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Tracking detector: BIB environment

At the  LHC  we are used to backgrounds primarily from pile-up pp collisions


↳	 distinctive tracks pointing at displaced vertices


At the  Muon Collider  background tracks are not reconstructable

Event at the CMS experiment 
with  78 reconstructed vertices   ▶

A cloud of  looping tracks  
from soft electrons: <pT> = 3.5 MeV  ▶

Tremendous combinatorics for the classical outward track reconstruction
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Silicon sensors with high spatial and  timing resolution 

• Outer Tracker 	 50μm ⨉ 1mm 		 σt = 60ps

• Inner Tracker	 	 50μm ⨉ 10mm	 σt = 60ps

• Vertex Detector	 25μm ⨉ 25μm		 σt = 30ps


• double layers with 2mm spacing

• forward disks placed outside of the regions with 

highest BIB flux to minimize occupancy


Radiation hardness comparable to HL-LHC requirements
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Tracking detector: baseline layout
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1-MeV-neq fluence 
~1014-15 cm-2 y-1
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Precise timing enables  very narrow readout time windows  tailored to the sensor position + expected time-of-flight

↳  the easiest way to reject BIB hits on detector  →  lower bandwidth + less combinatorics during track reconstruction
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Requirement 1: Time measurement

1.5− 1− 0.5− 0 0.5 1 1.5 2
 [ns]photon - TOFhitt

0

0.2

0.4

0.6

0.8

1

H
its

 [a
.u

.]

 = 60pstσMuons from IP: 

 = 30pstσMuons from IP: 

BIB:  Inner + Outer Tracker

BIB:  Vertex Detector
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Muon Collider
Simulation

Most critical in the Vertex Detector  (up to 1K hits/cm2)

↳  closest to the interaction point  →  highest hit density  →  biggest impact on combinatorics during track seeding


σt = 30 ps is comparable to the the μ+μ- collision-time uncertainty

↳  even better resolution can still be beneficial for 4D tracking, but can't be used for on-detector hit filtering
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On-detector identification of hits from  shallow-angle tracks  is extremely powerful for BIB suppression

↳  most BIB hits in the Tracker created by electrons crossing sensors at shallow angles


Double-layer arrangement in the Vertex Detector allows to  
select hits in pairs (stubs) aligned with the interaction point
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Requirement 2: Angle measurement 

vertex BIB

loose tight

centre

double 
layer

Tighter angular filtering requires the vertex 
position to be known in advance   ▶

↳	not easily applicable to displaced tracks 
	 but reduces combinatorial background  
	 tremendously (by factor 20-1000) 

Angular sensitivity from single hits might be possible with cluster-shape or pulse-shape analysis

↳  can be applied on detector  →  reduced bandwidth 

for σz = 10mm 
beamspot

will be smaller 
at √s = 10 TeV 
↳ σz = 1.5 mm

~1 week/event

~2 days/event

~2 min/event
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Tracking detector must combine three crucial parameters:

• high time resolution      →  	 to apply time-based hit filtering by on-detector electronics  

	 	 	 	 	 	 	 	 	 	 + 4D tracking to reduce combinatorics

• high spatial resolution  →		 to enable angle-based hit filtering before track reconstruction

• low material budget    →  		 to offset extra material from advanced on-detector electronics + cooling


Currently state-of-the-art Silicon sensors can provide time resolutions of up to ~20ps:


• 3D trenched sensors:  σt ~ 20ps    σx ~ 10μm    d ~ 300μm

• high material budget, early stage technology


• UFSD:  σt ~ 30ps    σx ~ 30μm    d ~ 50μm

• low fill factor, limited spatial resolution (pixel size ≥ 50⨉50 μm2)


• RSD:  σt ~ 20ps    σx ~ 4μm    d ~ 50μm

• low material budget, high time and spatial resolution, low channel count

• high spatial resolution provided by charge sharing across multiple pads

↳  	 low occupancy must be ensured to avoid pile-up effects  ▶ 
	 	 50⨉50 μm pads would be sufficient for most of the VTX
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Candidate technologies

1%
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Backup: Occupancy uniformity

VXD Barrel: Layer 0 VXD Endcap: Disk 2Vertex Detector occupancy is rather uniform  
within Barrel layers, but not in the Endcap disks

↳  occupancy increases at smaller radii
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Backup: Accelerator information

Muon Collider will operate at ~100 KHz bunch-crossing rate 
leaving plenty of time for data-processing  (10μs)

