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▪ Motivation

• Both a precision and high energy collider

• Luminosity scales with energy

• Cost effective and sustainable machine

▪ Challenges

• Muon beam production, cooling and 

acceleration

• Beam Induced Background

• Neutrino flux

Muon Collider
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Beam Induced Background at 𝒔 = 𝟑 𝑻𝒆𝑽
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▪ 2.34 ∙ 105 expected decays/meter  each 

bunch crossing

▪ Decay products interact with the machine

▪ Intense flux of low energy particle reaches 

the detector 

▪ Arrival Time distributed with respect to 

bunch crossing

▪ Mitigation strategies:

• Shielding in the Machine Detector Interface

• Readout window of −1, +15 𝑛𝑠

Particle Expected Flux

Photon 8.48 ∙ 107

Neutron 7.35 ∙ 107

𝑒+/𝑒− 7.00 ∙ 105



Machine Detector Interface (MDI)

▪ MDI includes final focusing and 

Interaction Region 

▪ Shielding nozzle are a unique feature 

of the Muon Collider:

• Introduced to mitigate the BIB

• They reduce the detector acceptance

▪ MDI implemented in FLUKA to 

simulate the BIB
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Courtesy of D. 
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Shielding Nozzle

▪ Shielding nozzle designed by MAP 

collaboration for 𝒔 = 𝟏. 𝟓 𝑻𝒆𝑽 

▪ Nozzle material:

• Tungsten core to absorb high energy incoming 

particle

• Borated polyethylene coat for neutron absorption

▪ Nozzle geometry:

1. 10° closest to the IP

2. 5° starting from 𝑧 = 100 𝑐𝑚
1

2
Tungsten

6 m

60 cm
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Goal of the study

▪ Optimize the geometry for 𝒔 = 𝟑 𝑻𝒆𝑽 

Muon Collider:

• Reduced the BIB flux entering the detector 

area

• Maximizing the detector acceptance

▪ Instrumenting the nozzle:

• Feasibility study for detectors in the nozzle to 

detect forward muons

1

2
Tungsten

6 m

60 cm



BIB simulation with FLUKA

▪ Generated one beam of 𝜇+ decays within 𝟓𝟓 𝒎 from the 

Interaction Point

▪ Energy threshold for particles production fixed at 

𝟏𝟎𝟎 𝒌𝒆𝑽

▪ Particles which arrives to the nozzles are scored

Pictures from D. Calzolari

▪ Propagation through the Nozzles

▪ Particles who exit the nozzle and enters the detector 

area are scored

▪ ~1.6% of one BIB event (i.e. bunch crossing) considering 

only 1 beam → 𝟒 𝒅𝒂𝒚𝒔 per simulation
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Forward Muons
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▪ Physics Case

• Allows to distinguish process from Z/W 

boson fusion

• Allows precise measure of Higgs boson 

Width [4]

• New physics might have forward muons in 

the final state [5]

𝑍 𝐵𝑜𝑠𝑜𝑛 fusion with forward muon production[3]



Immagine che contiene schermata, linea, Parallelo, Rettangolo

Descrizione generata automaticamente

Detecting Forward Muons

Scoring plane

▪ Instrumenting the nozzle:

• Small detector

• High dose from BIB

▪ Analysis approach:

• Three scoring layers implemented in 

FLUKA

• Simulation of Forward Muons and BIB

• Identification of Forward Muons 

candidate 

▪ The goal is to evaluate:

• % forward muon tagged

• # fake forward muon from BIB

9
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Simulated samples

▪ Forward muons from:
𝜇+𝜇− → 𝑍𝑍 + 𝝁+𝝁− → H + 𝝁+𝝁− → 𝑊+𝑊− + 𝝁+𝝁−

• 6.15 ∙ 103 Montecarlo events simulated with WHIZARD

• 1 forward muon per event simulated with FLUKA

▪ Beam Induced Background:

• 1.4 % of bunch crossing simulated 

• Particles crossing the silicon layers are scored

• Silicon layers do not reproduce a detector behavior
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Simulation Outputs

