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Particle Detectors

Lecture at the African School for Fundamental Physics
Marrakesh, Morocco, July 2024

Goal this lecture:
to discuss some examples
Looking at recent technological developments
infinite number of ideas for new detectors
Lecture IV

LHC detectors

Recent developments of CMOS pixel detectors

Fast detectors for time of flight measurements

High granularity calorimeters

High purity segmented Ge-detectors for Nuclear physics
A glimpse at cryogenic detectors for particle and astrophysics
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How huge are ATLAS and CMS?

ATLAS superimposed to
the 5 flcignrs of b

CALOPMET|

ATLAS  CMS
Overall weight (tons) 7000 12500

Sitnitow iiiom Diameter 22m 15m
Length 46 m 22m
Solenoid field 2T 4T
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Magnetic field solenoid
configurations:

—

+ Large homogenous field + Rel. large fields over large
inside coil volume

- weak opposite field in + Rel. low material budget
rgtum_ yc_)ke - non-uniform field

- Size limited (cost) - complex structure

- rel. high material budget

Example:
Examples: - ATLAS (Barrel air
- DELPHI(SC, 1.2T) toroid, SC, 0.6T)

- L3(NC, 0.5T)
- CMS (SC, 4T)
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Compact Muon Solenoid

[ MUON CHAMBERS | [ INNER TRACKER | [ CRYSTAL ECAL. |

VERY FORWARD
CALORIMETER

(T
e NNNNRNNRRNRRG, l‘l’l‘l‘l’l’l‘l‘liiilll a:
LR TTTTT]

Total Weight : 14,500 t.
Overall diameter : 14.60 m [ SUPERCONDUCTING COIL |
Overall length : 21.60m
Magnetic field : 4 Tesla
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Total weight 14000 t ( M S
Overall diameter 15 m ECAL /6k scintillating

PbWO, crystals

Overall length 28.7m MUON ENDCAPS

HCAL Scintillator/brass 473 Cathode Strip Chambers (CSC)
Interleaved ~7k ch 432 Resistive Plate Chambers (RPC)

3.8T Solenoid

Si Strips ~16 m?
~137k ch

Steel + quartz
Fibers 2~k ch

Tracker Pixels & Tracker
* Pixels (100x150 um?)
ECAL ~1 m2 ~66M ch
HCAL -Si Strips (80-180 um) 7 ,
~200 m? ~9.6M ch N 4 . A
Muons MUON BARREL A Ny
Solenoid coil 250 Drift Tubes (DT) and = ~

480 Resistive Plate Chambers (RPC)

HRHC
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Legende :

Muons
Electrons
Hadron chargé
- - — - Hadron neutre

----- Photons @
4T

Trajectographe

Calorimetre

)'l”" électro- i
magnétique :

Calorimétre Aimants

Vue transverse hadronique (SUpracondUCteurs) : é
de CMS Chambres a muons —

Transverse slice through CMS detector

11
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Energy / momentum resolution
CMS Simulation Vs=8TeV
3 04 1 |Calorimetry Tracking
% i ECAL barrel @%@Eﬁ@ dE | d
o 012:— ﬂ%@@@qﬁ . - ) pT - ASz pT
T EIJ[I] qﬁ] ] The number of created secondary
0.08 o @ﬁ@m ] particles is proportional to the
A i - energy
:Q @E}]ﬂj Eregr. P comb. J E ~ N, ORMS ~ \/N ~ \/E
0.061 % o ECAL_, N
0.04 :_gffgoooo O Tracker p _: a(pr)meas T \/720 T
: ®%00ee ‘QOQQQQQQ i Pr 0.3.BI
0.02+ L T —
i | | | | | | | | | : Laal sl
0 10 20 30 40 50 60 70 80 90 100

Electron p (GeV)
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3-jet event in CMS

-6 -4 2 0 2 4

| CMS Experiment at LHC, CERN =
- CMS {| Data recorded: Sat Oct 15.01:25:15 2016 \CEST =
3 ¢| Run/Event: 283270 / 1303214807 AK4 jet 3 =
*—\ \ Lumi section: 808 pr = 120.0 GeV =
= 0 \ n = —0.42 -
P A ¢ = 0.53 -

2 KT l \ 2

g electron
— AK4 jet pr = 67.8 GeV L

pr = 174.1 GeV n = 0.38

= —0.34 == ' ¢ =0.39

n
= ¢ = —2.87 :

\I‘ 1111 HI!!\I\ 111

o

/\

o
||

/ / -1 E
S~
muon -
pr = 13.5 GeV | =
AKA4 jet =
n=-—0.34 let -
¢ = —2.87 \PT = 31.6 GeV\ 3

111

n = 1.61
d’>: =X/d Might have been a b-quark

-6 -4 4. 0 ) 4 6
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CMOS Pixel detectors

Powerful vertex detectors

For high resolution tracking
Industrial processes

Very small material budget (thin detectors)

- Remember multiple scattering !
- Photon conversion to e* e-
- Bremsstrahlung of electrons

MAPS = Monolithic Active Pixel Sensors

15
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Classical Hybrid Pixel detector
Ty
DETECTORCHIP .+ ,«.f
A
\'-‘.\\\?\\/\\\)m\\e
”~ o “\'.\
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Sil;. @ ")
e g 2 s
h\ ¥ . < -
[ -(~)]‘.‘ = \r\:- o X L :' 3
red n <3¢ ; I L
q() f, L9 e 9 T
ll(\ S A a —
g T T DELPHI-LEP-CERN
Iy g » > .
Ui T NS Pixels : 330x330 um
N 152 modules, 1.22 M channels
détecteur
colonne
I__ registre | jiane
)_| comparateur
N[+ |
3 VI' 1 Pixel
Amplificateur .
decharge __ . I electronics:
raz

complex!
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CM OS ( Complementary metal-oxide-semiconductor) D etQCtOI" S

Avantages of CMOS VLSI technology:

* p-circuits integrated but still

* 100% fill factor

« Small sensitive volume (~ épitaxial layer) ~10 pym thick detectors can be
very thin

* Industrial production standards = « modestes » costs,

Signal is created in p-epitaxial layer (lower
doping):

p-well

Q~ 80 e-h / pm = signal <1000 e~

n-well

e~ diffusent (thermiquement) to the jonction
helped by reflexions at the boundaries
formed by the p-well and the substrat
(higher doping)

depletion zone

p++ substrate

particle track

Diffusion time < 100ns

Short coming: . Charge is collected by the diode formed by
Circuitry of the electronic circuit is limited to the jonction n-well/p-epitaxial layer

only NMOS transistors.

18
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ALPIDE — the Monolithic Active Pixel Sensor (MAPS)
for ITS2

19
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Characteristics:

Pixel detector could be made very thin, low material budget!

Thin epitaxial layer = Small signals

Small pixel size possible (10x10um?2) to obtain very good spatial
resolution, but then limited space for electronic circuit available

(Only n-well Transistors)

Simple on pixel-cell electronics - slow Read Out (next slide)

NMOS PMOS

/‘\

B Y D S
[ —-—e _—

)

CElprocus.com

20
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. . RESET SELECT
Overview of Rolling | |

Shutter Architecture I TTTITTTITT k= ¢

Readout

Vst

RST—' Mrst ntegration

Reset ¢

Rolling shutter readout concept where the integrated signal is read out and reset row
by row:

On chip
electronics

S T -
1 e kel Bk o

|

b By
p—a e
prnd Py
peg et
— s
prd et
p—ey s
p—a  p—dv
S =
4 ——
g ety
—-a P—e
N B

ROW

* In this case all pixel outputs in the column are connected.
« Only one row of pixels is selected at a time for readout and/or reset.
+ The column outputs can be multiplexed at the periphery in case of limited analog outputs.

