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CMS T 4° fhoniono detector
76 M channels

CMS
A Compact Solenoidal Detector for LHC
FORMARD [corareca] (A

CALORIMETER /‘\

Total weight 1 12,500t.

Overall diameter: 15.00m e
Overall length  : 21.60m
Magnetic field : 4 Tesla CMS-PARA-001-11/07/97 is.pp
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Non-destructive methods: charged particles A Tracking, PID

B e\ P8 Measure: hit and/or drift time
\ : Position resolution: ~50em C Tracks reconstruction
+ Magnetic field C Momentum

Measure also: energy loss dE/dx C Particle ID

Silicon detectors
Measure: hits and/or amplitude

Event with . . > .
remenE = Position resolution: ~5em C Tracks & Vertices

reconstruction

candidate as reconstructed

in the Inner Tracker

Candidate

= Example: LHCb Ring Imaging CHerenkov detector RICH
E 60 |- ‘o ‘" ) 60
4:,) = 40 40_
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Cherenkov detectors : Radiator = -
+ Cherenkov light measurement gl 2R
Transition radiation detectors o\ O\ ol
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Destructive methods
Calorimeters: electromagnetic and hadronic

Measure: shower energy and/or shower shape
C Energy resolution

C Position resolution:
~few mm
C Particle ID
Muon detectors Measure: Muon track after absorber
C Particle ID

Muons in ATLAS Muon |n CMS

I 1 I 1 1
om m m 3 Sm 6m 7m
Key:
Muon
Electron
Charged Hadron (e.g. Pion)
— — — - Neutral Hadron (e.g. Neutron)
---- Photon

CATLAS

ﬁ EXPERIMENT

7 TeV Event with
Jets and 2 Muons

nsverse slice with Muon chambers ITTTTTTN 3
through CMS JUff& SB



Signal over background: efficiency and resolution

C Efficiency ~amount of signal and Intrinsic detector resolution, (simplified) effecton HA 2 2
C Spatial resolution A degrades mass resolution via momentum measurement; contributes to
combinatorial background via picking up random tracks and via PID.

C Energy resolution A degrades mass resolution via energy measurement; contributes to combinatorial
background via PID.

C Time resolution A degrades mass resolution via contribution to spatial resolution in tracking devices;
contributes to combinatorial background via pile-up and via PID.

Is the excess due to the decay

of a particle into two photons ? Statistical significance: S =Ng/ONjg

%2000 C cMS Prelimineer —#— S/B Weighted Data
(91800} 15=7TeV,L=l5. fbj ______ g;gB;'t‘Componem Ns (Ng) : Number of signal (background) events,
51600k 70" Lt estimated in the peak region
—1400F v
%) F N
~GC:1200 = / S
m1000F N S~UO0L/G
g 800F x| | o
£ 6001 N, . C S >5A signal > 5 times higher than the expected
= - fluctuation on N
%’ 400 - \\ v . °

200 C Probability, that the background fluctuates by more

: ] PLB 716 (2012) 30 than 5 standard deviations is 107
. 120 140 A Discovery
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Signal over background: efficiency and resoluti_

C Signal treatment added to intrinsic detector resolution A Read-out electronics

C Every signal comes with its noise

SIGNAL & BASELINE NOISE - SIGNAL + NOISE
BASELINE BASELINE BASELINE
SIGNAL * BASELINE NOISE :> SIGNAL + NOISE
A | | /t
BASELINE BASELINE BASELINE
C Realistic
C Reduce pile-up signal + noise shape
: Z =
E 3 3
[}
£
TIME TIME

time (ns}

After E. Garutti et al.
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Signal over background: efficiency and resolution

C Signal treatment added to intrinsic detector resolution A Read-out electronics

C Example: ATLAS LAr calorimeter
C lonization signal 500 ns ~ 20 LHC BXs

C Fast shaper reduces signal to 5 LHC BXs A less pile-up but higher electronics noise

C Choice of optimal timing varies with luminosity

After E. Garutti et al.
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Photon detection

Examples above targeted reconstruction of HA 2 2

Why: Photon detector applications
HEP, Nuclear physics, astrophysics:
A Scintillation (Calorimetry, Tracker, also implication in triggers, € )
A Organic scintillators
A Inorganic scintillators
A Cherenkov and Transition radiation
A Light from astronomical observations

Ve

photons in ~visiblerange, =100 nm ¢é 1000 nrewm or

What: photons as a particle or for imaging, in quite different environment
A rare clean events (problem: noise, impurities etc)
A busy events (problem: pileup from other particles, including photons)

How to: photons detection techniques

Instrumentation - PID Bezmiechowa Gorna, 07.2023
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Vacuum photon detectors: Photo Multiplier Tube

Anode
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D

Dynodes

Gain

Photon-to-Electron Converting Photo-
Cathode

Dynodes with secondary electron emission
Typical gain ~106.

