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Outline of Lectures

ALecture 1: Particle Physics Detectors and IntreR¢C

AlInteraction of Particles with Matter
A Detector requirements at the EIC
AThe design of thePICDetector
ATracking Detectors

Al ecture 2ePIlCetector and the EIC Science Case

A Calorimetry

AParticle Identification

AFar forward/Far backwards
APhysics observables

AlInteraction Region Considerations
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Particle Identification

(PID) Detectors

AePICPID detectors aralRICH
ofRICHhpDIRCAGLGAD
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ed detector length (cm)

requir

AOther detector technologies also
of a particle can be obtained usinq
Pl .
AElectron ID€ID) can use the
Projection Chambers (TPCs) can als

exist
AThere are other ways in which the |
detectors that are not dedicated
detectors
combination of tracking and calorime
AdHEdx in detectors such as Time
give PID along with kinematic
measurements
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Time Projection Chamber (TPC)

Energetic charged
particle

e

" Drifc

™~ electrons

Electric Field

TPCS use ionization drift time to determine
the 3902 2 NRAY I 0SS 2F (K
A Good forsolenoidal Hields where E||B
Readout is at the and needs to be in a
configuration that suppresses ion backflow g 1o: &

ALICE performance
Pb-Pb |sy, =5.02 TeV

E/dx (arb. units)

Charge buildup in the TPC will distort partic ’ P .y
tracks! S e 72 modules
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PID needs Rapidity e/h Min p_ (E)
Electrons from photons 5A!'dpwfsbhf!jo! usb- --

Particle IDePIC

: . -3.5--1.0 7 GeV/c 18 GeV/c 100 MeV/c
Electrons from charged hadrons  mostly Calorimetry+tracking

Charged p/K/p on track level ~ Cherenkov detectors e L
3 Cherenkov detectors, complemented by ToF 1.0 - 3.5 50 GeV/c 20GeV/c 100 MeV/c
| ionization (gss, har) ke |2
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Need more than one technology to cover the entire momentum ranges at different rapidities



Particle ID

ePIC

Proximity Focused
(pfRICH)*

|~ — —— aerogel container
Qg ———— acrylic filter
———— inner conical mirror

———— HRPPD sensor plane

Fused silica Fused silica
prism ¢ / bar
High- P
Performance - -
DIRC ==

_Photon sensor

S
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Dual-Radiator RICH(dRICH)

Aerogel

Sensors

S

Mirrors

ACLGAD
TOF (=30ps) =



Cerenkov Counters

ACerenkov light emitted when, ;. > speed of light in a medium
A Similar to a sonic boom (but optical) 1
ALight emitted at a characteristic ang-l-h} COSqQ. = —
ALight depends on particle velocity no

ADifferent momentum for different masses
AThreshold Counter:
AJust detect the light!
ARing Imaging Cerenkov (RICH):
Almage the ring, measure the angle
ACan be used to identify different particle types
ATypically, only a few photons, measurements are delica

Cerenkov radiation from nuclear
fission reactor core.
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Cerenkov Counters

ALarge, underground water Cerenkov counters were cs00000000009
CHERENKOV EFFECT :::::;::.' s . .

Instrumental in demonstrating solar neutrino oscillations. "
cos 8= 1/fn (ILFITIIT LY R

ACerenkov light is used to detect cosmic rays in air showcEEEEe

[ {4]4]
nucleus
Cherenkov
light emitted
by iron nucleus

Particle §

shower / §
p ‘_ .
I:‘.

Air showesf
Cherenkov
light
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PfRICH: proximity focusing RICH

. ® |P
ACherenkov radiator - .
of o e
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g 280 e  F— inner conical mirror
E 260F -
R BT A e B fd ———— sensor plane
< 20 A s |
g 2005 ‘ (2 i
S 1801 \\/; \\# . I outer conical mirror
G 160F \ _1 «———————— vessel
140 . c\ e €O = nb
e - s

1 1 1 1 I 1
2 4 6 8 10 12
momentum (GeV/c)



hpDIRG; High-Performance DIRCePIC

ADIRC (Detection of Internally Reflected Cherenkov light)

AUses total internal reflection of Cherenkov light within a solid radiator for precise
particle identification -

AePIChpDIRG@omponents prism

A3-layer spherical lenses
ACompact fused silica expansion volumes
AFast photodetection, small pixel MEMT

Fused silica
bar

— 9 =
T o —+ WK@86GeVi, o, = 0.8 mrad Photon sensor
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dRICH: dual-radiator RICH ePIC

ARadiators: aerogel (n ~ 1.02) and C2F6 (n ~ 1.0008) spherca mior
AMirrors: large outwarereflecting, 6 open sectors

ASensors: 3x3 mapixel, 0.5 M/ sector
A Singlephoton detection inside high B field (> 1 T)

- Aerogel ...

