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TECHNOLOGY INNOVATION DRIVES
DISCOVERY POTENTIAL

1 um project 10 ps challenge single photon detection frontier

Disclaimer: only covering my group activities, further covered at UHH gaseous detectors (K. Nikolopoulos), ML on FPGA for trigger (G. Kasieczka)
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MICRDO - SPATIAL RESOLUTION

e*e" colliders, non-collider hadron colliders

High precision vertex reconstruction
required for flavour tagging

dominated by dominated by
physics performance running conditions
Lepton Colliders z:.lﬁ'_)ALs";ng)

Material budget <1% X, 10% Xo * 2% for ALICE
Single-point resolution <3 um ~ 15um Performance
Time resolution ~pPsS —ns 25ns optimisation
Granularity <25 um x 25 um S0um x S0um
Radiation tolerance <10"n_ /cm? O(10% neq / cm?) Survival
Max. hit rate 20 MHz / cm? 2-4 GHz/cm? optimisation

*) max. output rate for LHCb

lH-l ] ]
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CMS PHASE-Il PIXEL DETECTOR

PhD thesis: Bianca Raciti (UHH)
I Ll L] L] L) L) l L] L) l L] L] L] l L] L] I L] LJ ' 1

ST T
| CMS Tracker Preliminary 3 Ppq = 0.8 x 10'% cm2 |

Ve # $=05x10"5cm?
4+ non-irradiated
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A UHH committed to produce 500 pixel modules for
il CMS pixel phase-Il upgrade till 2027

Cut image along red arrow Lead by Georg Steinbrick, and the CMS team
Dniverstst Hamburg CLUSTER OF EXCELLENCE Erika Garutti - DESY Detector Retreat 5/26
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NEXT: LIMITS ON SMALL PIXEL SIZE

Charge particle or X-ray

Sensor

* Pixel size in hybrids is limited by technology node and bonding techniques

* 17 ym pixels successfully tested

o

CMS phase li Small pixels
“‘ATLAS” phase Il pixel size
CMOS technology for readout chips A(ONE .
M) -
LHC — ~ CMOS technology nede - 0 = 2\
s 41996  [nm)] LS ~d ©
: 0 o, A S o,
ke 2001 > 0 ~——s
HL'LHC <\ - = S D .
orON© C :
nextto | —t* 2\ | $
explore: 2
28 nm w) {20 . _ _ u-bumping:
node 16 after 28nm — FinFETs have a completely different Pitch 50...20pm
] geometry do not seem so promising in terms of ump size: 25...12pm
L3*"% adiation hardness Material: Solder bumps, pillar bumps

P e [P -
Sub-10y-pitch:

{Pitch 10...2 pm

Bump size: 6...1um

Material: pillar bumps, metal pins

Erika Garutti - DESY Detector Retreat
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Pico - TIME RESOLUTION | collisions resoltfti/on: ~300 um
. 081 —._ ::fj:r.:::u?-:n Veries l
* Hadron collider:
« timing layers for pile-up mitigation ot ~ 30 ps HT“ y
(CMSSW)
* long-lived particle searches bo 1 "
* Lepton collider / non-collider: g T

%:aEeg

200 pileup  longitudinal vtx

* PID, e.g. for heavy flavour, CP violation, heavy-ion physics

« Chromatization: /s depends on bunch position c: ~ 6 ps
Medical / societal applications:

e reconstruction-less PET ot ~ 10 ps

e proton range monitoring in hadron therapy

LIDAR: laser imaging detection and ranging o: ~ 50 ps

iversitit Hamburg CLUSTER OF EXCELLENCE Erika Garutti - DESY Detector Retreat
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Pico - TwO AVENUES

Charged Particle Detection Photon Detection

* Hybrid silicon detector « Silicon Photomultiplier coupled to an
scintillators or Cherenkov emitter

Hixh valtage

LGAD project within: SiPM project within:
DRD3 - DRD6

e High-D-Calo Consortium

Si-D Consortium

I uniest Hamburg  CLUSTER OF EXCELLENCE Erika Garutti - DESY Detector Retreat 9 /26
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LGAD TIMING LAYER

Technology choice: Low Gain Avalanche Diodes * *
~ Short term: read out with Timepix3 beam
Long term: Timepix4?

