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Run: 336852 
Event: 883966264 
2017-09-29 09:19:23 CEST 
65 vertices 

• Beam backgrounds and pile-up are 
important for accurate simulation of our 
detectors but also hard to simulate. 
• Pile-up: soft collisions in current and 

surrounding bunch crossings. 
• There are other types of beam backgrounds! 

• What will happen when we go towards 
HL-LHC and future collider experiments?
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INTRODUCTION
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Machine induced 
• beam gas 
• beam halo

Luminosity induced 
• pile-up 
• cavern background
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BEAM BACKGROUNDS & PILE-UP IN ATLAS

• In general all backgrounds should be simulated. 
• In practice backgrounds are ranked by importance and only the dominant 

ones are simulated. 
• In case of ATLAS only pile-up is simulated by default.
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• Beam gas: result of collisions between the 
beam and residual hydrogen, oxygen and 
carbon gasses in the beam pipe.

• Beam halo: a background resulting from 
interactions between the beam and upstream 
accelerator elements.

• Usually happen outside of the experimental 
cavern — simulated by the accelerator team. 
• Provide a list of particles with their 4-vectors 

that are relevant to the experiment. 
• Many low-momentum particles.

BEAM GAS & BEAM HALO

Run: 423803 
Event: 3826924 
2022-06-02 11:53:37 CEST 
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• Neutrons may propagate through the experimental cavern for a few seconds 
before they are thermalised.

• Produce a neutron-photon gas. 
• Low-energy electrons and protons from spallation.

• Main problem: interactions such as thermal neutron capture well below 
standard MC thresholds. 
• LHCb parametrised the cavern background in the muon spectrometer.

CAVERN BACKGROUND
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LEB Parametrisation
• Initial parametrisation model performed using GCALOR simulation*

• Current implementation uses GEANT4 with QGSP Bertini HP hadronic physics list (for neutron 
precision)

• "Full geometry" used
• Cavern
• Detector infrastructure
• Beam optics

•Drastically reduced thresholds

* http://www.atlas.uni-wuppertal.de/zeitnitz/gcalor

Particle Standard MC Low Threshold MC

Electrons/photons 500 MeV 30 keV

Hadrons (excl. neutrons) 500 MeV 100 keV

Neutrons 500 MeV 0 eV

Muons 10 MeV 10 MeV

• Number of hits to be injected calculated from 
difference in hits between standard and low threshold 
simulation

• Spatial distribution and arrival time of hits needs to be 
reproduced accurately

• Several correlations between the distributions need to 
be preserved

10

QGSP_BERT_HP
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• Each individual soft collision detector response simulated separately. 
• Further split into low-pT and high-pT. 

• Merged with hard-scatter at the digitisation stage for a specific mean number 
of interactions μ. 
• Require thousands of collisions due to non-instant detector response.

PILE-UP SIMULATION: THE BASICS
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• CPU requirement fully linear with μ with coefficient ~0.1
• Optimisation: presampled pile-up 

• Combine pile-up events based on pile-up values. 
• Overlay hard-scatter on top and re-use presampled 

events between samples. 
• Main problem threshold effects. 

• Drawback: pile-up still needs to be presampled, much 
slower for μ=200 conditions expected at HL-LHC 
(4-5 times slower than now).
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ATLAS Simulation

Comput Softw Big Sci 6, 3 (2022)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SIMU-2020-01/
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• Detectors not sensitive 
only to the triggering 
bunch crossing (BC). 

• Need to simulate in-time 
and out-of-time pile-up 
effects. 

• ATLAS sensitive to up to 
39 BC, CMS up to 16 BC, 
and LHCb up to 5 BC. 
• For μ=60 this means 

60 ⨉ 39 = 2340 
interactions. 

