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Muon Collider: a promising discovery machine

Big question for particle physics today: which collider to build next?

Several requirements have to be satisfied:

1
Accelerator ring o

. energy reach exceeding that of the LHC by a large factor

- enable Standard Model precision measurements
 have small size — reduced construction cost

» low energy consumption — sustainable operation

'\ Nature Physics 17 289-292
Muon Collider combines advantages of the two types of machines: " e
. - : . : : Muon Collider
high precision of e*e- colliders + high energy reach of pp colliders \ o ¢ HE-LHC
S 100+ @ _®
» like e, u* are elementary particles — creating "clean” collisions f .\\/‘/. . A M
. - = o -hh
- X 200 higher mass = x 109 less synchrotron radiation losses - A LHC I ch
b can fit in a compact ring (27 km circumference for /s = 14 TeV) E D
At /s =2 3 TeV Muon Collider is the most energy efficient machine -------+-- ¢ ---occooo : P
providing rich physics from - collisions and VBF processes e e e

Collider centre-of-mass energy (TeV)
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https://doi.org/10.1038/s41567-020-01130-x

Beam Induced Background: the critical challenge

For the beam density of 2X10'2 muons/bunch — huge number of decays per metre of lattice
e.g. 41x10>at+/s=15TeV

Secondary/tertiary particles interact with the lattice = producing Beam Induced Background (BIB)

BIB intensity and composition depend on: arXiv:2203.07964
- beam parameters (energy, size, rate)
- accelerator layout (magnets, shielding)

Machine-Detector Interface (MDI) is crucial
for absorbing as much of BIB particles as possible

The most studied case uses /s =1.5 TeV design by MAP .
now being iterated with FLUKA simulations P

- tungsten nozzles with BCH cladding
» 10° opening angle (limiting the forward acceptance)

FLUKA simulation neutrons photons electrons [elesiiiiels

b new MDI designs are under development focusing on y/'s = 3 TeV and /s = 10 TeV
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https://accelconf.web.cern.ch/cool2013/papers/moam2ha02.pdf
https://arxiv.org/abs/2203.07964

BIB properties: overview

— neutrons
~|— photons

— electrons

—

o
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BIB Particles

BIB has several characteristic features useful for its suppression

10°

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

1.

uniformly distributed in space — not like signal-like tracks or jets L
b conceptually different from pile-up contributions at the LHC :
2. Significant spread in time (few ns + long tails up to a few us) Gty
pp- collision time spread: 30ps at+/s=15TeV (<20ps at+/s =3 TeV) DY o R
b allows out-of-time hit rejection L N
é’mei Iam — neutrons %’10 = — neutrons
3. Strongly displaced origin alongthebeam & ™= 300 8 F R
crossing detector surface atashallowangle L o o] B[ o

b affects charge distribution + time of flight ok

Dominant contributions in the Tracker: 1ot

» neutrons — radiation damage i

- photons — creating secondary electrons 0 1 e e A
B s v S N N RN

— creating background hits
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Tracking detector: baseline layout

Current Tracker model based on the CLIC design :

without specific technology implementations

Silicon sensors with high spatial and timing resolution
Outer Tracker 50 um X10 mm ©:=60 ps

Inner Tracker S0um X 1Tmm  o:=60 ps

Vertex Detector 50 um X 50 um 0:=30 ps
'—>Guv=5um><5pm
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using stub filtering "
Magnetic field: B=3.57T — optimised for+/s=1.5 TeV 200
b expected to change for higher centre-of-mass energies :
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Tracking detector: BIB environment

At the LHC we are used to backgrounds primarily from pile-up pp collisions
b real tracks pointing at displaced vertices

Event at the CMS experiment
with 78 reconstructed vertices P

At the Muon Collider background tracks are not reconstructable

A cloud of looping tracks ! ——"
from soft electrons: <pt> = 3.5 MeV P i

Creates tremendous combinatorics
for the classical outward track reconstruction
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Fast timing: the potential

Raw hit density in the Vertex Detector is unsustainable

5 up to 5K hits/cm? in a 15 ns time-integration window VXD

acceptance
S Vs=1.5TeV

[ . : Muons from IP: o, = 60ps

Muon Collider

State-of-the-art time resolution enables narrow time windows - Muon
comparable to the time spread of the beam crossing i

0.8

Hits [a.u.]

Muons from IP: o, = 30ps

—— BIB: Inner + Quter Tracker

—— BIB: Vertex Detector

Exact time windows tailored to the sensor's position P
subtracting a photon's time of flight (TOFphoton) from [P

Substantial number of BIB hits arriving earlier than TOFphoton
created by particles exiting from the nozzle close to the sensor

1st 2nd 3rd o5 1 15 2
undetected t - TOF | on [NS]
OIS
O . .
2 A hit from an early BIB particle would
2 threshold make the pixel blind
° L= | s to the potential signal particle
t1 t3 time
—
~1ns
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0 [rad]

VTX Barrel: Layer 2

..r.llu.}[.lll |, L ] o !