Transient time spread ~200 ps

Sensitive to magnetic field

Choice of Photo-Cathode: high QE
for the wavelength of incoming light

Concerns: dynamic range, time dependence
of response, rate capability

‘0 O 0 QI Q) 0
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Choice of photocathode :
C Optimize for incoming light, e.g. choose high QE

QE is a strong function of the photon

o : ) N wavelength
Reliability according to working conditions R :
gé y g g QEOG6s of t ycpthodes | photo
Photon energy (eV)
12.3 3.1 1.76 1.13
' f
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Bialkali: SbKCs, SbRbCs Multialkali: SbNa,KCs (alkali metals have low work function)

from T. Gys, Academic Training, 2005
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Vacuum photon detectors: Micro Channel Plate

CHANNEL
: CHANNEL WALL
OUTPUT
INPUT ELECTRODE
ELECTRON
o— 3 2. OUTPUT
3= ELECTRONS
INPUT ELECTRODE #
‘ STRIP CURRENT
(Hamamatsu)
1} -1}
VD

C Gain fluctuations can be minimized by operating in
the saturation mode

C Kind of 2D PMT:
+ high gain up to 5 x 10%
+ fast signal (transit time spread ~20 ps);
+ |less sensitive to B-field (0.1 T);
- limited lifetime (0.5 C/cm?);
- limited rate capability (mA/cm?)

from T. Gys, Academic Training, 2005
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Vacuum photon detectors: HPD

Photo Multiplier Tube
- dynodes and anode
-+ silicon sensor

Hybrid Photo Detector

C Ittakes 3.6 eV to create an electron-hole pair in silicon. o |
Using an accelerating voltage 20 kV A ~ 5000 electron-hole : _
pairs, amplification in 1 step A Good energy resolution
C But: High voltage, ion feedback A requires good vacuum

Instrumentation - PID
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Solid-state photon detectors _

C More compact, lightweight, tolerant to MF, cheaper, allow fine pixelization, ...
E.g.: Silicium Photon Multiplier (SiPM)

C Fully solid state photon detector, large array of tiny avalanche photodiods

C p-njunction under large reverse-bias voltage, packed over a small area and operated in a limited

Geiger mode above breakdown voltage C detectable electrical response from low-intensity optical signals,
down to single photons

C Binary output, linearity achieved by summing cell outputs

SiPM 3x3 mm? attached directly to BICRON-418 scintillator
3x3x40 mm?3
Signal is readout directly from SiPM w/o preamp and shaper !

, 2000

%

SES MEPhI/PULSARAPD, U=57.5V, T=-28 C

10

10000

C Sensitive area: 3x3 mm2 # of pixels: 5625 1000 f}

C Pixel size:30em x30em ‘g 100 jﬁ fz A

C Depletion region: ~1 em ° 0 y *ﬁﬁ&

C SiPM noise (FWHM): room temperature 5-8 electrons 1 d ? 1%;_; o

-50C 0.4 electrons 0 100 200 300 400 500

ch. ADC
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Scintillators: organic scintillators

C lonization, produced by charged particles, to generate optical photons
(usually, blue or green wavelength regions)

C Typical densities: 1.0 .. 1.2 g/cm3
C Typical yield: 1 photon / 100 eV energy deposit

C Overlap between absorption and emission spectra in complex molecules

C Avoid re-absorption A increase Stocksoshift (distance between major absorption and
emission peaks)

C Decay time ~ns range ; Rise time faster !
C High LY + fast response C possibility of sub-ns timing resolution
CFraction of |ight in the decay Atail o can
C Pulse shape discrimination C particle ID
C Hydrogen content
C Sensitive to proton recoils from neutrons
C Easy fabrication into desired shapes, low cost
C Became common detector component
C In form of scintillating fibers widely used in tracking and calorimetry
C Concerns: aging and handling, attenuation length, afterglow, radiation damage, é

Instrumentation - PID Bezmiechowa Gorna, 07.2023 SB 15



Organic scintillators

Scintillation mechanism

C Scintillation: small part (~3%) of deposited energy is released by excited molecules as
optical photons.

C Fluorescence: initial excitation by absorption of a photon, then de-excitation by emission
of longer wavelength photon.

[onization excitation of base plastic

C UV photons with short att.
length ~few mm

base plastic

10-8m | | Forster energy transfer

primary fluor C Efficiently re-radiates photons at
~1% wt/wt i
5 emit UV, ~340 nm | ) wavelength, where base is more
1074 m ‘i v transparent; |
¥ absorb UV photon  secondary fluor G Shortens decay time
> (~0.05% wt/wt )
0 emit blue, ~400 nm C Adjusts emission wavelength
I m YD _
é and/or attenuation length
absorb blue photon photodetector
Figure 28.1: Cartoon of scintillation “ladder” depicting the operating mechanism

of plastic scintillator. Approximate fluor concentrations and energy transfer
distances for the separate sub-processes are shown.

Instrumentation - PID Bezmiechowa Gorna, 07.2023 SB 16



Crystals fibers: LUAG (Ce)
Fibercryst
Inorganic scintillator

Optical fibers

WLS fibers: Y11 (Blue A ) Green  Clear transport fibers: PSM
Kuraray

Attenuation length : > 3.5 m
Emission . peak at 476 nm

>10m

Outer Cladding
(fluorinated
Blue Light polymere)

Example: Y11 double cladding

Single/lnner Cladding
(polymethylmetacrylate)

Core
(polystyrene

Green Light

C Light collection in complex geometries




Scintillators : inorganic scintillato_

C Higher density (4-8 g/cm?3) and high effective atomic number

C high stopping power

C high effective conversion efficiency for electrons or photons
C Applications

C total absorption ECAL (opposite to sampling ECAL)

