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@ Introduction: Muon Collide <R
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« The Muon Collider is the dream facility for particle 8

physics: it is both a precision and a discovery machine %
- In fact it puts together the advantages of electron-

positron and hadron colliders: pHy-
- muons are elementary particles, all beam energy MC 33 TeV

available, clean events

* muon mass is 200 times the mass of the electron, small
radiation losses

eve
* The International Muon Collider Collaboration has v,
proposed a first stage at Vs = 3 TeV to be built by the 2045 i /
n W~ T=22pus

- Second stage at Vs =10 TeV check talk by K. Skoufaris

Muons are unstable and decay!! =9 technological challenge
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;4@ Beam-induced background (BIB) ¢
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- The major challenge for the detector development is posed by the Beam- Interaction region optimized for Vs = 1.5 TeV
Induced Background (BIB)

https://arxiv.org/abs/2105.
* It is produced by the decay in flight of muons in the beams, and

subsequent interactions (around 3-1013 decays/s/beam at Vs = 1.5 TeV)
+ All kind of particles are produced: photons, electrons, neutrons etc.

* The BIB is mitigated by the Machine Detector Interface (e.g. two
tungsten nozzles are inserted) | Detector

 Even in this way O(100M) particles per bunch crossing arrive at the
detector
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BIB particles have low energies: we can

BIB characterization

Many BIB particles are out of time with respect to
the bunch crossing: timing measurements are

reject them by applying thresholds
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We have studied the
Vs =1.5 TeV BIB
because it was the
first optimized MDI
design available

New studies on 3 TeV
BIB on-going

|

More info in the talk
“Machine-Detector interface
for multi-TeV Muon Collider”

by D. Lucchesi
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N Flrst detector concept
.' * Initially based on CLIC detector
Designed for suppressing the 1.5 TeV. BIB

| Used also for 3 TeV studies with full simulation

Tracking system with silicon sensors

Electromagnetic calorimeter
40 layers of tungsten+silicon pads

--------

. Hadronic calorimeter
60 layers of
steel absorber + plastic scintillating tiles

Superconducting solenoid (3.57 T)

Muon system
Resistive Plate Chambers (RPC) interleaved in
the magnets’s iron yoke

https://doi.org/10.48550/arXiv.2303.08533
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)4@ Detector performance <R
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Tracks and photons performance with and w/o BIB

- Reconstruction algorithm are tuned to suppress the BIB T R T T
g I

7} FooF 4

S 0.8 —

« The presence of the BIB degrades the performance 5 [ ]

2 osf-1 .

. . 8 [ Muon Collid ]

- Detectors and reconstruction algorithms are not yet £ F Simulation :
8 04

. & oA — 7

fully optimized N BetisTevorerlsy ]

0.2__ ]

- However physics is already possible with this configuration, ]

check other EPS-HEP 2023 talks: B2 e e w7 g B

.g 0'14 :.-_ ' '[ ‘ T TR T T .[v _:

- “Higgs physics prospects at Muon Collider with a 2 oub =+~ wio BIB overlay B

detailed detector simulation” by M. Casarsa ";% F = W 1,516V BIB oveiiay. ]

5 0.1— ]

- “Detecting disappearing tracks and other exotica at a :c; 0.081- Muon Collider -

Muon Collider” by F. Meloni £ 0osfs Simuation . =

0.045— o —E

+ “New physics and hidden sectors at Muon Collider” F .- .

. . 0,02+ g gg : ; s —

by C. Aimé . AR
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& Radiation environment <R

1-MeV-neq fluence for one year of operation (200 days) at 1.5 TeV  Total lonizing Dose for one year of operation (200 days) at 1.5 TeV
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}4® Tracking R&D <5

Istituto Nazionale di Fisica Nucleare
/ Collaboration

Baseline tracking geometry Key features BIB —__ large & SIGNAL
A 7 - Timing: to suppress out- R
wol S S P of-time BIB hits 74 ~
i) i / /I /// I ) a v 4 beamspot
== M’i/crng/trigg’/ | / | - Directional information: _
£ ao0 f——f—r——| .~ BIB does not come from _BIB suppression at 1.5 TeV
8 A the interaction point € [ Allhits [{< 15 ns]
600 " e — s B +t<90ps
il 7l A AT b J u{ N £ [ + stub filter
lMa -Pxels | ___{-- - Energy depositions: 2
" “',/,A:’j’—{-/d‘oﬁble-laznyer stack of pixels pqlse_shape analysis for .
0 500 1000 o 1500 2000 2500 re]eCUng Soft Component §
Higher occupancies than LHC detectors are expected 0N
but 100 kHz crossing rate (MuC with single bunch) vs 40 MHz (LHC) 5
1E i
Detector Hit Density [mm™—?2] §
Reference MCD | ATLAS ITk | ALICE ITS3 N Endcap
-1 1 i i 1 l 1 l 1
Pixel Layer 0 | 3.68 0.643 0.85 Yoz e e 8 10 12 14 16
Pixel Layer 1 | 0.51 0.022 0.51 il
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= Tracking R&D <R
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| Vertex Detector | Inner Tracker | Outer Tracker

Cell type pixels macropixels microstrips \ \ . .