Hit density: spatial distribution

Background density varies across the tracker = highest close to the tungsten nozzles (after time filtering)

VTX Endcap: Disk 2 VTX Endcap: Disk 7 0%

2.5

Y [mm]

i ©:16.3°[at 25x25 um2 |

1.5

[

20 40 60 -100 -50 0 50 100 -100
Z [mm] . X [mm] . X [mm]

Pixel pitch needs to be optimised separately for each region

Nazar Bartosik

Finer pitch & more readout channels = more processing
5 more demanding cooling — higher material budget
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BIB origin: spatial distribution

Majority of the hits (up to 90%) created by primary electrons coming from the MDI outer surface

Primary electrons

|7 Secondary electrons

created by interaction of
— primary photons with:

120 I """" 4 :--------------------.------------.------------.-------------- ° MDI materlal

oY .................... ................................... ........................................................ e . o detector material

Primary photons ]

140 } VTX Barrel: Layer O

R [mm]

hits: 100% ¥: 2% e* (prim.): 90% e* (sec.): 6%

hits: 100% v: 33% e* (prim.): 2% e (sec.): 64%

Further away from IP secondary electrons become dominant -

Slight adjustments in MDI design can have great impact
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Sensor technology: granularity + resolution

One Of the candidate teCh nOlOgieS fOI‘ the maiOI' part Of the TI'aCkel' g “ —25x25 um® — 50 x 50 um?
N Resistive Silicon Detectors (RSD) g I — 1005 X 1005 um? — 2050 X 2050 um?
0:t220ps Ouvz4pum  pitch=50 pum §

Unusually high spatial resolution for such a large pitch
provided by charge sharing across multiple pads

5 low occupancy must be ensured to avoid pile-up effects P
50x50 pm pads would be sufficient for most of the VTX

10_1 [ IIIIIIZIIIIIIIZII%IIIZZIIIIIIZIIZII;IIIIIIIZIIIIIIZZI IIIIIIIIIIIZIIIZI:IZIIIIIIIIIIIIIII:IIIIIIIIIIIZIIIZI%IZZIIIIIIZIIIIIII

_______________________________________________________ S R N s AP B
10—2 |||i|||i|||i||| |||i|||i|||i|||
y 0O 2 4 6 8 10 12 14 16
e y £ Layer
| < 4 Effective area used for readout of a
M_MA_W_MWJ single hit is 3x3 pads — 150150 um?
— , ’ » more traditional design required for VTX
Traditional RSD e.g. Trench Isolated LGAD

Total material budget must be kept as low as possible: sensor + readout + cooling + support
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Angular filtering: combinatorics

After reading out so many hits = how do we reconstruct actual tracks?
b BIB tracks are not reconstructable, but combinatorics is huge

Combinatorics can be reduced dramatically by exploiting hit directionality
selecting stubs from double layers pointing towards the interaction point

Hit pairing done in two angular dimensions:

- AB limited by the length of the interaction-region + vertex displacement
oz=10mm at/s=15TeV — 1.5 mm at/s=10 TeV

- A@ limited by the lowest track pr

~1 week/event
~2 days/event — oz =10 mm beamstop
~2 minfevent  — precisely known vertex position

. timing (x30,) + loose doublets

Hit multiplicity
=)

—_
o
>

10 T I e —

Barrel 4 Reduction of combinatorics
has a huge impact on the
event-reconstruction speed

e etk

0 2 4 6 8 10 12 14 16
Vertex Detector Layer ID

Hit pairs

Hit pairs

o VTX Barrel: Layers O-1 /s=15 TeV

B . p.=1.0GeV
~ Muon Collider !
600 Simulation p, =10 GeV
B p_ =100 GeV
5001

400F
300F
200F

100

o

-2 -15 -1 -05 0 0.5 1 1.5 2

10°2

- . IP at (0,0,0)

- Muon Collider

- Simulation IP at Z=10mm
10°
10°

10

A¢ [mrad]

track pr: 1 GeV Vs=1.5 TeV

1—5 0 5 10 15 20 25

A® [mrad]
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Additional handles

Realistic digitisation of pixel sensors to study cluster-based BIB rejection Cluster size

> BIB particles crossing sensors at shallow angles — larger clusters P

x103

Increasing strength of the magnetic field EZZ ffffffffffffffffff e
. low-pr BIB tracks contained in a smaller radius » » .
 enhanced rejection of BIB stubs in A¢ I N e
Further MDI-optimisation using full simulation 9 s S S S S
with realistic digitisation for fast feedback o
- potentially reducing TID and occupancy IR
Adopting ACTS tracking software for faster computational performance 3 oo BB @ LS TEY
. . . . . . 10 ? single u
» targeting full 4D track reconstruction with hit time in the Kalman filter Z.