~

C gamma rays detectors in wide energy range
Crystals for HEP calorimeters

1.5 X, Cubic Samples:

C Mechanism: energy deposited in
crystal by ionization, either directly by ‘ |
charged particles, or by conversion of — s veartf)
photons into electrons or positrons, Non-hygroscopic
which subsequently produce ionization. - = lj ‘u
This energy is transferred to RS e S o
luminescent centers, which then radiate
scintillation photons. Full Size Crystals:

Hygroscopic Halides

C Often compromise between light yield,
decay time, temperature stability,
radiation resistanc:¢

BaBar Csl(Tl): 16 X,

L3 BGO: 22 X,

CMS PWO(Y): 25 X,
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Excitation, Emission, Transmission R.-Y.Zhu
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Figure 28.2: The quantum efficiencies of two photodetectors, a Hamamatsu R2059

PMT with bi-alkali cathode and a Hamamatsu S8664 avalanche photodiode (APD),

are shown as a function of wavelength. Also shown in the figure are emission spectra

of three crystal scintillators, BGO, LSO and CsI(T1), and the numerical values of

the emission weighted quantum efficiency. The area under each emission spectrum

is proportional to crystal’s light vield.



Timing of the crystal signal

R.-Y.Zhu
Measured with Philips XP2254B PMT (multi-alkali cathode)
p.e./MeV: LSO/LYSO is 6 & 230 times of BGO & PWO respectively
Fast Crystal Scintillators Slow Crystal Scintillators
2500 -
A 2500
_ ¥ ¥ o
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P Q
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Temperature dependence

| .
| Nal(Tl)
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| .
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C Scintillating materials are most widely used in calorimetry

PID
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Particle Identification, first glance ID

innermost layer » outermost layer

tracking electromagnetic hadronic muon
system _calorimeter calorimeter  system

photons

_--

electrons

———

muons

rotons
aons
pions

neutrons
0
KY

C. Lippmann — 2003
Reasonable Yes/No identification

€ complicated by various backgrounds, depending on detector
occupancy/granularity/efficiency/precision/noise/é
-trumentation - PID




What is a background for muon identification ?

tracking electromagnetic hadronic muon
system _calorimeter calorimeter  system

photons

_--

electrons

Cmuons\
r—
rotons
aons
pions

neutrons
0
KY

- 'y . C.Li — 2003
Reasonable Yes/No identification Lo

€ complicated by various backgrounds, depending on detector
occupancy/granularity/efficiency/precision/noise/é
-trumentation - PID




Particle Identification, first glance ID

innermost layer » outermost layer

tracking electromagnetic hadronic muon
system _calorimeter calorimeter  system

photons

_--

electrons

———

muons

rotons
d01NS

: Try to distinguish
p1ons

charged hadrons

using more tools !
neutrons

Kp

C. Lippmann — 2003
Reasonable Yes/No identification

€ complicated by various backgrounds, depending on detector
occupancy/granularity/efficiency/precision/noise/é
-trumentation - PID




Charged particle identification

Typical separation power achievable
In gaseous detector.

Assumed energy resolution : 5%

TT]
C. Lippmann -

3
2
|

g
'S

lonization, dE/dx
Cherenkov light

Transition radiation
Time-of-flight measurement

N
o

-
(=]

O)x O)x O ()

ionization signal (a.u.)
o N

—
'S

—
o

Often simultaneous measurement of momentum
and velocity for charged hadrons

- "1"|"|'1‘T'”-'-

10
momentum (GeV/c)

.

=
-

—

E

=0 a N W 2 U0 g N o 0

T T T T T T T T
C. Lippmann - 2010

oc/E=5%

a

separation power n

(=]
-
=9

10
momentum (GeV/c)
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Cherenkov radiation detectors

C ChargedarticlesID overa range omomentum fewhundred MeV/c- severalhundred GeV/c

C A charged particle with velocity=v/c greater than local velocity of light in a medium with
refractive index n=ri{) may emit light along a conical wave front.

1 _
C The angle oémission: cosQC = cos dax = 1/n
b bmin =1/n

Radiator
+

Photon detector
C Particle ID:

Threshold (detect Cherenkov light)
and

Imaging (measure Cherenkov angle) techniques

-trumentation - PID Bezmiecho.rna, 07.2023
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threshold
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Threshold Cherenkov Detector: exampl_

To get awider momentum range for particle identification, use more than one
radiator.

Assume
A radiator: n =1.0024

Positive particle identification:

p threshold A

. . H
, ' K. threshold A
A ——— 1 threshold A
|

O | O 20 30 40 50
Momentum (GeV/c)

Bezmiech-a, 07.2023




cosg =

b
b g

m

C minimize Ug
C maximize Np.e-

set : d. ..
n=1333 (H,O) — b
min

qp/p?  5*10™
pd 15 mrad
L 1lcm
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Imaging Cherenkov Detector

low chromaticity

high granularity
high packing density

=41.4°

=0.75

Particle mass (GeV)

O
o

O

1
BN | i m:bﬁzp\/nzcoszdc-

0 2
Dm aDpQ
— = %—Dpe +(g? dgg g
m g; F) ol
.. 2 - .So‘2
S;Zaqul Y SC/c: N
p.e.

