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EIC Physics (= QCD Physics)

Investigate with precision the universal dynamics of gluons to understand
the emergence of hadronic and nuclear matter and their properties

Central Questions:

* How are sea quarks and gluons, and their spins, distributed
iIn space and momentum inside the nucleon? How do the
nucleon properties emerge from them and their interactions?

* How do color-charged quarks and gluons, and colorless jets,
interact with a nuclear medium” How do confined hadronic
states emerge from these quarks and gluons?

* \What happens to the exploding gluon density at low-x In
hadronic matter? Does it saturate at high energy, giving rise
to a gluonic matter with universal properties?




Machine Requirements

» Access to gluon dominated region and wide kinematic range in x and Q-
= |arge center-of-mass energy range Vs = 20 -140 GeV

» Access to spin structure and 3D spatial and momentum structure

= Polarized electron and proton and light nuclear beams = 70% for both

» Accessing the highest gluon densities (Qs2 ~ A%)

= Nuclear beams, the heavier the better (up to U)

» Studying observables as a fct. of x, Q2, A, etc.

Peak Luminosity [cm2s]
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= High luminosity (100x HERA): 1033-34 cm-2 s
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The Community Behind the EIC

The EIC User Group: http://eicug.org
* Formation of a formal EIC User Group in 2014/2015
e 1369 members, 267 institutions, 36 countries
* EIC Science Centers at JLab (EIC2) and BNL/Stony Brook University (CFNS)
Networks in many countries (e.g. EIC-Net in Italy)

Members

S. America
Oceania
Africa



Status of US Based EIC

= | 2015: US Nuclear Physics Long Range Plan:

| “We recommend a high-energy high-luminosity polarized EIC as the highest
| priority for new facility construction following the completion of FRIB.”

2018: National Academy EIC Review
oo “The committee finds that the science that can be addressed by

an EIC is compelling, fundamental and timely.”
.| December 2019/January 2020:

“This facility will deepen our understanding

wmasmii | After science, cost, and host review DoE gives EIC CD-0 (Approve
Mission Need) and selects BNL as the hosting site. BNL and JLab are
the hosting labs. Project management officially started 4/1/2020.

yxnavenLao
Physics Facility

January/February 2021: Release of CDR, CD-1 Review

July 2021: CD-1 (Approve Alternative Selection and Cost Range)
received.

Original cost estimate: $2 - 2.6 B
=l $100M from New York State towards infrastructure




EIC Machine Overview

EIC is using part of RHIC facility at BNL which is operating at its peak

NATIO L LABORATORY

v

Relativistic Heavy-lon
Collider (RHIC




EIC Machine Overview

EIC is using part of RHIC facility at BNL which is operating at its peak
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EIC Machine Overview

EIC is using part of RHIC facility at BNL which is operating at its peak

Three Ring Design

e Hadron storage ring 40-275 GeV (existing)
» Many bunches, 1160 @ 1A beam current
» Need strong cooling

e Electron storage ring (2.5-18 GeV, new)
» Many bunches
» Large beam current (2.5 A) 210 MW S.R. power
» S.C. RF cavities
e Electron rapid cycling synchrotron (new)
» 1-2 Hz
» Spin transparent due to high periodicity
e High luminosity interaction region(s) (new)
e | =103%cm-—2s
e Superconducting magnets
e 25 mrad crossing angle with crab cavities




EIC Machine Overview

e Key parameters
» /s =20 — 140 GeV
y & =10"%cm s~
» Polarization e & p = 70-80%
» hadron beam A=pto U

® Requires very complex IR designed to meet
physics requirements
e EIC is not your standard Collider Setup
» asymmetric beam energies, boosted kinematics
» crossing angle (25 mrad)
» synchrotron backgrounds
» machine element free region: ~9.5 m for detector

» wide range of energies affect detector acceptance
and detector technologies considerably
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Detector Planning
* The DOE-NP supported EIC Project includes one detector

and one IR in the reference costing SCIENCE REQUIREMENTS
AND DETECTOR

. The EIC is capable of supportlng a science program that «{T)») . CONCEPTS FOR THE
includes two detectors and two interaction regions. EIC Yellow Report

* The community (EIC User Group) is strongly in favor of two
general purpose detectors

» Complementarity, cross-checking, cross-calibration/reduction of
systematics (see HERA), mitigating of overall risk
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Inclusive (All): Scattered Electron Requirements

The energy and angle of scatter electron gives key variables x,y, O~

10°E Measurements with A = 56 (Fe):

- e eA/uADIS (E-139, E-665, EMC, NMC)

= vA DIS (CCFR, CDHSW, CHORUS, NuTeV)
o DY (E772, E866)
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Inclusive (All): Scattered Electron Requirements

The energy and angle of scatter electron gives key variables x,y, O~

T / / 20 GeVon 100 GeV, 0.1 <Q?<1GeV?, 310°<x < 2:10*
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Inclusive (All): Scattered Electron Requirements

The energy and angle of scatter electron gives key variables x,y, O~

] 20 GeVon 100 GeV,0.1<Q?<1GeV?,510%<x< 310
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Inclusive (All): Scattered Electron Requirements

The energy and angle of scatter electron gives key variables x,y, O~

BTN A > s 20 GeV on 100 GeV, 3 < Q%> <20 GeV?, 1-10% < x < 8103
10°E Measurements with A = 56 (Fe): — :
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Inclusive (All): Scattered Electron Requirements

The energy and angle of scatter electron gives key variables x,y, O~
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Inclusive (All): Scattered Electron Requirements

The energy and angle of scatter electron gives key variables x,y, O~
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Inclusive (All): Scattered Electron Requirements

The energy and angle of scatter electron gives key variables x,y, O~

e ¢’ Measurement Requires:

e excellent electron identification (e/h)

® equal rapidity coverage for tracking
and calorimeter

@ low material budget to reduce
bremsstrahlung

© momentum/energy and angular
resolution are critical

20 GeV on 100 GeV, 200 < Q? <1000 GeV?,0.1 <x < 1
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SIDIS: Hadron Identification Requirements

