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@m The Muon Collider project \f%

0 The Muon Collider represents a promising future collider project, designed to collide

beams of muons (u-) and antimuons (u*) in a circular geometry at multi-TeV center-of-mass
energies.

O Advantage of using muons is that, as elementary particles with mass ~200 that of
electrons, allows to reach:

- Elevate center of mass energies

- H ig h Iu m i n osity va | ues |—. https://arxiv.org/pdf/2303.08533

- Clean collisions

v These characteristics allows to combine:

Direct search on new physics Precision measurements
E.g. the dark sector ideal tool for Higgs boson studies
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U The detector follows a classical
cylindrical shape and hermetic
geometry typical for a multi-purpose
detectors for symmetric collisions.

U Electromagnetic calorimeter
placed in between the Silicon
Tracking system andthe 5T
superconductive solenoid.

The MUSIC detector layout

MUSIC: MUon System for Interesting Collisions

MUSIC Detector Concept

Muon Collider
Simulation

Hadronic Calorimetef

Solenoid \_’

Silicon Tracker

Muon System

s

X
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© The machine background ¥
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S from muon decayS %
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U The decay of muons in flight along the accelerator ring produces high-momentum Vs=10vs 3 TeV
secondary patrticles, which interact with the machine’s materials, and generate an Q .« Muon Collider o
intense flux of tertiary particles —Beam-Induced Background (BIB) 5'0 - Simulation —
% 10k —m‘suv
O Pair of Tungsten conical-shape absorber (nozzles) in the forward region on the

b
o
»

detector.
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o
w

0 Residual component characterized by: low energy and broad arrival time distributions.

102
For \/s=10 TeV, the incoherent pair production process is an important source of St DO e Yl L g
high-energy background particles in time with the signal. -20 20 40 60 80 100
Time [ns]
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@mr Muon collider requirements i%
C°"ab° ation BIB hits in the calorimeters

BIB in the ECAL region (after nozzles and tracking system):

» Flux of 300 particles per cm? through the ECAL surface mainly y
(96%) and n (4%), average photon energy 1.7 MeV

« Time of arrival flatter throughout the bunch crossing - can
exclude most of BIB with an acquisition window of ~240 ps

« Different hit longitudinal profile wrt signal

« Total lonising Dose: ~1 kGy/year a MC EC AL should have
* Neutron fluence: 10'* nyyeyneg/cmM? / year * ot~ 380ps
, Saycoow GoisTweRoms 3w eycolsos Goisweoms o longitudinalsegmentation
§ 3  Soraiiia . §°“— mCE—— : * fine granularlty to distinguish BIB
B ozsf- il 4 ook R = and signal
‘é 0'2;_ No time resolution effects E ;—_.%004;_ Muon Collider _; : ;_aEC}IEatIO_Ir(]) :;j\i/SEtance
& 0.1 5 S .03 : : = ~ (4]
o_ Muon Collider Lomé_ Simuiation E > The W-Si sampling calorimeter
f SHinuiaton - . (CALICE-like) stands out as a strong
: e T T contender: initially considered as the
RS o oo m)rmalilsed r:itztime‘ '[4,,51 o MmCalc;?ior:\ete;;si: disg::onze fn‘:;o inte;;ogtion 1;;(5';;nt [r;ﬁ] primary candidate.
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é? The Crilin calorimeter
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Crilin is a semi-homogeneous electromagnetic calorimeter made of crystal matrices interspaced and
readout by SiPMs. Each crystal is independently read by 2 channels, each consisting of 2 SiPMs in series.

Key Features: Crystal choice: Differentiation:
Excellent timing: (<100 ps) to reject the BIB High-density crystal: selected to balance Semi-homogeneous : strategically between
out- of-time hits and for good pileup capability. the need for increased layer numbers with homogeneous and sampling calorimeters >
space constraints able to exploit the strengths of both kinds
Longitudinal segmentation: allows to
recognize fake showers from the BIB. Speed response: Cherenkov/fast crystals, Flexibility: able to modulate energy
ensuring accurate and timely particle deposition for each cell and adjust crystal
detection size for tailored solutions

Fine granularity: reduced hit density in a single
cell and distinguish the BIB hits from the signal.

|—-‘ PbF2, PbWO,-UF, LYSO...