N Mimosaz6 layers DUT  timing layer

First prototypes: Trench-Isolated LGADs (FBK)

~ small 2x2 pixel samples for characterisation in the lab 55x55 pixel sensors on Timepix3
— measurements with IR laser I T

= 55 um pitch pixel samples bonded to Timepix3
— first test in the DESYII test-beam

2x2 pixel samples in the lab

Mean duser chame map (1-pad) . =10V

, vl @ et bndau igh) HEEE 0 BHEE
8 F e Neanclli lndew ew . H H H
? ')IE— . :-n'-l.- ::-.-EE:‘

:::- . SOOOpm

| N L Lead by Annika Vauth and Joern Schwandt,

() = 0) -
e and the LGAD team
I uniest Hamburg  CLUSTER OF EXCELLENCE Erika Garutti - DESY Detector Retreat 10/ 26
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NOVEL LGAD DESIGN

* Increase sensitivity - 100% fill-factor

« Continuous multiplication layer to avoid gain degradation in the pixel gap region
- Field drop layer (n-doped ) to prevent break down at n+ pixel edges

UHH: design and characterisation of a MARTHA for particle
physics application

Collaboration on MARTHA for photon science (H. Graafsma)

p- dnift region

Long term quest:
T T Can a 10 ps silicon detector reach
MARTHA 1 um space resolution ?

Monolithic Array of Reach THrough Avalanche photo diodes
R. H. Richter et al. (HLL / MPI)

¢ ;':- A
MAX PLANCK (e )
L TCR. 200 Tt

LH n n
Universitit Hamburg CLUSTER OF EXCELLENCE Erika Garutti - DESY Detector Retreat
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Project in DRD3

RADIATION HARDNESS

« RD50 project “Defect engineered diodes mimicking the gain layer in LGADs"

« 18 differently defect engineered wafers with respect to B, O and C impurities as well as with P in
compensated n++-p+ diodess

P and C implantations in compensated layout design including samples for Hall Expccth results
0*-p~diodes with 50 mm of oxide measurements and diodes with fully transparent. . Reveal the microscopic radiation induced effects above 10'
) ) electrodes. P . . . -
—— 0w 128 2.5615 T e 00 | n./cm* and identify the reasons for losing the gain in LGADs.
s B0y MOV T 20T Lo 20 V00T ’ ,

SOar J484eV * 5917 1,0 209 1000°C
— 0T IR T BT e A 10D
S0y 1531V “ Ep 1 New® X 100070
s B0MY 13250 70801 Tow’ X 1000°C
S0 232202V 7271 Vewr® X5 1000°C
Ci0Mke? 12737 e’

- Reveal the role of O, C and P impurities in low resistivity B
doped Si and of defects impacting on the gain layers in LGADs

- Detection and characterization of new defects induced by
irradiation above 10" n,./em? (e.g. 2* order defects)

- provide real inputs for modelling the radiation damage above
10" n fem’, allowing the development of accurate
parametrization models validated on the entire range of
fluences, from low to extreme;

« First samples expected in Feb. 2025 (project will continue within DRD3) Joern Schwandt

UH L] L]
P Universitst Hamburg CLUSTER OF GXCELLENCE Erika Garutti - DESY Detector Retreat 12/ 26
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Pico - TwO AVENUES

Charged Particle Detection Photon Detection

* Hybrid silicon detector - « Silicon Photomultiplier coupled to an
- scintillators or Cherenkov emitter