10°F All 15 GeV on

Entries

S5<n<-4

- 250 GeV

e p/A
. C— : d_} A
" 10x100 GeV renCCah e I
i Q2% > 1 GeV? -
. = — 103
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* Physics Requirements
y 17, K* p™ separation over a wide

1

10
p (GeV/c)

10°

range |n| < 3.5
e Strong Momentum—# correlation

— »-5<n<2:02<p<10GeV/c
»2<n<5 02<p<50GeV/c
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Particle 1D (PID) Technlques

|on|zat|on (gas 1bar)

e EIC will need for most of the
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* Need absolute particle numbers at high purity and low contamination
¢ EIC PID needs are more demanding then at most collider detector
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EIC General Purpose Detector Concept

Magnet

e Cannot affect the e
beam to avoid
synchrotron radiation =
Solenoidal Field
(common in HEP)

e Downside Is missing
bending power |B-dl in
forward and backward
region putting extreme
requirements on tracking
(h) and calorimetry (e)

very low Q2

scattered lepton

p/A beam

electron beam

-

Central
Detector

high-Q2

Hadron
Endcap

Services

e Central detector will
contain > 16
different subsystems

e Substantial
integration challenge
for power, cooling,
and data services

e Hermeticity?!

y4 particles from nuclear

- breakup and

Bethe-Heitler photons
for luminosity

Luminosity Detector

Low Q2-Tagger
Off-momentum tracker

2 HCAL

X Magnet

I‘_i‘ EMCAL
PID
Tracking
Vertexing

bunjoeu |
did
TVOINS
TVOH

from diffractive reactions

Far-Forward Tracking
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Brief Review of Requirements (see Yellow Report)

* Hermetic detector, low mass inner e Excellent EM resolution
tracking , central: o(E)/E = 10%/\/E

e Moderat diation hard
poTe S T ation TArness » backward: o(E)/E < 2 %/\/]_TZ

requirements
» Electron measurement & jets in * Good hadronic energy resolution

approx. -4 <n < +4 » forward: o(E)/E ~ 50 %/\ﬁ?
* Good momentum resolution e Excellent PID 1i/K/p
» central: o(p)/p = 0.05%p & 0.5 % » forward: up to 50 GeV/c
» fwd/bkd: 6(p)/p = 0.1% @ 0.5 % » central: up to 8 GeVic
e Good impact parameter resolution: » backward: up to 7 GeV/c
v o =5 15/psin®2 0 (um) * Low pile-up, low multiplicity, data

rate ~500kHz (full lumi)

Hermeticity, low mass, and PID requirements make EIC detector design challenging

13



Detector Proposals

e March 6, 2021, BNL & JLab released the Call for
Collaboration Proposals for Detectors with expected
proposal submission deadline of December 1, 2021.

e |_ocation: IP6 (in project scope), |IP8

e EIC Detector Proposal Advisory Panel (DPAP) chaired by
Rolf Heuer (CERN) and Patty McBride (FNAL) + 8 members

* The call was answered by 3 proto-colloborations: ATHENA,

CORE, ECCE

IP6

IP8

IP6 or IP8

ATHENA Detector Proposal

A Totally Hermetic
Electron Nucleus Apparatus
proposed for IP6 at the Electron-lon Collider

& Y,
¥ Y, The ATHENA Collaboration
3% g December 1, 2021
DTl

CORE - a COmpact detectoR for the EIC

R. Alarcon,' M. Baker,? V. Baturin3 P. Brindza,® S. Bueltmann,® M. Bukhari*
R. Capobianco.* E. Christy,? S. Diehl,%¢ M. Dugger,! R. Dupré,” R. Dzhygadlo ®
K. Flood.? K. Gnanvo? L. Guo,'? T. Hayward.® M. Hattawy.® M. Hoballah,”
M. Hohlmann.!* C. E. Hyde *? Y. Ilieva.!? W. W. Jacobs,”® K. Joo.® G. Kalicy,'*
A. Kim® V. Kubarovsky,? A. Lehmann,'* W. Li,'® D. Marchand.” H. Marukyan,”
M. J. Murray,'® H. E. Montgomery,2 V. Morozov,'? I. Mostafanezhad ?

A. Movsisyan,'” E. Munevar,? C. Mufioz Camacho,” P. Nadel- 1skib, 16
S. Niccolai,” K. Peters® A. Prokudin2? J. Richards.® B. G. Ritchi
B. Schmookler.'® G. Schnell 2 C. Schwarz.® J. Schwiening® P. Schweitzer.%
P. Simmerling * H. Szumila-Vance ? S. Tripathi,® N. Trotta® G. Varner,®
A. Vossen,® E. Voutier,” N. Wickramaarachchi,'* and N. Zachariou®

! Arizona State University, Tempe Arizona 85287
2 Thomas Jefferson National Accelerator Laboratory, Newport News VA 23606
30ld Dominion University, Norfolk Virginia 23529
4 Jazan University, Gizan 45142, Saudi Arabia
5 University of Connecticut, Storrs Connecticut 06269
€ Justus Liekig Universitaet Gicssen, Gicssen, Germany
T Université Paris-Saclay, CNRS/IN2P3, 1JCLab, 91405 Orsay, France
8GSI Helmholiz Centre for Heavy Jon Research, Darmstadi, Germany
9Nalu Scientific, Honolulu Hawaii 96822
0 florida International University, Miami Florida 33199
" Florida Institute of Technology, Melbowrne, Florida 32901
2 niversity of South Carolina, Columbia South Carolina 29208
3CEEM, Indiana University, Bloomington Indiana {7405
W Catholic University of America, Washington D.C. 20064
% Erlangen-Nuremberg University, 91058 Germany
16 CFNS, Stony Brook University, Stony Brook, New York 11794
7 A. Alikhanyan National Science Laboratory (Yerevan Physics Institute) Yerevan Armenia
18 University of Kansas, Lawrence Kansas 66045
90ak Ridge National Laboratory, Oak Ridge Tenncssee 37830
2 Universidad Distrital Francisco José de Caldas, Bogota Colombia
N Penn State University Berks, Reading Pennsylvania 19610
2 University of the Basque Country UPV/EHU & Ikerbasque, Bilbao, Spain
B University of Hawaii, Honolulu Hawaii 96822
M Duke University, Durham North Carolina 27708
2 University of York, Heslington, York, Y010 5DD, UK
(Dated: December 1, 2021)

