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Outline of Lectures

ÅLecture 1: Particle Physics Detectors and Intro to ePIC
ÅInteraction of Particles with Matter
ÅDetector requirements at the EIC
ÅThe design of the ePICDetector
ÅTracking Detectors

ÅLecture 2: ePICDetector and the EIC Science Case
ÅCalorimetry
ÅParticle Identification
ÅFar forward/Far backwards
ÅPhysics observables
ÅInteraction Region Considerations 
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Particle Identification (PID) Detectors

ÅePICPID detectors are: dRICH, 
pfRICH, hpDIRC, AC-LGAD
ÅOther detector technologies also 

exist 
ÅThere are other ways in which the ID 

of a particle can be obtained using 
detectors that are not dedicated PID 
detectors
ÅElectron ID (eID) can use the 

combination of tracking and calorimetry
ÅdE/dx in detectors such as Time 

Projection Chambers (TPCs) can also 
give PID along with kinematic 
measurements
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Time Projection Chamber (TPC)
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sPHENIX TPC

TPCS use ionization drift time to determine 
the 3rdŎƻƻǊŘƛƴŀǘŜ ƻŦ ǘƘŜ άƘƛǘέ όȊ Ґ vt)
Å Good for solenoidal B-fields where E||B 
Readout is at the and needs to be in a 
configuration that suppresses ion backflow

Charge buildup in the TPC will distort particle 
tracks!



5

Particle ID ePIC

PID needs
ǒ Electrons from photons 5Ą!dpwfsbhf!jo!usbdljoh
ǒ Electrons from charged hadrons mostly Calorimetry+tracking
ǒ Charged p/K/p on track level Cherenkov detectors

ƺ Cherenkov detectors, complemented by ToF

Need more than one technology to cover the entire momentum ranges at different rapidities 
Rosi Reed - CFNS Summer School 2024
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Particle ID
ePIC

Proximity Focused 

(pfRICH)*

High-

Performance 

DIRC

Dual-Radiator RICH(dRICH)

AC-LGAD
TOF (~30ps)
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Cerenkov Counters

ÅCerenkov light emitted when vparticle> speed of light in a medium
ÅSimilar to a sonic boom (but optical)

ÅLight emitted at a characteristic angle:

ÅLight depends on particle velocity

ÅDifferent momentum for different masses

ÅThreshold Counter:

ÅJust detect the light!

ÅRing Imaging Cerenkov (RICH):

ÅImage the ring, measure the angle

ÅCan be used to identify different particle types

ÅTypically, only a few photons, measurements are delicate!
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Cerenkov radiation from nuclear 

fission reactor core. 
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Cerenkov Counters
ÅLarge, underground water Cerenkov counters were 

instrumental in demonstrating solar neutrino oscillations.

ÅCerenkov light is used to detect cosmic rays in air showers

Super Kamiokande

6/9/2023 2023 CTEQ Summer School 8



pfRICHςproximity focusing RICH

ÅCherenkov radiator 
Å2.5 cm thick aerogel (n = 1.04-1.05)

Å300 nm acrylic filter

ÅἂNpeἃ~ 11-12

ÅProvide time with ̀  ғ нл ps
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hpDIRCςHigh-Performance DIRC - ePIC

ÅDIRC (Detection of Internally Reflected Cherenkov light)
ÅUses total internal reflection of Cherenkov light within a solid radiator for precise 

particle identification

ÅePIChpDIRCcomponents
Å3-layer spherical lenses

ÅCompact fused silica expansion volumes

ÅFast photodetection, small pixel MCP-PMT
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lÅDIRC t lmkl-ÅiÆjÄÆ¿eÂgi DIRC

jeÊË jÄgÉÊmÂk DIRC ÈmËl lmkl-ÆiÊÄ̧ÉËmÄÂ 3D (|,},Ë) ÆigÄÂÊËÆÉgËmÄÂ
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gÆÉgmȩ gÄ¿ÅÄÂiÂËÊ