LFS crystal 22N 3

i N ) L =
() ) () () -.‘ o Rl ",
i i \ : \ [ ] ' -

D 3x3x15cm3 Y Y

LGAD project within: SiPM project within:
DRD3  DRD6

e High-D-Calo Consortium

Si-D Consortium

%:Eeg

Universitst Hamburg CLUSTER OF EXCELLENCE Erika Garutti - DESY Detector Retreat 13/26
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SILICON-PHOTOMULTIPLIERS
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PhD thesis E. Engelmann (KETEK) 0 — ey ——r———— oo S et
arXiv:2010.10183 W & N e e e N 0 10 20 40 S50 6 70 80 90 100
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Radiation hardness of a wide spectral range SiPM with quasi-spherical junction
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Rdmer, Garutti et al, Nucl.Instrum.Meth.A 1047 (2023) 167792
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https://www.eetimes.eu/advanced-3d-silicon-photomultiplier-for-lidar-applications/
https://inspirehep.net/literature/2153094

Supported by High-D-Calo

SILICON-PHOTOMULTIPLIERS

Analysis and modelling tools for fundamental characterisation and optimisation

Model SiPM waveform for Model SiPM response to low and high light intensity i sensors
operations with very high — extract fundamental parameters

dark rate — investigate effect of radiation damage
~ . Correcting the

0 Harrvanat sie 5133601 3250F, 6004 \ Non-Linear Response of

Ve o rLge: 34300

Silicon Photomultipliers

10
-20
-30

w "

0 100 200 300 40
00 )
02
04
05 |
08 |

-10 !
0 250 500
t (ns) PeakOTron: A Python Module for Fitting Charge Spectra of Silicon
SiPM signal processing via multiple linear Photomultipliers Correcting the non-Linear Response of
regression J. Rolph, E. Garutti, R. Klanner, T. Quadfasel, J. Schwandt Silicon Photomultipliers
W. Schmailzl, C.Piemonte, E. Garutti, W. Hansch  PeakOTron:  10.5281/zenodo.10014537 L. Brinkmann, E. Garutti, S. Martens, J.
LightSimtastic: 10.5281/zenodo.10019688 Schwandt

UH
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https://www.sciencedirect.com/science/article/abs/pii/S016890022300534X
https://www.sciencedirect.com/science/article/abs/pii/S016890022300534X
https://inspirehep.net/literature/2627283
https://inspirehep.net/literature/2627283
https://www.mdpi.com/1424-8220/24/5/1671
https://www.mdpi.com/1424-8220/24/5/1671

SILICON-PHOTOMULTIPLIERS:

RESPONSE MODEL

01. Single cell signal

Real data, electnic circunt simulation, physica. models

02. SiIPM lec-’\' parameters
N.4. PDE, T, G. DCR, OCT, AP, V.., erc.

03. T.ight source
[

i\‘lflll'('!‘ I". ’X'. P 0I0Ns & "1.\'.1 lillll‘ 'lll!l £023a l.’ll ']ii-lril)ll :J)H-’

SUJ

CSiNM Unihod Model

0l. 02.

Non-linear response S1IPM response

and saturation with scintillation light

Perform systematic studies an the Obtain & non-linear response
correction combining SiPM
precise lab calibration and light

non-linear response correction as:
= T and V dependence.

> Fluence dependence. emission spectrum [rom
> Variation across SiPMs.

= Ere,

scimrillator ||~iing SCW
(validated).

SiPM response

> The "Geiger Array” (GA).

For everv event and Geiger discharge:

> Time of arrival.

- Signa: amplitude.
= Cell TD.

> Tvpe (lig|‘_f, DCR, OCT, ADP).

> Transient for every event (Ffrom GA).