• Important to have fast 
detector components in 
future experiments.
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PILE-UP SIMULATION: IN-TIME & OUT-OF-TIME PILE-UP

ATLAS Run 2
Comput Softw Big Sci 6, 3 (2022)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SIMU-2020-01/
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• The overlay method is input agnostic — real data can also be used. 
• Already used for some specific studies, large scale use problematic as the 

detector conditions can change for each event. 
• ATLAS (and CMS) plans to investigate zerobias data as the main source of pile-

up modelling for HL-LHC 
• Automatically correct description of (most) pile-up effects, including beam 

backgrounds, noise, … 
• Challenging hard-scatter simulation — need to match data event conditions 

and detector alignment. 
• Data would need to be recorded with limited or no zero suppression. 
→ Important to design future readout systems so that they are flexible enough.

PILE-UP SIMULATION: CAN DATA BE USED INSTEAD?
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• Circular accelerator with 
circumference of 90.7 km. 

• FCC-ee (circular lepton collider) 
• Higgs and electroweak factory 
• energies from 88 to 365 GeV 

• FCC-hh (circular hadron collider) 
• direct exploration of the multi-TeV 

region 
• energy of 85 TeV 
• pile-up up to 1000 
• at least 5x larger luminosity 

compared to the LHC 
• up to 4 experiments
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FCC-EE & FCC-HH
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• Circular accelerator with 
circumference of 90.7 km. 

• FCC-ee (circular lepton collider) 
• Higgs and electroweak factory 
• energies from 88 to 365 GeV 

• FCC-hh (circular hadron collider) 
• direct exploration of the multi-TeV 

region 
• energy of 85 TeV 
• pile-up up to 1000 
• at least 5x larger luminosity 

compared to the LHC 
• up to 4 experiments

FCC-hh: The Hadron Collider 891

Fig. 4.2. Study boundary (red polygon), showing the main topographical and geological
structures and the layout of the current FCC tunnel baseline with a perimeter of 97.75 km.
This version with an approximate inner diameter of 30 km serves as the baseline for the
planned layout and placement optimisation.

topographical and geological profile of the tunnel in the chosen position is shown in
Figure 4.3.

The tunnel position places the shafts in suitable positions with acceptable depths
of less than 300m, apart from the shaft at PF which requires special attention as
it is 558 m deep. It is being considered to replace this shaft with an inclined access
tunnel.

4.2.3 Necessary site investigations

Based on the available geological data for the region, the civil engineering project is
deemed feasible. However, in order to confirm this and to provide a comprehensive
technical basis for further detailed design iterations, to establish a comprehensive
project risk management and to improve the accuracy of the construction cost esti-
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• Main background in high-energy circular 
electron-positron colliders is Synchrotron Radiation. 
• Produced in bending and focusing magnets near 

interaction point. 
• O(103) of photons still scatter in the interaction 

region besides shielding.
• Touschek background — caused by stray particles 

due to scattering between beam particles 
in the same bunch.

• Beam gas & beam halo

• Detector simulation performed based on the simulation provided by 
accelerators.

BACKGROUNDS IN ELECTRON COLLIDERS: MACHINE INDUCED
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Table 1: Events per bunch crossing, for a γγ center-of-mass
energy above the cut given in the first column.

√
ŝ (GeV) Number of events

2 0.004
5 0.002
10 0.001

  

Tips
Tips

Figure 5: Schematic representation of the FCC–ee interac-
tion region. One can see the tips of the SR shielding mask.
With red lines are shown the forward scattered photons that
might reach the detector. With blue colour is illustrated the
Tantalum used as a shield from the scattered SR

forward scattered on the tip of the mask and then reach the
detector, see Fig. 5. The suppression of the scattered SR will
be achieved by a combination of a thin (∼ 5 µm) gold coating
inside the central part of the Beryllium beam pipe, and a
Tantalum (or Lead) shield (0.5–2 cm thick) on the outer part
(seen in blue colour in Fig. 5). The gold coating, being in-
side the tracking fiducial volume, should be sufficiently thin
in order not to significantly degrade the impact parameter
resolution, therefore the vertexing/flavour tagging abilities
of the detector. The Tantalum shield is outside the tracker
volume; however, one should be careful and leave an open
window in front of the luminosity calorimeter (LumiCal). It
has been shown through full simulation studies that if the
Bhabha electrons (use for the luminosity measurement) are
crossing the Tantalum shield before reaching the LumiCal,
the obtained energy resolution would be significantly lower.
The work for designing an optimal shield, that wouldn’t
affect the detector performance, is currently on–going.