mÂÂÄ×eËm×i 3-̧e}iÆ ÊÅliÆmgȩ ̧iÂÊiÊ

gÄ¿ÅegË jÉÊih Êm̧mge i|ÅeÂÊmÄÂ ×Ä̧É¿iÊ

jeÊË ÅlÄËÄhiËigËmÄÂ, Ê¿ȩ̧ Åm|i̧ MCP-PMT

lÅDIRC gÆieËiÊ jÄgÉÊih m¿ekiÊ

ÊmkÂmjmgeÂȨ̈} m¿ÅÆÄ×ih ÆiÊÄ̧ÉËmÄÂ
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gÆÉgmȩ gÄ¿ÅÄÂiÂËÊ
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ÊmkÂmjmgeÂȨ̈} m¿ÅÆÄ×ih ÆiÊÄ̧ÉËmÄÂ

R. Preghenella, DIS 23



dRICHςdual-radiator RICH - ePIC
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ÅRadiators: aerogel (n ~ 1.02) and C2F6 (n ~ 1.0008)

ÅMirrors: large outward-reflecting, 6 open sectors

ÅSensors: 3x3 mm2 pixel, 0.5 m2 / sector
ÅSingle-photon detection inside high B field (> 1 T)



Avalanche
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Drift region

Avalanche region
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M = multiplication (gain)
p = pressure
V= operating voltage
K = property of gas
DVl= change in voltage due to avalanche



AC-LGAD
Time of Flight (TOF) Detector

ÅLow-gain avalanche diodes (LGADs)

ÅAC-LGAD - gain layer is not segmented, signal is read-out via AC coupling
ÅCapacitive coupling Ą no direct electrical connection between the detector and the 

readout electronics, the signal is transferred through a thin insulating layer

ÅCharged particle generates electron-hole pairs

ÅHigh E-field in the LGAD layer                                                                       
amplifies signal (avalanche)

ÅInduces signal on the                                                                                                 
AC-coupled electrodes
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AC  ðLGAD:  Resistive Silicon Detec tors (RSD)

AC -LGAD are a  design  evolution of LGAD detec tors where the ga in layer is not segm ented , and  the 

signa l is read-out  via  AC coup ling (see TREDI 2015 for deta ils).

The ke y technologic al feature that makes th is design wo rk is the òresistive n++ layeró, nec essary to 

produc e the  loc a l AC c oupl ing . For this reason, they a re c a lled  òResistive Silic on Detec toró, RSD. 

The sensors p resented  here a re manufac tured  a t FBK within the RSD projec t (INFN).

Č CNM produc ed  AC-LGAD sensors in 2017, Sad rozinskiõs ta lk @ HSTD11, BNL in 2019. 
Public a tions: 

M. Man durrino et  a l., "Demonstra tion o f 200-, 100-, and  50- $\ mu $ m Pitc h Resistive AC-Co up led  Silic on Detec tors (RSD) With 100% Fill-Fac tor for 4D Partic le Trac king," in IEEE 

Elect ron Device  Letters, vol. 40, no . 11, pp. 1780-1783, Nov. 2019.

M. Man durrino et  a l.   óAna lysis and  numeric a l design of Resistive AC -Co up led Silic on Detec tors (RSD) for 4D partic le trac kingó https:/ / doi.org/ 10.1016/ j.nima.2020.163479

Physic ist

ga in layer

AC  c oup ling  oxide

Resistive  n++ elec trode

p+ + elec trode

https:// doi.org/10.1016/j.nima.2020.163479
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AC-LGAD ePIC

ÅTwo AC-LGAD layers
ÅBarrel, |́ μ ғ мΦп
ÅForward, 1.5 < ́  ғ оΦр

ÅBarrel
Å500 ˃ m x 1 cm strips
Å1% X0

ÅForward
Å500 ˃ m x 500 ˃ m pixels
Å8% X0

ÅPerformance
ÅSpatial resolution: 30 ˃m
ÅTime resolution: ̀  Ϥ нр ps
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ElectronsHadrons