Compactness: Unlike segmented or high
granularity calorimeters CRILIN can optimize
energy detection while staying compact

Good resistance to radiation: good reliability
during the experiment

S. Ceravolo et al 2022 JINST 17 P09033

Perfectly suitable for
any future collider!
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Simulated performances

» The ECAL barrel with Crilin technology has been implemented in the Muon Collider simulation

framework

> 6 layers of 45 mm length, 10 X 10 mm? cell area = 25 X,
> In each cell: 40 mm PbF2 + 3 mm SiPM + 1 mm electronics + 1 mm air

 Design optimized for BIB mitigation: having thicker layers, the BIB energy is integrated in large volumes
—> reduced statistical fluctuations of the average energy
« 6 layers wrt to 40 layers of the W-Si calorimeter - factor 10 less in cost (6 vs 64 Mchannels)

Photons [1-1000] GeV w/out BIB

Muon Collider Simulation
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Muon Collider Simulation
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~—. Towards the real detector Y%
Prototype versions
*  Proto-0 (2 crystals 2 4 channels)
«  Proto-1 (3x3 crystals x 2 layers - 36 channels,
one layer w/ SiPM series connection the other
with parallel connection)

Front-end electronics
Design completed
*  Production and QC completed

Radiation hardness campaigns

Beam test campaigns

* Proto-0 at CERN H2 (August 2022) C. Cantone et
al. 2023 Front. Phys. 11:1223183

* Proto-1 at LNF-BTF (July 2023-April 2024) C.
Cantone et al. 2024 doi:10.1109/TNS.2024.3364771

* Proto-1 at and CERN (August 2023)
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s Proto-1: Mechanics and Electronics %

y ollaboration

Mechanics:

« Two stackable and interchangeable submodules assembled by bolting, each composed of 3x3
crystals+36 SiPMs (2 channel per crystal)

« light-tight case which also embeds the front-end electronic boards and the heat exchanger needed to
cool down the SiPMs.

Hydraulic matrix cases made of ABS plastic

connectors

Seal

Locking plates

Electronics:
» SiPMs board: custom SiPM array board
36x10 pm Hamamatsu SMD SiPMs

* Mezzanine board: 18x readout channels >
amplification, shaping and individual bias
regulation, slow control routines
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Beam test @ CERN
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H2-SPS-CERN, August 2023

SETUP SCHEME WITH DISTANCES

1 c2 ARG Cindy1 Cindy 2 CRILIN Lead Glass p— L N § Lead-Glass -
7,,1‘ ‘ ( ' [ & = | £
1548m  0.12m 071m 003m  009m 045m  0.30m Bad } 3 =
/

* Electron beam from 40 GeV up to 150 GeV

» Beam reconstructed with 2 silicon strip
telescopes

» Data acquisition with 2 CAEN V1742
(832 ch each) modified @ 2 Vpp

» 5 Gs/s sampling rate
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© Beam test @ CERN: MC agreement
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« Electron beam from 40 GeV up to 150 GeV

« Proto-1 (2 crystal layers totalling 8.5 X,) is
not deep enough to fully contain the
electromagnetic shower, making energy
resolution studies unfeasible.

Will be possible with new larger prototype,

now under construction

MC

120 GeV e of—d

15

10

IK‘[}

- Great agreement MC DATA
between MC 120 GeV e 120 GeV e
simulation studies °F E E
and experimental wf- E =
data fropm the test o 1= layer - 1= layer 3
beam on the energy .. -
deposited in the e D ]
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= 2 layer : :
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simulation model. L Mr’hriﬂ b3
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%D Beam test @ CERN: Configuration &

1st Layer: Series 2nd Layer: Series

;‘ bline [mv]: 98.51 ;‘ g Vg Yy 009
E § man | S e
—_ O eak [mV]: 60. o X
O as charge [pCJ: 21.45 e I ol
T £ [ timpk [ns}: 37.52 2 | etk
2 E ! timef [ns]: 32.99 2 E |17 timtr [ns]:-0999.99
o o @ timtr [ns]: -9999.90 £ ’I riset [ns]: 366
E ©= ‘ | riset [ns]: 2.04 < ¢ ]
3 e Sync pulses reconstruction:
Ay B A S I T - O(10 ps) ch-to-ch in the same chip
Times [ns] Times [ns] - O(30 ps) board-to-board jitter
_ o _ o sync signals edge
* Two different connection in the two layers: series and parallel g biine (mV: 53591 P il
® 400; brms [mV]: 0.33
- - . - eak [mV]: 436.: /
* Low pass filtering (Bessel 2nd order) cutoff_parallel ~ 2 * cutoff_series. 350 s /
300/— timpk [ns]: 184.16 /
+ Cut-off frequency based on two parameters: baseline RMS and risetime 250" i !
- t [ns]: 7. {
(10-90%) 2005 —— |
150 }
+  Wave quality flag based on baseline RMS, peak, and risetime to discard 100 “
50/ !
bad waves o !
« Processing cuts: peak > 2 mV 406080100120 140160180 200
tim [ns]
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Beam test @ CERN: Tlmlng
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_ @ 0.6 e e
« Time Resolution of O(20 ps) both in the series —:;-, - ’;’:‘“ 18
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S Radiation enviroment
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FLUKA simulation for the BIB at 1/s=1.5 TeV
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- Neutron fluence ~10"*n;ceq/cm?year on ECAL.
- TID ~1 kGy/year on ECAL.
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Neutron fluence: ~1014n1,\,|e\,,3q/cm2 year on ECAL TID: ~1 kGy/ year on ECAL.

