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1.Introduction to the Muon Collider
 Requirement for Muon timing in Muon collider

2. Test Beam results
e Photoelectrons measurement
« Timing measurements

3.Rate capability (preliminary results)
4.Eco-friendly gas (preliminary results)
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International Design Study facility @

* Focus on two energy ranges: Proton driver production as baseline s
Co

3 TeV technology ready for construction in 10-20 years
10+ TeV with more advanced technology

Beam induced
background on
detector volume F

UON Collider
Ilaboration

* Simulations available for

\s=1.5TeV Drives beam quality: I"
)
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o ; ; challenging design and components
Production ongoing for RO [P
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4 GeV Target, x Decay pCooling  Low Energy -@
i Proton & pBunching Channel  pAcceleration Dense neutrino flux
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= mitigation and site

Cost and power consumption drivers, limit energy reach
e.g. 30 km accelerator for 10/14 TeV, 10/14 km collider ring
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Design phase of the Muon Collider
Detector

For the muon endcaps, a Muon tracking
and timing station based on

Picosec+MPGD has been proposed

Shielding from Beam Induced background
(from decaying muons) limits the
coverage in eta (6>8°, n<2.7 available)

hadronic calorimeter

¥ 60 layers of 19-mm steel
absorber + plastic
scintillating tiles;

¥ 30x30 mm’ cell size;
» T5A,

¥+ 40 layers of 1.9-mm W
absorber + silicon pad
Sensors;

¥ 5x5 mm? cell granularity;
v 22X+ 1A,

muon detectors

¥ T7-barrel, 6-endcap RPC
layers interleaved in the
magnet's iron yoke;

¢ 30x30 mm? cell size.

Muon Collider Detector

superconducting solenoid (3.57T)
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tracking system

+ Vertex Detector:

* double-sensor layers
(4 barrel cylinders and
4+4 endcap disks);

« 25x25 pm?® pixel Si
Sensors.

¥ Inner Tracker:
* 3 barrel layers and
7+7 endcap disks;
« 50 Jdm x 1 mm macro-
pixel Si sensors.

# Outer Tracker:
* 3 barrel layers and
4+4 endcap disks;
* 50 pm x 10 mm micro-
strip Si sensors.

shielding nozzles

# Tungsten cones + borated
polyethylene cladding.
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Out-to-In muon tracking approach currently under study
Resolve muon in the muon system to close the track in the tracker system
reducing the combinatory background

Time resolution ~100ps

Time seed
Picosec

Operation in a
heavily ionising
particle environment

Tracking

wep  Rate capability (Vs=1.5TeV):
e 60 kHz/cm? 8°<08<12° Endcap — not in scale

e 2 kHz/cm2 6>12°
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Gas Mixture: [

: 1. Look at Cherenkov, not the ionisation
Ne/ C2H6/ CF, Particle Photo-electrons created promptly with the
80/10/10 MIP passage
Cherenkov e, 3mm 2. Remove the ‘drift’ gap and start the
Radiator avalanche as soon as possible
Cathode Avalanche propagate faster

Photocathode cCsi18nm

E—Field‘[

Drift 200um Mesh 18um wire
Amplification 128um ¢ FieldA (Bulk Micromegas)
Anode

Cherenkov
radiator

Preamplifier + DAQ

Cherenkov radiator MgF2:
« Optimal UV transparency, high cost, no technology for large

windows, fragile %7
Photocathode Csl:
« Best UV QE, radiation damage, Hygroscopic Photo <:>
Gas Ne/C2HG6/CF4: cathode
» High quenching, high-cost, non-eco-friendly
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Beam

200 pm thick
Kapton spacer

N ssmlisme s o

Bulk
Micromegas

3 mm thick |
MgF, crystal

18 nm thick
Csl layer

Test Beam Setup
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Test beam, 190ct-1Nov 2022
» Profited of the RD51 GEM-based tracker
« Participated to full RD51 R&D campaign
* First beam time with a dedicated detector for
muon collider R&D

Single-channel:

« Test the detector operation on the beam

* Measure different radiator+photocathode
combination yield (photoelectrons/MIP) and
compare