* The recorded values can be digitized by external or internal components

Tomasz Hemperek, PhD thesis

21
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Typical layout of a MAPS chip

CMOS 0.35 pm OPTO technology
Chip size : 13.7 x 21.5 mm?

m Pixel array: 576 x 1152, pitch: 18.4 pym

m Active area: ~10.6 x 21.2 mm?

m In each pixel:

> Amplification

> CDS (Correlated Double Sampling)

(- Testability: several test points
implemented all along readout

path
» Pixels out (analogue)
» Discriminators
» Zero suppression
» Data transmission

m Row sequencer |
» Width: ~350 ym |

m 1152 column-level discriminators
» offset compensated high
gain preamplifier followed
by latch
m Reference Voltages
Buffering for 1152

discriminators fo= ' - gy A s

gusm—
m Zero suppression logic

—

e R P S W R

Power supply Pads
Circuit control Pads E- Current Ref.

= PLL, 8b/10b
optional

LVDS Tx & Rx = Bias DACs

m Readout controller
m JTAG controller

= Memory managemenj

\ = Memory IP blocks

courtesy of Ch. Hu-Guo / TWEPP-2010
22
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Developments to improve performance for
different experiments

Several labs develop CMOS pixel sensors : Italy (INFN, Univ.),
UK (RAL), CERN, France (IPHC, Saclay), USA, ...

Increase and speed up collected charge by drift in depleted
silicon

Use of high resistivity silicon wafers
Use of different (more complicated) CMOS processes

Change layout to use the complete design potential (use of p-
MOS transistors)

Speed up Read Out architecture
Large area (wafer size) devices (stitching)

Curved thin detector layers without additional support material

23
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Depleted Monolithic

Ulrich.Goerlach@iphc.cnrs.fr, ASP Particle detectors

IE—

Goals:

Active Pixels
(HV-MAPS or D-MAPS)

particle track

{/ U%L‘KM )

p-well

n-well (colecting node)
depletion zone

p+ backsie/HV

Figure 1-4 Cross section of a depleted MAPS detector with fully depleted bulk with
backside contact where charge is collected by drift.

Tomasz Hemperek, PhD thesis

large signals

fast charge collection by driftin a
50um — 200um thick depleted layer

the use of PMOS and NMOS
transistors in the pixel cell (full
CMOS),

The entire CMOS pixel electronics is
placed inside the deep n-well.

This way, the pixel contains only one
deep n-well without any inactive
secondary wells that could attract the
signal charge and cause detection
inefficiency.

it is reversely biased with respect to
the substrate from the front side.

By applying high voltage reverse bias
(>60V) it is possible to create a
depletion depth of a few to tens of
microns

implementation in a commercial
technology

24



Ulrich.Goerlach@iphc.cnrs.fr, ASP Particle detectors

HI de Strasbourg |
[ W T Depleted MAPS, logic inside collecting node
g? " VeryDosphwellDN) T Cu -—IIE i ns a e be’ng
1 particle track l- ‘o ) fferen de ’g d
Eooehm o | . i
/! \ v ‘ P-substrate Many d d and teste
W | xp’ oré

Depleted MAPS, HV-SOI
(BOX = buried layer of silicon oxide)

g7

particletrack @@ — — _ __ _ _ A
80 efum) [

Depleted MAPS,
Logic located outside collecting node

—urig-g—p

.

P-substrate o

e
SO — — —

particle track G, G
80edm

Ny s

HY Tomasz Hemperek, PhD thesis
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Building Vertex detectors with MAPS
STAR experiment at RHIC, BNL

First large scale application of MAPS in an experiement

000 111011 M 1 bx PR RONCT < a Fo

. 2 layers of MAPS for pixel vertex detector

WREGAMP —] Prch 43> Pxetie] s ptio] | ASOnD
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% = ; oigha ] vl [Anaiog |
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= v AT [ Bios| m Anaiog
< <« th i (ress| (R ' —
o § | { IFAsTEUF —f o
£ £ i WFASTEUF —|
ol = He i IFASINTBUF — i
1 IREGSLOWBUFOF — 3 : : ASDp1
w w il IWREGELOWBUFDIF — Subframe’ | birame0
| | ISLOWBUFOF ~f | e ASEAT
— -— 4 ISLOWBUFSE = 1 —
& : ! w
Q@ @ ‘I IAMP i 4 B ASDpo
x b : IREGAMP &
— e
a Q. i

INTESTO
wresT g
Ll o ¢ L R ASGLO

55 By A B A s W MBS B P A B SR B R
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b W
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Power Supplies -
Voreww  BRRE O DEBEREZERGD
Analogue Signals 55572898 i 35

10 P 0 0 DN 0 0 1 M B 25 21 1 FRB O 1 s
e U g P far b M g e

(a) chip layout (b) functional diagram of the chip

M. A. Szelezniak PhD thesis 2008

Figure 6.3: MIMOSTAR chip - layout, (a), and a functional schematic diagram, (b).
26
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STAR experiment at RHIC, BNL

First large scale application of MAPS in an experiement

2 layers of MAPS for pixel vertex detector

356 M pixels in 2 layers ~0.16 m?
R=28mm, 80mm
Pixels size 20.7x20.7 pym?

X/X, = 0.39% for layer 1 carbon fiber sector tubes (~ 200 pm thick)
Integration time 185.6 uys

27
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ALICE

Collision point

Over 1000
physicists

Muon
spectrometer

Dimensions :
Length : 26m.
e Hight : 16m.

e Weight : 10000
tonnes.
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Building Vertex detectors with MAPS

ALICE (LHC-CERN)

A Large lon Collider Experiment
TPC
ITS2 layout . %

» 7 layers (inner/middle/outer): 3/2/2
fromR =23 mmto R =400 mm

. 192 staves (IL/ML/OL): 48/54/90 N AE i

/ I’/'/'/"‘

« Ultra-lightweight support structure and cooling

10 m2 active silicon area, 12.5x10° pixels

CMOS MAPS:

Spatial resolution =5 ym

Integration time <10 ps

high-resistivity silicon epitaxial layer

29



@ ALICE: MAPS

OXFORD
* Improve impact parameter resolution by a

factor of ~3 in (r-¢) and ~5in (z)
—Closer to IP: 39 mm = 21 mm (layer 0)

—Reduce beampipe radius: 29 mm >
18.2 mm

—Reduce pixel size: (50 um x 425 ym) >
O(30 pm x 30 ym)

—Reduce material budget: 1.14 % Xy 2>
0.3 % X, (inner layers)

Ulrich.Goerlach@iphc.cnrs.fr, ASP Particle detectors

AR, o

~10m?2 12.5 G pixel

High tracking efficiency and p+
resolution

— Increase granularity and radial
extension = 7 pixel layers

Fast readout of Pb-Pb interactions at

50 kHz (now 1kHz)and 400 kHz in p-p
interactions

Rad hard to TID: 2.7 Mrad, NIEL: 1.7 x
10" 1 MeV n,, cm* (safety factor 10)

* Fastinsertion/removalfor maintenance

P. Riedler : omeegemic Training 2016 61
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Building Vertex detectors with MAPS

ALICE (LHC-CERN)

A Large lon Collider Experiment
ALPIDE — the Monolithic Active Pixel Sensor (MAPS) for ITS2 %

~30 um collection electrode H I.IC E
== o Developed within the ITS2 project

Technology Technology now used in other applications

o TowerJazz 180 nm CMOS Imaging Process
2 x 2 pixel

. - o High-resistivity (> 1kQ cm) p-type epitaxial layer (25 um) on p-type substrate

o Small n-well diode (2 um diameter), ~100 times smaller than pixel (~30 um)

Artistic view of a => low capacitance (~fF)
SEM picture of

« Reverse bias voltage (-6 V < Vgg < 0 V) to substrate to increase depletion zone around
ALPIDE cross section

NWELL collection diode

A— o Deep PWELL shields NWELL of PMOS transistors NmoS PmoS collEcTion

Orooroonoono e = full CMOS circuitry withiW; B E

O, (20 2 H (H O [ Key features Stand[;rd \‘

Eaulu EE, . _ « In-pixel amplification and shaping, discrimination and !