R .. T :
0 T g iy 1 s

IP_ .

aerogel \/‘—>

(4 cm) hot gas volume
photosensors (120 om)

example event (accumulated hits)



Avalanche

Original ionisation events

Path Of / / \
. ) ~ x{,._
ionising particle ; .
\xﬁ}\*

Boundary of
avalanche region

Drift region

—————————————————————————————————————————————————————————————————————————

/é} o x\\x@% r??}(f/f C\c\\f ixﬁ
N /ST

Discrete avalanches

Avalanche region

Anode wire (+ ve)

M = multiplication (gain)

p= pressure i 2 LE) ( o ) | B]
V= operating voltage ] (_(,‘9) Yw n b (oj &
K = property of gas @

DV, = change in voltage due to avalanche



ACGLGAD

Time of Flight TOF) Detector

ALowgain avalanche diodes (LGADS)

AAGLGAD gain layer is not segmented, signal is read via AC coupling

A Capacitive coupling no direct electrical connection between the detector and the
readout electronics, the signal is transferred through a thin insulating layer

ACharged particle generates electrbole pairs

AHigh Efield in the LGAD lay @

. g . coupling oxide
amplifies signal (avalanche < D /AC pling
N Resistive n++ electrode
Alnduces signal on the | == —
ACcoupled electrodes |

gain layer

p++ electrode

https:// doi.org/10.1016/j.nima.2020.163479



ACGLGADePIC

ATwo AGLGAD layers

ABarreI’ r “ F M q) n AC-coupled Wejoetic
AForward, 1.5¢ f o ®p " g g
ABarrel | T e esteminaton ]2 forward
A500>m x 1 cm strips
A1% X%
AForward
A500>m x 500>m pixels
A 8% X0
APerformance

A Spatial resolution: 3ém
ATime resolution  9YpsH p
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Momentum (GeV)

ACGLGADePIC

Barrel Layer

A elpupto 0.5 GeV
A p/Kupto 1.9 GeV
A K/p up to 3.1 GeV

Forward Layer

A elpupto 0.8 GeV
A p/Kupto 2.7 GeV
A K/p upto 4.6 GeV

Q)
> 4.6
8 4
= Kip
I 3.1
= 27 /K
27 1.9
[
e ; e/t
g ,0',5 , 0.8 a
®] 0 4 - - l . . L
(ap} -1 0 1 2 3 4
pseudorapidity
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Particle IDePIC

PID needs Rapidity e/h Min p_ (E)
Electrons from photons 5A!'dpwfsbhf!jo! usb- --

o]
: . -3.5--1.0 7 GeV/c 18 GeV/c 100 MeV/c
s Electrons from charged hadrons  mostly Calorimetry+tracking
s Chargedp/K/p on track level  Cherenkov detectors e L
3 Cherenkov detectors, complemented by ToF 1.0 - 3.5 50 GeV/c 20GeV/c 100 MeV/c
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Scintillation Counters

ABasic idea is to convert the ionization to light, then
collect the light

A Has the advantage of a high efficiency even at low energies

AdOrqar(}ic Scintillatorare typically a plastic (or oil)
ope
wit% a fluorescing chemical.

A Passage of ionizing radiation excites the molecules and sets
them into motion (vibration)

A Excited state spacings are of order ~eV, vibrational spacing
around 1/10 eV

A Excited states decay to the vibrational 8round state quickl
(~ps), then later to the electronic ground state (~10ns)

A As a result, the material is essentially transparent to its
own radiation!

A Since most molecules are in the ground only one of many
possible transition photons is likely to be absorbed.

A The doping elements shift the UV light to visible

Interatomic distance

Figure 7.15 Electronic structure in an organic scintillator. The electronic states
are represented as a potential minimum, resulting from the combined effects of the
molecular attraction that keeps us from separating the atoms to greater distances
and the repulsion that keeps us from forcing the atoms closer together (because
the Pauli principle does not let the atomic wave functions overlap). Inside the
electronic potential minimum is a sequence of levels that result from the atoms of
the molecule vibrating against one another.