▪ Forward Muons:

▪ Fixed time of arrival in the layers

▪ Coming from IP

▪ High energy ⇒ 0.7, 1.4 𝑇𝑒𝑉

▪ Beam Induced Background:

▪ Most particles arrive earlier then 
bunch crossing

▪ Time cuts discard great majority of 
BIB
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Performance

▪ Total counts within ±100 𝑝𝑠 

time window with respect to 

muons arrival time on layers:

Event Layer 1 Layer 2 Layer 3

𝐵𝐼𝐵∗ 2.5 ∙ 104 2.7 ∙ 104 3.0 ∙ 104

𝑍 𝑓𝑢𝑠𝑖𝑜𝑛∗∗ 3228/6150 3232/6150 3225/6150

▪ A rough tracking is performed 

to discard particles that are 

not coming from IP:

*Normalized to the bunch crossing
** 6150 events simulated

▪ Forward Muons:

• 53% enters the nozzles

• 99% of forward muons in 

the nozzles correctly tracked

▪ BIB:

• 0 fake forward muon tagged

52.5% Overall tagging 
efficiency
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Nozzle Geometry Optimization

▪ Goal:

• Reduced the BIB flux entering the 

detector area

• Maximizing the detector acceptance

▪ Approaches:

• Manual tuning with high statistics 

simulation

• Many low statistics simulation to train 

Machine Learning algorithms

• Bayesian optimization iterating medium 

statistics simulation

▪ Figures of merit:

• Occupancy on the tracking system

• Integrated flux of particles entering the 

Detector area

𝑟𝑏𝑎𝑠𝑒

𝑧𝑐ℎ𝑎𝑛𝑔𝑒
𝜃𝑛𝑜𝑧𝑧𝑙𝑒
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▪ Method:

• 1.6% of 1 bunch crossing BIB simulated with FLUKA 

• Event reconstruction in the Tracking System to evaluate 

occupancy

• Several configuration tested starting from MAP designed 

• Investigated the effectiveness of borated polyethylene coat on 

nozzle surface

▪ Results:

• 𝑂(1 𝑐𝑚) modification of the nozzle tip strongly impact the BIB

• Further from the Interaction Point, the amount of tungsten can 

be reduced

• A layer of tungsten outside the coat further reduces photon 

and 𝑒+/𝑒− flux in the detector

Manual Tuning Results
Neutron Fluence

z [cm]
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Machine Learning results

▪ Method:

• Nozzle geometry described by 8 parameters

• ~13000 FLUKA simulation performed considering 0.02% of a 

bunch crossing varying the parameters

• Several ML model trained and data transformation techniques 

applied

• Models evaluated according to Δ[%] =
𝐹𝑙𝑢𝑥𝑡𝑟𝑢𝑒−𝐹𝑙𝑢𝑥𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑

𝐹𝑙𝑢𝑥𝑡𝑟𝑢𝑒
∗ 100

▪ Goal:

• Using a ML model to perform large amount of pseudo-simulation

▪ Results:

• XGBoost regressor + Standard Scaling is the best model

• Gaussian fit of Δ distribution results in: ഥΔ = −0.12%, 𝜎 = 5.24% 
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▪ Bayesian Optimization Loop:

• Loop that builds a probabilistic model based on past 

evaluation during each iteration

• Model makes an educated guess on where the best solution 

is in the parameters phase-space

▪ Application to Nozzle optimization:

• Loop with 126 iteration, simulating with FLUKA 0.06% of a 

bunch crossing, varying 8 geometrical parameters

• Flux of particles entering in the detector area used as metric

▪ The algorithm did not converge to an optimal solution

• Low statistics could be the cause

Bayesian Optimization Results

Bayesian Optimization Loop
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▪ Considering both Manual Tuning and Machine 

Learning studies a new design has been achieved

▪ Main features:

• Base radius reduced

• Nozzle body further reduced starting at 450 cm 

from the IP

• Borated polyethylene coat moved under a layer 

of tungsten

• Tip moved few millimeters further from the IP

Optimized Geometry
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▪ Beam-Induced Background:

• Reduced photon and 𝑒+/𝑒− flux

• Reduced occupancy in the tracking system

• Increased neutron flux

▪ Overall consideration:

• Easier to sustain

• Less material needed

• Increased detector acceptance

• BIB impact on tracking system and ECAL reduced

• BIB impact on HCAL increased

Optimized Geometry



19

Next Steps

▪ Full BIB reconstruction in the Detector 

▪ A 9th parameters will be considered

▪ Increasing statistics for Bayesian 

optimization loop

▪ Commercially available tungsten alloy to 

be studied

▪ Definition of a complex figure of merit

 

𝑟𝑏_𝑡𝑖𝑝

𝑓𝑙𝑢𝑥 → 𝑎 ∙
Δ𝑓𝑙𝑢𝑥𝛾

𝑓𝑙𝑢𝑥𝑟𝑒𝑓𝛾

+ 𝑏 ∙
Δ𝑓𝑙𝑢𝑥𝑛

𝑓𝑙𝑢𝑥𝑟𝑒𝑓𝑛

+ 𝑐 ∙
Δ𝑓𝑙𝑢𝑥𝑒

𝑓𝑙𝑢𝑥𝑟𝑒𝑓𝑒

+ 𝑑 ∙
Δ𝑉

𝑉𝑟𝑒𝑓



Thank you for your attention
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Muon Collider Parameters
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𝟑 𝑻𝒆𝑽 Design

▪ Final Focusing MAP design[6] with mixed function quadrupoles (Cyan)
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𝒔 = 𝟏. 𝟓 𝑻𝒆𝑽 Design

Figure 2 shows the dependence on momentum of 

betatron tunes and momentum compaction factor obtained 

with some help from additional octupole and decapole 

correctors placed in the CCS. The stability range of 

±1.2% significantly exceeds the minimum requirement. 

Problems with the dynamic aperture (DA) and beam-

beam effect in a muon collider are significantly alleviated 

by the fact that muons will be dumped after less than 

2000 turns (see Section IV). In the result the high order 

resonances have little chance to show up. Preliminary 

studies [10] using MAD code demonstrated a good 

dynamic aperture (~5s) in absence of magnet 

imperfections and beam-beam effect and only a modest 

DA reduction with the beam-beam parameter as large as 

0.09 per IP
*
. 

The presented design raises a number of questions: 

large values of vertical b-function and therefore of the 

vertical beam-size in the IR quads and dipoles make it 

necessary to reconsider earlier magnet designs, closeness 

of the dipoles to IP may complicate the detector 

protection from g-radiation emitted by decay electrons 

and positrons and from these electrons and positrons 

themselves.  

These issues as well as problems with heat deposition 

in the magnet coils are considered in the subsequent 

sections. 

III. IR MAGNET DESIGN  

Figure 3 shows vertical and horizontal sizes of the 

muon beam corresponding to parameters from Table 1 

and the inner radii of closest to IP magnets determined by 

the requirement a > 5smax+1 cm. A 5s aperture radius 

may seem too small compared to 9smax aperture adopted 

for the LHC IR upgrade [11]. However, one should keep 

in mind that in MC there is no crossing angle and, due to 

short time the muons spend in the collider, there will be 

practically no diffusion so that the beams can be 

collimated at less than 4s amplitudes; the remainder 

providing room for possible closed orbit excursions. In 

the actual magnet design, the bore radius was increased 

by additional 5 mm to provide more space for the beam 

pipe and annular helium channel. 

                                                           
*
 It should be noted that such values of beam-beam parameter were 

already achieved in e+e- machines. 

