Recent advances in detectors for
particle physics
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A ‘typical' particle physics experiment 1: Belle II

KL and muon detector:

Resistive Plate Counter (barrel outer layers)
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A ‘typical' particle physics experiment 2: ATLAS

Detector characteristics

Width: 44m
Diameter: 22m
Weight: 7000t

Muon Detectors Electromagnetic Calorimeters

ATLAS

Solenoid CERN AC - ATLAS V1997
Forward Calorimeters

End Cap Toroid

i Inner Detector ' .
Barrel Torold Hadronic Calorimeters Shigding
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A ‘typical' particle physics experiment 3: LHCb

Peter Krizan, Ljubljana



A 'typical' particle physics experiment 4
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260 kton ultrapure water
190 kton fiducial mass: 10xSK

Innermost volume viewed by 40,000
of new 50 cmm PMT

Peter Krizan, Ljubljana
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A very broad topic for a single talk — very hard to cover all interesting
developments - Some subsample, also partly reflecting my own interests,
June 17-21, 2019  hopefully broad enough to be interesting for everybody



Where are we?

Intensity frontier:
o Belle II just started taking data
e LHCb is being upgraded

Energy frontier:

e ATLAS and CMS are getting ready for a major upgrade in the next long
shut-down

e ALICE is being upgraded

LHC / HL-LHC Plan et:i%:imy

LHC
LHC
Run 1 | | Run 2 | | Run 3
LS1 EYETS 14 TeV 14 TeV
13-14 TeV energy
splice consolidation injector upgrade . 5107 x
7Tey B8TeV button collimators cryo Point 4 cryolintt_ HL-LHC installati pominal
J eV e— R2E project Civil Eng. P1-P5 regions oSty
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2037
radiation
damage
2 x nominal luminosity
75% experiment | .. al luminosity [ experiment upgrade |_———————_| experiment upgrade
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Tracking (and vertexing)

Various needs:

« Lower energies (Belle II): precision tracking and minimal
multiple scattering, few particles in the final state, no event
overlap

« LHC: precision with a high density of particles, multiple
overlayed interactions within the same event, high radiation
load

ExpMC 2 Exp 25 Run 1886 Event 1
Eher B.OD Eler 3.50 Dote 1031120 Time 90922
B EL L E TrglD O Detver 1 MoglD 21 BFfeld 1.50 DspVer 7.50
Plol(ch) 0.0 Etot(gm) 0.0SVD-M 1COC-M 2KLM—M 0 CMS Experiment at the LNG; GERN
% Data recorded; 2016-Oct-14 09:56:16.738852 GMT

Run./ Event /1.5 283171/ 142530805 /.254 %,

real-life event from a high pile-up run
Vs =13 TeV , pile-up = 100

June 17-21, 2019 ANIMMA2019 Peter Krizan, Ljubljana



Vertexing at Belle II:

Momenta of charged particles from B meson decays: p < 4 GeV/c

Beryllium beam pipe
2cm diameter

Vertex Detector /// //

2 layers pixels + 4 layers/str
.

.......

@ o | Beam Pipe r=10mm
| DEPFET pixels
Y Layer 1 r=14mm
) Layer 2 r=22mm
| DSSD silicon strips

Layer 3 r= 39mm
Layer 4 r= 80mm
Layer 5 r = 104mm
Layer 6 r=135mm




Expected performance

Significant improvement
in vertex resolution vs
Belle!

z-Resolution o [um]

Less Coulomb
scattering

Significant improvement in SS( K.nlOy) =

B verte)l.

B decay point reconstruction
with K trajectory

140+~ -1 - b2
Fit function: =ya+
‘ ppsin(e)
Belle SVD2 cosmic (Data) BN715
a= 263+ 0.4 pm
b= 329408 um GeV/c

100P-—+—

) Belle Il single track events (MC)
------ a=121+15um i
Al Pixel detector _close
to the beam pipe

"
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Larger radial
coverage of SVD
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prpe el Pixel detector: 2 layers of DEPFET sensors

FET gate

L1 L2

# ladders (modules) 8 (16) 12 (24)
Distance from IP (cm) 1.4 2.2
Thickness (um) 75 75
#pixels/module 768x250 768x250
#of address and r/o lines 192x1000 192x1000
Total no. of pixels 3.072x106 4.608x106
Pixel size (um?2) 55x50 70x50

60x50 85x50
Frame/row rate 50kHz/10MHz 50kHz/10MHz
Sensitive Area (mm?) 44.8x12.5 61.44x12.5

) ( DAQ, data red.uction\
Data [y Gpiicalfiber] ROI selection

Optical transmitter Dock Box Haﬁﬁgng ( FTSW. clock. £ y
s ) y tri
[ Camera link cable 1 (DHH) SEOphical ﬁm,l i
|

| Ethernet cable 1™ .
[WOpical fiber (High speed data) T Ethernet 1
gatc:; Infiniband cable - b ‘ﬂ —
an 1 Power cable 1 -
| | Power cable [ | i | LMU [I Ethernet 1
\ 7 [ Power cable lI| PS

Capacitors ~2m / ~ 15m

Slow control

Capacitors




Key R&D aspects for Belle IT PXD

Low-mass modules
— Unique all-silicon module, self-supporting 75 pm thin silicon > 0.2% X,
— Active pixel sensor - amplification of signal from thin silicon
— Low power dissipation in sensitive area

Dedicated read-out ASICs
— Three types of ASICs (DCD, DHP, Switcher)
— Fast front-end ASIC allowing fast read-out for acceptable occupancy
— On-module data reduction

Module assembly procedure
— All assembly steps compatible with low-mass modules

Low-mass support structures within the sensitive
volume and efficient thermal management
- CO2 cooling




SVD: four layers of double sided silicon strip detectors.