* chyde@odu.edu
® turonski@jlab.org

CCE

EIC Comprehensive Chromodynamics Experiment
Collaboration Detector Proposal

A state of the art detector capable of fully ex oitin? the science potential of the EIC, realized
through the reuse of select instrumentation and infrastructure, to be ready by project CD-4A

December 1, 2021

New large 3T magnet

New compact 2.5T magnet

Reuse 1.4T BaBar magnet

https://www.bnl.gov/eic/cfc.php

Call for Collaboration Proposals
for Detectors at the Electron-lon Collider

-

oft

Brookhaven National Laboratory (BNL) and the Thomas Jefferson National Accelerator Facility

(JLab) are pleased to announce the Call for Collaboration Proposals for Detectors to be located
at the Electron-lon Collider (EIC). The EIC will have the capacity to host two interaction regions,

each with a corresponding detector. It is expected that each of these two detectors would be

represented by a Collaboration.

e Review Meeting

» Cover: Design, technology, performance,
collaboration/organization, cost, schedule

» December 13—15, 2021
» January 19-21, 2022

e DPAP supported by EIC Detector
Advisory Committee (DAC) on all
technical aspects

* Report released March 1, 2022

14



Towards the EIC Baseline Detector (Detector 1)

DPAP:

e ATHENA and ECCE satisfy the requirements to fulfill EIC's "mission need”
statement

e ECCE has reduced risk and cost, and qualifies best for Detector 1

* Proto-collaborations urged to quickly consolidate its design so that the
Project Detector can advance

EPIC/ePIC:

e Following the DPAP decision a new “Detector 17 collaboration was formed
that is now working on the baseline design

e The collaboration names itself ‘Electron Proton and lon Collider’
experiment, EPIC.

e However, the collaboration cannot decide if it is ePIC
or EPIC. Time will tell...

15



EPIC - Baseline Design

For illustration only
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EPIC - Baseline Design

Magnet
e New 1.7 T SC solenoid
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EPIC - Baseline Design

Magnet

New 1.7 T SC solenoid

Tracking

Si Vertex Tracker MAPS/ITS3
wafer-level stitched sensors

Si Tracker MAPS/ITS3/EIC barrel
and disks

MPGDs (URWELL/MMG)
cylindrical and planar
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Magnet

New 1.7 T SC solenoid
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EPIC - Baseline Design

Magnet

New 1.7 T SC solenoid

Tracking

Si Vertex Tracker MAPS/ITS3
wafer-level stitched sensors

Si Tracker MAPS/ITS3/EIC barrel
and disks

MPGDs (URWELL/MMG)
cylindrical and planar

5.34 m

hadrons electrons

16



EPIC - Baseline Design

Magnet

Tracking

3.5m

New 1.7 T SC solenoid

Si Vertex Tracker MAPS/ITS3
wafer-level stitched sensors

Si Tracker MAPS/ITS3/EIC barrel
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EPIC - Baseline Design

Magnet
e New 1.7 T SC solenoid

Tracking

e Sj Vertex Tracker MAPS/ITS3
wafer-level stitched sensors

e SiTracker MAPS/ITS3/EIC barrel
and disks

e MPGDs (MRWELL/MMG)
cylindrical and planar

* high performance DIRC (hpDIRC)
e dual RICH (aerogel + gaseous)

e aerogel RICH/modular w/ Fresnel
or proximity focussing RICH

e ToF using AC-LGAD
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Magnet

New 1.7 T SC solenoid

Tracking

Si Vertex Tracker MAPS/ITS3
wafer-level stitched sensors

Si Tracker MAPS/ITS3/EIC barrel
and disks

MPGDs (URWELL/MMG)
cylindrical and planar

high performance DIRC (hpDIRC)
dual RICH (aerogel + gaseous)

aerogel RICH/modular w/ Fresnel
or proximity focussing RICH

ToF using AC-LGAD

_I_
X \\” Wy,

llinl Aill

i ll!""‘!ll

hadrons

5.34 m

|]

-

electrons
16



EPIC - Baseline Design
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EPIC - Baseline Design

Magnet
e New 1.7 T SC solenoid

Tracking

e Sj Vertex Tracker MAPS/ITS3
wafer-level stitched sensors
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and disks
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* high performance DIRC (hpDIRC)
e dual RICH (aerogel + gaseous)
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or proximity focussing RICH

e ToF using AC-LGAD

EM Calorimetry
e SciGlass or Imaging EMCal
e finely segmented W/SciFi EMCal
* PbWQO4 EMCal
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EPIC - Baseline Design

Magnet
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e aerogel RICH/modular w/ Fresnel
or proximity focussing RICH

e ToF using AC-LGAD

EM Calorimetry
e SciGlass or Imaging EMCal
e finely segmented W/SciFi EMCal
* PbWQO4 EMCal

15 llim Aill

hadrons

L L ‘L

7 ll!""‘!ll

’|

\“ ™ N .

electrons

5.34 m
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EPIC - Baseline Design
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Tracking

e Sj Vertex Tracker MAPS/ITS3
wafer-level stitched sensors

e SiTracker MAPS/ITS3/EIC barrel
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or proximity focussing RICH J i ll!'r-'!ll n
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EPIC Baseline - Along the Beamline

2.0

\ / BO Silicon Tracker Zero Degree Calorimeter
AN —AEEetens and Preshower

Focusing Quadrupoles

Off-momentum detectors 1
Roman Pots
Off-momentum detectors 2

BOpf combined function magnet

40 20 . ((')m) 20 40
EIC physics includes final-states particles at e Far-Forward
|n| > 4.5. » BO spectrometer = silicon tracking system and

» Need sub-systems integrated within and photon EM calorimetry |
alongside the accelerator beam line » Off-Momentum Detector (OMD) = for particles

from nuclear breakup
» Roman Pots (RP) = for tagging and
reconstruction of protons

» Zero-Degree Calorimeter (ZDC) = for photons
and neutrons

e Far-Backward
» Luminosity monitor

) Low-Q2 tagging detectors = scattered
electron at small angles

17



A Second EIC Detector

e Activities

» EICUG Working Group, PR efforts, push for
recommendation/initiative in NSAC Long
Range Plan 2023

