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The EIC Comprehensive QCD Experiment (ECCE) detector has been designed to address the full scope of the proposed Elect
lon Collider (EIC) physics program as presented in the EIC white paper and the National Academy of Science report. ECCE |
a detector designed to be built within the budget envelope set out by the EIC project while simultaneously managing cost ar
schedule risks. This detector concept has been selected to be the basis for the project detector.

Keywords: ECCE, Electron lon Collider, Tracking, Calorimetry, PID
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1.

Introduction

" These studies will also provide insight into how the mu-
tual interactions of quarks and gluons generate the nucleon
mass and the masses of other hadrons. The nucleon mass
is one of the single most important scales in all of physics,
as it is the basis for nuclear masses, and thus the mass of
essentially all of visible matter.

The density of quarks and gluons which carry the small-
estx, the fraction of the nuclear momentum (or that of its
constituent nucleons), can grow so large that their mutual
interactions enter a non-linear regime in which elegant,
universal features emerge in what may be a new, distinct
state of matter characterized by a “saturation momentum
scale”. Probing this state requires high energy beams and
large nuclear size (A), and will answer longstanding ques-
tions raised by the heavy ion programs at RHIC and the
LHC.

To carry out this ambitious physics program, the EIC requires
a comprehensive experimental program carefully designed to
extract all of the physics from the scattering of electronb
hadrons and nuclei. An ideal EIC detector must measure nearly
every particle emerging from the interaction point, including its
direction, its momentum, as well as its identity. Each of these
aspects of the EIC physics program, and how a single compre-
hensive detector system could address them, was studied by the
EIC scienti c community and led to the community-authored
“Yellow Report” [2]. The report also identi ed a set of detector
performance requirements that ow down from the physics re-
quirements of the EIC science program articulated in the NAS
report:

" The outgoing electron must be distinguished from other

The physics program at the Electron-lon Collider (EIC) —
planned for construction at Brookhaven National Laboratory
(BNL), in close partnership with the Thomas &son Na-
tional Accelerator Facility (TINAF) — will be the culmination
of decades of research into the quark and gluon substructure of
hadrons and nuclei, and provide scienti c opportunities well
into the next three decades. The EIC will address a broad
set of questions, described in a 2018 report by the National
Academies of Science (NAS) [1]:

" While the longitudinal momenta of quarks and gluons in
nucleons and nuclei have been measured with great pre-
cision at previous facilities — most notably CEBAF at
JLab and the HERA collider at DESY — the full three-
dimensional momentum and spatial structure of even a
proton has yet to be fully elucidated, particularly including
spin, which requires the separation of the intrinsic spin of
the constituent particles from their orbital motion.

produced particles in the event, with a pion rejection of
10° — 10* even at large angles, in order to characterize
the kinematic properties of the initial scattering process.
These include the momentum fraction of the struck target
constituent (x) and the squared momentum transpéy. (

A large-acceptance magnetic spectrometer is needed to
measure the scattered electron momentum, as well as those
of the other charged hadrons and leptons. The magnet di-
mensions and eld strength should be matched to the sci-
enti ¢ program and the medium-energy scale of the EIC.
This requires a nearly 4angular aperture, and the ability

to make precisely measurements of the sagitta of its curved
trajectory, to measure its momentum down to Ipwand

its point of origin, to distinguish particles from charm and
bottom hadron decays.

~ A high-purity hadron particle identi cation (PID) system,

able to provide continuougt ) and (K= ) discrimination



out to the highest momentum (60 GeV), is important forand the backward endcap (Fig. 2). Henceforth “forward” is de-

identifying particles containing derent light quark a- ned as the hadrommuclear beam direction and backwards the

Vors. electron beam direction. We will use electron or backward, and
] ] ) . hadron or forward interchangeably when describing the end-

A hermetic electromagnetic calorimeter system, W'thcaps.

matching hadronic sections, is required to measure neu- Tapie 1 |ists the physics requirements in the ECCE central

tral particles (particularly photons and neutrons) and, ingetector, the technical challenges associated with its realization,

tandem with the spectrometer, to reconstruct hadronic jet§g the ECCE solutions that achieves the stated goals. Com-
which carry kinematic information about the struck quark ,ents about future upgrade paths are also provided.

or gluon, as well as its radiative properties via its substruc- tapje 2 presents similar information for the far-forward and

ture.