03.
SUM

and framework

model

[)F‘.’Plt‘ll) the framewark in Julbia
and wake 1 n.-zn.l\: also for luether

system optimisation studies.

connect to DESY
development:

2NV

Lead by Massimiliano Antonello, and the SiPM team
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idi
L2 ¥ Universitit Hamburg CLUSTER OF EXCELLENCE

DER FORSCHUNG | DER LEHRE | DER BILDUNG QUANTU M UNIVERSE

Erika Garutti - DESY Detector Retreat

16/ 26



SPATIAL + TIME RESOLUTION

CMN g ol by
1 WV ean

o T TeV po o

SD CALORIMETRY

Buwrn bn Slbown of 3000 K"

n:-.3 0

I
l|‘i|

Calorimeter Endcap
Electromagnetic (CE-E)

e

A

Hadronic (CE-H)

1

~2m

Calorimeter Endcapr

CMS HGGAL =

A, ';
2a 1T ‘-4 v "t.:; !
i + > ‘.., *- _‘_»’_":'Q-’
¢ » :'.". 2 3 s o sf'.
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il
—

<

Particle Flow

ILC /CL

.

UH

i

L2 ¥ Universitit Hamburg CLUSTER OF EXCELLENCE
DER FORSCI

RSCHUNG | DER LEHRE | DER BILDUNG

QUANTUM UNIVERSE

Erika Garutti -

DESY Detector Retreat

17 /26



PARTICLE FLOW - DOES TIME MATTER ?

Quantify the impact of single hit time resolution on: Fraction of neutral hadrons
H Shower Separation in Five Dimensions for Highly Granular reconstructed with energy within
1 ) Shower Separat|0n Calorimeters using Machine Learning, CALICE, in revision one Sigma from truth
2) enel’gy com pensatlon Software Compensation for Highly Granular Calorimeters
. . using Machine Learning, CALICE, JINST 19 (2024) P04037 Simulation. Test Sam
R ple
USIng 5D ML algorlthms _ 10 GeV Neutral, 30 GeV Charged
GravNet
‘ 100
Ground ruly. Simalationg 1052V 6T 1 Ge sentleelic Neuld 80 . /
o e e % e
1 Y N Eed
f 10 = 40
40 )
I =4 . 30 -g — 20 —4— GravNet, no Time
- 1'20 " = "*"\ --------------------------- —4— GravNet, + Time -
3 10 g _ o
: o T . = £ 0
-1 0 & m
=10 g 10
40 g
=i 7 30 B R e e -
e S “
- e 10 N o O O O O O O
0 10 ,\,_‘d\“ 0 \d(’ 9 N\ P » > P
A 20 30 10 W o Lateral Distance Between Charged
" fCe/;s} 40 : 10 and Neutral Shower [mm) d [mm]
PhD thesis J. Rolph (UHH)
i Garu
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https://iopscience.iop.org/article/10.1088/1748-0221/19/04/P04037
https://iopscience.iop.org/article/10.1088/1748-0221/19/04/P04037

%:aaeg

NEXT - DOES TIME MATTER ?

Improve

* Reach 10 ps time resolution on a system

Quantify
* Quantify the improvement of time in jet energy resolution and PID

 Employ ML to best exploit time in particle flow

Optimise

e Accordingly optimise future collider detector systems

niversitit Hamburg CLUSTER OF EXCELLENCE Erika Garutti - DESY Detector Retreat

BILDUNG  QUANTUM UNIVERSE

19/ 26



Erika Garutti - Detectors - The Eyes of Research 20



LJUANTUM: SINGLE MICROWAVE PHOTON DETECTION

Motivation: ) Microwaves .
. . MHz GHz THz
Axions Dark Matter Searches in o (U
. |
microwave range 2 1071 Netron
O 4
Y U TVRER A == I =
e, S e ;
10_12 E i : j /’/‘5 E
Axofl ndscape i E ‘ IZ% ,,/%Q? E
Ly ! =1, -
B UE i z R E
- : < i b ]
10-E | il E
B e { -
POELATC ]
1071 = A i E
“Axion search is all L0-16 ; dielectric ;
about the magnet - haloscsopes -
idi —17 Lol el 111 | R —— | | G per—————
Y. Semertzidis 10707 108 10~7 10-° 105 104 103
m, [eV]
Universitdit Hamburg CLUSTER OF EXCELLENCE Erlka GarUttI - DESY Detector Retreat 21 /26
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GNETIZED I1ISC AND IRROR XION EAPERIMENT

Home ! Neas / News Saard

n arionna & receiver News Ao )M Ax

- TE N :
RS \ ys tron the ” Y rescarch contre

I 7, photons -

20240515
Bacx

MADMAX reaches major milestones and first physics results

- y— T =4 Kelvin, sensitivity

- \
-.4I i ]
. A .