The expected level of magnetic fields in IR magnets 

suggests using Nb3Sn superconductor. This 

superconductor has the most appropriate combination of 

the critical parameters including the critical current 

density Jc, the critical temperature Tc, and the upper 

critical magnetic field Bc2 [12]. Cu-stabilized multi-

filament Nb3Sn strands with Jc(12T, 4.2K)~3000 A/mm
2
, 

strand diameter 0.7-1.0 mm and Cu/nonCu ratio~0.9-1.1 

are commercially produced at the present time by industry 

in long length [13]. 

FIG. 4 (color). Cross-sections and a good-field region of 

Q1 (a), Q2 (b) and Q3-Q5 (c) quadrupoles. The dark blue 

color corresponds to the field error |dB/B|<10
-4

. 

A. IR Quadrupoles 

The IR doublets are made of relatively short 

quadrupoles (no more than 2 m long) to optimize their 

aperture according to the beam size variation and allow 

for placement of protecting tungsten masks between 

them. The first two quadrupoles in Fig. 3 are focusing 

ones and the next three are defocusing ones. The space 

between the 4
th

 and 5
th

 quadrupoles is reserved for beam 

diagnostics and correctors. 

The cross-sections of MC IR quadrupoles based on 

two-layer shell-type Nb3Sn coils and cold iron yokes are 

shown in Fig. 4. Their parameters are summarized in 

Table 2. All the designs use wide 16.3 mm wide cable 

made of 37 strands 0.8 mm in diameter. Strand Jc(12T, 

4.2K) after cabling is 2750 A/mm
2
 and Cu/nonCu ratio is 

1.17 [14]. To maximize the iron contribution to the 

quadrupole field gradient, it is separated from the coils by 

thin 10 mm spacers. The two-layer coil design and the 

total coil width were selected based on the results of 

Nb3Sn cable and coil R&D.  

TABLE II. IR quadrupole parameters. 

Parameter  Unit Q1 Q2 Q3 

Coil aperture mm 80 110 160 

Nominal gradient T/m 250 187 -130 

Nominal current kA 16.61 15.3 14.2 

Quench gradient @ 4.5 K T/m 281.5 209.0 146.0 

Quench gradient @ 1.9 K T/m 307.6 228.4 159.5 

Coil quench field @ 4.5 K T 12.8 13.2 13.4 

Coil quench field @ 1.9 K T 14.0 14.4 14.8 

Magnetic length m 1.5 1.7 1.7 

 

FIG. 3. Beam sizes and aperture of the FF magnets. 
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Dose

▪ Considering 200 operational 

days/year, 1-MeV-neq fluence is 

expected to be:

▪ ~1014−15 𝑐𝑚−2𝑦−1 in the 

tracker

▪ ~1014 𝑐𝑚−2𝑦−1 in the 

electromagnetic calorimeter
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Muon decay position

▪ Muon decays up to 55 𝑚 

cause BIB in the detector for 

the 𝑠 = 3 𝑇𝑒𝑉 case

▪ In the 𝑠 = 1.5 𝑇𝑒𝑉 it is 

enough to consider decays 

from 35 𝑚
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Detector
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Occupancy in the tracker

Beam pipe Nozzle tip Nozzle 

µ



Detecting Forward Muons

30

▪ Instrumenting the cavern: Large 
detector, clean environment

Cavern

Beam 
monitor?
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High Statistics Approach 

▪ Lessons learned:

▪ The Beam Pipe cannot be touched, by 

increasing the minimum nozzle internal radius 

from 0.3 → 0.4 𝑐𝑚, BIB increase by a factor 2
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High Statistics Approach 

▪ Lessons learned:

▪ The Beam Pipe cannot be touched

▪ Is Boreth layer really effective?