* Potentially realized with a 3-5 year delay to
EPIC

* Opportunities:

» new technologies that are not mature enough
or too risky for the 1st detector can be
considered to provide full complementarity

» this needs a well-thought-out R&D program
that will be guided and inspired by efforts on
Detector-l|

» making full use of the reinstated generic EIC
detector program

Complementarity:
» secondary focus in IP8

» enhances the low-pt and low-
X (large-xL) acceptance of
recolling target system

» enhanced PID acceptance and
reach in areas of phase space

» more emphasize on u detection
» stonger B field

18



From Concept to Reality - R&D

e Generic R&D Program 2011-2021

» Operated by BNL and supported through funds by the DOE Office of Nuclear
Physics
» FY21: 281 participants from 75 institutions (37 non-US)

» Many of the subsystems in EPIC were developed and matured in this program and
and EPIC detector working group/consortia member were part of the program

» https://wiki.bnl.gov/conferences/index.php/EIC R%25D
* Project R&D

» Aims at achieving the maturity required to carry out final design and construction
» Support only projects that perform R&D on technologies used in EPIC

» https://wiki.bnl.gov/conferences/index.php?title=General Info

19



Generic R&D Projects 2014-2021

Project

eRD2
eRD3

eRD6

eRD10

eRD11

eRD12

eRD14

eRD15
eRD16

eRD17

Topic

A Compact Magnetic Field Cloaking Device

Design and assembly of fast and lightweight forward
tracking prototype systems

Tracking and PID detector R&D towards an EIC
detector

(Sub) 10 Picosecond Timing Detectors at the EIC

RICH detector for the EIC’s forward region particle
identification - Simulations

Polarimeter, Luminosity Monitor and Low Q2-Tagger
for Electron Beam

An integrated program for particle identification (PID)

R&D for a Compton Electron Detector
Forward/Backward Tracking at EIC using MAPS
Detectors

BeAGLE: A Tool to Refine Detector Requirements for
eA Collisions in the Nuclear Shadowing/Saturation
Regime

eRD18

eRD19

eRD20

eRD21

eRD22

eRD23
eRD24

eRD25
eRD26

eRD28
eRD29

Precision Central Silicon Tracking & Vertexing

Detailed Simulations of Machine Background
Sources and the Impact to Detector Operations

Developing Simulation and Analysis Tools for the
EIC

EIC Background Studies and the Impact on the IR
and Detector design

GEM based Transition Radiation Tracker R&D

Streaming Readout for EIC Detectors

Silicon Detectors with high Position and Timing
Resolution as Roman Pots at EIC

Si-Tracking

Pulsed Laser System for Compton Polarimetry

Superconducting Nanowire Detectors

Precision Timing Silicon Detectors for combined
PID and Tracking System

m OF:1[e]sn1[=11a"Al Software/Simulations -



Project R&D Projects 2022+
Project Topic m Calorimetry

eRD101 |mRICH / aerogel RICH
eRD102 |dRICH

eRD103 |hpDIRC
eRD104 |Service reduction

eRD108 |Cylindrical & Planar MPGD
eRD109 |ASICs/Electronics

eRD110 |Photosensors

eRD111 |Si-Tracker (no sensors)
eRD112 |ToF with AC-LGAD

eRD113 [ITS3/EIC MAPS development




Project R&D Projects 2022+

Proj
eRL
eRLC
eRL
eRL

eRL
eRLC
eRL
eRL
eRL
eRL

T "

® Need for Generic R&D
» Recall: NP has no general detector R&D subprogram

» Continue developing technologies that are not ready for
day-1 (CD-4a timeline) but that would offer superior
technologies down the road

» R&D for complementary technologies that could be used
in a 2nd EIC detector and for future EPIC upgrades
keeping the EIC on cutting-edge

» Bring benefit for other programs in NP, HEP, medical
application (e.g. PET w/ ToF), and more environmental-
friendly technologies

21



New Generic R&D Program 2022+

o After lots of efforts: Generic program reconstituted starting this year
» funded by DOE, coordinated by JLab
» https://www.jlab.org/research/eic rd prgm
» total of 30 proposals were received on July 25, 2022

Topic Particle identification and tracking in real time using
Machine Learning on FPGA

Superconducting Nanowire Detectors for the EIC

A proposal for MPGD-based transition radiation detector/tracker

Continued Development and Evaluation of a Low-Power High-
Density High Timing Precision Readout ASIC for AC-LGADs
(HPSoC)

A new radiation tolerant low power Phase-Locked Loop |IP block Simplified LGAD structure with fine pixelation
in @ 65 nm technology for precision clocking in the EIC frontend
electronics

Refined Methods for Transfer Matrix Reconstruction Using
Beamline Silicon Detectors for Exclusive Processes at the EIC