A full simulation study of the scattered photons from the
tip of the mask has been performed. SR, without the Ta
shield, is the dominant source of background on the detector,
producing 20–40 times more hits than e+e− pairs. Those hits
have different distribution than pairs–produced hits since the
photons are scattered from the tip of the mask in rather large
angles. On the other hand, it was found that Tantalum shield
can substantially reduce the number of photons that create
hits in the detector. Figure 6 summarises the number of hits
per subdetector due to SR with and without the shield.
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Figure 6: Hits per subdetector per bunch crossing, in the ver-
tex detector (VXD) barrel(B) and endcap (E), Inner Tracker
(IT) barrel and endcap, Outer Tracker (OT) barrel (B) and
endcap (E))

CONCLUSIONS

The effects of some of the machine and luminosity back-
grounds on the FCC–ee detector have been examined. The
obtained hit densities per bunch crossing are rather low.
Given reasonably fast and highly granular detectors, it seems
that the induced occupancy will not be worrying. Figure 7
shows the total number of hits per subdetector expected, as
well as the individual contribution from each background
source examined here. Work is on–going to study the ef-
fect of other accelerator induced background, like beam–gas
interactions and electrons from radiative bhabhas.
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• From the electromagnetic force between the 
two approaching bunches — production of 
hard bremstrahlung photons.

• Electron-positron pair production
• coherent (real photon + incoming bunch field)

BACKGROUNDS IN ELECTRON COLLIDERS: LUMINOSITY INDUCED
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Figure 4: Coherent and Trident pair production processes[20, 13]

The radiative Bhabha process is described in [14]. The process is also implemented in GUINEA-
PIG. It is assumed in the GUINEAPIG simulation, that the electron not connected to the emission
of a photon only receives negligible deflection and keeps travelling along the beam line. The
distribution of the energy of the final state electron and photon is more or less flat over the
full range (Figure 2a), but the scattering angle of the electrons and photons is too small to
cause any direct background in the detector (Figures 3e and 3f). The energy deposit per bunch
crossing (Figure 2b) is also orders of magnitudes below the energy deposit from incoherent pairs.
However it might be possible that the occasional scattered electron or photon gives a significant
contribution to the number of high-energy electrons that can be tagged with the BeamCal, for
this reason radiative Bhabha events need to be studied further in the future.

2.3. Hadronic Events

The interaction of photons from the colliding beams can also lead to hadronic events, denoted by
��! hadrons [15, 16]. The simulation of this process for CLIC conditions and the validation
of the simulated samples is described elsewhere [17]. For the results presented in the follow-
ing, Pythia [18] is used to simulate the hadronic background and the cross section is modelled
according to the Schuler and Sjöstrand parametrisation [19]. The energies of the two collid-
ing photons are passed from GUINEAPIG to Pythia for the generation of the hard interaction
and following hadronisation. On average, 3.2 hadronic events are produced per BX. Similarly
to the incoherent pair production both virtual and real photons (Figure 5) contribute to the ��
luminosity for this background.

The rate of hadronic events is much smaller than for the electron-positron pairs and the energy
spectrum is softer (Table 2 and Figure 2a). However, the distribution of the transverse momen-
tum of the produced hadrons extends to larger values and the angular distribution is less strongly
peaked in the forward direction (Figure 3d). The hadrons therefore also deposit a significant
amount of energy inside the calorimeters.

10
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• From the electromagnetic force between the 
two approaching bunches — production of 
hard bremstrahlung photons.