▪ Tried to put the Boreth inside the nozzle

TIME WINDOW APPLIED

Tungsten block
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Statistics and Parameters

▪ Statistics

▪ Low → 0.02% of bunch crossing

▪ Medium → 0.6% of bunch crossing

▪ High → 1.6% of bunch crossing

▪ Parameters:

▪ 𝜃𝑡𝑖𝑝 ∈ 0.126, 0.174 degree

▪ 𝑟𝑏𝑎𝑠𝑒 ∈ 45, 60 𝑐𝑚

▪ 𝑟𝑏𝑜𝑟𝑜𝑛 ∈ 0.8, 0.95 % of 𝑟𝑏𝑎𝑠𝑒

▪ 𝑧𝑠𝑡𝑒𝑝 ∈ −450, −250 𝑐𝑚 from IP

▪ 𝑟𝑠𝑡𝑒𝑝 ∈ 0.75, 0.95 % of 𝑟𝑏𝑎𝑠𝑒

▪ 𝑧𝑐ℎ𝑎𝑛𝑔𝑒 ∈ −130, −80 𝑐𝑚 from IP

▪ 𝑧𝑡𝑖𝑝 ∈ −6, −4 𝑐𝑚 from IP

▪ 𝑟𝑡𝑖𝑝 ∈ 0.6, 1.4 𝑐𝑚

▪ Key concepts:

▪ Layer of tungsten outside the boron

▪ Last ~100 𝑐𝑚 geometry most 

impacting

▪ Small changes impact strongly the BIB
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Hard ML results

▪ XGBoost regressor to predict the flux from the 

parameters to:

▪ Perform in short time large amount of pseudo-simulation

▪ Do a Bayesian optimization without running FLUKA

▪ Flux in 2 o.o.m range, so log applied → no effect

▪  Applied scalers (std, min-max) → removed 

outliers

▪ 𝐷𝑒𝑙𝑡𝑎[%] =
𝐹𝑙𝑢𝑥𝑡𝑟𝑢𝑒−𝐹𝑙𝑢𝑥𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑

𝐹𝑙𝑢𝑥𝑡𝑟𝑢𝑒
∗ 100

▪ Tried a pytorch NN model, but did not achieve any 

result
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▪ XGBoost regressor to predict the flux from the 

parameters to:

▪ Perform in short time large amount of pseudo-

simulation

▪ Do a Bayesian optimization without running FLUKA

▪ Flux in 2 o.o.m range, so log applied → no effect

▪  Applied scalers (std, min-max) → removed 

outliers

▪ Prediction correct within 10% with best model

▪ Tried a pytorch NN model, but did not achieve any 

result

Hard ML results
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Optimization Results

▪ Combining XGBoost analysis and by-

hand simulations, an improved design 

has been achieved

▪ BIB energy spectrum after readout 

window  applied (left)

▪ Occupancy on the vertex detector 

(right)

▪ Plots compare the new geometry with 

the original one from MAP
Particle MAP Design Design XXI

photons 3.45 ∙ 107 2.27 ∙ 107

neutrons 7.18 ∙ 106 1.34 ∙ 107

𝑒+/𝑒− 5.75 ∙ 105 4.19 ∙ 105

MAP Design Design XXI

Layer 0 2.14 0.81

Layer 1 1.54 0.61Flux per bunch crossing

Occupancy for 1.6% of bunch crossing
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Optimization Results

▪ Combining XGBoost analysis and by-

hand simulations, an improved design 

has been achieved

▪ BIB energy spectrum after readout 

window  applied (left)

▪ Occupancy on the vertex detector 

(right)

▪ Plots compare the new geometry with 

the original one from MAP
Particle MAP Design Design XXI

photons 3.45 ∙ 107 2.27 ∙ 107

neutrons 7.18 ∙ 106 1.34 ∙ 107

𝑒+/𝑒− 5.75 ∙ 105 4.19 ∙ 105

MAP Design Design XXI

Layer 0 2.14 0.81

Layer 1 1.54 0.61Flux per bunch crossing

Occupancy for 1.6% of bunch crossing
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▪ Feature Importance with XGBoost regressor

Hard ML results
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Incoherent Pair Production

▪ Another source of background due to beam-

beam interaction

▪ Produced the 𝑒± pairs with GUINEAPIG

▪ Products propagated in FLUKA as for two 

Step Simulation

▪ Reconstruction in the tracking system

▪ Slightly increase in occupancy (about 5%)
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