Radiation hardness of two PbF, and
PbWO,-UF crystals (10x10x40 mms3)
checked for TID (up to 100 Mrad @
Calliope, Enea Casaccia) and neutrons

(14 MeV neutrons from Frascati Neutron
Generator, Enea Frascati, up to 10’3 n/cm?)

* For PbF,:
» after a TID > 350 kGy no

“Co Gamma rays ®
—_—e
_—

[ ]
—_
—_ [

Source is 20 cm apart

significant decrease in

transmittance observed.

» Transmittance after neutron
irradiation showed no
deterioration

Crystal PbF, PWO-UF
Density [g/cm?] 7.77 8.27
Radiation length [cm] 0.93 0.89
Moliére radius [cm] 2.2 2.0
Decay constant [ns] - 0.64
Refractive index at 450 nm 1.8 2.2
Manufacturer SICCAS  Crytur

- For PbWO,-UF:

» aftera TID > 2 MGy no
significant decrease in

PWO-UF (ultra-fast):
Dominant emission with £ < 0.7 ns

transmittance observed.

Nov. 13 2025
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Crystal radiation hardness

80 —

60 —

40

20 —

PbF,

— non-irradiated
— 1kGy
— 10 kGy
102 kGy
— 361 kGy

Crystal C2: PbF,
Longitudinal measure
1st measure after irradiation (<=1 h)

200

300

I I I
400 500
Wavelength (nm)

80 —

60 —

40 -

20—

PbWO,

— non-irradiated

— 1kGy
—— 10 kGy
102 kGy
— 361 kGy
—— 515 kGy
—— 763 kGy
— 1106 kGy
2106 kGy

ongitudinal measure

Frystal C8: PbWO,
L
1st measure after irradiation (f 3 h)
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@ﬂ Radiation hardness of PbF2 and PWO-UF V
» Expected ECAL barrel ionizing radiation dose: 1 kGy/year (100 krad)
» Expected ECAL barrel neutron fluence: 10'% n1imevnea/cm?/ year

Preliminary conclusions:
* PbF2 shows increased transmission threshold at low wavelength already at 10-100 kGy

« PWO-UF shows no shift in low-wavelength threshold and only ~2% loss of blue-green
transparency even at 2 MGy!

« Czochralski-grown PWO (Crytur) is of high quality. Literature suggests that Bridgeman-
grown PbF2 (SICCAS) may have inferior radiation hardness, requiring separate
validation.
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SiPMs radiation hardness

Neutron fluence: ~1014n1,\,,e\,eq/cm2 year on ECAL TID: ~1 kGy/ year on ECAL.

Neutrons irradiation: 14 MeV
neutrons with a total fluence of
104 n/cm?2 for 80 hours on a
series of two SiPMs (10 and

15 um pixel-size).

Extrapolated from |-V curves at 3

different temperatures:

» Currents at different
operational voltages.

« Breakdown voltages;

15 um pixel-size

For the expected radiation level, oo
the best SiPMs choice are the
10 um ones for their minor dark
current contribution.

| TICl | Vi [V [ IV +4V) [mA] [ I(Vy,+6V) [mA] [ I(Vi,+8V) [mA] |
—-10+£1 | 75.29 £0.01 12.56 + 0.01 30.45 £0.01 46.76 £ 0.01
—-5+1 | 75.81+0.01 14.89 £ 0.01 32.12 +0.01 46.77 £ 0.01
0+1 | 76.27£0.01 17.38 £ 0.01 33.93 £0.01 47.47 £0.01
10 um pixel-size
[TPCL | Vi VI | 1(Vert4V) [mA] [ (Vi +6V) [mA] [ (Ve +8V) [mA]
’ —10+£1 | 76.76 £ 0.01 1.84 + 0.01 6.82 + 0.01 29.91 + 0.01
| =5+1 | 77.23£0.01 2.53+0.01 9.66 + 0.01 37.51 +£0.01
| 01 |77.49+£0.01 2.99+0.01 11.59 £ 0.01 38.48 £ 0.01
Pre 10kGy Post 10kGy
2.5
Windf 007211719 3 E %2/ ndf 8.589/19 ®
Prob 1 2~ Prob 0.9797 Ay
PO 37.69 £ 0.9229 E po 38.00 + 0.02566