• Electron-positron pair production
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• trident (virtual photon + incoming bunch field)
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• From the electromagnetic force between the 
two approaching bunches — production of 
hard bremstrahlung photons.

• Electron-positron pair production
• coherent (real photon + incoming bunch field)
• trident (virtual photon + incoming bunch field)
• incoherent (interaction with individual 

particle field)
• Radiative Bhabha — scattering of electrons 

with the emission of a photon. 
  e+e- → e+e-ɣ

BACKGROUNDS IN ELECTRON COLLIDERS: LUMINOSITY INDUCED
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including effective synchrotron radiation, beamstrahlung,
and the crab-waist scheme [11]. Section VI discusses
lifetimes and beam dynamics when using a full nonlinear
lattice model of the FCC-ee.

II. MODELING OF RADIATIVE BHABHA
SCATTERING IN THE EQUIVALENT PHOTON

APPROXIMATION

The goal of the work presented in this paper is to model
radiative Bhabha scattering in multiturn tracking simula-
tions. In this case, the exact quantum electrodynamical
(QED) computation of the scattering process is numerically
expensive and impractical. Early works of Fermi have
shown that the EM field surrounding a fast moving charged
particle is similar to EM radiation [12]. This radiation field
can be represented by a flux of photons with a frequency
distribution. In case of the collision of two charged
particles, the interaction is mathematically equivalent to
the interaction of one of the particles with a spectrum of
photons equivalent to the other. In the relativistic case, the
EM field of a charged particle is almost transversal to the
direction of its motion and can, therefore, accurately be
substituted by an appropriately chosen equivalent radiation
field of photons. With this, the cross section for radiative
Bhabha scattering in the forward region, with small
scattering angles, can be approximated by that of the e−

or eþ and a photon in a regular Compton scattering event.
In this case, the equivalent photon corresponds to the
exchanged virtual photon between the scattering primaries.
The subsequent emission of bremsstrahlung photons can be
treated in a numerical simulation as an inverse Compton
scattering process [13]. This is called the method of
equivalent photons and was extended for ultrarelativistic

collisions by Weizsäcker and Williams [14,15]. This
approach can be used to model the cross section σBhabha
of radiative Bhabha scattering in a numerical simulation,
assuming small scattering angles, by factorizing it into the
distribution of the equivalent (virtual) photons and the
classical Compton cross section:

dσBhabha ≈ dn × dσC; ð1Þ

where dn is the number density of the virtual photons
representing the equivalent EM field of one primary, and
dσC is the classical Compton scattering cross section. The
equivalent photon approximation essentially alleviates
the need for computing the QED matrix element with
radiative corrections by instead modeling radiative
Bhabha scattering as Compton scattering of a set of
virtual photons, equivalent to one primary, on the oppos-
ing primary. This approach is analogous to the parton
distribution functions employed for quarks and gluons in
proton-proton collisions [16].

A. Spectrum of virtual photons

In collisions of ultrarelativistic charges (v ∼ c), with
small scattering angles the momentum transfer between the
scattering primaries is small, thus it can be assumed that the
virtual photons, which are related to this momentum
transfer, have a low energy Eγ ≪ Ee (soft photons), with
Ee denoting the total energy of the primary particle and Eγ

that of an equivalent virtual photon. Furthermore, it can be
shown that the integration over the final momentum space
of a scattered primary can be written as an integration over
dxdQ2 [17], where x is the virtual photon energy normal-
ized to that of the equivalent primary particle, defined as

x ¼ ℏω
Ee

¼
Eγ

Ee
; ð2Þ

with ω being the virtual photon angular frequency, and Q2

is the squared virtuality of one virtual photon, which is
related to its transverse momentum and the momentum
transfer between the scattering primaries. With this, the
number density spectrum of the virtual photons dn,
introduced in Eq. (1), can be expressed as

dnðx;Q2Þ
dxdQ2

¼ α
2π

1þ ð1 − xÞ2

x
1

Q2
; ð3Þ

with α ¼ 1=137. The virtual photon energy spectrum is
given by integrating Eq. (3) over the interval ½Q2

min; Q
2
max&:

dn
dx

¼
Z

Q2
max

Q2
min

dn
dxdQ2

dQ2 ¼ α
2π

1þ ð1 − xÞ2

x
ln
!
Q2

max

Q2
min

"