Main R+D areas:

Origami chip-on-sensor concept (readout chips on top of the sensors with flex
pitch adapters bent around the edge to reach the bottom sensor side) for
good S/N with fast readout and moderate material budget

Excellent time resolution (~4ns) thanks to multiple recorded samples and

waveform fitting

CO, dual-phase cooling

L6 Ladder
(Kavli IPMU)' -

Ls Ladder
(HEPHY)

L4 Ladder
(TIFR)

L3 Ladder : -
(Melbourne) 6 ‘

\ . Cooling pipe
FWD module Cooling pipe
(Pisa) i -

BWD module 2 ooling pipe

(Pisa) ”



LY . g

Both PXD Halfs assembled on Beam Pipe
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T

31t B2GM, Oct 2018: PXD Status




SVD construction steps

SVD +X completion (Feb 2018) SVD -X completion (Jul 2018)
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Belle II vertex detector in action




LHCb Upgrade: in progress

Side View ECAL HCAL
New scintillating
Magnet fibre tracker (SciFi)

New silicon upstream
tracker (UT)

Tracker |

Vertex, -, o P l; q“ -~ > = N \ \ 3 | \\\“
Locator /[| 7/ [ & : o NN\ N\
New PIXEL

vertex detector
(VELO)

/ ‘%‘.‘-, ) [ l
New RICH1 optics
and photodetectors

New electronics for muon and
calorimeter systems

L o

upgrade

e 50fb1, 2x1033cm2s1
* All front-end electronics read out at 40 MHz
30 MHz avg. input to a full software trigger




LHCb Vertex LOcator upgrade

The upgraded VELO will be installed in the 2019-2020 shutdown to take data in Run I11
Operation @ 40 MHz and 2x1033 cm2s1 and
at 3.5 mm from the beams

2.8 Tb/s data rates

8 x 10> 1 MeV n,, cm max fluence
—100

LHCb simulation

o O
o O

70
current VELO

I[P, resolution [um

upgraded VELO

OI T 1 o I2 3
1/pT [GeVc]
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Micro-channel cooling

LHCb Vertex LOcator upgrade

— 500 um thick silicon substrate with integrated
micro channels (70 um x 200 um) :

e same thermal expansion as sensors
e |ow material

e high thermal efficiency
e cooling power ~50 W

— pressure: 14 bar @ -30 °C, 60 bar @ 22 °C

y [mm]

40—

20|

-20

—40
L s

Circuitry

June 17-21, 2019

ANIMMA2019
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The HL-LHC environment

Radiation levels up to:
— Fluence of 2x10'°1 MeV n,,/cm?
— Total Ionizing Dose (TID) ~ 1 Grad
— Pileup up to 240

r [cm]

CMS Experiment at the LHC, CERN

' I Data recorded; 2016-Oct-14 09:56:16,738952 GMT

Run./Event /LS! 283171,/ 142530805 /254

real-life event from a high pile-up runin 2016
Vs =13 TeV , pile-up =~ 100

June 17-21, 2019 ANIMMA2019

ATLAS simulation Preliminary ~ GEANT4, {s=14 TeV 18
10

Peter Krizan, Ljubljana
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Silicon particle detectors:
directions for the future

e Extreme radiation hardness — 3D detectors (hybrid technology —
possibly also developments into monolitic)

e Large area coverage for position resolution (mass production) —
depleted CMOS sensors (fully monolitic or hybrid ASIC)

e Timing detectors — LGAD with a possible application of 3D (hybrid
technology)

June 17-21, 2019 ANIMMA2019 Peter Krizan, Ljubljana



3D detectors

Both electrode types are processed inside the
detector bulk instead of being implanted on the
wafer's surface.

< The edge is an electrode. Dead volume at the
edge <5 um!

. «-..\ -'_E ------ = A - .
electrodes ‘ * 4
n-active edge I I — yoo e
B
Key advantages : : N N o T S N
eBetter charge collection efficiency over the large
fluence range (up to 3e16 cm2— close to 100%) Limitations
eFaster charge collection (depends on inter-column *Columns are a dead area (aspect ratio ~30:1)
spacing) — very promising for timing applications - but most of the tracks are anyway inclined
eReduced full depletion voltage and by that the *Much higher inter-electrode capacitance
power (hence noise), particularly if small spacing is
eLarger freedom for choosing electrode desired
configuration e Availability on a large scale
eRecent progress allowing also single sided *Time-scale and cost

processing

June 17-21, 2019 ANIMMA2019 Peter Krizan, Ljubljana



Low Gain Avalanche Detectors (LGAD)

APD like devices which allow segmentation and high voltage operation close to breakdown
Pioneered by RD50 and getting more and more attention worldwide (HPK, FBK, Micron)

ATLAS High Granularity Timing Detector Test

Schematic view of device Prototype (2x2 array)