p1

p3

0.00385 + 0.0009175
P2 0.001358 +0.00186
0.5621 £ 0.7538

Nov. 13 2025

- pl 0.1108 + 0.001327
1~ P2 0.003006 + 0.0002651
- p3 14.75+1.19

(Pl e A0 T W ] DV AT V) P e ol |

38 40 42 L4

gligtia )
P
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LY loss evaluation @ BTF

International 7,
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100 GeV

BTF, April 2024

 Study of the LY loss of one
layer of Proto-1 after Gamma
ray irradiation

« Beam: 450 MeV electrons with
multiplicity set to 1

« Beam centered on a different
crystal at each run

Monte Carlo

X [mm]
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After 80 kGy (8 Mrad) irradiation
Teflon was damaged and brittle
Crystals evident loss of transparency

No dose 80 kGy dose

Nov. 13 2025
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Beam test @ BTF: Teflon wrapping

o
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Charge distribution of PbF, pre and post irradiation
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Entries/(1 pC)
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—Pre krad, G=2043 = 0220C

w—Post §0cGy, Q=508 +0.15 pC
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w— Preimad, 0=2243 :0210C |7

w—— Post $0kGy, 0=7.04 + 0.13 pC
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w—Prebrred, <2324 =020 0C

w—Pos: §0k0y, 0s6.37 = 0.44 pC

Entries/(1 pC) Entries/(1 pC)
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—Pre irrad, 0=22.35 = 020 pC

— Pos! 20kGy, Q=615 £ 0.13pC

— Pre irrad, Q=2462 + 0.25 pC

w—Post 80kGy. 0731 « 0.15¢C | 3

Crystal 7, Teflon wrapping

W—Pre irrnd, Q=23.25 = 020 pC

w—Post 80k0y, 0239 = 037 pC

Entries/(1 pC)

Entries/(1 pC)

Entries/(1 pC)
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~.. peam test @ BTF: Mylar wrapping A
‘ Tc;,st repeated with a Mylar wrapping Charge distribution of PbF, pre, after 10 kGy and

« No annealing after 48h and 60h after 80 kGy irradiation
observed

. 8 10 g & 50 T ~ G 200
2 2 a 180
* New test planned to evaluate SiPMs - e s : e g $.B e s
8 140 w— Pre irrad, Q=0.44 = 0.19pC |H a 200 m—Pre ifrad, Q=6.95 = 0.21 pC S 110 w—Pre irrad, 0=9.61 = 0.20 pC
P D E | d t | T s—Post 10kGy, 0=6.16 = 0.15 pf] 3 w—Post 10kGy, Q=3.64 + 0.06 $ w—Post 10kGy, Q=5.73 + 0.12
OSS an Op ICa grease ‘tE 100 w—POst 80kGy, 0=5.02 « 0.17 pc § 150 w— P05t B0KGY, Q=4.01 + 0,09 E 100 w— POst BOKGy, Q=5.07 + 0.13
w 3 w w
. 80E- £ 100) 2
egradation o -
408 50 40
2058 20
Q5901520 25 30 35 40 45 50 Q5015 20 25 %0 35 40 45 50 QTS 20 2530 35 a0 45 &
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- -~ 400 o 240
g 250 2 ) 2 220
e e 2 : Crystal 3, Mylar wrapping H ) 350) Crystal 4, Mylar wrapping 1 8 200 Crystal 5, Mylar wrapping
S_ 4 &8 200 w— Pre irrad, Q=10.38 = 0.14 pC | S 300 w— Pre irrad, Q=882 = 0.18 pC [ S 180 w—Pre itrad, 0=8.20 + 0.29 pC
=z Comparison of Mylar wrapping N_ = i w—Post 10kGy, 0=7.09 = 0.15 pcf] 2 250 w— Post 10kGy, Q=3.01 = 0.04 pO § 180 w—Post 10kGy, Q=6,52 + 0.13
®  Preirradiation data [ T 150 — Post BO0KGy, Q=5.06 = 0.14 pqH E 3 —Post BOKGY, 0=3.05 = 0.06 £ 140 s—Post BOKGy, Q=4.78 = 0.10
Pre irradiation mean (23.64) = ; AN 5 20 : | 5 120 —
= = = - Preirradiation mean + 1o (2.78) =3 1 150 0
&  Post 10kGy data - 100 H ' | 80|
Post 10kGy mean (15.00) = 1005 60|
= = = - Post 10kGy mean + % (5.50) - S0 50l 40)
¥ Post80kGy data = : 4
m 80kGy mean (11“23‘) - s o= e X [ il
- 80kGy mean o =~
LR 4| Charge [pC] Charge [pC) Charge [pC]
S e e T = 5 a2 . s
L - 2 3 Q 250
=] 3 Crystal 6, Mylar wrapping H o Crystal 7, Mylar wrapping H 3 Crystal 8, Mylar wrapping
-------------------------- -Q-n---.----.ﬁa-n;--ﬂ s w— Pre rrad, Q=988 = 0.16 pC [ - w—Pre Irrad, 0=10.44 = 0.16 pC | S 200 W Pro irrad, Q=9.58 = 0.16 pC
] 3 ol 3 : g e P08t 10kGy, Q=3.77 + 0.06 pq
& = 150 w—Post 80KGy, Q=3.34 + 0.08 pq
4 & 5 &
--------------- B e - -] 100 -
- e =
o o o e o " Tt esEsssssssssss=e -r -_: 50
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) Beam test @ BTF: considerations