Che 10 O# (0 Oy D O (O C°"t:)“r“°“5 Multiple-Event Buffers (MEB) 1 DEPLETED ZONE

H OO OO OO [ external trigger « In-matrix data sparsification ’ ¢ A

DTD DTD D'TD DTD o On-chip high-speed link (1.2 Gbps) e

[ sarthiich Tom bt | o Low total power consumption < 40 mW/cm? —
ESE Electronics seminar by T. Kugathasan ALICE ITS2 | CERN Detector Seminar | October 21st, 2022 | Felix Reidt (CERN) 11

Capture d'écran

31
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ALICE (LHC-CERN) ITS 2

RPNy \p—

' h o ——
T~ \»'?\‘ . ¢ , g -
S :

A Large lon Collider Experiment

p—

On-surface commissioning
Inner Ba

/e
L

N

3 ALICE
1 ol

er Barrel Bottom
Outer Barrel Top

T T T T I rrs.

|Vl

7

B

1 A

eminar | October 21st, 2022 | Felix Reidt (CERN)

32
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ITS3 @

the idea (1): make use of the flexible nature of thin silicon RETEE

Magnus Mager (CERN) | ALICE ITS3 | CERN detector seminar | 24.09.2021 | 9

33
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Layer assembly

Layer 2 Layers 2+1

:;

3-layer integration successful!

Magnus Mager (CERN) | ALICE ITS3 | CERN detector seminar | 24.09.2021 | 26

34
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Development of Interconnects

Bonding on curved chips and
circuits

Procedures, jigs, mandrels,
| integration

with bonding machine

ALICE

35
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@

e otitching — MOnolithic Stitched Sensor prototype

our target: ~280 x 94 mm > wafer scale sensor
—> stitching needed: a true single piece of silicon

What we designed... ...what we want to fabricate

Top part

1

]

i

Repeated part ::;ﬁ,‘ reticle | h HHHEHEE ,
d o H] (UESV _ REjESEaRyRR]

™
n
=
LLI
©
—
<
>
LL
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o
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>
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o
(Q\|
| -
(]
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(ex
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@
Q
L

25

MOSS: 1.4 x 26 cm monolithic stitched sensor
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CMS Experiment at the LHE; CERN
“Data recorded: 2016-Oct-14 00:56:16.733952 GMT

Run./ Event /1L S; 283171,/ 142530805 /.254 ‘ 7 » 4 =
S S NN \ v f 2 o
— ~ o N 7 ‘ / _—
=~ 3 ; \ \ \ 7 #7 . ’

——f_ti\__;\__—_ —*La:_

S —— S

—— =

‘:,,, = o ——

'/ First Tracker layer R~3cm ~0.7
hits/BX/Imm2 = 2.8 GHz/cm2 N ==

7
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 Advantages Planar Technology 3D Technology

— Decouple thickness from electrode
distance

— Lower depletion voltage, less power
dissipation

— Smaller drift distance, less trapping
« Disadvantage

— More complex production process

— Loweryield, higher costs

— Higher capacitance (more noise)

MIP p*

3D is the most radiation hard technology to-day

Similar performance than planar sensors, but less demanding in
terms of bias voltage and cooling.

For the HL-LHC we need :
— More radiation hard (innermost layer(s), 1-2E16 n.,/cm?)

— Smaller pixels (compatible with new readout chip, 50 pm — 25 um)
— Thinner (reduce cluster size/merging, 200 um — 100 um)

S. Parker and C. Kenney D. Bortoletto Academic Training 2016

\ " bertConen




— Ulrich.Goerlach@iphc.cnrs.fr, ASP Particle detectors
Universite

IE bourg | —————

3D Silicon

Silicon pixels: 3D FBK — single-side

i
i

S ONV 1IN 10

passivation Two wafers:

High-Resistivity and Low-
oxide |Resistivity, bonded with Direct
BN e W Wafer Bond - DWB technique by

Column diameter ~56 pm \
A T

High Resistivity layer R f T
« Active layer thickness ~150 pm p* Ohmic column
* Resistivity > 3 kOhm+cm p-spray

| p- HR sensor wafer

--------------------‘[-AL----.- - L) N BN BN BN BN BN BN BN BN BN BN BN BN BN BN O Om = = -

Low Resistivity layer

* Resistivity 0.1-1 Ohm+cm &

* Initial wafer thickness ~500 pm

* Residual wafer thickness after
thinning 50-100 pm

n* Junction column

G F Dalla Betta et aI NIMA 824 (201 6) 386
Divide between layers =» 4
Columns produced by:

single-side Deep Reactive lon Etching - DRIE process
optimised by FBK (less expensive than double-side process)

High resolution TEM image of
two bonded wafers cross section

4 Mauro Dinardo, Universita degli Studi di MilaBReE o d1¢-NeK-1e &4}




Ulrich.Goerlach@iphc.cnrs.fr, ASP Particle detectors

U|n|i|v ::,s:aslblour | ——————————
CMS Pixel upgrade for HL-LHC
N Pixel sensors

= 150 um bulk thickness, 25x100 um? pixels cells everywhere under metal to
reduce x-talk

= Planar n-in-p sensors:

= Bias up to 600V and spark protection between ROC and
sensors

= Three vendors qualified in the Market Survey, Tender
being closed in these days

= Bump bonding pattern is 50x50 pm?

= Cross-talk issues studied and minimized (i.e. bitten
implant on planar)

Structure of a 3D sensor — FBK process

= 3D sensors for barrel L1 metal bump passivation

= Short drift distance ~50 um (3D) vs 150 um (Planar) i R
= Slim edges (150 pm ) vs planar (~450 um ) = smaller TSAM e N TN R I N ———

dead zone Gap Acﬁveltsh(i’c:;ess
= Sensors produced at FBK on 6” wafers and CNM on 4” 20Pm o p” high Qcm sensor wafer

wafers

Handle wafer
thickness ¥ ; T
~500 um Metal to be deposited after thinning  pogigual handle

- Handle wafer to be thinned wafer thickness

‘ o 50— 100 um

A. Macchiolo, The CMS Pixel Upgrade, Pixel 2022, 13 Dec 2022
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4D Detectors (x,y,z and time)

Tracker z-resolution

N. Cartiglia, INFN, Hiroshima Conference 2017

Tracking z-resolution can be larger
than vertex-separation: Ambiguous
Track-to-vertex association

Timing at each point along the track:

Massive simplification of patter
recognition

Faster tracking algorithm

Even in very dense environments
by using only “time compatible
points »

41



The Time Structure of Crossing Bunches

* |n addition to extent in z, there is
an extent of the bunch crossing
in time

* For nominal HL-LHC optics the
core of the bunches pass
through each other in ~300 ps

« When bunches overlap entirely,
achieve maximum spread in z
and maximum pileup density

 Normally an experiment only
sees the integral of this
distribution over time

t [ns]

- -

Crab Cavity . ’ Crab Cavity
Crab Cavity ’ ‘ Crab Cavity

-

0.6

0.4

0.2

0.0

-0.2

-0.4

—0.6

3.0
2.5
2.0
1.5
1.0
0.5
0.0

Need to discriminate vertices with time spread of ~180 ps, must have time track t|m|ng [cm]

resolution significantly smaller than beamspot spread so that tracks cluster in time.