Passivation
, /\

VA

NRi
CStop " Pstop ITE  P-type Multiplication Layer

Key properties
Gain very sensitive to p+ layer doping and process parameters (~1el6 cm3, ~2 mm deep)

Gains of up to 100 achieved giving excellent timing resolution of 26 ps for thin LGADs
Currently the best technology for achieving excellent timing measurement for MIP — will be

employed at ATLAS and CMS experiments after the upgrade

Limitations:
Radiation hardness — problem of acceptor removal which decreases the gain with fluence

(intensive search for solution: carbon coimplantation and understanding removal

mechanism)
Regions around the electrodes do not have gain — fill factor improvement

wirl gg

High p
p-type FZL

Low p
petype C£

Rt —
wrl poE



Depleted-CMOS detectors

e HV-CMOS process which allows monolithic detectors with application of external HV depletion

e First devices produced showing huge potential in all respects: scalability (12” wafers), cost and
integration (everything integrated on chip electronics + detector)

i Pixel i ; Pixel i+1

HV deep N-well

~1000 e
Depleted

(]
~1000e *l

P-substrate Not depleted

Key properties
» Different substrates often limited by vendor — up to full depletion of 300 mm

e Excellent position resolution

Limitations:
e Radiation hardness — problem of acceptor removal which changes detector performance

* Speed —for timing applications is not yet optimal
* SOl substrates or different other designs/processes including “Shallow Trench Isolation”
affect charge collection

June 17-21, 2019 ANIMMA2019 Peter Krizan, Ljubljana



R [mm]

HL-LHC

Doublet layers: 2Strip, Pixel-Strip to
provide trigger information at L1

R T e e 7] 00 02 04 06 08 10
1400—ATLAS Simulation Preliminary — £ /
I Inclined Duals ] E = ’
12001 n=1.0 . n ; |
- - 1000 F— i
1000 = ] : Str|p|S
- n=20 - o :
800 — E |
600 = ;_1_:— NI ”H !
- E acro-pixels)i |
400P / n=30 e AN AR \\ [ T
= ] T
200:“___:‘:;;‘;‘\ R Hﬁkﬂ_ﬂJ n= 0—: 2m_:f:::\\\\\\\\\\ L\ Y T Y O
Omﬂ*uﬁ’ﬁ 0 L]
0 500 1000 1500 2000 2500 3000 3500

e Easy Extraction
e Inclined layers

e All n-in-p sensors
with different
thickness

June 17-21, 2019
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*-in-
\ n-in-p n~ strips

3D sensors in

T T —
Electron drift
l Active region

the innermost
layers

Hole drift

\ Undepleted region

Charged particle\ P layer

ANIMMA2019
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Hybrid detectors

front-end

chip

Over 98% efficiency up to 2.7 x 1076
n.,/cm? with a bias voltage of 150 V

Efficiency

e 3D and Planar sensors can reach a
radiation hardness of >1016 n,,/cm? ok o 1

e Further development needed to 088F— ol
achieve better lithography for 086" /
smaller (25x100um?2) 3D sensors 084

e Joint CERN RD53 development of 0825 ff
readout chip with 65 nm CMOS 08,5040 &

teChnOIOgy between ATLAS and CMS &/03/2018 r&D silicon working group meeting

June 17-21, 2019 ANIMMA2019

3D CNM, 50x50 pm? 1E, d=230 um, 1.0 ke’, 0°
LI I LI T
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1 J .\I 1
160 180 200 220
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Vertex t [ps]

Timing Detector (HGTD)
€«

Timing

500III|III|III IIIIIIIIIIII.Illl.IIIIII.II.III_
ATLAS Simulation Preliminar

400 & =uoam HEHEH T :

200 E ;

100F- 11 1 3w %

OF:: i =zyin
_100E- | b
_200 E E E i oam

_300F-i: i Enom

_4qq

60 80 100

ERNNNNILEERN RN RN LR RN RN NRRNN]

=
IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|I

Inner Tracker (ITk) Vertex z [mm]

Exploit the time spread of collisions to reduce the pileup

contamination

June 17-21, 2019

ANIMMA2019
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Timing Resolution [ps]

Sensor
701 HPK
50 Single Pad 0.8 mm?
| T=-20C
50ps
50-—-——---—--—-?4—
40 - ¢
0 - ﬁ g
8 N
20 A £ 50D VBD
10 D500 VHR
Irradiated A B35 VBD
o - : :
1E+13 1E+14 1.E+15 1.E+16

Neutron Fluence [n,/cm?]

o(t) <50 ps @ 5 x 10" n, /cm?

20ps c
V12
Lrise
S/N
Fuctuations on
the local density
of e-h pairs (mnon-uniform
charge deposition)
Prelimin
E‘ 25_flllllll]llllVrl!|llelF]llll|9Vrly\llll| Readout
n‘ -
s - @ 1605_ALT_V2--ChO_VA 1
h.- - )
& 29LALTIROC0-V1 17 ps with 3.8 pF at 10 fC (TP)
iy - ® 1605_ALT_V2--Ch0_TZ ]
150 o ]
T e ]
10? P -]
N e, 4
i ® o o - ]
5 . ]
B * o e @ .