≈
α
π
1

x
ln
!
Q2

max

Q2
min

"
¼ 2α

π
1

x
ln
!
1

x

"
; ð4Þ

FIG. 1. Top: Main Feynman diagram of radiative Bhabha
scattering at small scattering angles, with the exchange of a
virtual photon and the emission of a real photon. The symbol γ
indicates a photon, and e' indicate a positron or an electron,
respectively. Bottom: the upper part of the Feynman diagram can
be understood as the Compton scattering of the virtual photon on
the opposing primary. The blob indicates that this process is
described by two Feynman diagrams, each of which is a first
order radiative correction to Bhabha scattering.

PETER KICSINY et al. PHYS. REV. ACCEL. BEAMS 27, 091001 (2024)

091001-2

10.1103/PhysRevAccelBeams.27.091001

https://journals.aps.org/prab/abstract/10.1103/PhysRevAccelBeams.27.091001
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Figure 2: (a) The energy spectrum and (b) the angular distribution of the energy of the different
background types at

p
s = 3 TeV.

those of the coherent pair-production process (Figures 1, 2b, and 3a,b), but with a much smaller
total rate and a softer energy spectrum (Figure 2a). The trident cascade leads to negligible event
rates inside the detector and is therefore not considered further.

2.1.3. Incoherent Pair-Production

In addition to the interaction of particles with the coherent field of the oncoming bunch, particles
can also interact with individual particles of the opposite beam and produce electron-positron
pairs in the collision of two photons. In the Breit–Wheeler process both photons are real, in
the Bethe–Heitler process one of them is virtual and the other real and in the Landau–Lifshitz
process both photons are virtual (cf. Figure 5). The rates of the electrons and positrons created in
these incoherent pair-production processes fall less steeply with increasing polar angle than for
the other pair-production processes (Figure 2). These incoherent electron-positron pairs can be
produced with very low momenta and are therefore strongly deflected by the oncoming bunch. In
GUINEAPIG the minimal particle-energy to write out the incoherent pair particles was required
to be 5 MeV.

Because of the combination of large angle after deflection and transverse momentum the
particles from incoherent pair-production are expected to be the dominant source of background
events in the CLIC vertex and very forward detectors.

2.2. Radiative Bhabha-Events

The radiative Bhabha process is the scattering of electrons with the additional emission of a
photon

e+e� ! e+e��.

8

Table 2: Production rates for the different background particles for
p

s = 3 TeV CLIC: Total
number of produced particles, number produced with polar angles larger than the min-
imal BeamCal acceptance, and number of particles in the acceptance of the vertex de-
tector.

Particles per BX

Background Total q > 10 mrad q > 7.3� and
pT > 20 MeV

Coherent pairs 6 ·108 ⇡ 0 0
Trident pairs 7 ·106 ⇡ 0 0
Incoherent pairs 3 ·105 8 ·104 60
Radiative Bhabha e±/� 1 ·105 3/0 0/0
��! hadrons 102 96 (47 charged) 54 (25 charged)
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Figure 1: Angular distribution of the different background types at
p

s = 3 TeV.

The production process has a very large minimum particle energy (Emin > 10 GeV) [11],
which implies that particles are not significantly deflected by the oncoming beam. The accep-
tance of the detector (q > 10 mrad, Figures 1, 2b and 3a) is chosen such that the coherent pairs
leave the detector through the outgoing beam pipe [12]. As only negligible rates of events in
the detector are expected from coherent pairs, the particles from the coherent pair-production
process are not simulated in the detector for the background studies described in this paper.