Radiation levels do not exceed those at HL-LHC  ▶

Muon Collider accelerator parameters
Table 1: Muon collider parameters, assuming accelerator complexes operating at

p
s = 1.5, 3 and

10 TeV.

Parameter
p
s = 1.5 TeV

p
s = 3 TeV

p
s = 10 TeV

Beam momentum [GeV] 750 1500 5000
Beam momentum spread [%] 0.1 0.1 0.1
Bunch intensity 2 · 1012 2.2 · 1012 1.8 · 1012

�⇤
x,y [cm] 1 0.5 0.15

✏TN normalised transverse emittance [⇡ µm rad] 25 25 25
✏LN normalised longitudinal emittance [MeV m] 7.5 7.5 7.5
�x,y beam size [µm] 6 3 0.9
�z beam size [mm] 10 5 1.5

2.1 Detector layout
The design of a dedicated experiment is still in its infancy, but some general considerations already hold
true. Given the breadth of the expected physics programme, a hermetic detector with angular coverage
as close as possible to 4⇡ is required. The detector will be based on a cylindrical layout and will include
an inner tracking detector immersed in a magnetic field, a set of calorimeter systems designed to fully
contain the products of the muon collisions, and an external muon spectrometer. The most recent detector
model is based on the CLICdet concept [57–60] with relevant modifications to the tracker topology,
introduced to mitigate the impact of the BIB: two double–cone shielding absorbers made of tungsten
with a borated polyethylene (BCH2) coating, are located inside the detector in the forward regions1

along the beam axis at ✓ < 10
� in the 6 to 600 cm region from the IP. The innermost system consists

of a full-silicon tracking detector. The tracking detector is surrounded by a calorimeter system formed
by an electromagnetic calorimeter (ECAL) and a hadronic calorimeter (HCAL), and is immersed in a
magnetic field of 3.57 T provided by a solenoid with an inner bore of 3.5 m. Finally, the outermost part
of the detector consists of a magnet yoke designed to contain the return flux of the magnetic field and is
instrumented with muon chambers. The full detector is shown in Figure 2.

2.2 Radiation levels
The simulation of the BIB distributions and rates is a crucial element to quantify the requirements on the
detector components. A preliminary estimate from FLUKA simulations of the

p
s = 1.5 TeV conditions,

and that does not include the contribution from the muon collisions, was recently released in Ref. [53].
The simulation employed a simplified detector geometry: all the silicon layers composing the inner
tracker were included with exact dimensions. The calorimeters, magnetic coils, and the return yoke were
approximated with cylindrical elements with densities and material composition based on the averages
from the full geometry. The magnetic fields were assumed to be uniform.

Figures 3 and 4 show respectively the expected 1 MeV neutron equivalent fluence (1-MeV-neq)
and the total ionizing dose (TID) in the detector region, shown as a function of the beam axis z and the
radial distance r from the beam axis. The normalization for the dose maps is computed considering a
2.5 km circumference ring and an injection frequency of 5 Hz. Assuming 200 days of operation during a
year, the 1-MeV-neq fluence is expected to be ⇠ 10

14�15 cm�2y�1 in the region of the tracking detector
and of ⇠ 10

14 cm�2y�1 in the electromagnetic calorimeter, with a steeply decreasing radial dependence
beyond it. The total ionizing dose is ⇠ 10

�3 Grad/y on the tracking system and ⇠ 10
�4 Grad/y on the

electromagnetic calorimeter.

1A right-handed coordinate system with its origin at the nominal interaction point in the centre of the detector is used.
Cylindrical coordinates (r,�) are used in the transverse plane, � being the azimuthal angle around the z-axis and ✓ the polar
angle with respect to the z-axis.
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Integrated luminosity targets:   10 ab-1 at √s = 10 TeV   +  potentially 1 ab-1 at √s = 3 TeV 
with instantaneous luminosity of ~1034 - 1035 cm−2 s−1 
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Backup: BIB properties

BIB has several  characteristic features   to be exploited in the detector design


1. Predominantly very soft particles  (~10 MeV) except for neutrons

fairly uniform spatial distribution   →   no isolated signal-like energy deposits 
↳  conceptually different from pile-up contributions at the LHC


2. Significant spread in time  (few ns  +  long tails up to a few µs)

µ+µ- collision time spread:  30ps at √s = 1.5 TeV   |  ≤20ps at √s = 3 TeV 
↳  strong handle on the BIB   →   requires state-of-the-art timing detectors


3. Strongly displaced origin along the beam

crossing detector surface at a shallow angle 
↳  affects charge distribution + time of flight

1

23dZ = 15cm 