7 6/3/2017 Lindsey Gray | 4 Dimensional Trackers

Baseline (end)

167 events/mm/ps

2= Fermilab
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CMS Simulation preliminary 13 TeV

g Simulated Vertices TR S A O (= 1:’
~ 06 ki Heconstivcied Vegicen 2 0.9\ tt event tracks
——~&—— 4D Reconstruction Vertices O
—F— 4D Tracks g osfPP09GeV
04— S 07 e Phase2,3D vix, PU=140
& )] F +« Phase-2, 3D vitx, PU=200
L = 0.6 = Phase-2, 4D vtx, PU=140
02— - ¥ Phase-2, 4D vtx, PU=200
i C 0.5 :
E + £ F
0— T 04F
- (&) =
- 0.3
C 4 @ A
02— ] E oA
=Ty s SEPCU
B 0.1 ¢ *
n_ v vy
_0'4_1 115 (R T R | 110_L_L_L_L. Is__n i Rt Lé.n__oL LR L R AR ._é..J._L__L_J_110__I_I_1 XI O_A_‘_s w 8 .' . I.. .T' I
S S 0702040608 1 1.21.4161.8 2
— Density (events/mm)

Figure 1.2: Left: Simulated and reconstructed vertices in a 200 pileup event assuming a MIP
timing detector covering the barrel and endcaps. The vertical lines indicate 3D-reconstructed
vertices, with instances of vertex merging visible throughout the event display. Right: Rate of
tracks from pileup vertices incorrectly associated with the primary vertex of the hard interac-
tion normalized to the total number of tracks in the vertex.
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Using the Time-at-vertex in Reconstruction

CMS Simulation <u> = 200

10

With the track-time at
distance of closest approach =
it becomes possible to

cluster tracks in 2D into
vertices

—_
2]
-

This significantly increases
the distance between
vertices and hence makes
them harder to confuse

Expect 5-10x improvement in
vertex merging rate
(achieved 9x)

Expect 3-5x reduction in
track-vertex association
false positives (achieve ~3x)

3/20/18

o e S =
—+— 4D Tracks % _
0.4_— f . . ]
0.2:— : 5..i..ﬂ1 'M"*H* - § f £
S 2 PR (¥ Bttt TP :
5 4 %4 #* § %ﬁé;?ﬂé{é‘ %i W -
B2 i s it ‘]é' &{@§ =
B ¢ % t i
-04— G, B g HEE G | il Ly 0 ]

10 5 0 5 10
Z (cm)

CMS Simulation

<l*l> Vet]t:::%er;gcetgon Vegjr]tz:)?/{:er;gci?on Ratio of 3D/4D

50 0.5% 3.3% 6.6

200 1.5% 13.4% 8.9

3= Fermilab

Lindsey Gray | 4 Dimensional Trackers
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Crystals

lutetium-yttrium orthosilicate crystals activated with cerium (LYSO:Ce) read out with SiPMs. The

The barrel timing layer will cover the pseudorapidity region up to |hl = 1.48 with a total active surface of

about 40 m2.
The fundamental detecting cell will consist of a thin LYSO:Ce crystal with about 12-412 mm2 cross-
section coupled to a 4x4 mm2 SiPM.

The crystal thickness will vary between about 3.7 mm (lhl < 0.7) and 2.4 mm (lhl > 1.1),

LYSO:Ce crystals w/o wrapping

N
a8 | |
l.(l
g B

Teflon wrapped

L/

wrapped
crystal tile|

L7
lateral faces,

-
¢ S

Figure 2.4: Top left: Set of 11 x 11 x 3 mm? LYSO:Ce crystals with depolished
before and after Teflon wrapping. Bottom left: 6 x 6 mm? HPK SiPMs glued on LYSO crystals.
Right: Crystal+SiPM sensors plugged on the NINO board used for test beam studies.
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LGADs

Nicolo Cartiglia

* Achieve =10 ps timing resolution with Si detectors using

charge amplification with Low-Gain Avalanche Detectors

Cathode
Ring

Depletion l I D ) b 7
Region n [ Ce - ! o
= Vm gompcrotor
n -
_________ k Pre-Amplifier Time measuring circuit
f
— Anode
i Ring

Lots of R&D, DC and AC coupled, chip design, test beams
Both ATLAS and CMS but also for Higgs factories etc
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HL-LHC necessitates upgrades to the CMS detector 3

Experimental challenges LHC HL-LHC General mitigation strategy

+ inst. luminosity 2 x1034s-1cm=2 _> up to 7.5 x 1034 s-' cm=2 > improved trigger & computing

« detector irradiation 0O(10'4 neg/cm?) >0(10'> neg/cm?) > radiation-tolerant sensors & electronics

» pile-up interactions 0O(40) 140-200 » timing and increased granularity

Tracker:
Radiation tolerant, . To be replaced
high granularity, 4 for HL-LHC
less materials, tracks in
hardware trigger (L1), f Endcap CGalorimeters:
coverage up to |n| = 3.8 S [ /N 15< Inl <3.0

Barrel Calorimeter:
New BE/FE electronics,
ECAL: lower temp.,
HCAL: partially new scintillator

Muon system:
New electronics
GEM/RPC coverage in

Compact Muon Solenoid (CMS)
HL-LHC Upgrades

5<Inl<28, other:

investigate muon tagging » HLT up to 7.5kHz

?t 4 » MIP timing detector
igher n » Beam radiation instr.

and luminosity

Thorben Quast | Pisa Meeting 2022, 25 May 2022
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Calorimeters: HGCAL for the
High Luminosity-LHC

ngh ganularlty and time resoltlon |

Funiversi ][]
[ desasbours |




Technology Choices

Both Endcaps | Silicon
Area ~620 m?2
Channel Size 0.5-1.2cm?
# Channels ~6 M
# Modules ~27000
Op. Temp. -30C

CerEngeap Si CE-SI-LScint
Absorber Stainless steel, Cu
Depth 10 A
Layers 7 14
Weight 205 t
-Dissipated power ~250 kW © 22[m >

-Removed with two-phase CO2 cooling operated at -35 C
:WQWeometry slightly adjusted since the TDR release
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Idea: HGCAL will be 3D imaging calorimeter with timing capabilities 8

VBF H
w ‘Plots show cells with E >~3.5 MIPs, projected to the front face
4 of the endcap calorimeter

¥
Vi _I/-_ + 200 PU -Concept: identify high-energy clusters, then make timing cut
% 7
et

to retain hits of interest

) -Design HGCAL to obtain a ~30ps timing measurement for
multi-MIP energy deposits

Layers projected onto one plane g
7 : : SR . ; T - o 10
g -require hits within 90ps time window- *¥* - |
iy B oy TR SNCNPEERI e o
[ . - -t Le o S i .S
B e et LA, L S L -t
= a seeg Coa fe Wga =T LY R, 10
= =il g LBLEEEE St T e e,
= Bt .- o o LY et o X
4 o e 3 - - sog. ae TH S,
=" Pileupsiyifc S = IR a3l
[ == ol e - - - -- '.- - 5 - ',%_\‘_‘-5
b L I . ; I COR TR 1
[ & =8 2° o 2 e v e Mmba TR, e e et
E. - o s Rt L ied i S A
-1'-'_ - :-_‘- ,‘1" 'E Ea --; . :.'_, - a-....,.
B 2 - a ..._ ._-.\. - A - Vag,
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1.6 1.8 2 2.2 24 2.6 .8 3 L
n
cﬂﬂ
Thorben Quast | Pisa Meeting 2022, 25 May 2022 2




Lateral Structure, Cassettes

*Silicon and ; "
scintillator N
modules
assembled into
cassettes v O __

*Su ppo rted and L
cooled by copper amoe- g
cooling plate

-Data from
mounting
m Od u Ies CO I I ected screws/spacers
by motherboards

-Cassettes house
all services and a"-sintcton
cassetie

DC2DC converters |

300 um
sensors

200 um
sensors

120 um
sensors

mixed silicon-
scintillator cassette




Silicon Modules

*Glued stack of baseplate,
sensor and readout hexaboard

*baseplates are made of
CuWin CE-E, PCB in CE-H

*Relative alignment within
~50um achieved with gantry
based automated assembly

* Electrical connections are

'f;iﬂ"’:!