« Measure time resolutions with different
radiator+photocathode combination

« Comparison between non-resistive MM
(amplification 150um) and resistive MM
(amplification 128um)
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Charge amplifier
Input from —

detector

Waveform saved for
5 processing

Amplifier

» Charge spectrum with UV LED - single photoelectron spectrum

« Charge spectrum with beam - photoelectrons from beam spectrum -0or-

« Geometrical cut essential to select only fully contained Cherenkov cones Just the amplitude %2 in peak
—0.014— Max peak

. | Mean:1'1951399-02 L. \Pleﬂlw(\ PN IR | NI
Mean: 1.528977e-02 Error: 9.593173e-05 0 0.2 0.4 0.6

Error: 9.715279e-05 CHI2/NDF: 2.372761e+00
CHI2/NDF: 1.204919¢+00

-0.01

Polya function (negative binomial)
Describe well the gain fluctuation when
the primary charges are low

Single PE

Multi PEs IIIIIM (1 + Q)H'Q rf (10
PO =Ty s ¢

111 | | ‘ 1 111 ‘ L1 1| | | | | | I8N L
40 50 60 10 20 30 40 50 60 70
Amplitudes (-V) Amplitudes (-V)
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The ratio among the mean amplitudes
gives the average number of
photoelectrons per incoming muon.

* We don'’t know precisely the amount of
= MgF2+4Cr aging of l:t)he_CsI phr?toco:l?tsze r:n |
= MgF2+aged Cs| orange, _ut it was handle |n_t e air
= MgF2+Csl new multiple times (collected humidity
MgF2+B4C6nm damage). Csl is prone to degradation
m MgF2+B4C 14nm If exposed to humidity and heavy ion
m Quartz+Csl bombardment
Quartz is not a good radiator. Its yield
Is an order of magnitude lower than
. ' . MgF2. May create some inefficiencies
B4C is very promising (12nm
|} ! demonstrated the best performance

https://indico.cern.ch/event/1219224/contributions/5130512/attachments/2565710/44232
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22/Marta Lisowska - PICOSEC Micromegas - MPGD2022.Ddf) . Moreover
IS resistive (spark protection) and easy
to handle.

MgF2 radiator Quartz radiator



https://indico.cern.ch/event/1219224/contributions/5130512/attachments/2565710/4423222/Marta%20Lisowska%20-%20PICOSEC%20Micromegas%20-%20MPGD2022.pdf
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cividec

Broadband Dlamond Amplifier
o

2QHz /4008

—— ' _ o2 Slow ion tail
Current amplifier AR AR I | \
To preserve the L Fast electron peak
rising edge!

Voltage, V

100 150 200 250
Time, ns

Logistic function fit on Picosec signal
- CFD on fit = Signal Arrival Time | Gouss i | |

Logistic function fit on MCP signal = 219ps 4 0075 o
—> CFD on fit = Signal Arrival Time | hist = 247 P

At between the SATs gives the time resolution!

T
I RAW hist

The geometrical cut on the fully contained
cones is fundamental also in timing.

|\I\‘II\‘I\I‘\II‘\\\l\\llll\‘l)(1079
32 34 36 38 40 42 44 46 . 6.1 6.15

Time(s) Time difference, ns
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m Aged Csl D=240um
® B4AC 14nm D=150um
A new Csl D=150um
B4C 6nm D=150um
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« The timing performance reflects 3.10 3.20 3.30 3.40 3.50
the number of PEsS/MIP e £
» All the combinations may be Drift field (V/um)
suitable for Muon Collider & Quartz Csl 150um NEW MM
2.30 2.80 3.30 3.80 application (<100ps)

[ | Csl D=150 NEW MM
Drift field (V/um) new s am
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M ignal Ampli % Hzem® i . .
ean signal Amplitude (V) vs rate (Hzem'™) Irradiation with UV LED to generate single-photoelectrons

signals

» Csl photocathode

« Counts signals and measures the average amplitudes
 Drift field: 3.13 V/um

Detector performance stays stable up to 2MHz/cm? for single-
photoelectron

« One can roughly scale a factor of 10 for Muons

« We can go higher with the rate, but we have to fight against
Amplification field: Csl degradation  Volagevstme

2V/um

1.9V/um
1.8 V/um
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<Example of an
: amplitude
A : spectrum

4 4 A
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of acquisition -
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LED irradiation = single Photoelectrons signals

Gas: Ar/CO2 93/7

Drift: 150um, Amplification: 150um

Drift: 380V, Amplification 480V (max voltages achievable
with such mixture)

Many of the signals do not present the expected electron-

peak/ion-tail ratio

« Multiple signals on the same rising edge

* Probably caused by some feedback process because of
the low quenching gas?