Development of Thin Gap MPGDs for EIC Trackers

Development of a Novel Readout Concept for an EIC DIRC

Tracking and PID with a GridPIX Detector m oo il Software/Al § ASICS/FEE
22



https://www.jlab.org/sites/default/files/eic_rd_prgm/files/2022_Proposals/EIC_Generic_Detector_RD_CSGGlass_EICGENRandD2022_01.pdf
https://www.jlab.org/sites/default/files/eic_rd_prgm/files/2022_Proposals/MPGD_based_TRD_FY2223_EICGENRandD2022_02.pdf
https://www.jlab.org/sites/default/files/eic_rd_prgm/files/2022_Proposals/UCSC_NaluScientific_LGADs_Readout_JLabEIC_FY23_EICGENRandD2022_05.pdf
https://www.jlab.org/sites/default/files/eic_rd_prgm/files/2022_Proposals/EIC_RD_Proposal_DigiPLL_vfinal_EICGENRandD2022_06.pdf
https://www.jlab.org/sites/default/files/eic_rd_prgm/files/2022_Proposals/Matrix_Reconstruction_R_D_EICGENRandD2022_07.pdf
https://www.jlab.org/sites/default/files/eic_rd_prgm/files/2022_Proposals/xpDIRC_genericR%26Dproposal_EICGENRandD2022_12.pdf
https://www.jlab.org/sites/default/files/eic_rd_prgm/files/2022_Proposals/Proposal_GridPix_Generic_EIC_Detector_R_D_v1_EICGENRandD2022_14.pdf
https://www.jlab.org/sites/default/files/eic_rd_prgm/files/2022_Proposals/ML_FPGA_R_D_FY23proposal_v2_EICGENRandD2022_15.pdf
https://www.jlab.org/sites/default/files/eic_rd_prgm/files/2022_Proposals/EIC_nanowires_July2022_EICGENRandD2022_18.pdf
https://www.jlab.org/sites/default/files/eic_rd_prgm/files/2022_Proposals/EIC_KLM_R_D_Proposal_EICGENRandD2022_19.pdf
https://www.jlab.org/sites/default/files/eic_rd_prgm/files/2022_Proposals/20220725_eRD_tgMPGD_Proposal_final_EICGENRandD2022_23.pdf
https://www.jlab.org/sites/default/files/eic_rd_prgm/files/2022_Proposals/EIC%20Proposal%20LGAD_EICGENRandD2022_24.pdf
https://www.jlab.org/sites/default/files/eic_rd_prgm/files/2022_Proposals/EIC_R_D_Imaging_Calo_EICGENRandD2022_25.pdf

Example: Crystals and Glasses (eRD1 & eRD105)

e EIC barrel needs high quality EM calorimetry

e Typically requires Lead Tungstate (PbWO4) crystals

e Crystals are expensive, few vendors (SICCAS, CRYTUR)
» Quality and QA issues
» Moderate production capacity, raw material shortage

» EPIC: used in backward EMCAL (need 2 % /1/E)

N (1

.

EPIC | -
barrel EMCal e New effort R&D: Scintillating glasses (CUA/

= Vitreous State Laboratory: Scintilex)

» Similar to lead glass in many properties but
exhibit >30x the light yield per GeV

.....

I A » Nano-sized particles of BaSi20s
==="'a-—; =3

& » Allows doping: Gd, Yb, Ce, ...
» Efforts combined in EEEMCAL consortium

23



Example: Crystals and Glasses (cont.)

Steady progress due to R&D program and Small Business Innovatron Researoh (SBIR) funding

Test beam w/ prototype test 40 cm

1| |n ) \u\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ AN

E resolution of inner[crystal] and outer[sci-glass]

2019: 2cm x 2cm x 4cm = 7
2020: 2cm x 2cm x 20cm (7 Xo) 2, 2.0
el %:1 03@._@ [sci-glass]
1.08 ~ 1.92
— %: 1.78 ® e ® ===

* 40cm long bars will match PbWO4 resolution required &
achieved

e Radiation test very positive
e SBIR phase-ll to start large-scale production (40+ cm,

e, O 1_39@& [crystal]

o _ 2.25 ~ 0.76
E—1.52€D /E ® E

sci-glass
crystal

rectangular and projective shapes) : - i
e Test beams with 40 cm prototype underway 8
. . . . . prOJeotlons/srms
e Path to inexpensive high resolution EM calorimeters AN IR NN Y

o 2 4 6 8 10 12 14 16 18
E [GeV] 24



Example: Photosensors/LAPPDs (eRD14 & eRD110)

EIC requires highly-pixilated photodetectors working at 1.7-2 T. This
problem is most critical for RICH detectors and is not fully solved yet

e SiPM: dark count rates = Cooling (T < — 30°) & annealing cycles
(T > 120°)

e MCP-PMT (expensive, not tolerant to strong magnetic fields)
e | arge-Area Picosecond PhotoDetector (LAPPD) potential solution
Photon detector + ~20 ps ToF detector at the same time
» Microchannel plate (MCP) based large area photodetector
» Original LAPPD-Collaboration (HEP), now INCOM (Gen-Il)
» Cost efficient in mass production
» High enough quantum efficiency and uniform high gain up to ~107

» Promising but still not fully applicable for EIC needs
@ pixelization (DC-coupled strips or 2D pixellation)
@ field resilience
@ tilability/form-factor

e High-Resolution Picosecond PhotoDetector (HRPPD)
» Novel multi-anode direct readout

» Reduced gap spacing for improved timing resolution and B-Field
tolerance

incoming photon
top window
photocathode (pc) \ \

mcp 1

inter-mcp gap

mcp 2

anode gap
anode readout\

ALD+ glass
substrate MCP:
Ccross section

Fused Silica, B33, or MgF, (115 nm

cutoff) window
-- Unsupported window with no obstruction

10 cm x 10 cm field of view

Reduced gap spacing and small pore

/// o \\\,‘,\\ 1\"‘::,;\ :;* . /'; “-
P //////// e \:\::;1‘\5{:::\::1 \
. e \‘“\ ]
V 4 / MCPs (10 um) for B-field tolerance
ovative, ess anode for
== |

y 7 HV and anode connections on
g bottom (4-side abuttable)

Narrow Sidewall and spacers for

INCOM | reduced deadspace 0.35” [8.89 mm]



Example: LAPPDs Efforts

* LAPPD characterization in magnetic field
(ANL)

e Beam tests (with a focus on LAPPD timing
resolution)
» Fermilab: June 2022
» CERN: October 2022
» also Glasgow, Ljubljana

e DC-coupled HRPPD interfacing

e Work in a (very) close contact with the
manufacturer
@ Participation in SBIR proposals

@ Beam tests and other measurements with
Incom experts present

e Organization of open LAPPD workshops

e Synergistic activities in the field of medical
imaging

e DOE SBIR support

Number of events

= x2 / ndf 64.9/77 e
140 ~ Constant 101.7+3.8 F
N G ™~ 20ps * Mean 11.96 + 0.64 8
highly correlated +
100—

signals]

24 —30
22
20 25
18

20
16

- Rear side (cover open): laser head,

= 0 e

10 A variety of finely pixelated readout boards

NN NN NS . RAL R AR RS
p : o~ "J'. “it‘ R 104 l \ Lf:\ ‘\ AR LR
o e V,T-.' / ‘_’;-éh;( G /. I\ \ ‘\ \ \ \\- N

[5) R N X RN PR
S — = A \ N
I ST 3 A X ) R \x ¢
35&:;:--';. | S| ) (7 . A3 *32.\
AN pezlils 5 | Ein k "\
—1 i : 3 4 . N

T v o T S e, \ \ |

3 el e e, — : D @

b 2 4 8 8 10 12 14 16 18 20 22 24
Single event, [mV] units



Example: ITS3 MAPS Sensors (eRD25, eRD113)

Parameter

ALPIDE (existing)

Wafer-scale sensor (this proposal)

Technology node 180 nm 65 nm

Silicon thickness 50 um 20-40 pm

Pixcl size 27 %29 pm O(10 x 10 pm)

Chip dimensions 1.5x3.0 cm scalable up to 28 x 10 cm
Front-end pulse duration ~35us ~ 200 ns

Time resolution ~ 1 pus <100 ns (option: <10ns)
Max particle fluence 100 MHz/cm? 100 MHz/cm?