Cell Size 25pum X 25um | S0pm X Imm | 50 pm X 10 mm Smergy with timing sensors
Sensor Thickness 50 pm 100 um 100 pm development for H L-LHC
Time Resolution 30 ps 60 ps 60 ps

Spatial Resolution Sum X 5pum Tum X 90pum | 7pm X 90 um

Promising technologies

AC-pads
LOW DOSE N-TYPE IMPLANT (b) _m ‘
o e ITE
DEPLETED ZONE n
Epitaxial layer — p-
|PEPmTAGALLAYER = ;= substrate — p**
Monolithic devices (CMOS): Low Gain Avalanche Detectors (LGAD): Hybrid small pixel devices:
Good timing and spacial resolution, but Large and fast signal (20-30 ps resolution), No gain but fast timing (20-30 ps resolution)
radiation hardness to be improved moderate radiation hardness and good position resolution. Intrinsically

radiation hard
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2 Calorimeter R&D <R
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* Flux of 300 particles per cm2
through the ECAL surface

* 96% photons and 4% neutrons

* Average photon energy 1.7 MeV

Vs = 3 TeV p+p- collisions, Vs = 1.5 TeV BIB overlay
B R T o e

BIB hits in the calorimeters

—— Signal jets

s BIB

No time resolution effects

Fraction of ECAL hits
o
Y
o

Muon Collider
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Key features Simulation
+ Timing: BIB hits are out-of-time a / oELe A i~ NI
resolution in the order of 100 ps is o " Normalised hit time [ns]
desiderable

 Longitudinal segmentation:
different profile for signal and BIB

Vs = 3 TeV p+*p- collisions, Vs = 1.5 TeV BIB overlay
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T T
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T — Signal jets ]
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Eotf 3 . . : bt ——BIB E

£ S N S ] + Granularity: helps in separating 5 F :

go," = RN i BIB particles from signal, avoiding 2 Muon Collider -

107 E = . © .03 -
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2 Calorimeter R&D - ECAL <R
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ECAL performance in Muon Collider environment
+ Crilin: A CRystal calorimeter with Longitudinal (1.5 TeV) determined from full simulation

InformatioN for a future Muon Collider = 5 ' ‘ ' E

A N E

* Module formed by 5 layers of PbF2crystals (10 x 10 x 40 mm3), t\‘; F s 4
Cerenkov light detected with SiPMs ) —+— CRILIN- 1.05 rad 3 AE ~ 14 %

3 1 E  /E[GeV]

+ Prototype module built and tested at Laboratori Nazionali di 3E =

Frascati oF 3

+ Time measurement resolution better than 100 ps ]_ § 0 Srvewis a6 %9 &P o3 _
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Ei... [GeV]

+ It costs 10 time less than the baseline tungsten-silicon
calorimeter Characterization of modules
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Calorimeter R&D - HCAL (NN

« 7.5 kHz/cm2 photon flux is expected at the HCAL surface

- Total ionizing dose 105> GRad per year in HCAL

« HCAL based on Micro Pattern Gas Detectors (MPGDs)
under investigation: high rate capability (MHz/cm2), modest
time resolution (few ns) and robust against radiation

« Design studied with stand-alone Geant4 simulation

1-40GeV

Iron

Fraction of deposited energy

https://doi.org/10.1016/j.nima.2022.167731

1 x1cm2cells

Filled with argon (30 eV average ionization potential)

Istituto Nazionale di Fisica Nucleare
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90% of pion energy
contained in 14 A
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~Y

E  \/E[GeV]

Results to be
validated at
dedicated (on-going)
test beams with
prototypes

0.1097 £ 0.00396 AE 50 %
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)4@ Muon System R&D <R
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Technology comparison: probability for a BIB particle to