Kapton Coated Shleld*

done ith wire-bonds

* In CE-H, PCB baseplate with laminated Kapton™

Autotd module

signal bonds shield bonds backside HV bonds
assembly with gantry > 4 i
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HGCAL for the High Luminosity-LHC
Is a very complex instrument

53




Ulrich.Goerlach@iphc.cnrs.fr, ASP Particle detectors

Université
j H de Strasbourg _

High purity segmented Ge-detectors
for Nuclear physics
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1000

-
-
-

Photo-electric effect
K-EDGE

Y- ABSORPTION Absorption of Y

100
| COEFFICIENTS

—— Nal
——— NE102A

10
: Reﬂ”ﬂdEf J Compton scattering
0 1 i 1 E scattering y—> '
M= cm’ = "B\
- -1
M=0.18 cm o

Creation of (e*e")
pairs

Absorption of y

___________________

u=0.007 cm-100%

0.001 It L1l li 11 1 E 1 11 L1l
0.01 010 1.0 - 10 100
Energy [MeV]
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76B76 Nal Detector: **Co Spectrum
76B76 Nal Detector: "*'Cs Spectrum 17 Mev
. e

32 keV 662 keV

1.33 MeV

Response of Na

Coun“

Counts

Energy (keV) Energy (Mev)

Unce. of Tewwessee , Bept. of Ploysics

113 MeV ¢
GONE ¥

1.33 eV
‘OM‘
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Full Energy
Peak
(a,b,e)
Compton edge 1
Annihilation
Single i
it Double Esca'g Peak i
T Escape Peak
| 1(8) 16 |
2 &Y Continuum ik i
o e e e B S i e s S R R B A E R RS e e 5 ;
Primary photon i
Secondarf'photo[a _c?r:hnuum pe’ ey : s
....... (G s TR . .. % 1|
511 hyg — 1024 hvg — 511 hl/o — FE; hyg

PHOTO-ELECTRIC EFFECT
Figure 1.3: Effect of interaction processes on the predicted detector response function for

(a)
mono-energetic y-rays with hrg >> 1.022MeV.

hvg
PAIR CREATION

COMPTON SCATTERING
(e)

(b)

() (d)

h”“ h Vo

hvg
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NIAVA >
0 Nal lsns Vfur..: .““\.
s 5465 L

L]

Large volume semi-
N\ conductor detector

{ Germanium

=,

-  Amplitude(ADC)
~ Volts

~ charges/photons

- °I" ~ energy of gamma
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Semi-conductor detectors

Mobility (velocity/E) Z [a.m.u]
Material | E, [eV] | w [eV] T [5] T [$] density
e K g/em’
[cm2/V S| [cmZ/Vs]
C 5.5 13 1800 1200 210° 210° 3.515 6
(diamond)
Si 1.12 3.61 1350 480 5107 5107 2.33 14
Ge 0.67 2.98 3900 1900 2107 2107 5.32 32
GaAs 1.42 4.70 8500 450 5107 5107 5.32 31,33
CdTe 1.56 4.43 1050 100 110° 110° 48,52
Hgl, 2.13 4.20 100 } 110° 210° 53,80

dN _ 1
N N

Parameters Values for Materials Used in Fabricating Semiconductor Radiation Sensors

; E~N; N =numb. of (e,h))

ipuc. W.Dulinski [3]
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Inverse Polarisation

Holes move to « - »

Ulrich.Goerlach@iphc.cnrs.fr, ASP Particle detectors

e ————
PR J28(¢0+V,,,-,,s)(NA+N,,)
Vi~ " P e N,N,

electrons move to

N >N, 251 —.I [._ contact "+"
P T ™=
. . ey [ o
depletlon! in g—ty_pe ol p i N {: - d = X, 0.53,/p @, pum
e | =1 p~2-10"Qcm, ¢, ~1V
| L™
=d~T5um
T d | “
- Xﬂ
- Depletion
0 + _”_ - 0 |
Vi Forward bias Iz'l !
Reverse bias | Forward bias
v —s - P+ v —
Real Diode Reverse bias ‘Ideal’ Diode

60



— Ulrich.Goerlach@iphc.cnrs.fr, ASP Particle detectors
Universite

’ H de Strasbourg | e ————————

Large volume detectors

e o |29 +V) (N, 4N
noor e NN,

d
Depletion zone ;

N=N,<N,; ¢, <V,

Vbias

bias
2gl/bias . = 1 1 1
d , = N N =N, ou N  =netimpurity of material

N =10"atoms | cm’; V. =3000Volt;

=2.2mm
V,..,=3000Volt

High purity :
N, ou N, =10"atoms | cm’; V. =1000Volt; e =16-¢,;

¢, =8.85: 107" F/ m; F = Coulomb | Volt ; e =1.6-10"" Coulomb
d =1.8cm
V,as=1000Volt
d =2.5cm
V,..,=2000Volt
d =3.1cm
V,...=3000Volt
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1 = PEENIE U VTTTR T PTTI T TT77T= High Purity Germanium
E PE = PHOTOELECTRIC 5
C = COMPTON
= o e Se (PE) PP~ PAIR PRODUCTION ~— ENergy measurement

1 of gammas

(INa-Np] = 1019 cm-3):

R

L 1L

[

Egap =0.74 eV =
— operation temperature
: T=77K

107

HERL

Weh=2-98 ev
—excellent resolution

| LI

LINEAR ABSCRPTION COEFFICIENTS {(cm™')
1

1077

- E,=1MeV, dE = 1 keV

[ 1111

- “High” photo peak

IR RRLLL

J

efficiency

10 LU 1 (N Ll e
10° 0 1 10! 108
ENERGY (MeV)

o
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Germanium detectors
Operation temperature: T= 77K (Liquid Nitrogen)

Configuration : co-axial

Electronics is mounted very close to the Crystal

Capsule Ge detector Lid
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The idea of y-ray tracking

Compton Shielded Ge large opening angle
means poor energy
en ~10% resolution at high
Ny ~ 100 recoil velocity. target
Q ~40% ion beam i :L—Z— ——————————————————— beam axis
0 ~8° o
recoil nucleus

Figure 1.12: Doppler broadening

Previously scattered gammas were wasted.
Technology is available now to track them.

Ge Tracking Array

&n ~ 50% ﬁ Combination of:

Nger ~ 100 «segmented detectors
. =7 -digital electronics

? :i(l/" . *pulse processing

stracking the y-rays
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What is AGATA?