PN ATET SN ATSUETATS BUESTAr N AETE AT AU VAT AVEUEUA N AU A AAA A

10 20 30 40 50 60 70 80 90 100
Injected Charge [fC]

Still need to check that input parasitic capacitance on PCB is similar for V2 and V1

ALTIROCO0-V1 17 ps with 3.8 pF
at 10 fC
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Timing layers in ATLAS

« Low Gain Avalanche
Detector (LGADs) pixel size:
1.3x1.3 mm?

Dl  Excellent time resolution
(30ps/track), flat in n
e radiation-hard (up to
3.7x10% ng,/cm? and
4.1MGy)

e Occupancy< 10%

f|Active

2 double planar layers per endcap providing an average number of hits per track of 2-3
Pseudorapidity coverage: 2.4<|n|<4.0

Radial extension: 12cm <R <64 cm

Z position: 3.5 m

Thickness in z: 7.5cm

June 17-21, 2019 ANIMMA2019 Peter Krizan, Ljubljana



Timing layer at CMS

e Thin layer between the tracker and the calorimeters

e ~30 ps resolution for charged tracks (above 0.7 GeV)

e Hermetic coverage for [n| < 3.0

Barrel: LYSO tiles + SiPM readout at

tracker-ECAL interface, 25 mm thick
* 40 m?, 250k channels

- radiation (4/ab): 2x10™ n,./cm?

Endcap: Si with internal gain
(LGAD) on the Calorimeter
Endcap nose, 42 mm thick
* 12 m?, 4M channels
- radiation (4/ab): ~10"° n,,/cm?

June 1/-21, 201Y ANIMMA2019 Peter Krizan, Ljubljana



ATLAS CMOS demonstrator program

WITH SEVERAL FOUNDRIES
TOWERIJAZZ

LFOUNDRY

Monolithic

pixel sensor
from ALICE I
to ATLAS

Depleted CMOS did not make it for the next upgrade, but remains
extremely important for further LHC upgrades, CepC, CLIC, ILC, FCCee
and FCChh

June 17-21, 2019 ANIMMA2019 Peter Krizan, Ljubljana



Particle identification

Essential: reduces the combinatorial background and allows to tag the
flavour of decaying particles.

x 10
1500

2

entries per 5 MeV/c
o
-
o

500

2,

[ Without PID

With PID |

1.75

1.8

1.85

1.9 1.95

12000 ¢

10000

8000 |

6000

4000

2000

300t

250 +

200

150

100}

50+

Without PID

8. 98 O |99 j’

ror  1.02 L.{J_%’ g 105 1Loe 107

K+*K invariant mass (GeV)

b.) PID

With PID

bos 0905 1

ToT Tor 105 1or 105 105 1o7)ana



D>

Example: Belle S

u and K; detection system

(14/15 layers RPC+Fe) Aerogel Cherenkov Counter
B 4@ (n=1.015-1.030)

3

Electromag. Cal.
(CslI crystals, 16X,)

Central Drift Chamber
(small cells, He/C,H)

ToF counter
1.5T SC solenoid

June 17-21, 2019 ANIMMA2019 Peter Krizan, Ljubljana
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Particle identification systems in Belle [S¥aw

OELLE

u and K, detection system
(14/15 layers RPC+Fe) Aerogel Cherenkov Counter

(n=1.015-1.030)

Electromag. Cal.
(CsI crystals, 16X,)

“Central Drift Chamber
(small cells, He/C,H;)

ToF counter

1.5T SC solenoid

June 17-21, 2019 ANIMMA2019 Peter Krizan, Ljubljana



Identification of charged particles

Particles (e, u, «, K, p) in the final state are identified by their mass or by
the way they interact.

Determination of mass: from the relation between momentum and
velocity, p=ymv (p is known - radius of curvature in magnetic field)

—->Measure velocity by:

o time of flight

e jonisation losses dE/dx

e Cherenkov photon angle (and/or yield)

e transition radiation

Mainly used for the identification of hadrons.

Identification through interaction: electrons and muons
* muon systems
e calorimeters

June 17-21, 2019 ANIMMA2019 Peter Krizan, Ljubljana



Identification of charged particles

Particles (e, u, «, K, p) in the final state are identified by their mass or by
the way they interact.

Determination of mass: from the relation between momentum and
velocity, p=ymv (p is known - radius of curvature in magnetic field)

—->Measure velocity by:
o time of flight
e Qnisaticn=te

e Cherenkov photon angle (and/or yield

ct

e transition raaiato
Mainly used for the identification of hadrons.

Identification through interaction: electrons and muons
* muon systems
e calorimeters

June 17-21, 2019 ANIMMA2019 Peter Krizan, Ljubljana



Measuring the Cherenkov angle

cosO = c/nv = 1/pn

aerogel

Idea: transform the

v coordinate (cm)

Cherenkov photons. —:_’;

particle
}

‘_“:‘“3;
N

direction into a coordinate =
ring on the detection plane

- Ring Imaging Cherenkov
(RICH) counter

Qa 20 cm photon detector

Proximity focusing RICH

RICH with a

focusing mirror

June 17-21, 2019 ANIMMA2019

Cerenkov angle

velocity



Cherenkov angle (mrad)

