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The HL-LHC Pile Up Challenge

proton-proton interactions per bunch crossing (pile-up, PU): 60 (LHC Run3) — 140-200

QU Expeiiugiit alitie LHC, CERA ~ 200 reconstructed vertices
'/ Data recorded: 2025-Oct-08 20:55:40.834048 GMT

— Run/ Event/LS: 397962 / 179871689 / 556
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Exceptionally High PU The norm at HL-LHC

event @LHC

https://cds.cern.ch/record/2945596
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https://cds.cern.ch/record/2945596

Timing information for vertex reconstruction

____PU200 simulatio

Simulated Vertices
3D Reconstructed Vertices

Time spread ~ 200ps (RMS)

Significant spacial overlap
https://cds.cern.ch/record/2667167/

Timing information can resolve overlapping vertices
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https://cds.cern.ch/record/2667167/files/CMS-TDR-020.pdf?version=2

The MIP Timing Detector

New CMS layer for High-Luminosity LHC (HL-LHC):
* Time measurement of min.-ionizing (charged) particles (MIP) with resolution of 30-60 ps

* Reduce effective PU at HL-LHC using timing information
* Time tagging MIPs: 3D => 4D vertex reconstruction
* Reject ~2x as many PU tracks on primary vertex

MTD Technical Design Report

ftevents. (PUY=200. == Fast-sim
pT>09 GeV, n|<3.

~MTD60ps
« MTD 50 ps
« MTID40ps
« MTD35ps

HGCAL ECAL

Number of pileup tracks / PV

HGCAL

02 04 06 08 1 1.2 1.4 16 1.8
Line density (mm’™)
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https://cds.cern.ch/record/2667167/files/

MTD impact on physics

* Improvement in identification, * Higher sensitivity for rare * Timing information to increase
reconstruction and resolution processes sensitivity to exotic time signatures
of physics objects or particle identification

/ Z — pp efficiency increase \ / HH — bbyy yield inrease \ / Particle ID via time-of-flight \

CMS Phase-2 PbPb (5.5 TeV)

CMS Phase-2 Simulation HH — bbyy ( 200 Pileup Distribution ) 55

Simulation
161 Hydjet
m<15 -

Z—uu
rel chlso <0. 08:

No Timing
Barrel Timing Only
Barrel+Endcap Timing

Increase in HH— bbyy Yield 15

Barrel Timing Only : 17%
Barrel+Endcap Timing : 22%

pt efficiency
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https://cds.cern.ch/record/2667167/files/

Barrel & Endcap Timing Layers

Different Detector
Technologies

* Radiation resistance * Available space
* Sensor granularity  Different integration schedules

* Budget

CMS Simulation Preliminary 4000 fb!; 0;,e; = 80 mb (14 TeV)

Endcap T|m|ng
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The Barrel Timing Layer
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Low Gain
Avalanche
Diodes
(LGADSs)

LYSO crystalarray
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CMS FLUKA Simulation v.6.0.0.2

photomultiplier
(SiPM)

CMS public twiki - DP23087
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsDP23087?utm_source=chatgpt.com

BTL Design

* Thin, cylindrical detector to be housed inside the BTL-Tracker Support Tube (BTST)
* Coversregionupto|n| = 1.45

BTL Module:

1x16 crystals
(32 channels)

Crystal bar
SiPMs

; 3x8 modules
&9 (768 channels

BTL Tray:
6 Read-out units
(4608 channels)

BTL-Tracker Support Tube (BTST) - CERN Document Server
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1.15 m radius
5.2 m length

~ 38 m? surface

331k channels



https://cds.cern.ch/record/2918801?ln=it
https://cds.cern.ch/record/2918801?ln=it
https://cds.cern.ch/record/2918801?ln=it
https://cds.cern.ch/record/2918801?ln=it
https://cds.cern.ch/record/2918801?ln=it
https://cds.cern.ch/record/2918801?ln=it
https://cds.cern.ch/record/2918801?ln=it

BTL Sensors: LYSO

LYSO Array SiPMs attach here Cerium-doped Lutetium-Yttrium Oxyorthosilicate (LYSO:Ce)
! (16 crystalsa, o<V * Risetime: 7, = 100 ps
E e * Decaytime: 74 =~ 40 ns