AC-LGAD ePIC
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Momentum (GeV)

Barrel Layer
Åe/pup to 0.5 GeV
Åp/K up to 1.9 GeV
ÅK/p up to 3.1 GeV

Forward Layer
Åe/pup to 0.8 GeV
Åp/K up to 2.7 GeV
ÅK/p up to 4.6 GeV

R. Preghenella, DIS 23
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Particle ID ePIC

PID needs
ǒ Electrons from photons 5Ą!dpwfsbhf!jo!usbdljoh
ǒ Electrons from charged hadrons mostly Calorimetry+tracking
ǒ Charged p/K/p on track level Cherenkov detectors

ƺ Cherenkov detectors, complemented by ToF

Need more than one technology to cover the entire momentum ranges at different rapidities
Rosi Reed - CFNS Summer School 2024
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Scintillation Counters

ÅBasic idea is to convert the ionization to light, then 
collect the light
ÅHas the advantage of a high efficiency even at low energies

ÅOrganic Scintillatorsare typically a plastic (or oil) 
doped 
with a fluorescing chemical.  
ÅPassage of ionizing radiation excites the molecules and sets 

them into motion (vibration)
ÅExcited state spacings are of order ~eV, vibrational spacings 

around 1/10 eV
ÅExcited states decay to the vibrational ground state quickly 

(~ps), then later to the electronic ground state (~10ns)
ÅAs a result, the material is essentially transparent to its 

own radiation!
ÅSince most molecules are in the ground only one of many 

possible transition photons is likely to be absorbed. 
ÅThe doping elements shift the UV light to visible 
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~1/10 eV

~eV

sPHENIXEPD with UV light



Reminder: Electromagnet Showers
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ÅNumber of EM particles essentially 
doubles every radiation length
ÅLight is collected to determine energy
ÅShower develops until Eave falls below 

the critical energy Ec

ÅElectrons and positrons then lose 
energy by ionization

Resolution of EM Calorimeters



Reminder: Hadronic Showers

ÅHadronic showers are 
messier and larger than 
EM showers

ÅElectromagnetic 
component due to p0

Ą

gg

ÅNuclear interaction 
interaction length ˂nĄ

mean distance between 
hadronic interactions
ÅMuch larger than 

radiation length!

Rosi Reed - CFNS Summer School 2024 19

Hadronic EM

Resolution of Hadronic  Calorimeters



Energy Resolution in Calorimetry
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ṥ ṥὧ

Stochastic term (a):  Fluctuations in the number of signal 
generating processes, for example the number of electrons that 
are detected as signals
Noise term (b): bƻƛǎŜ ƛƴ ǊŜŀŘƻǳǘ ŜƭŜŎǘǊƻƴƛŎǎΣ ΨǇƛƭŜ ǳǇΩ ŦǊƻƳ ƻǘƘŜǊ 
collision events close in time, etc. 
Constant term (c): Imperfections in calorimeter construction, non-
uniform response, calibration errors, energy lost in dead material 
(before or in detector)

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



ePICDetector Ą EMCal
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ElectronsHadrons

Electromagnetic calorimetry ŸMeasure photons (E, angle), identify 
electrons
ǒ PbWO4 Crystals (backward), W/ScFi (forward)
ǒ Barrel Imaging Calorimeter (Si + Pb/ScFi)

EIC Detector 
Requirements
EMCal



Detailed EMCalRequirements
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Distinguishing between p0 and g
is complicated for high 
momentum p0s due to cluster 
merging



ePICElectromagnetic Calorimetry

Rosi Reed - CFNS Summer School 2024 23

EM Calorimetry in ePIC
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PbWO4
W/SciFi