Max particle readout rate 10 MHz/cm® 100 MHz/cm”

Power Consumption

40 mW/cm?

< 20 mW/cm? (pixel matrix)

Detection efficiency > 99%

> 99%

Fake hit rate

< 107 event/pixel

< 10”7 event/pixel

NIEL radiation tolcrance

~3 x 10" 1 MeV ne/cm’

10" 1 MeV ncq/cm:'

TID radiation tolerance

3 MRad

10 MRad

EPIC Tracker

Successful MLR1 submission/performance

* EIC Vertex & Tracking Requirements:

» Spatial resolution: ~5 ym, material budget < 0.3% X/Xo per layer,
integration time ~2 s, low power consumption (air cooling)

» Consensus that technology of choice is MAPS but none of the
existing MAPS sensors meets all of the requirements

e EIC MAPS

» EIC Si Consortium joined forces with ALICE/ITS3 collaboration
developing novel MAPS sensor

» Goal is to develop Large-area, wafer-scale, stitched sensors bent
around beam pipe using latest 65 nm MAPS technology

» EIC sensor development needs to fork-off later to develop an ITS3-
derived sensor for outer layers (non stitched wafer-scale sensors)

Characterlzatlon EIC UK Groups




Example: Radiator Gases

e Radiator gases for EIC RICH detectors are
fluorocarbons that exhibit extremely high Global

Warming Power: GWP(C2Fs) ~O(10k), GWP(CO2) = 1
* [ncreasingly prohibited across the world
* Where used

] ] ] Formula Name years 100-yr horizon  100-yr horizon  500-year horizon
» complex and expensive close circulation systems needed . ew e o
Cg;:(, PFC-116 ]() 000 95()() lé 200 18 5()()
C3F PFC-218 2600 7000 8830 12500

» Increasing procurement issues expected

e RICH performance is preserved when fluorocarbons at
atmospheric pressure are replaced with argon

Temperature change in the last 50 years

éiﬂ"f
¢ <. e
| o GF
\ i,

T

pressurized at a few bar _ A A
: : i
* The challenge is to design vessel that allows ? 27
» safe high-pressure operation +
. . . ] ] ] 2011-2020 average vs 1951-1980 baseline
» minimizing its impact on the overall detector material 05 02 +02 05 +10 +20 +40°C
bUdget. -09 -04 +04 +09 +1.8 +3.6 +7.2°F

» engineering Iin progress - awaiting results -



Take Away Message

e An Electron-lon Collider will contribute profoundly to the understanding of matter and be an
important component in our suite of tools to revolutionize our knowledge in the next decades

e Detector requirements are established in Yellow Report (arXiv:2103.05419)

e E|IC Detectors are uniqgue and challenging to realize
» Hermiticity, PID, high precision, low material, complex IR
e EPIC Collaboration formed
» Ongoing efforts focused on consolidation and developing EPIC technical design for CD-2/3A

» EIC detectors are an enormous undertaking that will require participation and expertise from both
the RHIC and JLab communities, as well as key international contributions

* [nstrumentation challenges: Photodetectors, high resolution EM calorimetry, wafer-scale
stitched sensors MAPS, iRWell, replacement of global warming gases

e Sound generic R&D program from 2011-2021, new project R&D program in place to reduce
remaining risks and strong new generic R&D program starting in 2022!

EIC Talks at CPAD '22: MPGD (M. Posik), AC-LGAD (O. Hartbrich), SIPM/dRICH (P. Antonioli), Calorimetry (C. Woody), Imaging
Calorimeter (J. Kim), Fwd EMCal (Z. Ji), LFHCAL (N. Novitzky), Insert Cal (M. Arratia), LAPPD (J. Xie), LAPPD (A. Kiselev)
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Deep Inelastic Scattering (DIS)

e(k) _

electron

p/A(p) [—XP / W

proton or | <

nucleus )
DIS:

* As a probe, electron beams
provide unmatched precision
of the e.m. interaction

* Direct, model independent,
determination of kinematics
of physics processes

~N
O C

O°~x-y-s

07 resolution power, virtuality
s. center-of-mass energy squared

X.  momentum fraction of nucleon’s
momentum carried by parton (0 <x < 1)

y: inelasticity (0 <y < 1)

Gluons dominate
matter for x < 0.1
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Category of Processes to Study

Measurement categories to address EIC physics: [ Pt

e

’ e Inclusive DIS (¢)

Ly » fine multi-dimensional binning in x, Q? [ 1 1o~
p—> =
O
¢ @

- * Semi-inclusive DIS / SIDIS (fwd hadrons) |5 |

v . »9-dimensional binning in x, Q2, z, pr, 0 % 10 1b-
o
P > \ }X | o e
* Exclusive processes (hermeticity) 2

s| 10-100 fb-!