International &7
UON Collider
# Collaboraticn

» Considerable variability in crystals' response to radiation,
despite SICCAS claiming use of high-purity (>99.9%) PbF,
powder for crystal growth

» Crystals evident loss of transparency, uniform along the
longitudinal axis

« Teflon was damaged and brittle > Mylar is the best choice

« SiPM dark counts increases significantly with the absorbed

dose .
* New tests planned to evaluate SiPMs PDE loss No dose 80 kGy dose
Pedestal charge distribution for no dose Pedestal charge distribution for 80kGy total dose Pedestal charge distribution for 90kGy total dose Pedestal energy distribution for 160kGy total dose
e Entries 1651 T T T Entries 19071 i T T T 1 Entries 26354 450 Entries 20113
! ""’ 1":-7;;5‘; [ Constant 554 = 4.7 7005 Constant  747.5 = 5.5 Constant 432.1= 3.8
[ P -5.274 = 0. [ Mean  2.07+0.13 = Mean 3.276+ 0.116 Mean 4.942:0.
120 i P2 3445=0.166 500; Sigma  18.04 = 0.08 : Sigma  18.56 = 0.07 400 Sigma 4:::3 2001.::
i p3 1292257 X 600F 350
100 P4 53770250 2 ]
p5 3.461= 0.167 400 . 500F 300
80p ; E
: 300F 400F 20
6op ; 300F 200
40 i 200 3 - 1 50
- : 200F
i 100F : 100
20F : 100 50
%0-60—40-20 0 20 40 60 80 —%0-60 -40-20 0 20 40 60 80 —%0-60—40-20 0 20 40 60 80 —%0—60—40—20 0 20 40 60 80
Energy [MeV] Energy [MeV] Energy [MeV] Energy [MeV]
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w:. TOWards the real detector Y%

Prototype versions
*  Proto-2 (3x3 crystals x 1 layers)

Mechanics
. New Aluminum 3x3 matrix with 150 um
septa

Front-end electronics

« Upgraded Low-Power Electronics
Developed and Ready for Adaptation
to Kapton Strip Design

Beam test campaigns
* Proto-2 at CERN H2 (September 2025)

Nov. 13 2025 Development and Test of the CRILIN Calorimeter for the Muon Collider - sarra@infn.it 24/20



n.. Test Beam @ CERN SPS 2025 Y%

Ilaboraticn

* Measured the response of layers 1, 2, and 3 by adding crystal layers at
different beam energies (20, 60, 100, and 140 GeV)

» Tested the beam monitoring system - achieved a spatial resolution of
about 300 pmin xandy

» Collected runs where the 9 channels of the crystal matrix were read out
simultaneously with both the V1742 and the picoTDC

3x3x13 cm® PF, + PMT
to stop the beam CRILIN 3x3 .