Reminder: Electromagnet Showers

Resolution of EM Calorimeters

_|_

ocr 3% - 10%

E VE/GeV

_'.

_|_

A Number of EM particles essentially >
doubles every radiation length
A Light is collected to determine energy
A Shower develops until E falls below
the critical energyg,
A Electrons and positrons then lose
energy by ionization

+ (.

+

ODODRDOD<LDDDOD<DDDOD<D <




Reminder: Hadronic Showers

AHadronic showers are

Hadronic EM L .
. Y messier and larger than
______ el . EM showers
e e d v AElectromagnetic
'''' ToReseReTt 1=l I = component due tq° A
___________________________ - ' + L gg
/ - "=_=¢ ANuclear interaction
................... feecee. M4 A A interaction length<, A
mean distance between
Resolution of Hadronic Calorimeterdmera] Xo@em) [ A @am?) hadronic interactions
Ha 63 524 A Much larger than
TE 50% Al 24 106 radiation length!
— > Fe 13.8 132
E ~ VE/GeV Pb 6.3 193




Energy Resolution in Calorimetry

_ Qs s g

\/_ LE Mf_l', _

ﬁ 1_2_— || Resoij:r;;:; in 3x3 —

Stochastic term (a)Fluctuations in the number of signal s "'-i ﬁ%;ji;;j”%* .

generating processes, for example the number of electrons thats- | comyonen |-

are detected as signals 0.6 \ ]
Noiseterm ()b 2 A 84S Ay NBIF R2dzi St SOOMNR Yy xQas. WLIA

collision events close in time, etc. 02F s ECAL :

Constant term (c)Imperfections in calorimeter construction, non ot ine e

: _ _ _ o0 50 100 150 200 250
uniform response, calibration errors, energy lost in dead material E (GeV)

(before or in detector)

A small constant term is crucial for good energy resolution at the
highest particle energies.



ePlCDetectorA EMCal

Hadrons Electrons

p/A beam __ electron beam \

-}

high-Q2

DIRC,
RICH detectors

MPGD trackers

Central
Detector

| MAPS tracker

9.5m
EIC D_eteCtor Electromagnetic calorimetry Y Measure photons (E, angle), identify
Requirements electrons
EMCal s PbWO, Crystals (backward), W/ScFi (forward)

Barrel Imaging Calorimeter (Si + Pb/ScFi)

O«
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DetalledEMCaRequirements

Electron endcap Hadron endcap
(Backward) (Forward)
1% —®2%

Energy Resolution

Shower Energy range
m+ suppression (helped by other subsystems)
n%/y discrimination

Rad dose (includes background)
at 1034 sm=2 sec’!

Max hit rate per tower (includes
background)

Neutron flux, at 1034 sm2 sec!
Limited space

Material on the way

n Barrel
I
(2-3)% (10 — 12)% (10 — 12)%
19 —®2% 9
VE VE ’ VE
0.1-18 GeV 0.1-50 GeV 0.1-100 GeV
Up to 10*

Up to 18 GeV/c Up to 10 GeV/c Up to 50 GeV/c
<3 krad/year <0.1 krad/year <4 krad/year
50 kHz 5 kHz 20 kHz
10'° /cm?/year 10'° /cm?/year 10! /cm?/year
Compact (small X))
Minimized

Distinguishing betweep® andg

Is complicated for high

momentump®s due to cluster

merging



ePICElectromagnetic Calorimetry

-1.7<d<1.4
Ph/SciFi: 5760 readout
channdswith SIPM \‘
AstroPix: ~0.5B pixels 1

40 ton

Pb/SciFi 14<d<37
2 ~19k tower:
-3.5<q<-1.7 v? Rmzlgocrsn
~3k crystals SIPM readout
R_outer=64cm 20ton
SIPM readout
2ton

23




EEEMCal

AElectron Endcap: PbWO
AKey for finding DIS electraf Defines DIS kinematics
AHigh resolution, particularly at small angles
A Strong hadron background suppression
ARadiateds measurements down to 100 MeV y
ADVCS photons (Deeply Virtual Compton Scattering)