* In the Muon System BIB hits are concentrated in the generate a visible signal in the detector (simulation)
> E
endcaps g f T
g /z
- Some technologies like RPCs are already at the rate limit a7 *
s
« Requirements: good spacial resolution (100 um) possibly § 107
sub-ns time resolution g TR
NIM A Volume 1046, 11 January 2023, 167800 10“‘; —~ RPC
Neutron flux in the muon system with 1.5 TeV BIB i ; ERP:
105L == PicoSec
SRS Bl cvod ooond vovd 3o voomd ool 3l
5 - 10" 1 10 12 10°  10*  10°  10°
§ i Energy [MeV]
= 10 . . . . .
X PicoSec MICROMEGAS detector is a valid option: time
't 0k resolution better than 25 ps, very high rate capability
% ; Particle
2 10 Test beams for the
& o Cherenkov | characterization are
0L [+ ecocor Racketor on-goin
E —10°< 0<12° Photocathode  8-30nm - e Cathode g g
e[ Drift 100300 ym ‘ E'F“""N Mesh
; __zi ::< 45° Ampiification  Sotsopm " ° Tttt CC” ) i 4 Fne.lc(.‘ szund (:::dh:icromegas)
10";1111 1 1 xilLlLl 1 1 lllltli 1 1 1

10 102 10° , Preamplifier + DAQ il
Energy [MeV]
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;@ Towards a10 TeV detector RN
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At 10 TeV we have to measure signals from Tracker optimization, several handles:
Higgs decays (~100 GeV pr) but also search for « Maximum distance from beam axis (Rmax)
high-mass new particle decays (up to 5 TeV pr) « Magnetic field (B)
un — Hvv — bbvv * Minimum distance from beam axis (for impact parameter resolution)
3 F =1 V at 8, = 90° = V at 6, = 90°
< °°°F: 1%?:‘/, f-\‘_ 0.005 ¥ pp' e la 9, il T A 5 T 0.12 FT 'pul '50'00 G'e la 'e' '9(') P =
E - uon p= eV 0= E = Muon p= GeV 6=n/2
007EL &;0.0045 E. ’J_._pelg?ngV 0=n/2 5 (\3;_ 0.11 = _’_Psf:?;T R/ E
006~ o E —— B=40T E & Sk —— B=40T 3
i E g 0.004F 3-TeV-tracker Sy i 3 < -HE 3-TeV tracker w Be45T E
WE generator-level b quarks © 00035 RN = - 0'092_ gt 3
e 0.003F , = e D E
002 - \\\ 3 0.07 . E
: 0.0025 - i 5 0.06 L =
) - ; . 1 0.002F- e 0.05 -\\\\\\_
' ” m m . Frioon 0.0015F- = 0.04 =
= Z'X - qq/tt X 000 6™ 500 100 1700 003 200 1500 1600 o
Z - jj R, ax [mm] R oy [mm]
Z->1'T

My = 5 TeV + The working point should be decided with physics requirements

generator-level
leptons and jets

+ The magnetic field is limited by technological issues: a discussion
with experts is necessary!

et S PR B |

2500 3000
P; leptons/jets [GeV]
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+ TeV photons are not fully contained in ECAL

+ Detector dimensions limited by machine magnets

* Need to explore other solutions

5 TeV photon

Towards a10 TeV detector

INFN

Istituto Nazionale di Fisica Nucleare

= . M. Aleksa et al., arXiv:1912.02.09962v1
RIS ciolatoredontatnerindutale ot - m e s A
+ H
= 5
g 95+------- R - o e T
g ®100 MeV
£ : ® 1GeV
% %0 . =R * o 10 Geev
= 0100 GeV
03) 85. E e m O 4+ ¢ + 1TeV
2 ! ¢ 10 TeV
7]
80 >
0 10 30 40

20 i
Depth (Xo)
! 3 TeV ECAL depth

Another desideratum is the possibility to detect forward muons from
ZZ-fusion processes

M. Forslund, Muon Collider Workshop at FNAL, Dec. 15, 2022
' ' 3TeV : ; |

0.05-
0.04iE .
; It is necessary to
| 003 instrument the

beam line, studies
on-going




2 Conclusion <E
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* The Muon Collider environment is different from other known machines: the decay in
flight of muons produces the beam-induced background

* Detectors should meet specific requirements, from radiation hardness to excellent timing
resolution

- Starting from a detector concept designed for suppressing BIB at 1.5 TeV collisions, several
R&D activities are on-going to improve the general performance

* The design of the 10 TeV detector is challenging, original and ground-breaking solutions
should be explored

- Participation to the European Strategy and Snowmass process, integration in the ECFA
Detector R&D roadmap. MuCol project funded by the EU. Small group of people, more
personpower needed!
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