2.1.2. Trident Cascade

Similarly to the coherent pair-production process, instead of real photons, virtual photons emit-
ted from one of the beams can also convert to electron-positron pairs (Figure 4b) that are set
onto the mass shell by the strong field of the oncoming beam [13]. The angular distribution and
transverse-momentum spectrum of the particles produced in this trident cascade are similar to

7

CLIC 
s = 3 TeV

LCD-Note-2011-021
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• From the electromagnetic force between the 
two approaching bunches — production of 
hard bremstrahlung photons.

• Electron-positron pair production
• coherent (real photon + incoming bunch field)
• trident (virtual photon + incoming bunch field)
• incoherent (interaction with individual 

particle field)
• Radiative Bhabha — scattering of electrons 

with the emission of a photon. 
  e+e- → e+e-ɣ

• Hadronic interactions — ɣɣ → hadrons.

• Simulation conceptually similar to pile-up.

BACKGROUNDS IN ELECTRON COLLIDERS: LUMINOSITY INDUCED
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https://cds.cern.ch/record/1443516/files/LCD-2011-021.pdf
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• Muons are short-lived particles: 
• 2.2 μs in rest frame → 21 ms at 1 TeV 

• Muon collider application similar to electron-positron one but can go to much 
higher energies — no issues with synchrotron radiation. 
• SR emission dependence ~1/m4 

→ muon collider ~109 smaller rate. 
• 10 TeV muon collider with the size of the LHC 

could be competitive with a 100 TeV hh collider.

MUON COLLIDER

12

291

comment

the beam and hence has a cooling effect. The 
repetitive process (Fig. 3) results in a large 
cooling factor.

To reach an acceptable luminosity  
for a collider, the phase-space volume 

occupied by the initial muon beam needs  
to be reduced rapidly and sufficiently.  
This is expected to be achievable by 
ionization cooling as shown in theoretical 
studies and numerical simulations10,11  

with realistic hardware parameters.  
A complete cooling channel would consist 
of a series of tens of cooling stages, each 
reducing the six-dimensional phase-space 
volume by roughly a factor of two (Fig. 3). 

IP 1

IP 2

µ injector

4 GeV
proton
source

Target, π decay 
and µ bunching 

channel

µ cooling 
channel

Low-energy 
µ acceleration

µ–

µ+

Muon collider
>10 TeV centre-of-mass energy

~10 km circumference

Accelerator ring

Fig. 2 | Schematic layout of a 10-TeV-class muon collider complex. The muon injector systems include the proton driver, a high-power target system with 
a capture solenoid for the pions generated by the proton interactions with the target, a pion decay channel, where muons are collected and subsequently 
bunched together, a muon ionization cooling channel that provides cooling for both positive and negative muon beams by more than five orders of magnitude, 
and a low-energy muon accelerator stage that would deliver beams with energies up to 100 GeV. From the injector, each species of muon beam is transferred 
into a high-energy accelerator complex that can increase the beam energy to the multi-TeV range. Finally, the beams will be injected into a smaller collider 
ring, whose bending and focusing magnets are optimized to reach the best luminosity performance. A 10-TeV-class collider ring is anticipated to support two 
detector interaction regions (IP, interaction point) for the physics programme.

AccelerateSlow Slow Accelerate AccelerateSlow Slow

…into a tight beam
travelling in one 
direction

Proton
bunches

Target
Muon Absorber

Radiofrequency
cavity

The goal is to turn a 
‘cloud’ of muons travelling 
in all directions…

Pion Hydrogen
atom

Muon

Electron
Ionized
hydrogen

Magnet
Magnet

Neutrino

Muon

Fig. 3 | Ionization cooling-channel scheme. Proton bunches are accelerated into a solid target that is made of a dense material such as tungsten. Pions are 
emitted, which are unstable and quickly decay into a muon and a neutrino. Superconducting solenoid magnets steer the charged muons into a cooling channel, 
where the beam is radially focused at lithium hydride absorbers. As the muons pass through the absorber, they lose energy by ionizing hydrogen atoms and 
thus slow down. Magnetic fields guide the muons into radiofrequency cavities, where the lost energy is restored in the longitudinal direction. The muon beams 
pass through several absorption and acceleration stages, leading to a tightly focused muon beam that is ready for injection into the main accelerator.