Goal: detect the maximum
number of photons
with the best angular resolution

10 bands

}9

mmwmmmwwmwwwwwMMWWWMHWWHMHW‘ ‘|HH| HHN

Ll

f

@

R.----l.llll"llllll“ ‘ ‘ ‘ ‘ ‘ ‘ ‘
] 2

< 5 =
Momentum (GeV/c)
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Imaging technique: measure Cherenkov radiation angle

Separatiompower:

q,- G, =NS,

C Separating K and ", illustration from a test :
beam , Test beam

C ~ Gaussian response, U~ 0.7 mrad

=
Peaks are separated by 4 mrad = 6 U E
Generally: Ny = |[m2i m,?| S [
2 p2 Gy n2-1 3 K
=
C Adjusting the position of the cut placed @
between the two peaks to identify a candidate
as Kor "~ gives a trade-off between efficiency
and misidentification
Cherenkov Angle (rad)

C The overall resolution determines how high in momentum particles can be distinguished, since

the increase in Cherenkov angle saturates, so the radius for different mass hypotheses get closer
together
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Adjust precisely the value of refractive index n: Silica aerogels with different n (1.007 - 1.13)

Aerogel with layers of different n attached directly at molecular level

26mm

Aerogel is a manufactured material with the lowest density of any known solid.
Derived from a gel in which the liquid component of the gel has been replaced with
a gas.

l1$trumentation - PID Bezmiechow.orna, 07.2023



Aerogel RICH for SuperBelle (R&D) _

C Aerogel with multiple refractive indices increases Nph without degrading angular resolution

ffocusingo configuration n1<n?2

n{| N2 ni<ny

|
2+2cm | [

fidefocusingo configuration n1>n2

Ny | N2 ny>nNg

|1
™~

2+2cm

|

= 00 | X’/ ndf 1095. /116 ¥
Pl 7280. | =
P2 ﬁ 0.3074
o P3 0.1428E-01
P4 74.49
Ps 884.4
4000
nf=7.46
woo | nb=0.83
0 [L ..... el L\ [ e
0 0.1 0.2 0.3 04 0.5 -04 -0.2 0 0.2 04
0 (rad) tx(rad)
= X/ ndf 2619 7 106 3 B
PI 4591 | = 04 F
P2 ﬂ 02154 |
Gl P3 0.1161E-01 b
P4 1843. 2
Ps 0.3238
P6 0.1299E-01 o E
P7 18.08
oo b P8 A 1563. »
nfl=4.18 02 |-
nf2=1.88
04 b E
0 1 1 1 1 ) 1 1 : 1 L
0 0.1 0.2 0.3 04 0.5 -0.4 -0.2 0 0.2 04
0 (rad) tx(rad)

theta cerenkov ring in cerenkov space
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Aerogel RICH for SuperBelle (R&D) _

C Aerogel with multiple refractive indices increases Nph without degrading angular resolution

if o c us confgyoration n1<n?2

ny | N2 ni<ny

L —]
2+2cm | [

fidefocusingo configuration n1>n2

Ny | N2 ny>nNg

|1
™~

2+2cm

|

Q: Which configuration is better ?

-mentation - PID

= 00 | X’/ ndf 1095. 7 116
Pl 7289.
P2 A 0.3074
o P3 0.1428E-01
P4 74.49
P5 884.4
4000 B
nf=7.46
o nb= 0.83
()[L ..... l.l....l.L’T"
0 0.1 0.2 0.3 04 0.5
0 (rad)
= X/ ndf 261.9 / 106
Pl 4591,
P2 ﬁ 0.2154
Gl P3 0.1161E-01
P4 1843.
Ps 0.3238
P6 0.1299E-01
P7 18.08
oo b P8 A 1563.
nfl=4.18
nf2=1.88
” 1 1 1
0 0.1 0.2 0.3 04 0.5
0 (rad)
theta cerenkov
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LHCb: charged hadron identification with R_

A /
/ /
5 , Ma M5\ \

|4 M2
sm/ / SPDIPS. siaai

Position photodetectors in tolerable radiation
zone
C Guide the light outside hot area Verex |

C System of large, precise, minimum
material and radiation hard mirrors ‘%\

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

Spherical mirror

< a AL ===
Bl
Cherenkov gas P - -

TS N (S | N SO I (NN [N DO | 1 >

Sm 10m z

Flat mirror

' Photon detector
(HPD)

Keep few 10 mrad resolution
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LHCb: charged hadron identification with RICH detectors

2 Ring Imaging Cherenkov Detectors (RICH): 3 Radiators, photons from Cerenkov cone focused
onto rings recorded by Hybrid Photon Detector (HPD) arrays, out of acceptance

RICH 1

Acceptance 25-300 mrad

Side view

Aerogel

Photo
Detectors

050 mred

il 7% Spherical

Mirror

Beam pipe

VELO exit window ||

Plane
Mirror

T

Instrumentation - PID

Silica Aerogel:

RICH 2

n=1.03 Acceptance 15-120 mrad
1-10 GeV/c
CaFo: Top view
n=1.0014
Up to ~70 GeV/c
CFa: 300 mr2d
n=1.0005
Up to ~100 GeV/c
D4y I LI A 7
0.35 r BS - Ds T /-
03 Spherical \ |
025 | mirrors %
02 s 7 Flatmirrors | |
0.15 o _RlCH 2 i \ CF, gas
0.1 ' - — : |
| 1N
005 ) TR \ N

0
0 25 50 75 100 125 150 175 200

p [GeV/c]
Note scale difference /

w )~
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LHCb: charged hadron identification with RICH detec_

80mm RICH1 Photo Detectors
Aerogel ] Spherica
Mirror
— - B i =
- eam pipe |-

A =,

hh.__‘__‘_iTrack
VELO exit window " il
j ] N -40
Plane )
Mirror 1

Si pixel array

(1024 elements)

————— ‘ Photons from Cerenkowcone
focused onto rings
recorded by
Hybrid Photo Diodes arrays, out of acceptance.
™\ Each containing a 1024 Si pixel array.