« Any suggestion on that is very welcomed ©

QT
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Muon Collider requirement

 ~100ps time resolution

« 60kHz/cm? rate capability

« Spark and radiation hard detector

« Scalable technology up to ~m?2 (baseline option is to tile a large surface with small detectors)

Test Beam results
All configurations satisfied the ~100ps time resolution
Quartz+Csl and MgF2+Chromium may lead to inefficiencies because of the low number of photoelectrons

Csl is the best photocathode but can be easily damaged by ion bombardment and humidity
B4C is a very promising candidate (resistive and easy to handle)
* Not suitable for Muon Collider because of neutrons, but DLC should have a similar performance

Rate capability
« Detector response to single photoelectrons stable up to 2MHz/cm?
« Operational limit will be tested soon!

Eco-friendly gas
« Ar/CO2 (93/7) seems to have a too-small quenching factor for good performance in a single photoelectron case
* New gases will be tested in Pavia (Ne, Ar, C2H6, C4H10, R1234z¢...)

DRDL1 transition:
» Pavia group is the ‘watcher’ in the Muon Collider Collaboration for the new DRD1
« Expression of interest in RPC, straw tubes and MPGDs (Picosec but not only)
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2025

HL-LHC |

Construction Operation

LBNF/DUNE | > _

MuColl ' A >

Pre-CDR Stage ; Demo/TDR Stage Construction

Future Collider Decision Tree 1

US/Eur '

ope FCC Y

engage feasibility B
inILC

AND FCC proceeds at CERN

US pursues MuColl
N

: Down-
ILC in , select OR  Linear Collider at CERN/MuColl in US
US/Europe, : R Higgs

. fE;;l ‘ 5 Factory Linear Collider in US/ MuColl at CERN
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Muon Collider 1.5 TeV - Neutron Hit Rate vs @ ) ,
Muon Collider 1.5 TeV - Photon Hit Rate vs 6
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BIB particles flux [Hz,.’cmz] in different regions (bunch crossing time 10 ps):

Particle Endcap Endcap Endcap Barrel

-+ Triple GEM & Triple GEM \, (8>12°)  (8° <8 <12°) (6 < &)
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Photon Hit Rate (Hz/cm?)

neutrons 1.2-10° 5.10% 1.2+ 10° 1.4-10°

protons 16 3-107 2.4-10%

photons 1-10% 7.2.10°

e+ e- 3.3 107 5. 10°
Background interaction with the detector was simulated in Geant4 . 37.102 12.10%
Convoluted with the response of different gaseous detector
technologies (hit when a charged particle is found in the drift gap)
Simulated Picosec: 3mm MgF2 radiator, 18nm Csl photocathode, Total = 60 kiz/cm® | = 2 MHz/cm® | = 200 Hz/cm®
200um drift gap
Picosec can potentially operate in high-rate environments and

give timing information with higher precision wrt other

pions, kaons 70 1.10°
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BIB Energy distribution - Entire Endcap

p(E) X BX™1

~& neutrons f(E) =
A

- photons

where

%electrons
* p(E) =number of particles of a given type and energy
reaching the muon system in a BX

e BX™!=numberof BX/s (10°)

protons

A =considered area

This plot shows the flux on the entire endcap — not to be used to
evaluate the actual fluxes on the detectors — but it gives us an
overview of particle types and energy ranges.

1 10 10°
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BIB Energy distribution - Neutrons vs 6

We have divided the endcap region in six sub-regions
based on & (or r):

In the inner regions, the neutron flux is almost 3 orders
of magnitude higher than in the outer regions

The energy goes from few MeV up to 2.5 GeV =2 is
there any cut on the lower energies?