NATURE PHYSICS | VOL 17 | MARCH 2021 | 289–292 | www.nature.com/naturephysics
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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.

that would produce the same damage. FLUKA provides the capability to score by online convolution
of particle fluences with conversion tables.

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 Fig. 12. It has been
obtained, assuming symmetry between the positive and negative ` beams, by reflecting the values
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• The main background at muon 
detectors are muon decays and the 
products of their interaction. 

• Demanding to simulate 
• Decays can happen everywhere (inside 

or outside experimental cavern). 
• Special shielding nozzles can be used 

to reduce the backgrounds significantly.

BACKGROUND FROM DECAYING MUONS

13

Figure 2. Interaction region. The passive elements, the nozzles and the pipe around the interaction point
are constituted by iron (Fe), borated polyethylene (BCH2), berillium (Be), tungsten (W) and concrete. The
detector outer shape is a 11.28 m long cylinder of 6.3 m radius. The space between the outer shape and the
nozzles is considered as a perfect particle absorber (“blackhole”). The bunker is a 26 m-long cylinder with a
radius of 9 m.

Figure 3. Detailed geometry and material description of the nozzle from [21].

probability; decay products are assigned a weight later used for estimating results, to compensate
for the bias. Decay products are further transported in the geometry, with accurate description
of electromagnetic and hadronic processes. Hadrons (mostly neutrons) are generated through
electronuclear and photonuclear interactions.

The scoring is performed by saving in a dump file tracks exiting the machine, either from the
tungsten nozzle or from any of the IR components. In particular, these quantities are registered:
particle type, energy, momentum, statistical weight, position, time, position of the decaying muon,

– 5 –

Figure 4. Pictorial view of tracks of secondary particles in the IR and in the first magnets around the IR in
case of few muon decays: all particles but neutrons (top frame) and all particles including neutrons (middle
frame). Bottom frame: secondary particle tracks in case of a single muon decay in the proximity of the IP.

Table 3. Number of BIB particles obtained using MARS15 and FLUKA. For each particle type the threshold
energy is also reported. Results for a 2 ⇥ 1012 `� beam, decaying within 25 m from the IP.

Particle (⇢C⌘) MARS15 FLUKA
Photon (100 keV) 8.6 107 5 107

Neutron (1 meV) 7.6 107 1.1 108

Electron/positron (100 keV) 7.5 105 8.5 105

Ch. Hadron (100 keV) 3.1 104 1.7 104

Muon (100 keV) 1.5 103 1 103

geometry, material composition and configuration, due to the di�culties in retrieving in detail such
information. As a matter of fact, a previous comparison [27] performed by the MAP collaboration

– 7 –

10.1088/1748-0221/16/11/P11009

https://iopscience.iop.org/article/10.1088/1748-0221/16/11/P11009
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• Beam backgrounds are very demanding to simulate. 
• A lot of particles/interactions. 
• May happen outside of experimental cavern. 

• Future colliders will bring even more hostile environment. 
• Need to be taken into consideration when designing a future experiment. 

• Shield the detectors as much as possible. 
• Allow low readout thresholds to allow data-driven background estimates. 

• Summarised in a review paper “Detector Simulation Challenges for Future 
Accelerator Experiments”, 10.3389/fphy.2022.913510

SUMMARY & CONCLUSIONS
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https://doi.org/10.3389/fphy.2022.913510
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HL-LHC Simulated Event 
200 pile-up interactions 

88 reconstructed primary vertices
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INCOHERENT PAIR PRODUCTION DIAGRAMS

(a) Breit–Wheeler

(b) Bethe–Heitler (c) Landau–Lifschitz

Figure 5: Incoherent pair production processes [20]. These diagrams are also applicable to the
��! hadron events.
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