= == + I I — = I I -I IT::% 13 Countries, > 40 Institutions
i ]

AGATA Definition: NIM A 668 (2012) 26

Rates

Efficiency
Peak/Total

etric AGATA Triple Cryostat - Solid Sphere of Ge

B, - Cold FET technology for all signals

Angular Resolution
FWHM (1MeV), vic = 50%

Dr Helen Boston

- integration of 111 high resolution

speciroscopy channels material: Solid angle
coverage ~ 82 %

- 36-fold segmentation of
crystal

* Track each gamma
interaction through the

crystal

N2 consurpten - Reconstruct and

- noise, high frequencies disentangle gammas
3 MHz (My=1) 300 kHz (My= 30) 180 hexagonal crystals: 3 shapes
43% (My=1)  28% (My = 30) 3 fold clusters (cold FET): 60 all equal
58% (My=1)  49% (My = 30) Inner radius (Ge): 23.5cm
~1° Amount of germanium: 362 kg
~BkeV

© 36-fold segmentation 6480 segments
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i ——
er

1.0

signal formation in 3

9

Ge-HP
Cylindrical geometry

Gamma interactions

-n* layer

p — type core

velocity [ cm/s |

electrons |

105m.‘,1 i e aal

RS

10*
electric field [ V/cm ]
~HPHC

2 3
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Segmentation of High Purity Ge crystal

Divide the electrodes on the surface of the detector

Weighting field shows how the segmentation works

&
=)
TrrrT

Y(mm)

Y(mm)

oS
~
Y
~
~

,.‘»7-’. =y i
s
&
g
e Lo Liaaa 107
40

10 20 30
X(mm)

4000 IR . _ e Loaas e 3
-40 -30 -20 -10 0 10 20 30 40
X(mm)

Figure 2.2: Weighting-potential distributions of the Core (a) and of segment A (b). Calcu-
lation conditions are the following: readout electrode at unit potential, all other electrode at
zero potential, no space charge inside the material.

Q(t) = —q- [¢W (xn(t)) — ¢W(Xe(t))]
i(t) =q- [Ew(xn(t)) - vi(t) — Ew(Xe(t)) - ve(t)]
qlﬁw and E are the weighting potential and the weighting field.

Michaél Ginsz, PhD thesis 2017
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AGATA Tracking Concept

Highly segmented Identified

interaction points _
HPGe detectors — Evaluation of
(xy.zE1) permutations of
Dl interaction points
Pulse Shape Analysis FN.
to decompose ~~{.'
recorded waves ‘:g )
Digital
electronics
to record and
prog Reconstructed y rays
. Dr Helen Boston
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Pulse Shape Analysis Concept

= measured

791 keV deposited in segment B4

° Dr Helen Boston
71




Ulrich. Goerlach@iphc.cnrs.fr, ASP Particle detectors

Université

‘ H de Strasbourg l B —

Pulse Shape Analysis Concept

.:: : Calculated from Electric
—&——ﬁ et ———

field simulation

= measured
=== calculated

791 keV deposited in segment B4

° Dr Helen Boston

—HPHC 72
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Pulse Shape Analysis Concept

e _Mmeasure

[ d
calculate

d
791 keV deposited in segment B4

Z=46 mm

° Dr Helen Boston

—HPHC 73
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Pulse Shape Analysis Concept

== measured
=== calculated

791 keV deposited in segment B4

Z=46 mm

° Dr Helen Boston

—HPHC 74
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Pulse Shape Analysis Concept

MATCHED!!!

== measured
=== calculated

791 keV deposited in segment B4

Z=46 mm

° Dr Helen Boston

r-I'P“e 75
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Pulse Shape Analysis Concept

== measured
=== calculated

791 keV deposited in segment B4

Z=46 mm

° Dr Helen Boston

—HPHC 76
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Pulse Shape Analysis Concept

Result of

Grid Search
algorithm

== measured
=== calculated

791 keV deposited in segment B4

° Dr Helen Boston
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Evolution of AGATA

2012-2014 2014-2021 2021-2024 2025-> B
GSI, Germany GANIL, France Legnaro, Italy FAIR, Germany [0

~25 detectors 45 -> 60 -> detectors 80-90 detectors

7 £
I FSP HISPEC/
> P>y §  DESPEC

: - 1
AGATA at GSI AGATA at GANIL AGATA at LNL
Reaccelerated RIBs: In-flight RIBs:
- Coulomb Excitation, Direct Reactions, Deep - Relativistic Coulomb
Inelastic, Fusion Excitation, Knockout,
- Direct and inverse kinematics  ~ 10% Fragmentation.
— B ~50%

They had about 60 detectors for AGATA by end 2023
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Evolution of AGATA

2014-2021

GANIL, France 2021-2024
Legnaro, Italy
45 -> 60 -> detectors

detectors

AGATA at LNL
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Conclusions
(nuclear detectors)

. High Z Scintillators are used for gamma
spectroscopy, particular for anti Compton

spectrometers

. Low Z (organic)-Scintillators used for particle
detection/stopping

. Semiconductors: Si used for charged particle
spectroscopy (alpha, protons, ... Fission
fragments)

. Semiconductors: HP-Ge for high resolution and
high efficient Gamma spectroscopy
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We (and all of chemistry) are a small minority in the
Universe.

_A—

s-block ; 2 s-block
1 New Designation 18
14 Original Designati VIIA
1 figing Designanon Non-Metals =
K Atomic#, 13 14 15 16 17 SN
; 1A Symbol\IIIA IVA VA VIA VIIAS
/~ s-block Asiie Mass p-block
3 5 3 7 g 10
2 Bk B|C|N|O|F |Ne
o 10.81 [12.011 (14,007 |15999 [18.998 [20.179
y———————— Transition Metals —— — 1516 7 g
4 5 6 7 8 9 10 11 12 Al | si [ S cl | Ar
M 3 IVB VB VIB VIIE ~— VIHB —\ IB 1B |5¢ 983 |p08s [30.974 [32.08 35455 [39.948
22_ [ |4 |5 % |27, |28 . 22 /0. L | P2 PL |5, |3
4 Ti | V [Cr|Mn|Fe [Co|Ni [Cu|Zn |Ga|Ge |As |Se | Br | Kr
47.88 |50.942 |51.996 |54.938 |55.847 |58 933 |[58.69 [63.546 [65.39 [69.72 [72.59 [74.922 |7896 [79.904 [83.80
40 |41 (42 |93 |48 |45 |46 |47 |48 [49  [S00  [5D 52 [S3 |4
5 Zr ([Nb (Mo [ Tc [Ru |[Rh [Pd|Ag|[Cd|In |Sn |Sb|Te | | | Xe
91.224 |92.906 |95.94 |(98) 10107 [102.9] |106.42 [107.87 [112.41 [114.82 [118.71 |121.75 J127.60 |126.91 |131 29
720|730 74 (75 |60 775 (781 [7® [80% |Gl EEEIE3 B5 (86
6 Hf |Ta | W |Re |Os | Ir | Pt |[Au |Hg | Tl [Pb | Bi | Po | At | Rn
178.49 (180,95 [183.85 [186.21 [190.2 |192.22 |195.08 |196.97 [200.59 [204.38 [207.2 [202.98 [(209) |210) [(222)
: 104 105 [106 [107 [l08 [102 [110
- to 103{Ung (Unp |Unh [Uns |Uno |Une (Uun | (Mass Numbers in Parentheses are | Phases
(261) [(262) |(263) |(262) [(265) |(266) |(267) from the most stable of common Solid
1sofopes. Liguid
Metals PES) 2
Ruare Earth ~ d-block fblock
Elements [ g2 63 64 |65 |66 67 [68_ 69 [0 |71
Pm|Sm|Eu ([Gd | Tb |[Dy |Ho | Er [ Tm | Yb | Lu
Lanthanide Series |138.91 k B 24 |(145) [150.36 [151.96 [157.25 [158.93 [162.50 [164.93 [167.26 [168.93 [173.04 [174.97
39 3 g g 93 (94 |95 |96 |97 g |99 100 (101 [l02 [103
Np [ Pu |Am |Cm Bk | Cf |Es |Fm |Md | No | Lr
Actinide Series [227.03 237.05 [(244) [(243) [247) 24T 251 |252) 257 258) [(259) [(260)
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Dark Matter ?

Dark Matter Evidence

Cosmic Microwave Background Bullet Cluster Rotation curves

Center of mass from plasma clouds
e y ; : rolational velocity
GRRTA e AN = [km/s)

/-\'ﬂL

50000 100000
distance from center [light years)

Actual center of mass from lensing

... hon-atomic (if not PBH) — non-luminous — stable — neutral — massive — non-relativistic ...