—— 0 < g°

The highest fluxes are for energies below 100 MeV

—— 8% = g =10°

el V- B

=== 12% <« 0 < 25%

25% < @ = 45°

| L 1 111 | |
10°
Energy [MeV]
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Detector Space Time resolution Rate capablity Longevity Cost Reference
resolution (CHF/cmZ)

MRPE ALIEE ~3cm* ~60ps™ 500Hz/cm2** No issue after T

1806.03825.pdf

ToF 20 years operation** oo

HELDAas ~1mm” ~30ps 2.5x1015n,,/cm? e
HGTD —->=70ps end of life

LGAD CMS ~1mm* ~30-40ps ' 1.5x10%5n,,/cm? oo Prases
MTD endcap —->50-60ps end of life

Picosec =1cm* z24ps Tested on =50kHz/cm? =70
laser beam and

10x10cm? ~100Hz/cm? muon beam Cost of one

prototype NO LIMIT REACHED 100cm?
prototype

ATLAS-TDR-020.pdf

Micromegas ~ >15kHz/cm? >230mC/cm? ~1 7 leemen)
» pdf (iop.org)

ATLAS NSW required . 47d84fb8700bff

3c5787574218f

=1MHz/cm? max 1
(inspirehep.net)

_ _ *estimated from pad size
Picosec potential: **from real operation
« High rate capability wrt MRPC

e Low costwrtto LGAD



https://cds.cern.ch/record/430132/files/alice_toftdr.pdf
https://arxiv.org/pdf/1806.03825.pdf
https://cds.cern.ch/record/2719855/files/ATLAS-TDR-031.pdf
https://cds.cern.ch/record/2667167/files/CMS-TDR-020.pdf
https://cds.cern.ch/record/1552862/files/ATLAS-TDR-020.pdf
https://iopscience.iop.org/article/10.1088/1748-0221/9/01/C01017/pdf
https://inspirehep.net/files/47d84fb8700bff3c5787574218f71972
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Cherenkov
radiator

Photo
cathode

<

Istituto Nazionale di Fisica Nucleare

Broken MgF, crystal

Cherenkov radiator — Baseline MgF,

High UV transparency (>120nm)

Fragile

High cost (12€/cm?)

No technology for large areas (100cm? max)

Quartz (5€/cm?2, >180um)

Sapphire (6€/cm?, hard, large area, >170um)

other F-based crystals have to be studied!




il R&D Plan: Photocathode

Micromegas
. Damaged
Csl

Cherenkov

radiator Photoelectrons generated per MIP
(p.e./MIP) with 3mm MgF, radiator

Photocathode — Baseline Csl
High quantum efficiency to UV (=10p.e./MIP)
Easy to coat by Chemical Vapour Deposition
Hygroscopic (sealed operation, dry gas)
Damage by ion bombardment

Photo Metallic (Al, Cr, Au...) > easy to coat, non-
cathode resistive (pro and cons), lower QE (1-2 p.e./MIP)
Carbon-based (DLC, B4C) - dedicated
sputtering machine, resistive (pro and cons),
lower QE (factor 3-4 p.e./MIP)
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as Mixture— Baseline Ne/C,H/CF,
High gain and discharge quenching (up to 2-3x10°)
High drift velocity (>5 cm/us)
Cherenkov Very costly (Ukraine was the main producer of Ne,
. CF4 is heavily taxed for its GWP)
radiator Not eco-friendly (GWP=740)

C,Hg (3k€ bottle, GWP=10.2) can be substituted with

other quenchers :

* CO, (0.7k€ bottle, GWP=1, small quenching)
IC,H,, (1.5k€ bottle, GWP=3, good quenching)

CF, (4k€ bottle, GWP=7390) is difficult to replace:
 dropit
Photo  R1234ze (1.5k€ bottle, GWP=7, candidate substitute
for fluorinated gas in RPC and CMS-CSC)
cathode New mixtures with new gases
* ALICE TPC GEM Ne-N,-CO, (relatively high drift
velocity, negligible GWP)