* High LightYield: LY = 40 000 ph/MeV)
* High mass density (7 - 7.3 g/cm?)
* Radiation hardness

» Easy availability (used in medical applications such as PET)

Bar shaped geometry

* Cover large surfaces with reduced amounth of crystals W

* Reduced number of channels and power
consumption

* LYSO array segmentation

 ~ 3mm (bar width) in transversal direction
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BTL Sensors: SiIPMs

Silicon PhotoMultiplier (SiPM)

Dual-readout

* Time average independent from

* Time difference of left-right SiPMs can infer impact position along the bar

Matrix of Avalanche PhotoDiodes (APD) in reverse bias
Avalanche mechanism =2 Internal gain e
Compact and robust =

Insensitive to magnetic fields o .

Ry
p* n n
n

Operate at relatively low voltages with low power consumption "

Photo-Detection Efficiency, PDE up to 50% T—"EM—

LYSO:Ce 3x3x50 mm® - HPK 3x3 mm? (15 pm)

thr = 100 mV ® t(Left)
V(bias) = 72 V * t(Right)

e t(Ave)

impact point along the bar X

 Spatial resolution of 2-4mm along X (JINST 16 Po7023) measured since early
test beams

20 30 40
13/10/2026 Claudio Quaranta - INSTR 2026 (Hefei) Hodoscope X [mm]



https://iopscience.iop.org/article/10.1088/1748-0221/16/07/P07023

BTL Readout ASIC

TOFHIR2 ASIC for SiPMs read-out:

* 32 channels (1x BTL module)

« Radiation tolerant (> 2 - 10'* MeV neq/cm?)
* Filter for DCR reduction

* Two Time-to-Digital Converters per channel (20 ps resolution)

* Two independent threshold for signal time measurement

* A Charge-to-Digital Converter for signal amplitude
measurement = Time-walk corrections to time measurement

* Cope with MIP rate up to 2.5 MHz and a low energy signals rate
up to 5 MHz
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The TOFHIR2 readout
ASIC of the CMS Barrel

MIP Timing Detector
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https://ieeexplore.ieee.org/document/9507749
https://ieeexplore.ieee.org/document/9507749
https://ieeexplore.ieee.org/document/9507749

BTL Time Resolution

[ JINST 19 P12020 (Dec. 2024) }

* SiPM Dark Count Rate will become the main time resolution driver, due to Irradiation damage,

HPK, 25 um

non irradiated *-data

— electronics

— photo-stat.

)
=
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=
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W
D
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ob)
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—

VOV — Vbias — Vbreakdown

HPK, 25 um

; ; - data |
14 I|r 2 ! .
2x 10" 1 MeV Ny /cm” electronics

— photo-stat.
-~ DCR

time resolution [ps]
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https://iopscience.iop.org/article/10.1088/1748-0221/19/12/P12020

BTL Sensors Optimization

LYSO thickness
HPK

* Largest thickness allowed: 3.75mm non-irradiated

SiPMs cell size
 15um, 20um, 25pum, 30pm

* larger cells 2 higher Gain and PDE, but
larger DCR for irradiated modules

time resolution [ps]

= HPK
2x 10" 1 MeV n,/em?

* 25um: best overall performances at test : . : 400702040608 1 12141618 2 2224
beams before/after irradiation Vov [V]

integrated luminosity [fb ]
1000 1500 2000 2500

DCR mitigation using Termo Electric
Coolers (TEQC):

T =-35°C always

w/o TECs (Tm =-35°,T

w/ TECs (T;; =-45°T

w/ TECs(T_=-46°T =60°

* Operating temperature from —35°C
(original design) to —45°C

Electrical Insulator
(Ceramic)

during LHC stops

year (from the start of HL-LHC)

| 2023 ]INST 18 P08020 |

Negative (-)

Heat Rejected (Hot Side)

12
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https://iopscience.iop.org/article/10.1088/1748-0221/19/12/P12020
https://iopscience.iop.org/article/10.1088/1748-0221/18/08/P08020

Test-beam validation of BTL timing performance

Test-beam measurements confirm that BTL meets the target timing performance across the
full detector acceptance and throughout the expected HL-LHC lifetime.
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https://doi.org/10.1016/j.nima.2025.170823

BTL Assembly

Sensor Module { 2 Detector Module (2 SMs + front-end board)