Pb/SciFi

AstroPix

-1.7<ɖ<1.4
Pb/SciFi: 5760 readout 

channels with SiPM  

AstroPix: ~0.5B pixels

40 ton

-3.5<ɖ<-1.7
~3k crystals

Router=64cm

SiPM readout

2 ton

1.4<ɖ<3.7
~19k towers

Router=190cm

SiPM readout

20 ton



EEEMCal

ÅElectron Endcap: PbWO4

ÅKey for finding DIS electron ĄDefines DIS kinematics

ÅHigh resolution, particularly at small angles 

ÅStrong hadron background suppression 

ÅRadiated ♬measurements down to 100 MeV

ÅDVCS photons (Deeply Virtual Compton Scattering)

ÅAlso decay photons (“0/♬) and decay e
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e-endcap: Performance
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! -/e- No cuts

E/p cut and momentum conservation

1%
104

* Additional strong suppression of 0ī at < 2.5 GeV/c is provided by pfRICH

! - rejection

PWO

E/p>1-1.6! E/p

ü <<1% ! - contamination is expected 

for the DIS electron reconstruction

ü ~100% eff to discriminate ! 0Ÿ" "  

over single " , up to 20 GeV/c

ü Material effect within requirements

Fully satisfies the EIC 

Detector Requirements

ɖ = -2 

ɖ = -3 

! 0 merging prob
(after shower profile analysis)

e cluster energy

e cluster and rad )  energy 

from Ecl>50MeV 

e cluster and rad )  energy 

from Ecl>50MeV and 

* ɖ=Ñ0.2, * +=Ñ0.5

Material effect

Fraction of  counts at 

< (Mean - 2+)

Full GEANT simulation with full 
detector implementation 

Simulated shower in a PbW crystal.



Hadron Endcap

W + SciFiSPACAL Design 
sPHENIXEMCal: 25k towers

ÅCompact: X0 = 0.7cm

ÅHigh granularity: Rm = 2cm

ÅSampling fraction: ~2.3%

ÅGood resolution

ÅJets up to energies ~100 GeV 

Å“0/♬discrimination to 50 GeV 

ÅDecay electrons
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h-endcap: Production Chain 
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Fiber Filling

Assembled Molds
Casted Molds

Raw Blocks

Block 

Machining

Machined Blocks

Test and QA
Block Pack&Ship

Production chain is fully established in US and China

h-endcap: Performance at EIC 
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ɖ = 2

ɖ = 3

2.5x2.5cm at z=3.5m

Jet resolution and bias (ECal+HCal)

! 0/" : merging prob

No bias

, E/E~5%

! "

"
= (1 2)%ἅ

(10 12)%

"

FNAL 

2014 test

Energy Resolution

ü Good energy 

resolution 

ü Excellent ! 0/# 

discrimination 

capabilities

ü Provides high 

resolution and 

minimally biased jet 

measurements (in duet 

with HCal)

Fully satisfies the EIC 

Detector Requirements

e/h

h-endcap: Performance at EIC 
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= (1 2)%ἅ

(10 12)%
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resolution and 
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Fully satisfies the EIC 
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Barrel: Pb/SciFi+ Imaging

Hybrid Concept:

Å6 imaging Si layers (4 layers in 
baseline)

ÅInterleaved w/5 Pb/SciFilayers

ÅFollowed by a thick Pb/SciFi
layer (17X0 total)

ÅPb/SciFiĄ Scintillating fibers 
embedded in Pb (Similar to 
GlueXbarrel EMCal)

ÅImaging: Monolithic silicon 
sensor AstroPixόb!{!Ωǎ 
AMEGO-X mission)
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Barrel: Pb/SciFi + Imaging

15

Hybrid Concept: 
6 imaging Si layers (4 layers in 

baseline), Interleaved with 5 

Pb/SciFi layers, followed by a thick 

Pb/SciFi layer (17X0 total)

ü Good resolution

ü High e/!  separation for eID

Imaging: 
Monolithic silicon sensor 
AstroPix (NASAôs 

AMEGO-X mission)

