.5 GeV detector

N. Terentiev

Machine-detector interface, vertex detector and tracker endcaps reconfigured 
for the 125-GeV collider:  

125-GeV collider 1.5-TeV collider 

N. Terentiev

Rbeampipe = 2.2 cm

Znozzle     = 6 cm

Rbeampipe = 5 cm

Znozzle     = 28 cm

CSN1 - Roma, 31 gennaio 2019M. Casarsa 7

750-GeV to 62.5 GeV detector

N. Terentiev

Machine-detector interface, vertex detector and tracker endcaps reconfigured 
for the 125-GeV collider:  

125-GeV collider 1.5-TeV collider 

N. Terentiev

Rbeampipe = 2.2 cm

Znozzle     = 6 cm

Rbeampipe = 5 cm

Znozzle     = 28 cm

1.5 TeV 125 GeV

wider beapipe 
larger nozzle opening angle 
↳ reduced forward acceptance
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MDI optimisation: energy dependence
The flux of BIB particles into the detector kept at the comparable level

Figure 6. TOF distributions of background particles at 
MDI surface with respect to bunch crossing. 

Figure 7. Fluxes of background particles in VXD. 

The VXD barrel consists of five silicon layers with 
thickness of 75 ȝP. The radii of the layers range from 5.4 
to 21.59 cm. The VXD barrel is very close to the 
unshielded beam pipe, therefore it is the hottest part of the 
system. The fluxes of background particles in the vertex 
detector are presented in Fig.7. It is seen that the number 
of photons and e± in the barrel decreases rapidly with the 
VXD layer radius. The neutron radial distribution in VXD 
is flat. 

VERTEX DETECTOR OCUPANCY 
The calculated background source term at the MDI 

surfaces was used to simulate hit rates in the silicon VXD 
and tracker detectors. Backgrounds due to primary 
particles from the source, as well as secondary and 
tertiary particles produced in interactions of primaries 
with the IR materials are tracked in the detector magnetic 
field. The minimal cut-off energy for electrons, positrons 
and photons was reduced to 3 keV, for other particles it 
remains the same as in the source file. 

The hit in a silicon detector volume is defined as a 
charged track which left the volume or stopped in it. The 
most of hits (90%) in VXD is produced by primary 
photons; primary neutrons are the origin of 6% hits, 
remaining 4% are created by primary electrons and 
positrons. 

To calculate the detector occupancy, one needs to 
perform full simulation for the chosen detector geometry. 
At the same time, one can make an estimate of the hit rate 
using a low transport threshold. The electron range in 
silicon at 3 keV is 0.14ȝm. With this cut-off most of the 
secondary electrons are stopped in the same pixel where 
the outgoing/stopping charged track already produced hit.  
So, one can derive the number of hits from above. 

The hit rate is maximal in the first VXD barrel layer 
where it UHDFKHV����Â��4 hit/cm2. A Fine Pixel CCD VXD 
was proposed for ILC in Ref. [9]. It has a very small pixel 
size of 5-���ȝP�DQG�WROHUDWHV�the occupancy up to 3%. If 
the first barrel layer consists RI� �� ȝP� SL[HOV, the 
occupancy estimated from the above is 1.2%. The 
background loads in other vertex barrel and endcap layers 
are also acceptable even with a larger 20-ȝP�SL[HO� VL]H� 
Reduction of hit rates in the detector was shown to be 
quite effective using various background rejection 
techniques [10] such as timing with < 100 ps time 
resolution in front-end ROC, double-layer geometry and 
others. 

CONCLUSION 
A detector protection system based on the optimized 

tungsten nozzle and sophisticated MDI was developed for 
the Higgs Factory muon collider. This system allowed 
reduction of the background rates to a manageable level 
similar to that achieved for a 1.5-TeV MC. The main 
characteristics of particle backgrounds entering the 
collider detector were studied. The occupancy estimated 
for the silicon VXD barrel and endcap layers is quite 
acceptable for the modern detector technologies. 
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Fig 6. Momentum spectra at MDI for photons and electrons (left), muons (middle) and hadrons (right). 