LYSO + SiPMs arrays
Copper housing  FE connector FEboard LYSO SiPM TEC -34,035 Max

-40.963
-41.829
-42.664
-44.527
-45,293

[ HEET AN

3 )Readout Unit (3x12 DMs + Electronics)
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BTL Status =

2019

Technical Design Report SrOeUEE, el Integration...
A N
s N S N
. ) ¥ |l l
2017 Prototyping, optimization, 2023 PAVAS

Technical proposal market survey Tray insertion test in Sept. 2026
Each part assembled and QA/QC'd in CO, ~l Final cooling/
4 assembly centers worldwide manifold [ nat cooling

annealing test at
(@ =\

First 2 trays
assembled
at CERN

(2024)

. Tray insertion toc
Integration! ;
= L
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The ETL Design

* 2 disks per endcap, mounted on HGCAL nose. J s
* 16x16 LGAD sensors, bump-bonded to the ETROC2 ASIC ——— S e
e Each disk has sensors on both sides: o o™

« ~85% geometrical acceptance.— Average 1.7 hits for clean =1.2m

MIPs with ~straight trajectory (muons)
* Timing res. (end of lifetime): ~ 50ps per hit, ~ 35ps per track

Endcap Timing

Neutron ~ Layer (ETL)
Moderator CMS HGCAL
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ETL Sensors

* n-in-p planar Si sensors based on Low-Gain Avalanche
Diode (LGAD) technology
* p-type implantin gain layer produces high elecric
field with internal gain: high S/N and low jitter.
 Active thickness ~50 um: low Landau fluctuation
and fast signal rise time.

A Beta ¢ BeamTest - ~-WF2 simulation

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85
sensor thickness [pm]

13/10/2026

E field Traditional silicon diode Low Gain Avalanche Diode

Rise time [ps]

Claudio Quaranta - INSTR 2026 (Hefei)

T

p+ gain Iayer&
I

E field

y=8.8x+152.1

15 20 25 30 35 40 45
sensor thickness [pm]
ICHEP - 2026
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https://indico.cern.ch/event/1522800/timetable/?view=standard#133-the-precision-endcap-timin
https://indico.cern.ch/event/1522800/timetable/?view=standard#133-the-precision-endcap-timin
https://indico.cern.ch/event/1522800/timetable/?view=standard#133-the-precision-endcap-timin

LGAD types and procurement

* Sensor characteristics:
* 16x16 pixel matrix with 1.3 mm pitch and fill factor ~90%.

* Specialized sensors for high and low fluence regions to cope with different
radiation level

* May 2026: arrived 5% of ETL sensors - yield per wafer > 80% for both vendors

’ 8 e
E 0 R IR -1.T.T. T 1laT120
A - 1210 2 — ‘
\ ! A A RAT L2 B A™. YV

12% of ETL > 1e15 nm/cm2
(high-fluence region)

FBK LFoundry
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LGAD Radiation Damage Mitigation

HPK2 (Ru106 source)
iati i i 0§ Split 1 pre-rad 3 Spiit1, 8el4 % Spit1, 1515
( Radiation Damage cause internal gain loss ] ik e cean  F

¢ Split 3 pre-rad Split 3, 8e14 ¢ Split 3, 1.5e15
- ¢ Split 4 pre-rad o Split 4, 8e14 ¢ Split4, 1.5e15

J

« Carbon co-implantation in p* layer in FBK-
Lfoundry LGADs
* Increased resistance to radiation

Time resolution, LGAD only [ps]

600 700
* Increase of Bias Voltage to compensate gain loss Bias voltac
* Limited by Single Event Burnout (SEB) Events  CMS: Preliminary
’ ; 75t T=-25°C
707
' L _ 65t
A . v 60
; ‘/’7 e Crossing of charged E 5l
o - " E ) 50
N, g A particle can cause SEB = ai
Y N " " . o) 40 b
,}'\J‘/. for an electric field P
2 = 30
' 3 E>11V/pum £ =
J i;k FBK sensors (with Carbon) ]
CrETRUR— o [ Frontiers - 2025 - 1575672 ] [ 1
0[50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800
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https://www.frontiersin.org/journals/physics/articles/10.3389/fphy.2025.1575672/full
https://www.frontiersin.org/journals/physics/articles/10.3389/fphy.2025.1575672/full
https://www.frontiersin.org/journals/physics/articles/10.3389/fphy.2025.1575672/full
https://www.frontiersin.org/journals/physics/articles/10.3389/fphy.2025.1575672/full
https://www.frontiersin.org/journals/physics/articles/10.3389/fphy.2025.1575672/full