- : » 4-dimensional binning in x, Q2, t, 0 to
v h reach |t| > 1 GeVZ2
Y
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Example: Photosensors (eRD14 & eRD110)

e EIC requires highly-pixilated photodetectors working at 1.5-3 T. This problem
IS most critical for RICH detectors and is not fully solved yet.
e Currently
» Calorimetry = SiPM (~OK)
» RICH detectors = SIPM (noise, mitigation strategies)
» hpDIRC = MCP PMT (~OK but expensive, field resistance on edge)

e MCP-PMTs 700 ey
. S s L 6 pm poresize  Hy=-279 kv -
» On market: Photonis/Photek =% 99.6% of HVios
. : : 00 Lo I R R
» Characterization of performance in So +<—G 14x10°
eRD14 {3" ******************************************** t ‘B
i~ fi | o e 5- 0 0
} NOt tOIerant to magnetlc f|e|dS (angle) ?8-0200 - H \/__2 iiiii 6 rrrrrr kv rrrrrrrrrr + rrrrrrr ’ a * rrrrrrrrrrrrr H\\\\\\‘ il \ b \..\W‘\Rjﬁ\\ﬁﬁs\f\i&\f
» OK for hpDIRC (readout in low B 3 93% of HVnox "0, -
. oo s, ,,,,,,,,,,,,,,, i ,,,,,,,,,,,,,,, R S ———
reglon) Photonls PP0365G e,

» No collaboration with vendor -1 =05 0 owB 1(%2 253 35 4



Example: Photosensors (cont.)

e SIPM
» Pros: high photon efficiency, good time resolution, insensitive to magnetic field
» Cons: large dark count rates (data rate!), not radiation tolerant
» 101 (1-MeV) neg/cm at dRICH sensor location reached after 10 years

Courtesy R. Preghenella Calvi, NIM A 922 (2019) 243

o signals after irradiation (before annealing)

F e 6 |

~ 10° neq — easy A T | e .10 s 3

*1

20mv-10° neq — still ok 105 l

“\—\J\\"‘MWAWM\N\'J\'NW WWM N/E\ J

= | ’ S0°C —e— Reference | !

neq — looks doable before annealing, but likely at the limit j\'\:' 104 i/ 75°C | Irrad 10" ql

!\ > fw"‘lOA 11, MMMMHWWWJ./“\ f,..-ws«mh-frm 300 vz Ly (' H/ 100°C ‘ » Irrad 1012 ‘ i

W \ ! . o | o |
W \J . . s | o ‘/ 125°C

s o e:1c§* R T R A Gl T o g 3 W‘_; f | 103 3 { ./ 150°C h/ 175°C 1

100mv ' neq — does not look like healthy (MEMO: Calvi sensors were 1.3 x 1.3 mm?) i 1

L |

healthy baseline after 10" nglem2l 0 10 200 300 400 500 600

Annealing time (hours)

40 um SPADS

) I\/Iitigation:
@ Cooling (T < — 30°) & annealing cycles (T > 120°), anneal-in-place needed
@ Variations in devices from different providers == detailed characterization

@ Lots of synergy with efforts in Italy (INFN) & collaboration with FBK
@ Unclear how to modify SiPM design to achieve better radiation hardness (S13360-3050US stands out!)



Example: Cylindrical and Planar uRWell (eRD6, eRD108)

e Barrel (cyl.) and endcap (planar) tracking using
MPGDs

e URWell technology Is recent development

e Use instead GEMs or Micromegas

» combines the advantages of GEM and
Micromegas

» easlier detector construction, no stretching as for
GEMS

» lower material budget
» save around 25% In material cost

e Envision capacitive-sharing pad readout: Vertical
stack of pads layers — transfer of initial charge

from MPGD by capacitive coupling
* Has not yet been adopted in any experiment

/ Incoming Particle

Cathode PCB

Top Copper (5 pm)
Polyimide \
DLC layer (<0.1 pm)
p~10+100 MQ/C]

Ppg/

re-pre /'
PCB electrod J

Support area for
connectors &
cables (foil
backed by ring)

B A Length: 45 cm

actlve volume
(ca. 1% XO0)
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DOE Funding Plan

EIC Modified Reference Funding Profile v3-IN
$2.419B DOE, S100M NYS, CD-4A April 2032,
CD-4 at April 2034

300 —
250

200 f I
150 ]

100
]
50
- -

FY20 FY21  FY22 FY23  FY24 FY25 FY26  FY27 FY28  FY29 FY30 FY31 FY32  FY33 FY34

350

DOE ONP New Funds m RHIC Ops Funds Directed to EIC  m New York State Other DOE Funds - IRA OFunding Changes from V3

 Inflation Reduction Act funding of $138.24M is a game changer and mitigates risk of
slower than optimum ramp of new funding to the $150M/year needed.

» Possibility of significant package of long lead procurement items (CD-3A) helping to
mitigate risks including procurement, supply chain, inflation and schedule.

Rolf Ent, Quarterly EIC Remote Meeting 11/17/2022

36



EIC Reference Schedule - V3

FY19  FY20  FY2I FY22 FY23 FY24 FY25 FY26 @ FY27 @ FY28 D EY29 " BEISON B B

FY33

FY34

Critical P < ¥ | X *co-« CD-4

Approve start  Approve

compleoon
Apr 2034

Decisions CD-0(A) CD-I(A) CD-23A CD-3 ol operations
Dec 2019 Jun 2021 Jan 2024 Apr 2035 Apr 2032
Accelerator o N : g ' g 3
Research & Systems 'R““rch & St el j L - CO“C'US'O" Of Com C,?,:,A E:,? C,?,:,
Development - . Apr OJ] Apr 2032
¥ Detector Research & Developthent . RH 'C Operatlons
! ! . -

Infrastructure

Design

Accelerator
Systems

Detector

frastructure Conventional Construction m

T 1 L4 T >

Construction e L ;
8 b e A“g’i;‘c’r‘:; Procurement, Fabrication, Installation & Test Full RF Power Buidout
nstallation y : — - : W %m

2
.

- - > 2 -

Detector Procurement, Fabricatioh, Installation & Test m

Commissioning Systems

& Pre-Ops Detector [“ ‘*“l & Pre Ops ////

Accelerator Commissioning &Pn Ops 'I,,A

._» '
Key (A) Actual - Completed [:] Pned: | S5 WS — et U

Schedule
Contingency

Rolf Ent, Quarterly EIC Remote Meeting 11/17/2022
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Reference Schedule for 2nd |[R and Detector

FY19 | FY20 (SEf2] FY22 FY23 FY24  FY25 | FY26 | FY27 Y28 5 BTN A I FY32 FY33 | FY34 BEY35% WEYS6

N ~7
.g;}/\'.