4.5. Time distributions 

    The time of flight (TOF) of background particles at the MDI surface has a significant spread with 
respect to the bunch crossing as shown in Fig. 7. Two regions are clearly seen in the TOF 
distributions. The first one at TOF < 40 ns is related to the direct contributions from particles 
generated by muon beam decays in the ±17 m region not shielded by the strong magnetic field of 
the first dipole (see Fig. 3). The long tails for photons, electrons/positrons and neutrons are due to 
their bouncing and multiple interactions in MDI components at low energies. The long tail for 
energetic Bethe-Heitler muons is associated with their production at large distances from IP (Fig. 3, 
right). These properties of the TOF distribution of the source term at MDI suggest that one can use 
timing in the detector to reduce the number of the readout background hits. As shown in Ref. [9], 
the background neutron hit rate registered in vertex and tracking silicon detectors can be reduced by 
a factor of several hundred by using the 7-ns time window. 

 

Fig. 7. Time of flight distributions of background particles at the detector entrance with respect to bunch crossing. 

 

JINST 13 P09004 Fermilab-Conf-14-184-APC 

1.5 TeV 125 GeV

Spread of the BIB arrival time is crucial for further suppression at the detector level

√s = 1.5 TeV √s = 125 GeV
photons 1.8 x 108 2.8 x 108

neutrons 4.1 x 107 5.2 x 107

e± 1.0 x 106 2.0 x 106

ch. hadrons 4.8 x 104 1.0 x 104

https://iopscience.iop.org/article/10.1088/1748-0221/13/09/P09004
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwi84uST9_XrAhVSVsAKHUIZDMgQFjAAegQIBhAB&url=https://lss.fnal.gov/archive/2014/conf/fermilab-conf-14-184-apc.pdf&usg=AOvVaw1_hI8J3KwKzPvhphz4IF31
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BIB composition: 1.5 TeV
Taking the √s=1.5 TeV case as a baseline to understand the main challenges 

• list of particles arriving to the detector region  
in 1 bunch crossing simulated by MAP  
for ±25m of lattice from the IP
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Predominantly composed of low-energy 
photons, electrons/positrons  (~1-10 MeV) 
and neutrons (~100 MeV) 

Each of those create issues in different 
parts of the detector
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Detector geometry

Detector geometry derived from the CLIC design with a few optimisations: 
Vertex Tracker,   Inner Tracker,   Outer Tracker,   ECAL,   HCAL,   Muon Detector 

3 + 6⨉2(4 + 4⨉2) ⨉ 2 7 + 6⨉23 + 4⨉2

Nozzles

Solenoid 
(4T)

• inserted BIB-absorbing tungsten 
nozzles developed by MAP 

• inner openings of endcap detectors 
increased to fit the nozzles 

• optimised layout of the Vertex 
detector to reduce occupancy

40 60

https://map.fnal.gov
https://map.fnal.gov
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BIB suppression: tracking detectors
We start with 190M particles from each beam  [µ+ and µ-] 

• an overwhelming number of particles that have to be rejected at the 
earliest stage possible to make a reconstruction of a physics event possible 

Hits created in the tracking detectors follow the BIB time distribution 
• having precise time information for each hit allows to select hits in the 

narrow time window wrt bunch crossing 
• ±150ps window at 50ps time resolution in the Vertex detector allows to 

strongly reduce the occupancy (by ~30%) 

Muon Collider Meeting - CERN, March 31-April 2, 2020M. Casarsa 8

Timing of the tracker hits

The time-of-arrival spread of the hits from the beam-induced bkg

provides a powerful handle to mitigate their number:

we assume a time resolution of 50 ps (100 ps) for the 

50-μm (100-μm) thick Si sensors;

“read out” only hits compatible with particles coming from the

interaction point. 

+3σ-3σ

VDX barrel 0 OT barrel 0

50-μm
sensors

100-μm
sensors

+3σ-3σ

Muon Collider Meeting - CERN, March 31-April 2, 2020M. Casarsa 9

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

crossing without and with the hit time window selection:

State of the art fast tracking sensors can push this even further:  σt~10ps 
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BIB suppression: track reconstruction
Computational complexity of track reconstruction grows exponentially with the 
number of hits  (exploding combinatorics at pattern recognition stage) 

• the number of BIB hits can be further reduced by exploiting the fact that 
BIB is made of low-momentum particles not originating from the IP 