June 17

Measuring Cherenkov angle

P cp L s e

HERA
B

0 20 30 40 50 60 70
T particle momentum (GeV/c)
K p
thresholds ANIMMA2019

Radiator:
C4F10 gas

Peter Krizan, Ljubljana



Photon detection in RICH counters

RICH counter: measure photon impact point on the photon
detector surface

- detection of single photons with

sufficient spatial resolution

high efficiency and good signal-to-noise ratio (few photons!)
over a large area (square meters)

v coordinate (cm)

50 p

-10 B
20 F
30 B

40 F

0 F
30 F
20 F

10 F

Special requirements:
e Operation in magnetic field
‘. e High rate capability
' e \ery high spatial resolution

e Excellent timing (time-of-arrival
information)

Photon detector is the most crucial

s T 0w ammazore €lement of a RICH counter

x coordinate (cm)



The LHCb RICH counters

BEAT, HeAb Mg M5 250 mrad
SPD/PS M3
RICH2 M| M2
T3
T2
Tl
10 mrad
L] | |
2 Ff5 _ﬁ
Vertex Trigger: PID: Kinematics:
reconstruction: Muon Chambers RICHes Magnet
VELO Calorimeters Calorimeters Tracker
Tracker Muon Chambers Calorimeters

June 17-21, 2019 ANIMMA2019 Peter Krizan, Ljubljana



LHCb RICHes

Need:
Particle identification for momentum range ~2-100 GeV/c

eGranularity 2.5x2.5mm?
eLarge area (2.8m2) with high active area fraction

eFast compared to the 25ns bunch crossing time

. - 0 max
eHave to operate in a small B field 250 | e 242 mrad
- ' Aerogel
200:
-3 radiators
eAerogel |
'C4F10 gas < 100 —
I C4F1p0as
oCF4 gas ool e Y 53 mrad
I e 32 mrad
: ?K’ CF, gas

1 10 100
June 17-21, 2019 ANIMMA2019 Momentum (BsigicKriZan, Ljubljana



LHCb RICHes

Flat mirrors Spherical

Mirror Support Panel

Central Tube
Photon funnel+Shielding

Magnetic shielding
(16 tonnes of iron)

Photon detectors

June 17-21, 2019 ANIMMA2019 Peter Krizan, Ljubljana



LHCb RICHes

Photon detector: hybrid PMT (R+D with DEP) with 5x demagnification
(electrostatic focusing).

Hybrid PMT: accelerate photoelectrons in electric field (~20kV), detect it in a
pixelated silicon detector.

Si pixel array
(1024 elements)

\ Ceramic carrier

Photocathode Ciiinin I:-?-:::-_::-_.'?.;::::::::g:!;;::::.l
(-20kv)
VACUUM /
/ :':‘;f;'l
ceroce [ NIM A553 (2005) 333
- Solder
med UM 5
\ bonds elgc?t;gnics
chip

hl N ] _ /)
Optical input CERN/EP-TA2

g v s
window Peter Krizan, Ljubljana



LHCb Event Display

Early data, Nov/Dec 2009
LHC beams Vs = 900 GeV

RICH1 RICH2

LHCb data
(prellmmary)

-»/ Kaon rmg

» Continuous lines - expected distribution
for each particle hypothesis

June 17-21, 2019 ANIMMA2019 F. MUhEim, RICH 2010



LHCb RICHes: performance

L2 Ll Ll ' L Ll L ' L2 L L2 ' L L] Ll '

LHCDb e o
fs=137ev Preliminary

O O ALLK-7)>0

Efficiency

® B ALLK-7)>5

jn ® g W g
(-
—— O i

0 20 40 60 80 100
Momentum (MeV/c)

Efficiency and purity from data =2
excellent agreement with MC

Performance of the two RICHes essential for
june - the big success of the LHCb experiment

D. from Q*

- LHCb gy = 75507 T3
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w57 TeV Data

METREEREL

1820 1840

)

el

:

T
-
=
O
o

i

FAEREE

. Preliminary
Fw&=7TeV Data

w
4D00F
zuuu;
15:)0 1010 1020
My, (MeVic)
Sl Py (ST
- Proliminary £} |t s s
E 8= 7 TeV Data ]
Soooof r
b 3 ]
Soooot ;
460 480 51;0 520 540
m.. (MeV/c?)

= LHCb
Preliminary
:' + &= 7 TeV Data

T
bkgd_yield = 107445 128 ]
peak_yield = 5667« 248 H

A -

1110 1120 1130
m,, (MaVic®)

” ”



LHCb particle identification upgrade(s)

MaPMTs from
Hamamatsu
Photosensor: Hybrid Photon
Detector with 1 MHz max. readout Upgrade |A: New optics,
rate photo detectors, new

electronics

100 ¢

CFo CFy

focussing blocy
"‘-..\_\_‘_“I'

photon 2

time-of- s
TORCH (Time Of internally propagation | I\ B,i/ = o 5 0f
Reflected CHerenkov light) radiator plate | 2
ToF resolution ~10-15 ps =

(per track) using micro partice |/

TORCH RICH radiator gas:

channel plate PMTs time-of-flight i L ;
Aﬂe Momentum (GeV/c)
B

June 17-21, 2019 ANIMMAZU1Y
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Particle Identification Devices

— Barrel PID: Time of Propagation Counter (TOP)

Focus mirror

MCP-PMT (sphere, r=7000)
Backward Forward

Quartz radiator . :
Focusing mirror

Small expansion block
Hamamatsu MCP-PMT (measure t, x and y)