Endcap Timing ReadOut Chip

* 16x16 array with 1.3 mm pitch in TSMCCMOS 65nm
technology

* Pre-Amplifier + Discriminator + TDC

* High efficiency achieved in bump bonding (hybrids with
all connected pixels at test beams)

* Thermal cycling studies performed: low number of
disconnected bump bonds

CMSETL ETROC Test Beam

4GeV e at DESY TB| ET2p01 BAR 12

5 1290 1342 1280

1267 1259 1316 1564

5 3061 2281 045 2015 2084 W00 3050

4081

Sl 6358 6569 G728 6623 6503 G487 6637 €522 6701 6783 6608 6911 7237 230 6482

7 RN 5982 227 6366 6291 6373 6317 6285 €251 6328

....................

------ - - 1166 1938 2186 2076

M0 0264 DOTE D056 204G D010 200

1824 2604 205¢ 2051 2574 2005 2922 36 M7 2541 M95 2580 242 218 2830

4] 1234
18 A4 987 A2 A1 10 9 & 7 6 5 & B8 12 7
Column (col)

Hits occupancy map
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ETL performances at test beams

* Extensive test beam campaigns in last ~ 8 years
* DESY, June 2024 (e~, 4 GeV): ~ 35 ps time res., good uniformity in modules and over large V bias range

ETL ETROC Test Boam
0.0035 CMS ETL ETROC Test Boa

time-walk 80 CMS ETL ETROC Test Beam _ N BB 1-3 + HPK Spit 3 W16 P6; Cooling @ 23°C .,
corrections from F Disc threshold=20 @ DESY
. Disc threshold=10 @ DESY
time-over- ¥ Disc threshold=20 @ CERN 120 GeV mr*
threshold Disc threshold=10 @ CERN 120 GeV m* {10

Disc threshold=20 @ CERN 180 GeV m*
Disc threshold=10 @ CERN 180 GeV 1 *
Bias Current

800
ATOAz; [ps]

4 GoV e~ at DESY TB | BB 1.3 HV200V 0S 20

]

Time Resolution (ps)

Time Resolution [ps]
~
o

D
o
(o]
HV Current Draw [uA]

3

Time resolution
uniformity in a

module ETL spec

TWEPP — 2024
|[EEE - 2024

~70V range within the spec
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https://indico.cern.ch/event/1381495/contributions/5988475/
https://indico.cern.ch/event/1381495/contributions/5988475/
https://indico.cern.ch/event/1381495/contributions/5988475/
https://lss.fnal.gov/archive/2024/slides/fermilab-slides-24-0293-cms.pdf
https://lss.fnal.gov/archive/2024/slides/fermilab-slides-24-0293-cms.pdf
https://lss.fnal.gov/archive/2024/slides/fermilab-slides-24-0293-cms.pdf

ETL modules assembly and QA/QC

,% ¢ Modules
P

4 ETROC2 + LGAD hybrids

_—y

Module PCB readout

AIN substrate for thermal contact

£ T

Assembly centers
* FNAL, BU, INFN Turin and IFCA
* Recently KNU joined

* Procedures under development with
versatile setup using cosmic / beta
source/ laser

SCARA Robot: IFCA

Robotic Gantry: FNAL and BU (US) Mechanical Jig: INFN (Italy)
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ETL system

Readout boards (RB) and power boards (PB)

« 3 different flavours (3, 6, 7) to optimize bias voltage lines
maximizing coverage

3 RB+PB systems connected to modules tested on beam
in June 2026, data analysis ongoing

Manifold [§

il

. n§ » Mechanics and cooling

| ——
* Dee: thin aluminum plate with steel
pipes for evaporated CO2 cooling

xxxxxx
nnnnn

» First Dee in production at CERN

» Completed cooling test on a
' 5 wedge (half dee), characterizing
evaporators at —32°C

13/10/2026 Claudio Quaranta - INSTR 2026 (Hefei) 23



MTD Simulation and Reconstruction

Improvement in detector knowledge

» Update of BTL digitization model from
lab. measurement with UV-excited
scintillation from laser