Critical R y \° -
Decisi CD-2/3A D-3 . of operations com Ietigi; .
Sl Jun 2021 Jan 2024 Apr 2025 Construction Phase APrpz?” Apr 2034 Science Phase

Conceptual

Design Early CD-4A Early CD-4

Completion  Completion

Apr203]  Apr 2032

Infrastructure esign

IConventional Construction l //// /

Conceptual
Design
[

Research & Developnjent |

1 1 1
Accelerator , |
Design
Systems | |
I .
I Procurement, Fabrication, Installation & Test /, Full RF Power Buildout
I | ! |
Full RF Power Buildout
Commissioning & Pre-Ops /7
Conceptual
Design
1
Research & Developnjent |
| [ l
Project |
Desi
Detector ik | | |
I Procurement, Fabrication, Installation & Test] L I 7 /J///
| Commissionin g

= & Pre-Ops i %

FY19  FY20 FY23 FY24 FY25 FY26 FY27 FY28 | FY29 FY30 | NEYSIN IS0 INENE S I

FY2I EY 22

Noienel | Research & Development and Design i
Schedule
2nd IR G er‘iC : ] L
Det%c;.]tdor #2 Dekector Construction & Installation | (/I/////]////I
R&D —— , :
Commiss. [/ / /S /
‘ [ & Pre-Ops ||
] ! —_—
Data A Level O Critical 7/ Schedule
Key (B eetial - Lelplctes l | Hlaniied Date Milestones Path / Contingency

Rolf Ent, Quarterly EIC Remote Meeting 11/17/2022



Tracking

[l

Black numbers
are radii in cm \
Red numbers m
are material in

% XO

2022 Hot/Cold QCD Town Hall

MAPS
Support
AC-
LGAD

hpDIRC

\\MPGD

Si Tracker based on ALICE ITS3
__165nm MAPS sensors.

Five layers in barrel, supplemented
by MPGDs for pattern recognition.

Five discs in forward/backward
directions (+MPGD in forward)

Meets EICUG Yellow Report design
requirements.

Tracker barrel, |n] < 0.5

B=1.7T

-== YR requirements —$=— Full simulation

MAPS 0=10/v12 um
MPGDs o =55 um
AC-LGAD o=30 um

0 2

4 6 8 10 12 14
p [GeV/c]



Calorimetry sarrel HCAL

Backwards EMCal
PbWO04 crystals

Flange of the

External structure & e beam pipe \

cooling I:“;\N
—w

et
— e

cooling plates

Cables

beam pipe

Internal structure &

cooling
read-out boards

-
PbWO, crystal &

internal support structure
universal support frame  pJrC bars

Complementary
options for BECAL:
SciGlass or

Imaging Calorimeter-

Hot/Cold QCD Town Hall

(SPHENIX re-use) 8 (= 8

8M Tower
Composite
(Outer)

AM Tower
Composite
(Outer)

EM Tower
Composite
{(Inner)

&M Tower

Composite
(Inner)

aM Tower

AM Tower

High granularity
W/SciFi EMCal
Longitudinally separated
HCAL with high-1 insert

PbSc Layer

Imaging Layer

il
!
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I I D Fused silica

prism

Fused silica

Dual-Radiator RICH (dRICH)

i High-Performance DIRC

Photon sensor

By

1| » : kT F ‘;‘7 | ’M‘ ] / - ' /
— N o A A - l‘; /. -
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| St f Sensors
Mi
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(pfRICH) '.'

Aerogel T L Forward TOF: _— ._\
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ATHENA - A Totally Hermetic Electron Nucleus Apparatus

BACKWARD BARREL FORWARD

bHCal bToF SC Coil pECal pHCal
|l

| | ’ Vi .
B | | Ll /] |
<o el il S
N 1 | N MPGD Layer
Hmﬂlﬁh~- UIifi m“ﬂ g
hpDIRC f ‘
dRICH
MPGD
Outer nECal Tracking Rings
Inner nECal Si Tracker
Disks
pfRICH
MPGD Outer
nHCal

Barrel Tracker

Si Vertex

— Beam Directions:
MY Tracker 1)

Si Inner pPIA—— e
Barrel Tracker

https://athena-eic.org




ECCE - EIC Comprehensive Chromodynamics Experiment

Backward Endcap Barrel
Tracking: Tracking:
* |TS3 MAPS Si discs (x4) * |TS3 MAPS Si
« AC-LGAD (vertex x3; sagitta x2)
PID: * URWell outer layer (x2)
« mRICH * AC-LGAD (before hpDIRC)
« AC-LGAD TOF * pRWell (after hpDIRC)
« PbWO, EM Calorimeter h-PID:
(EEMC) « AC-LGAD TOF
* hpDIRC
Electron ID:

* SciGlass EM Cal (BEMCQ)

Hadron calorimetry:

 Quter Fe/Sc Calorimeter
(oHCAL)

* Instrumented frame
(IHCAL)

https://www.ecce-eic.org

Forward Endcap

Tracking:

* ITS3 MAPS Si discs (x5)

« AC-LGAD

PID:

 dRICH

« AC-LGAD TOF

Calorimetry:

* Pb/ScFi shashlik (FEMC)

* Longitudinally separated hadronic
calorimeter (LHFCAL)

3.5m n
>

3.2m

3.2m &t L

5.34m

o Backward discs Forward discs
= Rwel P
= g

1]

O am pSTERG 4N 8 MM L E——31

=" <
Hadrons Electrons
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CORE: a COmpact detectoR for the EIC

Non-projective
W-shaslik EMcal

n=1.43 ]

- 74'00

Projective
Neutral hadron W-thasl.}?k
and muon ID EMcal
detector (KLM)
\
E rb(v\?cC)tIVEe Mcal CO\mb{ct detectoR for Eic /ORE)
4 £ 3_ ng\ n=-0.00 /
Non-projective f_
PbWO4 EMcaI —_D,_; 4.00....... AT /
LGAD TOF 2 e
Silicon tracker MPGD tracker
DIRC

Dual-radiator RICH

https://eic.jlab.org/core/

1=4.00 - Hcal, new Fe/Sci
modules (44 layers)

Hcal, outer rings:
re-used STAR

FCS modules

(36 layers)