Endcap PID: Aerogel RICH (ARICH)

/ \

Aerogel radiator
n~1.05

Hamamatsu HAPD

5 55 55 55 55 5

AT L\ | = A /S Y ¥ Y N
800N % % % % b b L [ 1 | I 280 ] 1 ] ] J 7 7 7 e VA
= "\_. \ "._. \ ',_.. 9-40 -_I \ | |I | I| .' ,'I I:, I.'I II_. JIll,r Yy _I m P P . "__z Wz . e ___,.--"'.
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N G R R S - Barrel P R ST R g e
Loylinder £_F \ TOF support bracket \ TOP QBB{Quartz bar box)
'“d“"“\f’* _'1ém' 5 727min_| 800max. 1 1590
~_ (20) ,'f 1000 1650
/

cDC

IDS{Inner detector support) and COC-SC{Suppornt cylinder):t

\\ RtaseAcc | T 5 N T ¥

Hamamatsu HAPD + readout
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aerogel photon detector
Cherenkov photons .+
.
....
-----
e® o
o® g
e® _e*
s® _e*
v® _e"*
““““ .
.1°°.+"  charged particle
# >-
...H..
Q. i~
"o, Y
e, *»
Ya, Y
L] L ]
......
~ -,
......
.Q..~:.:
2 cm 20 cm

June 17-21, 2019

ANIM

Endcap: Proximity focusing RICH

K/m separation at 4 GeV/c:
0.(r) ~ 308 mrad (n = 1.05)
0.(n)— 6,(K) ~ 23 mrad

For single photons: 66 .(meas.)=c, ~ 14
mrad,

typical value for a 20mm thick radiator and
6mm PMT pad size

Per track: O

N

pe
Separation: [0.(r)-0.K)1/0t ack

O-track o

— 5o separation with N,.~10



>
wamd  Radiator with multiple refractive indices

OHELLE

How to increase the number of photons without
degrading the resolution?

- stack two tiles with different refractive indices:

normal “focusing” configuration
n1= nz n1< n2
Iy

Iy

/

- focusing

Such a configuration is only possible with aerogel (a form of Si,0,)
June 17-21, 2019 — material with a tunable refractive index between 1.01 and 1.13.




D>

= - X'/ ndf 2467. /7 16| S
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—->NIM A548 (2005) 383, NIMA 565 (2006) 457 4x4 array of flat pannel MAPMTs



=4 Photon detectors for the aerogel RICH
= requirements and candidates
Need: Operation in a high magnetic field (1.5 T)

Pad size ~5-6mm

Final choice: large active area HAPD of the proximity focusing

type

Candidates: MCP PMT (Photonis/Burle 85011, SiPMs)

0720, 2 30005

Multialkali
photocathode

-10kV
15~25mm

Pixel APD

June 17-21, 2019 ANIMMA2019

144-04. 9

1.E 4

345

oz

4+0. 6

071,

HAPD R&D project in
collaboration with HPK.
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The big eye of ARICH




ARICH: Rings from cosmic ray muons

First events recorded in the fully instrumented ARICH.

June 17-21, 2019 ANIMMA2019 Peter Krizan, Ljubljana
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(;%) Bel Ie II PI D Systems Endcap PID: Aerogel RICH (ARICH)

200mm

oV P\"om“

—| Barrel PID: Time of Propagation Counter (TOP) crere™

Focus mirror
MCP-PMT (sphere, r=7000) \

Backward Qua rtz radiator Forward _
Focusing mirror Aerogel radiator

Small expansion block n~1.05

Hamamatsu MCP-PMT (measure t, x and y) Hamamatsu HAPD
+ new ASIC

[\
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Barrel PID: Time of propagation (TOP) counter

Korm

_{ISOmm

[ 20mm

quartz radiator

Photon detector:
Hamamatsu SL10
MCP-PMT

Readout: waveform
sampling

Cherenkov ring imaging with precise time measurement.
Reconstruct Cherenkov angle from two hit coordinates and
the time of propagation of the photon
— Quartz radiator (2cm thick)
— Photon detector (MCP-PMT)

e Excellent time resolution ~ 40 ps

e Single photon sensitivity in 1.5 T

June 17-21, 2019



MCP PMTs for a very fast timing

photo-electron

photon

photocathode

photo-electron

dual MCP

anode

Micro-channel plate PMTs:
Single photon resolution:
g typically 20ps — 40ps
ey

June 17-21, 2019 ANIMMA2019
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TOP image

31 Pattern in the coordinate-time space (‘ring’) of a pion
=1 hitting a quartz bar with 512 MCP PMT channels
st
Time distribution of signals recorded by one of
" the PMT channels: different for = and K
s 0.006 F
-
st ) 0.005 : J|
g F [y
A 3 0.004 | |‘ H
& |l
o 0.003 ‘
3t = S
E E (]
S 0002 F | )
2t Z. n | ‘ M
S 0.001 |~ I )
()—lllJl | T .lr.lla l.eir'{’{kl...
g il 4000 6000 8000 10000 12000 14000 160C
-20 time (ps)
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Separation of kaons and pions