<
3.
[0}
e
=]
=
S
S
©
]
=
Ry
(%]

 Estimation of time uncertainties at the
point of closest approach to beam line
accounting for track propagation

CMS-DP-2026-042

Phase-2 (14 TeV)
CMS tf, 200 PU

Simulation Preliminary

CMS

4 3D (med=0.29)

4D (med=0.23)

Vertex pairs

| VertexSlot GNN (med=0.18)

06 _ 0.8 1
Fraction of PU tracks

13/10/2026

Simulation Preliminary

: 0.4 0.5
|A z (real, real)| [cm]

CMS-DP-2026-019

Phase-2 (14 TeV)
Phase-2 ! T £ ] )

Single p* in BTL S CMS Single p* in ETL ]
Tracks with pr > 0.7 GeV Simulation Preliminary Tracks with pr > 0.7 GeV
Track |n| < 1.48 1.6 < Track |n| < 3.0
PU=0 PU=0

Reweighted with Reweighted with
MinBias pr and n MinBias pr and n

-V, =090V
Vg, =120V

V,, =3.00V

| x10°
500 1000 1500 2000 2500

Gx N&

0.0 05 1.0 e -0. . 0.5 1.0

Reco PL - Sim PL [cm] Reco PL - Sim PL [cm]

Phase-2 (14 TeV)

e New primary vertex reconstruction algorithm
tt, 200

* Use of GNN with slot attention to cluster tracks into
vertices

* reduces leading-vertex PU contamination,
reconstructs comparable numbers of vertices, and
retains closer vertex pairs than previous 4D algorithm

4D

4 VertexSlot GNN

» Work ongoing to mitigate the increas in fake vertices
rate from real vertex splitting
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https://cds.cern.ch/record/2958310
https://cds.cern.ch/record/2958310
https://cds.cern.ch/record/2958310
https://cds.cern.ch/record/2958310
https://cds.cern.ch/record/2958310
https://cds.cern.ch/record/2958310
https://cds.cern.ch/record/2958310
https://cds.cern.ch/record/2961848/files/
https://cds.cern.ch/record/2961848/files/
https://cds.cern.ch/record/2961848/files/
https://cds.cern.ch/record/2961848/files/
https://cds.cern.ch/record/2961848/files/
https://cds.cern.ch/record/2961848/files/
https://cds.cern.ch/record/2961848/files/
https://cds.cern.ch/record/2937584/
https://cds.cern.ch/record/2937584/
https://cds.cern.ch/record/2937584/
https://cds.cern.ch/record/2937584/
https://cds.cern.ch/record/2937584/
https://cds.cern.ch/record/2937584/
https://cds.cern.ch/record/2937584/

BTL Monitoring and Calibration

B=3.8T

Approaches for in-situ time monitoring o x10°_ CMS Simulation Preliminary Phase 2 (PU 200 CMS Simuation Prelminary
} . 03f Hit-Based Method: .
* Only BTL hits time information r: Mean = 1.8014 + 00003 ns _. o NoTelTuecain 3
(photon TOF hypothesis) Std Dev =2.7976 = 0.0002 s TR N = 90%Tal Twncaton

; ; . iy s+ 85% Tail Truncation
Hits time ‘ u, - a=0.3670 = 0.0006 ns
: 80% Tail Truncation

distribution . a = 0.2061 + 0.0005 ns

* With track info (pion TOF hypothesis,
plots in backup)

.II'.I.JIL.II.I.]ILI.II.I'LJ

* Monitoring median time measured by
a RU in few sec. of data-taking

15 DO 1000 2000 3000 4000 5000 6000 Y000 8000 9000
Time [ns] Number of Events
BTL Calibration
« Efforts ongoing on developing a framework for BTL Calibration
in Phase 2

* Inputs from test beam experience and detector QA/QC useful
to develop calibration approaches

tiin nanosec —>

. — : : JINST 21 Po2001
* Investigating application of a method for time-walk correction

using TOFHIR measurement of signal slope | * o0 /°°:
/ ope-! nanosec/ uAmp —>
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https://iopscience.iop.org/article/10.1088/1748-0221/21/02/P02001
https://cds.cern.ch/record/2956837/
https://cds.cern.ch/record/2956837/
https://cds.cern.ch/record/2956837/
https://cds.cern.ch/record/2956837/
https://cds.cern.ch/record/2956837/

Summary

* MTD will provide 30- 60 ps timing for charged particles, enabling 4D vertex reconstruction and reducing pile-up
contamination to improve CMS physics sensitivity at the HL-LHC.