A Also decay photons ¢/ 5) and decay e

Jlab-PrimEx eta/NPS PWO EMCal prototype
I O merging prob - 18

S 2.634 £0.012

(after shower profile analysis) = 17¢ N 1073 £ 0.091
) :uf-\ 1.6F c 0.532 +0.012
Simulated shower in a PbW crystal. [ q=-2 ® st
0.8f i 14f %8 _ (5000 220 gy 11
i d=-3 13E E VE ~E
0.6_ |A2§f '
i ) LIE _
0.4_ = E
! i 09F NIM A 1013 (2021), 165683
02 - N T T R S R T R T W
P _Té"// a/e Energy (GeV)
0 10 20 30 40

p (GeV/c)



Hadron Endcap

W +SciFGPACAL Design Fou b ORNAL Lol iT L
L uatest| e
S P H E N I K M C al 2 5 k towe rS 0.12— 4ela=03 | PO 0003400 + 0.002268

x
®eta=0 p0 0.01133 + 0.002383

Energy Resolution *

0.08 —

ACompact: X=0.7cm

AHigh granularity: Rm = 2cm
ASampling fraction: ~2.3%
AGood resolution =N
AJets up to energies ~100 GeV Fig?éf
A“ 0/ adiscrimination to 50 GeV g
ADecay electrons

(10 12)%
\/T

EIC BEMC at eta=0.9, 0.3, 0, Energy Resolution

.
—=(1 2%

jMachined Igekf



Barrel: PbSciFH Imaging

Hybrid Concept: Pb/SCiFi

A6 imaging Si layers (4 layers il oy Resolution
baseline) T gy| .

Alnterleaved w/5 PbBciFlayers A 0»/;’:““"

AFollowed by a thick PBCIFi 2 B b s DO
layer (17Xtotal) j E

APDb/SciF, Scintillating fibers : 5

2 4 6810121418182
ue Energy (GeV)

embedded in Pb (Similar to
GlueXbarrelEMCal

Almaging: Monolithic silicon
sensorAstroPixo b ! { | Qa 3 et (ENAL Y.
AMEGG@X mission) tests (FNAL):

Performswell inmuch . -
harsher conditions
than BC

Test Beam: 6/E ~ 5.2%/\E 2%
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Hadronlc Calorlmetrys(PHENIK ePIQ

A HCAL steel and scintillating tiles with
wavelength shifting fiber

I Outer HCal (outside the solenoid)
in'xp.F ndm E nodwm
I 1,536 readout channels

A SiPMReadout

Outer HCALL

Inner HCAL

(Frame) HCAL performance requirements driven by jet physics in HI collisiol

oJniform fiducial acceptancd<hf m ' YR nf . f H -
: wExtended coveragd.1<h<1.1 to account for jet cone
Outer HCALa3 . 5 U w(SsPHENIXAbsorb >95% of energy from a 30 GeV jet

EMCAL

+

+ Magnet al.4X, wRequires ~4.9 nuclear interaction length depth

+ (Frame 0 . 2)5ekh w(spHUE;\IQN?%SE/?niC('energ&efXIUti?P ftrbm)binedcalorimetry:
5 o w T In cen ucollisions

= (SEEM)CALGI].SXOEIO -y v wGaussianEresponse (limited tails)

«HCAL created by instrumenting barrel magnetic flux return

NN e

6/9/2023 2023 CTEQ Summer-School 2
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Outer HCAL Design

. - kS b N, ) Y L
— e ——— \ s . y [} 4

Assembly Detail:
5 scintillators/tower

tiles in sector gap': :

32 assembled and tested
sectors- 1.9m inner radius,
2.6m outer radius

10 rows of 8mnscint tiles
(24 tiles per row), 12tilt
angle

Tapered 1020 steel plates
~26.1mm- ~42.4mm

Completed sector is
6.3m long, 13.5 tons

N - 32 sectors;

6/9/2023

48 towers per sector

1536 channels (7688iIPM$

e L—

/"~ preamplifiers —— W

Sy oy

LV/Bias and sl@
controls: —

Cabling is fun!

Tower signals
cabled out to [ ¢!
digitizers

2023 CTEQ Summer School



FarForward and FaBackward Detectors

Pbwo04
EMCAL
Si Tracking
FarBackward — O
Detectqrs | » FarForward Detectors
A Luminosity A BO Tracking and Photon
monitor | Detection
A LowQ Tagging A Roman Pots and Off
Detectors Momentum Detectors

A ZeroDegree Calorimeter