[40 — 150 GeV]
- w - -) l
TO PbF2 Crystals Beam Monitor

Scint. + fast PMT  with not readout detector
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Test Beam Highlights 3

140 GeV wide beam: Tracker centroid UP-DW offset 140 GeV wide beam: Tracker UP centroid
3 tracker_off un117 e 1=. . [Tacker u_rnTiT | i
£ 2 = | . . i 210 & iR
. g 15 o ' oy o ffire0 Sy
Beam profile £ : »
observed with the = 120
“astronave” of 100
detector and [ 8°
resolution of the °F L
two layers -1of »
15 10 5 l 0 I 5 10 15 g
X [mm]
lErom :3::‘\_ T T T T 120 .Eu 30 C T T
,§, ; £ B
> .20 > 20F
o r i o C
g 10- Centroid of the 9 crystals g 10
of before and after the fiducial oF
i cut on the “astronave”, i
100 iyp s . 0L
: within + 2.5 mm in x and y L
20" -201-
R T R T I I B0 2o 0 0 20 3
Reco X [mm] Reco X [mm]
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Edep vs Layer
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Muon Collider

Simulation Test Beam Data
Longitudinal energy distribution - endcap
c 1 — 06
2 - 2 &
S ; = BIB 3T F
> 08— —e— photons [10,30] GeV § o5k
8 [ « « photons [100,120] GeV = \
@ \ N -
= \\ ﬁ 0.4 =
0.6}— \ E -
-\ s f
B 0.3/
0.4}— -
L 0.2[-
- - —— 60 GeV
i bk — 100 GeV
[ X L — 140 GeV
- ¢ - n
0 L 1 l 1 1 B I L 1 L 1 l L 1 1 1 7!—7“—7'*! = : l l l l l
v 2 8 4 v B=r 15 2 25 3

layer index
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e New 7x7 module | %

FINAL PROTOTYPE: 5 layers, 7x7 crystals, ~ 250 channels \ ]
- slightly wider crystals (PbF2 1.3x1.3 cm? with 0.1mm tolerance) \Mram
- . \, /.
* 100pm printing per side . ¥ .
e Aluminum matrix support
- max 200pm inter-crystal thickness por “\1 2/ ndf 21355/ 4
> max 2mm external envelope thickness a o i
- max 5mm between layers 0025l | & 0.0083 +0.0008
= G—E = a @ L @c
2 E"E " \E
0.02
= \\\*\\\\
0.015/ - S~
——
TR — Vi
0.01] | ==
0 20 40 60 80 100 120 140
True energy [GeV]

Simulation: Energy Resolution ~ 7.5%/,/E
* 0.2 P.E./MeV per crystal
* gaussian noise o = 10 MeV
« 30 MeV energy threshold per crystal
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/“\U‘éﬁ'%iﬁi?;:! Improved readout:
e

ollaboration » Kapton strip for SiPM connection

* New custom FEE
 CAEN V1742 digitizer

I @

\ 4 SiPM 3x3

mm? per
crystal

31/20
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Test Beam @ BTF (e- @ 500 MeV crystals calibration) Test Beam @ CERN SPS (Energy Resolution)
May/June 2026!

March/April 2026

32/20
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Ilab

« Simulated energy resolution perfectly in line with the Muon Collider requirements

-« Time resolution: < 40 ps for single crystals, for E4, > 1 GeV

« Radiation resistance: transmittance PbF,(PbWO,-UF) robust to > 35(200) Mrad and SiPMs
validated up to 10'% nyey /cm? displacement-damage eq. fluence - LY loss test beam showed a
strong non uniformity in response between different crystals

 End 2025:
« Conduct new irradiation tests and monitor Cherenkov light variations with a blue laser.
« Simultaneously test crystals with SiPM and SiPM alone

DRD6-WP3 2026
»  Expanding prototype to a
7x7x5(layers) configuration, with o=
a target of 2 My — 22 X,. £

 The calorimeter is planned to
be fully assembled by March
2026

» Mechanical structure and
electronics expected to be
ready by the end of 2025

* Final test beam @ CERN
SPS requested for May
2026
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@ Muon Collider Y%

superconducting  Main issues: BIB and
Soienaid (41) radiation damage
Optimized detector interface:
racking system  *  Based on CLIC detector,
with modification for BIB
suppression.

muon
chambers

hadronic
calorimeter

shielding nozzles

(tungsten + borated ° Ded'Cated Sh|e|d|ng

polyethylene cladding (nozzle) tO prOteCt
magnets/detector near
interaction region.
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O Beam Induced Background
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The decay of muons in flight along the accelerator ring produces high-momentum secondary
particles, which interact with the machine’s materials, and generate an intense flux of tertiary
particles entering the detector region-> Beam-Induced Background (BIB)

» MDI optimized to reduce this contribution
throughout a pair of Tungsten conical-shape
absorber (nozzles) in the forward region on the
detector.

* Residual component characterized by low energy
and broad arrival time distributions.