10°

for early rejection of fake track candidates

10

N

Most of the fake tracks already suppressed using conventional methods » % w\m
- sufficient physics performance, but too slow at the moment // EEH gl

12
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Towards Vs = 3-10 TeV: ongoing studies

Comprehensive experiment designs are being developed for /s = 3TeV and 10 TeV
with optimisation studies of the MDI + detector happenning together

Example: cluster-shape filtering less effective at /s =10 TeV (BIB is more central)
BUT time filtering is more effective (different time structure of BIB hits)

Vs=10 TeV

—
(@]
N

—h
o
w
—
o
'S
[T

> 50F G [ Jt<1i5ns « 1UE | [ Jlt<15ns
S E n 3 TeV 8 B <3 0 5 r <3 o,
5 49 = 1 > [ timing + loose cluster cut 2 B [ timing + loose cluster cut
L?‘_) — 10 TeV c 3l [ ] timing + tight cluster cut 2 3l [ ] timing + tight cluster cut
40— o 10°¢ 2 10°¢
351 * T
30 i 10%E 1022
25 =
- =
20 - 10 = 10 e
151 i‘ - -
10 E / {\\ \K \ \ 1 = \le ________ Barrel: IT ....... Barrel: 1 : VXB a r r eI: IT ..... Barrel:
51 N e i -
= - Time Reso: 30ps 60ps C T
—2 —1 0 1 2 3 4 5 6 -1 _
Vertex sim hit time (ns) 1 la 1b 2a 2b 3a 3b 4a 4b 1 2 3 107" 12 1b 5 3 4 ] 5 3

Layer index Layer index

Expecting further improvement with a dedicated MDI design
b establishing fast feedback loop from the full detector simulation in GEANT4 for MDI studies
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Summary

Extensive simulation studies ongoing for a Muon Collider program at/s=1.5/3 /10 TeV
with a coordinated effort between the machine-detector-interface and detector groups

Tracking Detector is a crucial component for nearly any physics analysis
with the most challenging requirements in the Vertex Detector

Beam Induced Background (BIB) introduces unprecedent hit density
making generic readout and track-reconstruction schemes highly inefficient

State-of-the-art timing resolution combined with fine spatial granularity are necessary
for efficient on-detector BIB rejection

Overall material budget in the Tracker region must be minimised
to limit the production of secondary soft electrons

R&D of many relevant technologies are ongoing under ECFA DRD program
outlined in the dedicated note: arXiv:2203.07224
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https://indico.cern.ch/event/957057/
https://arxiv.org/abs/2203.07224

Backup: detector

Up to now most studies performed on the /s = 1.5 TeV case
for a connection with the previous MAP studies

Realistic Muon Collider designs foresee /s =3 TeV and /s =10 TeV
but no dramatic changes in BIB characteristics are expected

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

Radiation levels do not exceed those at HL-LHC
~1 MRad/year TID + ~10'5/year 1 MeV n. eq. fluence in the tracker

S T

Dedicated publications on physics and detector prepared as part of the Snowmass 21 process:

» Muon Collider Physics Summary | arXiv:2203.07256

. Simulated Detector Performance at the Muon Collider | arXiv:2203.07964

» Promising Technologies and R&D Directions for the Future Muon Collider Detectors | arXiv:2203.07224

-
L=

Technical side of detector simulations for the Muon Collider | Comput.Softw.Big Sci. 5 (2021) 1, 21

Special |INST issue on Muon Accelerators for Particle Physics

Nazar Bartosik
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https://arxiv.org/abs/2203.07256
https://arxiv.org/abs/2203.07964
https://arxiv.org/abs/2203.07224
https://doi.org/10.1007/s41781-021-00067-x
https://iopscience.iop.org/journal/1748-0221/page/extraproc46

Backup: accelerator

Muon Collider accelerator parameters

Parameter Vs=15TeV /s=3TeV +/s=10TeV
Beam momentum [GeV] 750 1500 5000
Beam momentum spread [%] 0.1 0.1 0.1
Bunch intensity 2-10" 2.2-10" 1.8-10"
5;,;(; [cm] 1 0.5 0.15

e n normalised transverse emittance [7 um rad] 25 25 25

e ;, v normalised longitudinal emittance [MeV m] 7.5 7.5 7.5

04,y Deam size [pm] 6 3 0.9

o, beam size [mm] 10 5 1.5

Integrated luminosity targets: 10 ab-'at/s=10 TeV + potentially 1ab-'at/s=3 TeV
with instantaneous luminosity of ~1034- 103> cm-2s-!
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Backup: Vertex Detector layout

100

Y [mm]

Vertex Detector geometry in 3D

50

-100

Angular layout of the VTX layers

R [mm]
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Effect of the stronger
magnetic field on occupancy
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Backup: Magnetic Field effect
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