« BTL test beams validate the target timing performance across the full acceptance and expected HL-LHC
lifetime. Optimized LYSO-SiPM modules and thermoelectric cooling mitigate radiation damage.

 BTL assembly and QA/QC almost completed at four centers, with integration activities at CERN ramping up and
a tray insertion test in September

« ETL test beams demonstrate ~35 ps timing resolution, with < 50 ps after irradiation up to 10*° protons/cm?2.
Sensor procurement and module assembly preparations are progressing.

* ETL system integration is advancing: complete readout and power chains underwent beam tests in June 2026,
cooling tests are complete, and the first Dee is in production.

* Software is developing towards a more realistic simulation, with new approaches for reconstruction, monitoring
and calibration under study
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Physics Goals
Precision measurements of Higgs couplings
Observation/study of rare processes
Extend searches of physics beyond the Standard
Model

« 3000 fb~1 of data by early 2040s
* Peak lumiof 7.5 x 103* cm™?s~1, 3-4 times Run 3

‘ Run 4-5...

EYETS| sz 13.6 TeV I N 5 c o ey

13 TeV

nergy

Diodes Consolidation

8 TeV splice consolidation cryolimit LIV Installation HL-LHC

button collimators interaction inner triplet ) N
&— pilot beam radiation limit installation

R2E project regions Civil Eng. P1-P5
# TR B A TN N
ATLAS - CMS
experiment upgrade phase 1 ATLAS - CMS X nominsalt?_tj’r-ns.i

beam pipes ' . . HL upgrade
nominal Lumi 2 x nominal Lumi ALICE - LHCb | 2 x nominal Lumi

75% nominal Lumi / upgrade
3000 fb!
000 fb

5 ~ int ted
EXd omaasty B
LHC urade project - arxiv.2505.03535v1 - May 2025
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https://arxiv.org/abs/2505.03535v1
https://arxiv.org/abs/2505.03535v1
https://arxiv.org/abs/2505.03535v1
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Latest BTL testbeam campaings

FNAL testbeam Telescope

March 2023 @FNAL 1[ T C
* sensor modules with 10-15- P o e a;"ﬁ'h‘—“L
25 pm cell-size SiPM and protonf%bé—m}:? g B s

different LYSO thickness
* Only non-irradiated sensors

June and Sep. 2023 @CERN North Area (H8)

* sensor modules with various SiPM cell
size and different LYSO thickness

* both non-irradiated and irradiated
Sensors

* Temperature range from —45°C to

5°C emulating different ageing

conditions tracking system reference module trigger
(wire chambers) module under test (plastic scintillator)
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BTL Sensors Optimization: LYSO

LYSO crystals of thickness: 3.75mm (type 1), 3.00mm (type 2), 2.75mm (type 3)
* Tichker crystals = larger energy deposit in LYSO

* Limited by available space, material budget before calorimeters, and material cost

JINST 19 P12020 (Dec. 2024)
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https://iopscience.iop.org/article/10.1088/1748-0221/19/12/P12020

Time resolution uniformity

* The time resolution among crystals in a module is uniform within 2ps RMS, both along
one bar (x) and across different bars (y)
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NIM A (2025) 170823
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https://doi.org/10.1016/j.nima.2025.170823

BTL Sensors Optimization: TECs

The DCR term is reduced at cold temperatures:

* Inserted Thermo-Electric coolers (TECs) on SiPMs to lower the operating temperature

below —35°C JINST 19 P12020 (Dec. 2024)

* Could also be used in HL-LHC stops for annealing at +60°C

—k
o
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o

time resolution [ps]

n-Type Semiconductor
Electrical Insulator
(Ceramic)

Negative (-)

Heat Rejected (Hot Side)
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BTL Components QA/QC

Phase-2

Sensor Modules . " Gaussian fit to the

511 keV photopeak from Na-22

Left reference sensor TEC > AT
-- Right reference sensor

Na22 source

Detector Modules < ot Lo i
spectroscopy to check TEC thermal tests for L ai e
the quality of gluing thermal contact 3 |
(0]
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[ |CHEP - 2026 ]
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