Double-layer arrangement of Si sensors allows to correlate hits from the 
neighbouring layers to estimate pT and direction of a track segment

Signal BIB

R-Θ

beamspot

ΔΘ

Signal BIB

R-φ

↔ U coordinateΔφ Δφ
⨉
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BIB suppression: track reconstruction

BARREL ENDCAP

Requirement of correlated hit pairs in the double layers reduces occupancy in 
the Vertex detector by another ⨉10 

It is now possible to reconstruct tracks in an event with all BIB included 

Yet conventional track reconstruction strategies are not optimal in this case 
• layers/disks closest to the tips of the nozzles have much higher occupancy 
• initiating track reconstruction from less busy layers can provide significant 

performance boost (to be studied)
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longitudinal  
hit pos. hit time

Timing and longitudinal shower distribution provide a handle on BIB in ECAL

10

BIB suppression: calorimeters
Calorimeters are almost uniformly lit by the BIB particles µ- beam

ECAL HCALɣ: 51%n: 48% n: 99%
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Additional optimisations possible: 
• add a preshower to push the BIB energy deposits out of ECAL 
• readout of clusters with energy deposits above BIB threshold 

Regardless of the detector geometry and readout logics, BIB contributions can't 
be completely eliminated 

• smart subtraction of the BIB contribution needed at the level of particle-
flow reconstruction (ML-based method already under development)

11

BIB suppression: calorimeters
Calorimeters are almost uniformly lit by the BIB particles µ- beam

ECAL HCALɣ: 51%n: 48% n: 99%



Nazar Bartosik BIB mitigation at Muon Collider 12

BIB suppression: muon detectors
Muons from BIB can reach detector from a bigger distance along the beam 

• up to ±200m 
• only ±25m included in  

our BIB sample
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Fig. 3. Numbers of background particles (per bunch crossing) entering the detector as a function of distance along the 
IR lattice to their production point: Bethe-Heitler muons (right) and other particles (left). 

4.2. Spatial distributions at interface surface 

Fig. 4 shows longitudinal point-of-entry distributions of backgrounds for a positive muon beam. 
Most particles enter the detector through the nozzle outer surface. The maximum yield of photons 
and electrons is very close to the IP where the shielding is minimal. Neutron and charged hadron 
yields peak at z = ±1 m. Muons enter the detector through the z = ±750 cm plane (70%) and the 
nozzle (30%). 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Longitudinal distributions of entry points of background particles (per bunch crossing) for P+ beam  moving 
from the left. 

The fact that most particles (except muons) are produced close to the IP and not affected by the 
strong dipole magnetic field results in the azimuthal symmetry of the source term with the 
corresponding distributions at MDI being flat. Angular distributions of these particles on the 
interface surface also have the azimuthal symmetry. On the contrary, Bethe-Heitler muons are 
strongly affected by the magnetic fields of the dipoles on their long way to IP. As a result, 

Occupancy of the muon detector is manageable  (no detector-level optimisations)
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Hits distribution in the muon system
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Further reduction of occupancy expected with timing cuts
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Summary

Beam Induced Background creates a number of serious challenges at a Muon 
Collider experiment by overwhelming it with a huge flow of particles 

Careful design of the MDI and use of state-of-the-art detector technologies with 
optimal layout allows to keep the BIB contribution at perfectly manageable level 

Competitive performance has already been demonstrated using conservative 
assumption on the detector capabilities (i.e. tracker timing/spatial resolution) 

Significant improvements in performance are expected with further 
optimisations of the MDI, detector design and event reconstruction algorithms 

Even better performance is expected at centre-of-mass energies >1.5 TeV
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*  *  *

BACKUP
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Calorimeter layout

Current geometry implementation features 
a high-granularity sampling calorimeter

19mm Fe absorber + scintillator ⨉ 60
1.9mm W absorber + Si sensor ⨉ 40

ECAL

HCAL

5x5mm2

3x3cm2

22X0

7.5ƛI

FCC-hh expects ~30ps time resolution in ECAL
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Fast tracking sensors

A number of technologies progressing towards very high timing resolution 

• UFSD (Ultra Fast Silicon Detectors):  20ps + ~10μm 

• RSD (Resistive AC-Coupled Silicon Detectors):  20ps  +  5μm 

• TimeSpot:  20ps or less  +  10μm