Photocathode
(~20kv)

VACUUM

Photoelectron

Photon

Electrode

Solder

bump Binary
bonds electronics
\ ahip RICH1: Aerogel and C,F,, RICH2: CF,

CERN/EP-TA2

Optical input
window




Fast focusing Detector of Internally Reflected Light (DIRC at BaBar)

Secure escape of light towards photodetectors in 4° experiment

C Detector of Internally Reflected Cherenkov light (BaBar experiment) uses quartz as the radiator
and as a light guide
C Light trapped inside quartz bars by total internal reflection - takes little radial space
C TIR preserves the angles of the photons, detection at end of bars using PM array
i ' “— L PMT + B
C 144 fused silica radiator bars (1.7 x 3.5 x 490 cm) = 5 otio
<, PMT's
C 11000 PMTs
C Cherenkov polar angle measurement precision ~2.5 mrad Puried Weter S
17.25 mm Thickness _;f/"'/ Light
(35.00 mm Width) 4 Catcher \
C Good K/” separation up to ~3.5 GeV Track CBar Hox Y
T:Zﬁectory M o8 \ \\
— — A _ Wedge P o\
,9— PP i L.- 8 s A >/ L PMT Surface/‘- "\
= = — irror R I -1/ I
< i ] R\ TAE VA e 1| :
0.75 e BABAR N af Barp // - i SN Window i Standoff Box /
E . KEfficiency E 4.90 m i: ¥ w4 b 1mm 117 m 1
0.5 |- a 1t Mis-ID as K ]
i ] 4x1.225m
- . Synthetic Fused Silica
075 r N Bars glued end-to-end
0 e PN ol - T { ‘_\'_‘u__u‘_TA_\ | \;
1 2 3 I. Adam et al.,
Momentum (GeV/c) | NIMAS38 (2005) 281
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Example: DELPHI Particle Identification p
e DELPHI particle ID
TPC 4 - %

and
RICHes

dEdx/dEdx(mip)

0.7
0.6
p from s o.5Fliguid RICH

0.4
K from U 0.3

i

Can do it with data:

—a
v ey rrrrpryTrprnrTTa

o
from K° o 0.08

2 0.06
o

c
O 0.04

gas RICH

v

o
X 0.02

LN LN L LN N AN LR B

il Il 1 1 1 L1 1 l 1 1 L ] Ll L 1 I L to/rimey
0=
10 1 10
http://delphiwww.cern.ch/delfigs/export/pubdet4.html, DELPHI, NIM A378 (1996) 57 p [Gew

Ceren



http://delphiwww.cern.ch/delfigs/export/pubdet4.html

Time-of-Flight (TOF): measurement

C Traditional approach to TOF uses scintillator hodoscopes
C Organic scintillators yield light on a timescale of ~100 ps (Inorganic are slower)
C Resolution improves if light yield increased, as can average over the detected photons arrival times

Hodoscope 2

Beam

Hodoscope |
g
o®
susn®
T
< ®
(] I
o
Qo
=R
I
N -czo
a

Target
oy,
ol
5>
—
3
P
S
o
Q
3
O
)
-
<
@
D
-
O
\®
@
wn
=)
=
=
-

Can simplify by using time of beam crossing to provide the fstartosignal
Due to magnetic field, tracks are not straight lines

O 0

A use tracking to determine actual path length
C Multiple tracks would give rise to ambiguous solutions

A detector is segmented according to the expected track multiplicity



TOF: limits to performance _

Particle separation power (TOF) : Cf. RICH separation power :
0 ~ 27 2
D, LAal 1§ Lc Imy" T m.|
s b el U S B esrar vy
v S, CS.¢h b= 2ps, 2ptuqg@-l .
Example: Time difference [ps] works at higher momenta
- 600
L=4m N e e
ﬁt: 100 pS 500 {— . . \\ . \\ . | =4 i’lll
400 \ - /K separation i
, T 11 L= I
A ' /Kupto 2.2 GeVlc S Bxug N\ |
A K/p upto 3.7 GeVic 300 | m— A ‘ /b separation
200 FEEEEEH] \\ N
For momenta above some GeV/c B e e e e
particle discrimination is almost lost ! 100 \R_H__ﬁ_‘\“\
0 | T
0 1 2 3 4 5 6 7
Momentum [GeV/c]
Conventional TOF (scintillator + PMTSs) TOF based on fast gaseous counters
C Well proven technology C Not sensitive to B
C Good time resolutions A 50-100 ps C Very good time resolutions
(r/o at both ends of the scintillator bar) A 30-50 ps
N C Cost effective solution for large surfaces
C Sensitive to B C Capability at high rates
C Expensive
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Time Of Propagation (TOP) detector

C Combine Time-Of-Propagation (TOP) of Cherenkov photons to a bar-end and their emission angles at

the bar-end C ring image information
NIM A453 (2000) 331
Side view of crystal

y charged particle
‘ . e ) _ v400mm| GC cherenkowangle K
y . Quartz radiator_C4——7"m crystal / /nsf
anear-array type 2+ [T = > #
: X - =
photon detector T ’j;/:/ I Pho/
< = 20mm T
LT 49,
backward-going < I_ >
————> z-component of unit velocity