Pions vs kaons in TOP: Pions vs kaons:
different patterns in the time vs Expected PID efficiency and
PMT impact point coordinate misidentification probability. o
time RS RS ERARY LA EER D RN LR
e o g s I3 i K
ST A o .
oof ¥ I L
50 A : :
0.6_— =
40 : :
0.4 —
30 A : ]
201 0-2:_ _:
il b st sttt SR
0.5 1 1.5 2 25 3 3.5 4
0 100 200 300 400 500 momentum (GeV)

coordinate (channels)
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TOP first events

The early data demonstrated that the TOP principle is working
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PID for PANDA

v =

I]“DEI L]

—
T

C

Forward

Muon

TOF Wall

Detectors

\ lil =

Peter Krizan, LjGbljana
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C |_]:El nda

Similar to BaBar DIRC
n/K separation 0.5 < p< 4 GeV/c
Inner radius: 48 cm

Radiator: 96 bars, fused silica
(n=1.47), size: 17mm (T) x
33mm(W) x 2500mm (L)

Compact photon detector: array of
MCP-PMT (Photonis) in magnetic field
05-1T

total 7000-10000 channels

Time of propagation = dispersion
corrections (3D-DIRC concept — x, ),
Focusing optics

Barrel DIRC

Photon detector &
Electronics

e —

\ Radiator bars

Focusing lens

Peter Krizan, Ljubljana



SiPMs as photon detectors for

RICH detectors?

SiPM is an array of APDs operating in Geiger
mode. Characteristics:

« low operation voltage ~ 10-100 V

e gain ~ 10°
. peak PDE up to 65%(@400nm) " N

PDE = QE X € ;e X €,¢, (UP to 5x PMT!) v ({\\ 100U
¢ €00 dead space between the cells ° / / \\<

o time resolution ~ 100 ps

« works in high magnetic field

. dark counts ~ few 100 kHz/mm?
« radiation damage (p,n)

40 \ 050U
TN
X

20 /‘
|/ EENG: N
0 ~~

200 300 400 500 600 700 800 900 1000

PHOTON DETECTION EFFICIENCY (%)

WAVELENGTH (nm)

Not trivial to use in a RICH where we have to detect single photons!

Dark counts have single photon pulse heights (rate 0.1-1 MHz)

June 17-21, 2019 ANIMMA2019 Peter Krizan, Ljubljana



SiPM as photosensor for a RICH counter

Improve the signal to noise ratio:

eReduce the noise by a narrow (<10ns) time window (Cherenkov light is
prompt!)

eIncrease the number of signal hits per single sensor by using light
collectors

E.g. light collector with reflective walls
or plastic light guide

SiPM

PCB

June 17-21, 2019 ANIMMA2019 Peter Krizan, Ljubljana



Photon detector with SiPMs
and light guides
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Next step: use arrays of SiPMs

Example: Hamamatsu MPPC S11834-3388DF
e 8x8 SiPM array, with 5x5 mm? SiPM channels
e Active area 3x3 mm?

N\l g, ﬂ.'f ﬂn HJ -1 ﬂ»"

| J |
i*ﬁf‘; !J '1 &J “J ’f_ wee NN dx o
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Hexaboard

Silicon sampling calorimeter

Particle flow calorimetry at CMS

Calorimetry

High Granularity calorimetry

oS
C
M_H\
2 =
° 8
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O ®
O'c
x4
w £
=

Sensor

_.nel_,.—///_////

077z

with a precision of

20ps

Kapton sheet

SUUBLIBIE

Cu/W Base plate

Lz

Trigger data from
ASICs (300 TB/s) fed

Scintillator tiles with

through concentrators

200

;.V////////////////////////////////////////

on-tile SiPM readout
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R TR TR
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AN

to the back-end system

Scintillator: 500 m?

Silicon: 600 m?
6 M Channels

Successfully tested in a test beam at DESY

Peter Krizan, Ljubljana
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Trigger development

£ s *
é
% [ Builder ][ Handler ][nggmgm
Event Filter
L i PTDFI:I"I‘:II HTT
|

Monitoring, Control and
" Configuration

<~ - L0 accept signal

€= Readout data (1 MHz)

<«(--- rHTT data (10% data at 1 MHz)
«— gHTT data (100 kHz)

<~ = EF decision data

{5 output data (10 kHz)

Minimize data flow bandwidth
by using multiple trigger levels
and regional readout (Rol)

June 17-21, 2019

Pass Fail

»
Same electronics
reads two sensors

>

low ransverse
I momentum

Detector Front-Ends (FE)

\

(Trigger pmgems‘: Tnggeranddmmdma 50,000 1-10 Gbps GBT links ‘
Global T\gger HH \HHHHHHH\HHH\HHHH

TICTTS

TCDSE/M 120 ATCA crates . Q
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~500x200 Gbs switch
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S0 st | | et
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HLT PC famsfcloud
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Allow large data flow
bandwidth. Invest in scalable
commercial network and
processing systems
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Event Filter Farm
1000 - 4000 nodes

Massive use of
data links
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Applications in medical imaging:
advances in TOF-PET

Time-of-Flight difference of annihilation gammas is used to improve the contrast of

images obtained with PET

Localization of source position along the line of response: o

At ~ 66ps — AX = C,At/2 ~ 1cm At = coincidence
resolving time, CRT

TOF non TOF

However, PET systems based on SiPM readout are reaching CRT of ~300 ps, and
only with small crystals ~3x3x3 mm3 CRT<100 ps