NIM, A 896 (2018) 24-42

NIM, A 1019 (2021) 165795

Pb/SciFi: 
Scintillating fibers 
embedded in Pb (Similar 

to GlueX barrel EMCal)

Barrel: Pb/SciFi + Imaging

15

Hybrid Concept: 
6 imaging Si layers (4 layers in 
baseline), Interleaved with 5 

Pb/SciFi layers, followed by a thick 

Pb/SciFi layer (17X0 total)

ü Good resolution

ü High e/!  separation for eID

Imaging: 
Monolithic silicon sensor 
AstroPix (NASAôs 

AMEGO-X mission)

NIM, A 896 (2018) 24-42

NIM, A 1019 (2021) 165795

Pb/SciFi: 
Scintillating fibers 

embedded in Pb (Similar 

to GlueX barrel EMCal)

Pb/SciFi
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Based on AstroPix sensors

Developed for AMEGO-X (NASA)

CMOS sensor based on ATLASpix3

4 layers (of 6) in a baseline design

Barrel: Imaging Layers

Ongoing tests in FY24 (FNAL)

Multilayer chip test

Irradiation test

Response to e and !  with AstroPix prototype 

integrated with Pb/SciFi (GlueX prototype)

Shelf

Tray - a carbon fiber

structure the staves will be

mounted on. It will be slid

into a shelf.

AstroPix Stave

Consists of 1 x 100 chips with 

the support structure

Key characteristics
V 500 &m pixel size

V Energy resolution 10%@60keV

V Time resolution 3.25 ns

V Low power dissipation (~1.5mW/cm2)

FY23 tests (FNAL):
Performs well in much 
harsher conditions 
than EIC

Module ï 9 chips 

daisy chained



Hadronic Calorimetry (sPHENIXĄ ePIC)
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± Outer HCAL å3.5ƲI

± Magnet å1.4X0

± (Frame  å0.25ƲI) (sPHENIX)

± (EMCAL å18X0å0.7ƲI) 
(sPHENIX)

Å HCAL steel and scintillating tiles with 
wavelength shifting fiber 

ïOuter HCal (outside the solenoid)

ïɲ x́ ɲ Ғ˒ лΦм Ȅ лΦм

ï1,536 readout channels

Å SiPMReadout

HCAL performance requirements driven by jet physics in HI collisions
ωUniform fiducial acceptance -1<hғм ŀƴŘ лғ˒ғнˉ
ωExtended coverage -1.1<h<1.1 to account for jet cone

ω(sPHENIX) Absorb >95% of energy from a 30 GeV jet
ωRequires ~4.9 nuclear interaction length depth 

ω(sPHENIX) Hadronic energy resolution of combinedcalorimetry:
ωUPP:              (in central Au+Aucollisions)
ωGaussian response (limited tails)

ωHCAL created by instrumenting barrel magnetic flux return

Outer HCAL

Inner HCAL
(Frame)

150%

E E

s
<



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

10 rows of 8mm scint. tiles 
(24 tiles per row), 12o tilt 
angle 

Tapered 1020 steel plates 
~26.1mm - ~42.4mm

Completed sector is 
6.3m long, 13.5 tons

Assembly Detail:
5 scintillators/tower
48 towers per sector
32 sectors; 
1536 channels (7680 SiPMs) 

tiles in sector gap:

Tower 
preamplifiers

LV/Bias and slow 
controls. 

Tower signals 
cabled out to 
digitizers

Cabling is fun!



Far-Forward and Far-Backward Detectors

Far-Backward 
Detectors
Å Luminosity 

monitor
Å Low-Q2 Tagging 

Detectors

Far-Forward Detectors
Å B0 Tracking and Photon 

Detection
Å Roman Pots and Off-

Momentum Detectors
Å Zero-Degree Calorimeter

PbW04 
EMCAL

8.5m

Si Tracking
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