TOP= L@lg (/) tt (3Gev)=75ps

for 1 m flight path
. . C
A r Chromatic @, _ _
T time Yellow: bialkali photocathode
f 7 dispersion: Red: GaAsP photocathode
H - 100 pS g‘dfo":B'i#éI'kél"i'"”""' ’(,?0.21 Light propagation
< > G 4 —Muliglal = locity inside quartz
pd~1.2 mrad 36 —Gahsh = velocity q
30k ; --------yu?—-—"—
o= T :
Requirements to MCP-PMT 5 8 02 =
- high QE ; 2 . 7%
- longer wavelengths, kv %‘ {h //
(group velocity spread is smaller) ' (5 0.19 ['5 e
5 ">J.‘..I....IH..I..H.‘..
300 400 500 600 700

0300 400 500 600 700 Wave length (nm)
photon lambda(nm)
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0 O O 0O

TOF from Cherenkov light: TOF + RICH A TORCH

NIM A639 (2011) 173, NIM A1050 (2023) 168181

Time Of internally Reflected CHerenkov light
Charged particles ID for p = 21 20 GeV

Flight path ~9.5 m, i.e. flight time difference
of 35 ps between 10 GeV ~ and K

Target time resolution per photon ~70 ps,
l.e.1 01 psETOF resolution for 30 detected
photons per charged particle

Measure : particle entry position ; photon hit
coordinate ; (unfolding multiple internal
reflections of the photon)

A Cherenkov emission angle d

A

Events

Photon (+ charged particle) path length

I'Dr(')to'tyioe', vertical 'pi>'<ell:
two orders of reflexions

102

T Illlllll
Ll lIllllI

10

-.||l|'|

faswm awn il |

Photodetectors —

2500mm

Quartz radiator

Resolution [ps]

L )
S N
T

0
)
ll.l","'.'

140+~

o
T

Focusing b%

internal
reflection

0. = 0.45rad

6. = 0.85rad




Projected ps-TOF particle ID performance

Expected /K separatlon

(J. Vaodovr a)

2
=

—O— dE/dx I:n 100, t=1. Zcm 1 bar, E!D%He+2G%C4H1E}]

18 RL - ' ¢ Y = @ - TOF (2 m path, sigma = 1 ps)
1T N ‘E, --------- i:::d: = M = TOF (2 m path, sigma = 5 ps)
N LI . ' = B = TOF (2 m path, sigma = 10 ps)
16 N T CA s\ &l ____________________________ = # = TOF (2 m path, sigma = 15 ps)
1 P E'l = O « TOF (2 m path, sigma = 20 ps)
ot O ; —¥— BaBar DIRC
14 |- L T L i e Al M —o— perogel Forward RICH
i, f - T T T
" ‘\o v ' 5 5
' : v : :
ﬂ ].2 R S A i' ;"'. """"" &‘-‘""'E """""""""""""""""""""""""""""" """"""E """""" E """"""""""""
E ' L ! ] i .
o o Y Lo !
'i ]_0 by By s S "'i "'"""‘"': """" L':"'"""'"|""""""\'"""""'\""""""\"""'\";": """""" E """"""""""""
o OF, v\ A o
4 : : - :
S gl .\ A it STSVUI SSURRNTS SUSSTSOOS SESSOOUIE NOVSINOTS SO OIS NSO SOOI
+: ' : ‘ .

0 1 2 3 4 5 6 7
Momentum [GeV/c]

Bezmiecho-na, 07.2023
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Particle ID: Combined Methods

Entries

NA49

Particle identification
by simultaneous
dE/dX and TOF
measurement in the
momentum range 5 to
6 GeV/c for central
Pb+Pb collision

NA49, CERN-EP/99-001

Bezmiecho-1a, 07.2023




Particle Identification: summary

Wide variety of techniques
for charged patrticles ID

Cherenkov detectors
Very powerful; tuning the choice of
radiator

lonization energy loss
Provided by existing tracking detectors
Limited separation at low p

Time Of Flight

Excellent performance at low p

Range of TOF momentum coverage will
increase with faster photon detectors

Transition radiation
Electron identification

Powerful combined methods

Instrumentation - PID

PID Detector length L (30) (m)

10

10

1072

Pion-Kaon separation for different PID methods
The length of the detectors needed for 30 separation

TR+dE/dX
\ RICH
' gases
/ /
dE/dX /
aerogel
/
/ liquid/solid
”~
TOF
FWHM=100 ps
107! 1 10 107 10
p (GeV/c)

NIM A 433(1999 533

+ calorimetry for e, 2, ° O identification
+ muon detecting system

Bezmiechowa Gorna, 07.2023
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Quest: search for the rings _

Photons C Hits C Rings

Ring reconstruction.

Hits A: o B: _ c.
Large concentric rings Small rings Tiny rings
. Lo ".“ '.-.'\ .
. . ’J" " _____ .‘.." \.\ “ ’ . .
° S e ™, o °
¢ o $ 4 Yo 7, * o
L o { ;
¢ o ¢ @ ;o B o o
. ‘. \\‘ J‘ J’ - .
. h] h‘. ’.' J‘ .‘\ .
‘\ e @ 2 ’ Ll
[ ] “.,_ - 1 ,' L
o “."--_.,--“' b‘_"' ®

The answer must depend on what rings we expect to see.