Axions / ALPs Sterile v WIMPs ; )
/ Primordial Black Holes
~meV ~keV ~GeV
mass
22.08.2023 - LUTZ ALTHUSER - EPS-HEP 2023 - First results on Nuclear Recoil events 3
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Direct Dark Matter Search Modalities

Q?jz.
CRESST-I, CUORICINO s -

Cuoricino module

EDELWEISS

o ‘

CDMS module

CRESST-II

T DAMA/LIBRA,
T Kims,

Y CoGeNT, DM-TPC,
% XMASS, DRIFT, MIMAG,
® DEAP/CLEAN, NEWAGE

ZEPLIN-|
XMASS "« GO
ZEPLIN-11/11l, XENON, BENE
LUX, WARP, ArDM, 70
PANDA-X

DRIFT

ZEPLIN-III
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A double phase liquid xenon TPC

Dark Matter and Axion Searches - Belina von Krosigk B
Most recent results >1 GeV: LZ, XENONNT ‘

LZ:
5.5 t fiducial mass, LXe

,'~< - Gaseous xenon

Liquid xenon
(LXe)

XENONNT:
4.2 t fiducial mass, LXe

WIMP

Electron Recoil
(gammas)

Cathode

Nuclear Recoil
(neutrons, WIMPs)

X. Ji, Nature 542, 172-173 (2017)
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Lronic recoil [E

Elec

A double phase liquid
xenon TPC

Charge Signal

40 60
Light Signal Latest results from XENONnT

Working principle of dual-phase liquid noble gas
time projection chambers (TPCs)

A time

. Prompt light signal (S1)
\ * extraction avialan

* Secondary light in GXe from drifted charges (S2)

drift time Energy reconstruction using the combined S1
(depth) and S2 signal

* Position reconstruction

e zfrom S1-S2-delay time
* x-y from S2 hit pattern

Sztop Szbottom |

Phys. Rev. D 100, 052014 (2019)

Phys. Rev. D 99, 112009 (2019) 85
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E. Aprile et al. (XENON100), Phys. Rev. Lett. 105, 131302 (2010)

Xe

XENON
Matter Project

Identification of recoil species by
S2/S1 ratio

30 35 40

» from ®°Co y-ray source and
241AmBe neutron source

» selecting single scattered events
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Upper limit @ 33 GeV /c?is 7.6 x 1046 cm?
— first sub-zeptobarn WIMP detector!
-40

10 ¢
Al

-

S

5 10—41 i

©

o)

n

2 107}

o i

o I

E 107k 2012)-225 live days

) g ]

=

T

o o

S 10}

= lys: 90% upper limit

1077 4 — 102! barn!
10’ 10° , 10°
LU (GeV/c?)
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"1 1 o0 sensitivity 2 0 sensitivity

E. Aprile et al. XENON) Phys. Rev. Lett. 121,111302
Phys. Rev. Lett. 131, 041003 (2023) [2303.14729]

Power constraint based
on “rejection power”

& witha 50% limit

[N p— p— fumd
=) - (e o)
| | | |
— e — —
(o)) &) BN w

w/o power
constraint

o
S
|
N
~]

10 102
WIMP Mass Mpy [GeV/c?]

WIMP-nucleon cross-section o5[cm?]
p—
o
L
(0]

Phys. Rev. Lett. 131, 041003 (2023) [2303.14729] 23
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WIMP diffusé EDELWEISS

WIMP
impulsion de chalew  (Exgp@rience pour Détecter Les Wimps en Site Souterrain)
.‘.—
Neutron and gamma calibrations
o ('i °%Co and %°%cf sources), Polar = - 2V
senseur I R
N, , | EDELWEISS
; électrode . , -
électrode >
1 impulsion d’ionisati X
el s d’un noyau g
= = Nuclear recoils
Q_ i
£
©
cristal de Ge _§ _ Electron recoils
» Ge cristals of up to 1Kg & Ly
« Very rare events about 7 parcours d’électrons >> um |
1 event/Kglyear E ~ parcours d’un récule << um |
- NP [ R R | ; (T
 Recoil of some keV ’ 0 20 40 60 80 100

Ch litude (keV e.e.
* Heat changes of arge amplitude (keV e.e.)

AT ~ few mK => cryostat(*He*He)
Operation temperatur of 10 milli-Kelvin
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Ge ionization — phonon detectors |

NTD sensor

Neutron Transm aioo ped Ge)

Al center

electrode

» bolometer mass: 320 g
» 100nm sputtered Al layer as electrode (center + guard ring)
» 60nm Ge(Si) amorphous layer below electrode
» NTD temperature sensor glued on sputtered gold pad on guard ring electrode
» electrical contacts/heat links via gold wire bonding (9=25um)

» operating temperature T=17.00+=0.01mK
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u"i ----- ieA ) " . 2 -
lonisation&heat: pulses & signals Q(IT
lonizati Al electrodes ~ 100
Ge-NTD detector in EDELWEISS: (?,Z'nztae,'%?,amen o n
amorphous Ge
E ~ 10 keV.. . or Si~ 60 nm
. = : b oniZzation
heat: AT=1.3pK; AU=1pV (guard channel)

tice~10ps-10ms; t,;;~100ms
lonisation: AU=0.5mV
tice~100ns-1ps; t,;~100us

Heat
—— . . channel
__after amplification&signal shaping:
E 5o L — signal lonization signal il
® lonization fit Y
g |
£ P i '
o = ~
E PR YN (T AT SN WY W (ST WY VT T SN N SN ST WA TN WU SN T S S S S i
2 25 3 35 4 45

- Time (ms)
S 200 [T T T T T T T T T
E ... Heat fit Heat signal ;

100 |- ]
() F - ]
© " 3
2 of
a - \ .
g -100 I’-l pp -9 B g-y e-vp-l gihpt g R oy el g Gy By op F

200 300 400 500 600 700
Time (ms) —

25 11.07.2011 Klaus Eitel KCETA
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ionization — phonon signal plane

1.5

| ! | ! |

vyband  EDELWEISS calibration )

3Ge(n,n’ y) 68.8 keV
13.3 keV R S g

/

n/y discrimination
>99.9%
for E,.>15 keV

Ionﬂ?z//timmecoil Ratio

A nuclear recoil band
* £=90%

Recoil threshold ___——

20 keV — ! . . : . :
Ionization threshold — %o 50 100 150 200
Recoil Energy (keV)
3.7 keV
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Ex. of instrument : EDELWEISS-III

ISR |1 FESETRSS A1 1111

36 * FID-800

+Ge820¢g

+ High impedance Ge-NTD
thermometer (neutron
doped Ge crystals)

+ 4 sets of Al electrodes for _ ’
charge collection Running 2013-2023

* Simultaneous + 10mK Cryostat + 40 tons of shielding (PE + Pb) @ LSM
measurement of + 3000 coax. cables (6 km)
ionization & heat + 350 Si-JFET transistors@ 120K

* Background active + 362 « Bolometers Boxes » @ 300K
rejection 5
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The CRESST experiment

m Protected from backgrounds by layers of shielding (, Pb, Cu) and an active muon veto

'1°) ‘=Ef_j'! L:. (°f? I Setup / §  .f:—f.:i.:" ,_‘} = ’ Ca?l‘hlsel

% |
Cryostat ; I— Detector module
4, {/ Gas-Tight Box . s L |
A ‘ ‘
_H Cold Finger '
= IH_M || __— Thermal Shields
e EE e 2y ,»;“EE— j‘/ Detectors y
4 il I f — |
=== Potyethylen |
ME /i | i 1 = ijct)irVeto \ : \
% eenaitead | @ Detector modules mounted in | &3
Internal Lead
Bl | Covoer “carousel” and cooled to ~10 mK
I
im 5/15
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CRESST-III detectors