Novel photon detectors — MCP-PMTs and SiPMs — have excellent timing resolution
— TOF resolution limited by the spread in photon emission and arrival time

Faster annihilation gamma detection method - a faster light emission mechanism

June 17-21, 2019 ANIMMA2019 Peter Krizan, Ljubljana



CRYSTAL

Possible sources of prompt photons
(< 1ns)

Ce3* Activator: 5d-4f
Ca?* & Mg?* co-doping
1.~ 20 ps rd~ 16 ns
Excitons/Bi-exciton
stable at 300 K

Cerenkov
T~5-10 ps

April 2019 APS Denver, 13-16 April, 2019 P.Lecoq CERN




Annihilation gamma detection with Cherenkov light

Cherenkov light is promptly produced by a charge particle traveling through the

medium with velocity higher than the speed of light c,/n. Photoelectron emits
Cherenkov light in ~1ps.

Disadvantage of Cherenkov light is the small

511 keV electron
number of Cherenkov photons produced per - .
interaction
Cherenkov ph.
N I AE s1nc9 = 370X0.01X2X0.75 = 8
eV

— detection at a single photon level!

Cherenkov radiator: PbF,an excellent candidate
* high gamma stopping power

« high fraction of gamma interactions via photoeffect — electrons with maximal kinetic energy
— more Cherenkov photons

P n e Cherenkov Cutoff Attenuation ~Photofraction .+ high transmission in
(g/cm?) threshold (keV) wavelength (nm)  length (cm) visible and near UV
PbF, 7.77 1.82 101 250 0.91 46%
LYSO 7.4 1.14 32%
LaBr, 5.1 2.23 15%

Peter Krizan, Ljubljana



Excellent TOF PET timing with MCP PMTs

Pioneering experiment, two detectors
in a back-to-back configuration:

PbF225x25x15 mm?3 with
MCP-PMT as photodetectors

single photon timing ~ 50 ps FWHM
active surface 22.5x22.5 mm?

Cherenkov ph.

black painted, Teflon wraped, bare

| Black paint, 15 mm | S —

onstant 228.2+ 11.2
ean -0.2305 + 0.0024
igma 0.04635 + 0.00304

Timing resolution (black painted):

€

= 3001 no cuts
o C

o

=~ 70 pS FWH M y 5m m CI'ySta| 250;— _ e §onstant2 69.5+6.5

crosstalk suppressed

ean2 -0.1672 + 0.0132
i 0.2164 + 0.0174

~100 ps FWHM 15mm crystal
Efficiency (Teflon wrapped):

~ 6%, single side
(typically ~ 30% for LSO)

- ) gt "Upay o L
%5 K -0.5 0 0.5 1 1.5
time [ns]

NIM A654(2011)532
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Reconstruction - experiment

Two 22Na point sources at +10 mm and -10 mm 4x4 segmented, black painted
PbF, radiators

(non-TOF) FBP TOF w. FBP MLP Filtered MLP

%o -a0 -30 -20 50 %o -0 -30 -20 50
[mem) [mm]
= 5000 = L - f = B0
| i : 3 3 | 3 I
S 4000} f\ A s & 1000 \ S 400}
| / = F ¢ | z |
3000} ! { \ 3 T o \ E 00{ | |
£ AL i £ o f \ ek Joih iy
b / \ P \ i f 1
I X i \ ¢ 4
1000} 4 el \ 100, ¥ \
| - i I 3 M,
] e R AT WS 5 | AT IO R il o= o
50 40 -30 -20 - 3030 50 %o 40 30 -20 o 20 30 50 50 -0 -30 -20 -1 0 20 30 40 50
[mmj) [mem) [mm]}

- A simple, very fast Most-likely-point (MLP) method (~histograming of points)

already gives a reasonable image
- NIM A732 (2013) 595
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Cherenkov based PET scanner?

PbF, not a scintillator - considerably cheaper!
Smaller attenuation length than LYSO — small parallax error

- Cheaper normal scanner or
- Total/half body device

—
20 cm

Extending axial FOV 20 cm = 200 cm:
estimated 6-fold increase in SNR ->

eBetter image quality

*OR Shorter scanning time

*OR Less injected activity: 8 mSv - 0.2 mSv

June 17-21, 2019 ANIMMA2019 Peter Krizan, Ljubljana



SiPMs for Cherenkov TOF PET?

Advantages: Disadvantages:

- high PDE — more than 50% . high dark count rate ~ 100kHz/mm? (= cooling)
- flexible granularity . single photon timing - resolution not yet below

- low operation voltage 100 ps FWHM (specially for large area devices)

. operation in magnetic field
. affordable price (potentially)

- Explore new devices and test them!

hEffCh hEffCh
Efficiency: ~35%

Uniform over the 4x4 module

e '1"5"2 25
05 0 -

| '0- e
LN N D950 ° R. Dolenec et al., @RICH2018, to be published in NIMA
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Summary

Detectors for particle physics experiments are our discovery tools — well
designed and well functioning devices have been essential for our present
understanding of elementary particles and their interactions.

A very vibrant research area: a large variety of new methods and techniques
has either been developed recently, or is under commissioning or early
data taking.

New challenges are waiting for us when planning the next generation of
experiments

June 17-21, 2019 ANIMMA2019 Peter Krizan, Ljubljana