The answer must depend on the process which is believed to have lead to the dots being
generated.

C.G. Lester, NIM 560(2006)621
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Detektory do fizyki wysokich energii
Sergey Barsuk, 1JCLab Orsay, sergey.barsuk@ijclab.in2p3.fr

1 'echowaGorna- Poland,14-22/07/ 2023

G Veryselectlve and personal no Way rjilsjc lststgq

~ . tocover all technologles/detectors Detecte‘UrS ‘
G Many simplifications.” - = e e
;(; Noproper references to the orlg' | EEQICES.

of many plots R 9F Y1 F b

’ J Clab

Detectores "
J . Detektoren

AGENCE

~ JERASMUS+

FRANCE - EDUCATION & FORMATION

= <t ,’." 2 v’
Iréne Joliot-Curie B .19 Pl 20>

Laboratoi dPhyq
des 2 Infin
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Calorimeters

C Measures charged (e, h) + neutral (photons, n, K|,
calorimeters loosing small amounts of energy by ionization (MIP)

C Energy flow : total (missing) energy,
C Fastsignal C real time (trigger)

¢ Performance improves with E

(unlike p measurement)

C Calorimeter yields :
A Energy measurement

j et s,
1

€)

é

particl es;

mu

S
E

01 ¢

L

001

" ECAL

2mmPb

Lead Glass

Na !

Magnetic
spectrometer

041

A Position/angular measurement

A Particle ID

A Missing energy given full coverage of the acceptance

C Tricky: Uniformity of response, signal linearity, calibration : energy = f(measured signal),
radiation resistance, hadronic shower fluctuations, ¢ C performance limited

Instrumentation - PID
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COUNTS / (2.5% Bin)
:

:

600
Lo

200

-200

Calorimetry canonical illustrations _

EM energy resolution charmonium
spectroscopy (SPEAR)

H energy resolution WAS8O0 calorimeter i com-

T \J T T
27sy-¢ i s 500
-.—I'k ~|s00
5 0
500

: §

— |
EXA
- - l'g

T T TTTT

8
8
E
8

) 23,

TR T O T T T I

Events per bin

2_f1$7 1 7%2
3p,
i /I - z135’, 2
\
‘y/ 57 Ve

= |
I 1'sy /. 13,
" [ N W I <1 | . (P ALY Y S |

50 1000

L ;
E, (MeV)

H energy measurement UA2 experiment, QCD

bgrd subtracted

60 80 100 120 140

position of p-selected CERN heavy ion beam

105

1o0%

HI‘

10>

1 fllllli

o2

l\\IIH‘

Peaks labelied by
mass number A
1c = 1 1 ' s
o r 00 =co 300 400 soo

Energy (ADC channels)

Signal speed two subsequent evts, NA50
r Zero Degree Quartz Fiber calorimeter, CERN &
heavy ion beam

- : . S
[ Ty e C1 Area
C ; 3l -7.3300NVs
........ "

|
........ al
3.
0
1
i Teeme F—an—- W3 80 Chi 'L —38mY g Nov 1445
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Calorimeters C Electromagnetic Calorimeters

C Hadronic Calorimeters

Destructive method :
EM or hadronic showers measurement
by total absorption with signal ~ E

EM interaction : Xo ranges from 13.8 g/cm2 for Fe to 6.0 g/cm2 for U
H interaction : & ranges from 132.1 g/cm2 for Fe to 209 g/cm2 for U

EM Calorimeters: MANY (15-30) Xo deep
H Calorimeters: many (5-8) & deep
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Energy resolution of EM calorimeter

Usually parameterized by s_ 4a A b A c |
(stands also for hadron calorimeter) : E JE E| . E measured in GeV
a : intrinsic resolution or stochastic term
Simplified model : S S 1 a
Number of produced ions/e- pairs (or photon) N=E/w — =N = S
Detectable signal (A E)is” N (N quite large) E N \/N \/E

In homogeneous calorimeters, where all the energy is detected, resolution better than
1/CN by a factor CF because total energy does not fluctuate (F : fano factor)
Ge : 100 keV, w=2.96 eV A 475 eV while measured 180 eV F=0.13

Most of the time not all the released energy is measured (ionization or light,
or dead material), only a sampling fraction fs measured < 1 1

c : contribution of electronics noise E JE \/E
+ at LHC pile up noiseé

b : constant term, contains imperfections
response variation versus position (uniformity), time (stability), temperature,