Cryogenic|scintillating |detectors

Measure phonon and light
CaWOQy traditionally used as target material

Capable of using range of target
materials (~ 2 x 2 x 1cm3): CaWO, (24g),
Al,O3 (16g), LIAIO, (10g), Si (9g)

Thin light detector (2x 2x0.04cm3): Si or
silicon-on-sapphire (SOS)

Sensors: W-TES directly evaporated on the
crystals

Particle interaction—energy
deposition—temperature rise—resistance
change read out by SQUID

Ulrich.Goerlach@iphc.cnrs.fr, ASP Particle detectors

_

Transition
Edge
Sensor

(TES)

X

normal-conducting

0O(100) 4
a
E‘ RREF
Q
g
s -
g SQUID
& AT RREF
0 4
10 2
SUP(’T(()H(]U(UH(J Temperature [mK]
« LiAIO, a2

Samir Banik | TU Wien, HEPHY, EPS 2023
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CRESST-IIl detectors

m Cryogenic scintillating detectors 15 b\

Data taken -with heutron source

m Measure phonon and light

u CaWOQ, traditionally used as target material

au Capable of using range of target
materials (~ 2 x 2 x 1cm3): CaWO, (24g),
Al,O3 (16g), LiAIO; (10g), Si (9g)

Light Yield

w Thin light detector (2x 2x0.04 cm3): Si or Nuclear recoil
silicon-on-sapphire (SOS) oS g band
m Particle interaction—energy . E .\l | PhysRev.D 100 (2019) 10, 102002.
deposition—temperature rise—resistance S . A
hange r ID ”
ElETEe -ead out by SQU Dark matter expected in
m Seperation between e/ background and the nuclear recoil band

nuclear recoil from two channel
measurements

6/15
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Dark matter searches

Dark Matter and Axion Searches - Belina von Krosigk

Mass ranges of some beyond SM particles

UNIVERSITAT
HEIDELBERG
UUUUUUU
SEIT 1386

MHz kHz MHz GHz THz PHz

Frequency
10-21 eV peV neV peV meV eV MeV GeV TeV PeV Planck
—-— | | | : : | | =t
( QCD axion ) Light DM WIMP Mass
Bosonic DM (axions, ALPs, dark photons) Thermal DM -

\ Axions y

Expected Observed

Strong-CP problem:

Strange absence of measurable neutron
Electric Dipole Moment (EDM)

Direct DM search

experiments
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Axions and Axion-like particles (ALPs)

» Proposed as solution to strong CP

problem o
Primakoff effect Sikivie effect
» Motivated by astrophysical observations: a a
« Stellar evolution Y > > Y
« TeV transparency
B B
» Very weak interaction, good candidate 7* 7*

for dark matter

» The main mechanism for detection of
light weight axions is through its coupling

to photons Model independent approach,
independent of dark matter paradigm

DESY. | ATES for ALPS Il - Status and Prospects | José A. Rubiera Gimeno, 21.08.2023 Page 3
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Axions and Axion-like particles (ALPs)
Any Light Particle Search I

7 ,..L,/“x-;ijET_Rﬁ

Production Cavity - PC Regeneration Cavity - RC

Magnet string

106 m

High power laser, 40W, 12 X 5.3 Tesla HERA
A=1064 nm ~ 282 THz dipole magnets

- power buildup R
n: quantum efficien

h B a 4 4
’nsignal ~ % ) ( IBIJPISW) ( lO,P(L)((J)O) (07.79 )( 2><10—gllWGeV—1 ) (53LT) ( lOéjm)

DESY. EPS 2023 | Axion and ALP search with the Any Light Particle Search Il experiment at DESY | 24th Aug. 023 | Isabella Oceano 6
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Any Light Partlcle Search Il (ALPS II)
‘ e

Initial Science Run started on 23.05.2023

Production Cavity Regeneration Cavity

NL CH NR

—— Lp=12m — —— Lg=12m —

e WWHHFHFWH@
R EEEEEENS S erHrHHHHﬁJHrH Detestor

Laser
b— [g=106 m — F—— L[z=106m

AL[PS Il might produce a rate in the order of 1 reconverted photon per day
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TES Single Photon Detection

Transition Edge Sensors
E=hy &7

60 T T T -
00°°
- 0© -
~ o
% p o %102 1064 nm Pulse, Free Fit
S40F o N
(0] 0
S o Normal i
g Super- _ g Conduction E 1 Xz/dof = 4.83E+03/1894
. X2 2.55E+00
g 20 CondUCtlon ) = & Amplitude: 1.74E-02 +- 1.09E-04 V
region ; G Decay Time: 5.93E-06+- 6.85E-08 s
M g oo \ Workmg B =2 Rise Time: 2.39E-07+- 7.95E-09 s
— 0o point - — Data Constant: 8.08E-04 +- 5.75E-05 V
oo — Fit Pulse height: -2.94E-02 +- 1.44E-03 V
0Looaoodo® 1 1 —®
0.0 0.5 1.0 1.5 2.0 25 3.0 3.5
958 96 96.2 Time in s x10°3

vouf

Temperature (mK)
COIJ. bw”‘ SGU'D TEGJM K. Irwin, G. Hilton, Transition-edge sensors, in: Cryogenic Particle Detection, Springer Berlin
Heidelberg, Berlin, Heidelberg, 2005, pp. 63—150, http://dx.doi.org/10.1007/10933596_3.

* Cryogenic microcalorimeters * Incident photon leads to temperature * Change in resistance is measured in changing
* Operated at superconducting increase current

transition temperature * Small temperature increase leads to large » Signal is proportional to photon energy
* Read-out using variation in resistance * Energy resolution < 10%

Superconducting Quantum * DM signal expected to look like photon

Interference Devices (SQUIDs)

DESY. | Direct dark matter searches using ALPS II's TES detector| Christina Schwemmbauer | EPS-HEP Hamburg 2023 | 24/08/2023 Page 15

Requirements for ALPS II:

- Sensitivity to very low rates (1-2 photons a day) * Low background rate: <7.7 [0 10-6 cps
- Low energy photon detection (1064nm equivalent to 1.16eV) ~ 1 photon (1064nm-like) every 2 days
* Long term stability (~20 days) * High detection efficiency
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TES as Dark Matter Detector

Current Challenges

TES @ ALPS Il Status

Challenge/Goal

* Optimized infrastructure
at 1064 nm—1.165 eV

response to other
wavelengths

(setup, analysis) for signals

* Limited knowledge about

Determine TES response at
different (lower, sub —eV)
energies

Calibration measurements
currently prepared using
different wavelengths (880
nm — 2000 nm)

Low background

cosmic backgrounds)

— currently: 6.9x10°® cps!
(intrinsic background for
1.165 eV signals)

(electronic noise, radioactivity,

>

Further investigate intrinsic
backgrounds

Investigate alternative TES
modules with lower noise
background

1R, Shah et al., PoS, EPS-HEP2021, 801 (2022)

DESY. | Direct dark matter searches using ALPS II’s TES detector| Christina Schwemmbauer | EPS-HEP Hamburg 2023 | 24/08/2023

Ulrich.Goerlach@iphc.cnrs.fr, ASP Particle detectors

TES chips and module
provided by NIST and PTB
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Reéesume

This was a very short and limited snapshot of
some of the many ideas and developments on
detectors.

There are many more ideas for sensors and
experiments

Just to mention a few:

- Kinematic Inductance Detector (KID)
- Superconductor QUantum Interference Device (SQUID)

- Nano-dots, nano wires, graphene.....

H
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