Vs=10vs 3 TeV Vs=10vs 3 TeV

« For+/s=10 TeV, also the gm‘s;:u?npollider —== | G [ Muon Colider —
incoherent pair production S E e il o
process is an important source N =
of high-energy background 10
particles in time with the signal. wef £

10"

“100
Time [ns]
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+  The beam-induced background (BIB) poses the main challenge for the detector

development at the Muon Collider

Beam Induced Background

*  Produced by muons decay in the beams, and subsequent interactions with the

machine

« The BIB produces a flux of 300 particles per cm? through the ECAL surface
*  96% photons and 4% neutrons, average photon energy 1.7 MeV

BIB hits in tpé calorimeters

Key features:

Timing: BIB hits are out-of-time, a
resolution in the order of 100 ps is
needed

Longitudinal segmentation: =

different profile for signal and BIB

Granularity: helps in separating BIB
particles from signal, avoiding
overlaps in the same cell

Energy resolution: targe

Vs = 3 TeV p+p- collisions, Vs = 1.5 TeV BIB overlay

Fraction of ECAL hits

-IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIT

LS B S R T | ELELERE B
— Signal jets

—BIB

No time resolution effects

Muon Collider
Simulation

R FETTY STWR STTEY Pwes fraed i

..m L

1
0.4 0.6 08 1 12 1.4

7

Normalised hit time [ns]

s =3 TeV p*p- collisions, Vs =
e

e o
-3

e
®

.lllllllllIlllllllllllllllllll]l

Fraction of ECAL hits

1.5 TeV BIB overlay
e A
—— Signal jets

e B1B,

Muon Collider
Simulation

g.llllllllvlllllllIIIIIIIIIIIIIll

PRI B
1600
Calorimeter hit distance from interaction point [mm]

g

t AE - 10%

E  [E[GeV]
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e Proto-0: Single crystal beam test

Beam test on Proto-0 in a single crystal s °|‘ °|2 sz Module
configuration in fall 2022: i | —1

* 10 x 10 x 40 mm? single crystal > 2 options: ) o i
PbF, (4.3 X;) PbWO,-UF (4.5 X,). k. - : it

* Four 3x3 mm?2, 10 um pixel size SiPMs for
two independent readout channels (SiPM
pairs connected in series).

« Mylar wrapping - No optical grease.

Aim:

* Validate CRILIN new readout electronics and
readout scheme.

» Study systematics of light collection in small
crystals with high n.

* Measure time resolution achievable with different
crystal choices.
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7000
6000
5000
4000
3000

of optical photons [A.U.]

#

n
o
S
)

1000

o

: Positional effects: waveshapes

Effect

Pulse shape modification as a function of impact
position selected with different fiducial cuts
Green = particle incident directly on SiPM pair giving

signal
Magenta - particl
Purple = particle i

s on waveforms (data)

Normalised waveform

e incident on opposite SiPM pair
ncident between SiPM pairs

Dashed line = signal shape for back runs

Nov. 13 2025
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- L e NN POST CHY e

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

arrival times of optical photons [ns]
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EURLE] UL WL CUSR LI LR BT BREE TR N ST IR BN IRC LR S WL Y LA R T
1= —]
0.8— o
0.6/ —
0.4— -]
= (-0.48 < track X <-0.29) cm ~3
0.2— (-0.10 < track X < 0.10) cm —]
- (0.29 < track X < 0.48) cm R
o— s Back Run —]
T O I N A T L VUG M Y A 0 9 0 N A AV T T A s O A
-5 0 5 10 15 20 25 30 35 40
Time [ns]
Optical simulation
+ Simulated time distributions for optical
photons arrival on the photosensors, for two
beam positions
+  POSO: centred beam the crystal
+  POSI: 3 mm beam offset (towards CHO)

shaded areas - contributions due to light
reaching the photosensors directly (i.e., with
zero or one reflections)
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r Positional effects: charge and timing

ollaboration

PbF2 DATA

(Q1 — Qo)/(Q1 + Qo)
(Q = Qo)/(Q1 + Qo)

«  +/-10 % maximum imbalance in light collection
+ anticorrelated effect on timing (T1-TO)

* No significant effects for back-runs

1 Il L 1 1 L 1 l- I}
-0.4-0.3-0.2-0.1 0 0.10.2 0.3 0.4

—6.4—(;.3—()1.2—6.1 6 Ol.1 0.12 0.13 0.l4 . —
Track X [cm] Track X [cm] Similar effects for PoWO4-UF
front-run back-run

* Light propagated indirectly is more strongly
attenuated due to the longer total path length
traversed and the multiple reflections