mis-calibration, radiation damage, € . sg 52



Homogeneous calorimeters

C Same medium to generate the shower and the detectable signal

Crystals Noble liquids
Babar/Belle/KteV L3 CMS ICARUS KEDR,NA48
Crystal Nal(Tl) Cs(Tl) CsI BaF, BGO CeF; PbWO, LAr  LKr LXe
Density g.cm™ 3.67 4.51 4.51 4.89 7.13 6.16 8.28 Density g/em3 139 245 306
Rad. length cm 2.59 1.85 1.85 2.06 1.12 1.68 0.89  Radiation Length om 14.3 4.76 277
Moliére radius cm 4.5 3.8 3.8 3.4 2.4 2.6 2.2 Moliere Radius cm 7.3 4.7 4.1
; e 5 : Fano Factor 0.11 0.06 0.05
Int. lengt‘h cm 414 36.5 36.5 29.9 22.0 25.9 224 gcintillation Properties
Decay Time ns 250 1000 35 630 300 10-30 20>  Photons/MeV - 1.9 104 2.6.104
6 09 Decay Const. Fast ns 6.5 2 2
e , ; ; . i Slow ns 1100 85 22
Peak emission nm 410 565 420 300 480 310- 425 % light in fast component 8 1 77
310 220 340 A peak nm 130 150 175
Rel. Licht Yield % 100 45 56 21 9 10 0.7 Refractive Index @ 170nm 1.29 1.41 1.60
T ) i - ; ~ ' Ionization Properties
2.3 e W value eV 233 20.5 15.6
dLY)dT %/°C =0 0.3 -0.6 -2 -1.6 0.15 -1.9  Drift vel (10kV/cm) ci/us 0.5 0.5 0.3
() Dielectric Constant . 1.51 1.66 1.95
Refractive Index i85 idy 180 is6 B30 1@ gi¢ Teoemumadmplopomt K & Ho el
Cryogeny/purification !
Should use the best compromise / environment / physics
In general good energy resolution but less position resolution / PID because
more difficult to have (longitudinal) segmentation
Instrumentation - PID Bezmiechowa Gorna, 07.2023 SB 53



LiXe longitudinal segmentation (Hitlin et al.) Detection of scintillation light
In Liquid Xenon : ~30000 gMeV at 175 nm.

WLS fibers Pixel APD’s Hexagonal cells of ~R,,=5cm
Clear fibers Depth=45cm ~16Xo
eriffe costed Longitudinal segmentation provided
with TPB by WLS only in one segment
Eo.z ------------ R IR I R
Sample 3 =P n mw
jos i Fast .
=05 L quid XE‘
Sample 1 i) R R R t.
“massless gap” o1 04 05 06 07

Time [|isec]
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Homogeneous calorimeters with crystals: BaB_

6580 crystals of CsI(Tl) (2.30 + 0.03 + 0.3)%

0 .
about 17 X, fE = VEG) " 3 (1.35 £ 0.08 + 0.2)%

‘ (4.16 £ 0.04) mrad

Photon energy between 76 = %6 = (GeV

20 MeV and 8 GeV

ummu t

g | T T T | T ' E— I T T o

c % =

g “\‘ 1

o -0.02 t\ actl;warfl =

> \irre B

:: -0.04 \ A“M‘ ]

Z .0.06 gerd - g

- arrel ]

- A Y 1

= -0.08 1‘. 3

iy ]

0.1 ndcap "

-0.12) \. -

““m\‘\-, B % : < ; -0.14 o Wou ]
i3 L L

|

| n L n | s

1999 2000 2001 2002 2003 2004 2005

£10000

E BaBar
18000
mass = 134.9 MeV
6000 sigma = 6.5 MeV

4000

2000
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Homogeneous calorimeters with crystals: CMS EM calo_

C HA 0 astress on EM calorimetry

PbWO, crystals:

' 230x22x22 mm3, 26 X,

As & &2.8068 ao 1250 >
0.302%
a%o ae—o 89?0 + ( 0)

N Stochastlc Noise Constant
Response depends on the position
[ Energy vs X - Xtal 204 @ 120 GeV_| Radiation damage of PbWO,
s 121 5 : : R/R°1:
® 120.5- 1 — =
) E | - . . n=0.92
? 120 . iy 0998 |~ Simulation
c = '||l -:w.'.' e - _ 33 _2 _1
T ress .y x osf- L=2x1077cm™s
1o § e 0994 |~ Based on irradiation and test beam results
18.5" : “ o 0.992 [
E « Sum 9 run at center ‘ v -
118E Ty 0.99 - . 2
= 4+ Sum 9 run on side % :.
117'5; = Sum 25 run at center .‘g“ 0.988 :’_ \ et : .
117; ¥ 5Sum 25 run on side 0.986 E_.
1165 i \ \ \ '\
116F| L | Y L | 1 | | :1 (S RSS2 | ia | |
10 -5 0 5 10 5 (nz‘(r)n) 0 10 I R R
~ . . X . i h
——C Positioncorrection | ¢ Response monitoring "™ {"ovr




Homogeneous calorimeter with crystals: CMS EM calorime_

Czochralski
method
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Sampling Calorimeters _

C Use a different medium to generate the shower and to detect signal: only a fraction
of signal (f,) sampled in the active detector A larger stochastic term

Intrinsic resolution goes from 1- 3 % for crystal or homogeneous noble liquids
to 8-12% for sampling calorimeters.

Active detector:
Scintillators
and —» —emeee Gaseous chambers
Shower sampling E lonizing noble liquid
are separated Semiconductors
e

Particle absorption

_l g = g = S

SEISR SRS ZN
= >

C Resolution is better, smaller is the detection gap and larger the sampling fraction (up to
some limitationsé ). Easy for longitudinal segmentation
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LHCb ECAL : Shashlyk type, 25Xo0, Ry, = 2.5cm

C 6000 detector cells
C Volume ratio Pb:Sc = 2:4 (mm)
C 25 Xo, 1.1 adepth

C Lightyield: ~3000 ph.e./GeV

Scintillator

Instrumentation - PID

0.05

0.04

0.03

Pb/Sc stack

Lo (B e

@ (@45 N13)

ReadOut
~42 cm
e
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