P N

*'§;‘Morpurgo 'B~1.5.T ﬁ-

« Tunable in frequency coverage:
~10-100 GHz (40-400 peV axion mass)
« Boost emitted power through:
- coherent emission from multiple interfaces
- constructive interference effects

Lead by Christoph Krieger, and the MADMAX team

UH
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SENSITIVITY M@ MAX

SNR  [400’ 8 713 14 V2 54
g, =2.04(3) x 107 Gev~1, / 0.8 ( days ) 300 Me ( m, )
. A " At 20 100 peV

reach the QCD band
Fregueney » jGHz|

Is 19 20

System Temperature limited by receiver chain

ng x

10 .

Currently used: Heterodyne receiver chain with -
FPGA-based online FFT '

L 400N\ Y2 £707em2\ Y2 | W
w — | —-13
y — 1.43 x 10 ( 42 ) ( 1 ) “

.Ts ye 1‘1"2 .I. J. - 7 d 1 .f":l .S’_'\T R 1/'.2 m . l_,l'4
200 K At 3 S0 peV ’

i Erika Garutti - DESY Detector Retreat 23/ 26
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UHH & DESY program
SENSITIVITY et
0.8 ( 1.3 days )”4 300 MeV? ( m, )514
" At 20 100 peV

NR [400°
g =204(3)x 1074 GevV™! P
ay 5 ﬁz

reach the QCD band

THIME |
A AN | [Nl D 1) \’l
| [ @
— i
Low Noise Amplifier LNA ‘ Switch | |Heater control
or HEMT (high-electron- : and 'reagout

mobility transistor):
Field Effective Transistor
with heterojuction

ines 3 and 4

DCI

Z —
ngar Kreikemeyer Lorenio, J-uan Maldonado, et. al MPP
UH . .
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NEXT - QUANTUM-LIMITED AMPLIFIER

AXKINS WIMPS
(hg (hxsavy)
Photon counting via Q bits to beat the quantum Aabte N
noise limit and greatly improve sensitivity erercan Sl deep rceran
>
m;ﬂmwm- 'Y :;: 5 e ms:o-:-:s
magnets
. ——— Csony e
Josephson Junction (JJ) imereromesers _
17 10" 1™ 10 10 1f* | 1o 104 1(r 17 o 1o

I | I L o
SuPe’conduaor acV eV pev neV  peV o meV eV kel MeV GeV TeVW  PaV

"”x /\/\/\[ B >~< oL g Josephson TWPA

N\NANAN/ W\ﬁ @;::x@ JJ symbol and '.-;; '_J; :
Superconductor oopet electrical model IC I I 'I I I -I I I
. . . Pump Plllllp

Dlscc_)vel_’ed _by Brian Josephson in 1952. .n\'\‘c-\ \'""U\ ¥ ,\ MJ\;\J‘W, OO0y Signal  Juan Salum

Application in SQUIDs, superconducting Signal [ Idler

qubits, and amplifiers. Based on a non-linear transmission line of Josephson junctions
U-H
Universitst Hamburg - CLUSTER OF EXCELLENCE Erika Garutti - DESY Detector Retreat 25/ 26
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TECHNOLOGY INNOVATION DRIVES

DISCOVERY POTENTIAL

1 pm project 10 ps challenge single photon

detection frontier
UH-'.% Universitit Hamburg CLUST ER OF EXCELL ENCE Erika Garutti - DESY Detector Retreat
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