» earlier arrival times for photons arriving directly

T,-T, [ns]
T,-T, [ns]

4 1 1 1 1 1 I L 1 1 4 1 | L 1 1 L 1 1 1
" -0.4-0.3-0.2-0.1 0 0.10.2 0.3 0.4 "~ -0.4-03-02-0.1 0 0.10.2 0.3 0.4
Track X [cm] Track X [cm]
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/1 Correction Process %

Eo.;:— T T 122 0.6 ' ' o ' =
« The front mode shows a peculiar distribution both in 2 oo o oa .
time time difference and charge sharing: " - 5 Z é °§:
> the relationship between this two quantities can i E o
be used as correction function P Y 3 e o5
> Negligible effect in back runs 5065040 0056 005 G0 Os 020 0 a0 0105 0105 0,05 0,070 6103 5,04
(Q1-Q0)/(Q1+Q0) (Q1-Q0)/(Q1+Q0)

—
. QY

T T T T l T T T T | T T T T I T T T T

Raw AT [ns]
o

R B e S O B O T
100 200 300 400 500
Mean charge [pC]

Corrected AT/2 [ns]

%
i
|III|III|III||I|‘-{IIIIIII|III|III|II

-1 e ‘l 1 1 L l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 I 1 1 1 1

0 100 200 300 400 500
Mean charge [pC]
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we MG validation: optical simulation

« Simulated time distributions for optical photons arrival on
the photosensors, for two beam positions

» POSO0: centred beam the crystal

+ POS1: 3 mm beam offset (towards CHO)

« shaded areas - contributions due to light reaching the
photosensors directly (i.e., with zero or one reflections)

asymmetry

F L
43 -2 -1 0 1 2

Gun X position [mm] Gun X position [mm]
T 14 ks
] r PO 1.0156 +0.0003 {80
» 12 | =70
> i
= ¥ 60
—150
140 )
f 130
B '
R R g8 & - ¥4 3 290 1 2z 3 4 °©
Gun X position [mm] Gun X position [mm]

7000 F
2 6000 F
5 E

- o
2 5000 il
£ £

§ 4000 {11

g 3000 -\

o E : . [—Pposa
* 2000 ¢ ! ‘|~ Pos1, cHo

i |— POS1, CH1

1000 - f S

i
0.4 0.5 0.6 0.7 0.8 0.9 1
arrival times of optical photons [ns]

» Confirmation of the positional effects

» Charge asymmetry matched within 20 %

« Smaller timing offsets in simulation wrt data

* mean-time and mean-energy information are
always well behaved
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Two different orientation were tested 2> FRONT and BACK: Mean charge [pC]

Results %

G0 100 200 250 300 d50

. . . PbF, =
 The BACK run time resolution is better, even after W -
correction, for both crystals. BedgueV] LBEODI (M6siE = ; e
« PbF, outperforms PbWO,-UF despite its higher —— b o8 g
light output (purely Cherenkov) PWO-UF £ 400

back-run front-run

° PbF2 - omT < 25 PsS worst-case for Edep >3 GeV Eep MPV [GeV] 639 £ 001 688 + 001 200

Egep sigma [GeV] 1.83 £0.01 1.99 £+ 0.01

* PbWO,4-UF - oyt < 45 ps worst-case for Eqep >3 1551 61 e 100

(1] TPT IRV 0 Y (SR Y 5 I ] T T YO U T 1 O 8 0 R R 1 L e 21
GeV 0345 6 7 8 9 10 11
C. Cantone et al. 2023 Front. Phys. 11:1223183 Eqep [GeV]
“Front” mode ESO ] = 5T
peam o 1 o
— 45 |- 1 5 a¢f 69 ps 3
102 ps 3 : g =——@011ps |
o & a0 E Y, OMT.FC = EGer] ©56ps - & 40 z MIFC ™ ElGev) ;
SiPMs 85 E Tl ; E 35 | .
Crystal : i T 1 3 50 ps E
g e RS our.5 = Ficer] O 7P
25 [ e - 76 ps 12 ps & 25 .,
: = : E ™,
“Back” mode 2| g TETEGEV] P DF e,
beam s RS L ] E g i
il T SN T TR 7 SN T T WA T SO S LU R U SN [ NI O TR SN T YA A Y SR W N W TN WY SN AN UNNE WO YN MR NN TR WY TR WO (NN SN WY UOONT W N WY SN WY SN SN SN SO SN S A T Y AN ¥
Proto-0 % 4 5 6 7 8 3 10 %3 4 5 6 7 8 9 10
Eqgep [GeV] Egep [GeV]
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