Far-forward detector systems, in the direction of incom-
ing hadron, are needed in order to perform measuremen
of deeply-virtual Compton scattering and dactive pro-
cesses, e.g. by measuring the small de ections of the in-
coming proton and suppress incoherent interactions wit
nuclei.

far-backwards regions. These requirements, which guide our
detector design, stem from the needs of the EIC science pro-
gram presented in the EIC white paper and NAS report, and

studied further in the EIC Yellow Report and CDR.

Figure 2 shows the ECCE central detector and lists its key

iggomponents and the technology selected for each sun-system.
Here, we provide general technical details on these detector

technologies and their implementation:

Far-backward detectors in the direction of the incoming
electron are needed to reach the very lowest valu€¥ pf
and to measure luminosity for both absolute cross-section
extractions as well as precision spin dependent asymme-
tries.

As a response to the joint BMlLab call for detector pro-
posals, this document presents the EIC Comprehensive QCD
Experiment (ECCE), which has been designed, simulated and
extensively studied by the 96 institutes in the newly-formed
ECCE proto-collaboration. The ECCE detector has been de-
signed to address the full scope of the EIC physics program as
presented in the EIC white paper [3] and the NAS report. The
speci ¢ requirements that each of the ECCE detector systems
has to meet ow down, in turn, from the more general detector
requirements described in the Yellow Report. Through judi-
cious use of select articles of existing equipment, ECCE can
be built within the budget envelope set out by the EIC projec
while simultaneously managing cost and schedule risks.

The ECCE concept reuses the BaBar superconducting
solenoid as well as the sSPHENIX barrel ux return and hadronic
calorimeter. These two pieces of equipment are currently be-
ing installed in RHIC Interaction Region 8 (IR8) as part of
the sPHENIX detector. Engineering studies have con rmed
that these two components can be relocated to IR6, the IR
where the EIC project currently plans to site the on-project de-
tector. At the same time, should the EIC project change its
plans, ECCE can be installed in IR8. Additional details con-
cerning ECCE subsystems, performance, and selected physics
objectives are provided in separate articles within this same
collection.[4, 5, 6, 7, 8, 9, 10, 11]

2. ECCE detector overview

The ECCE detector consists of three major components: the
central detector, the far-forward system, and the far-backward
region. The ECCE central detector has a cylindrical geometry
based on the BaB&PHENIX superconducting solenoid, and
has three primary subdivisions: the barrel, the forward endcap,

4

Magnet ECCE intends to reuse the BaBar superconducting

solenoid that is currently planned for use in the sSPHENIX
experiment and will be available after its conclusion. Its
reuse for the EIC was the subject of an engineering study
and risk analysis in 2020 [12] whose main conclusion
was that the “magnet should be suitable for prolonged use
as part of the detector system for the EIC project.” Ad-
ditional performance assessment will be conducted dur-
ing an sPHENIX long-duration high eld test (at 1.4 T)
planned in 2022. This test, followed by the rst full du-
ration run of sSPHENIX in early 2023, will validate the
feasibility of its reuse in ECCE. Preparing the solenoid
for reuse will involve proactive maintenance and several
minor modi cations. We also plan to carry through a re-
placement magnet engineering and design assessment as
risk mitigation, as described in Section 11.

Electron endcap The ECCE electron endcap region comprises

four subsystems:

Tracker The silicon electron endcap detector consists
of four disks, which provide precise measurements
of charged tracks (especially electron tracks) in the
backward pseudorapidity region. The technology for
the silicon disk assembly is the ITS-3 silicon sensor
with pixel pitch at 10 m. The detector mechan-
ical structure design will be informed by the EIC
eRD111 studies. In addition, the AC-LGAD TOF
detectors described below will provide an additional
high-precision tracking point after the disks at large
distance from the interaction point.

mRICH The design goal of the modular RICH (mRICH)
is to achieve 3 K/p separation in the momentum
range from 3 to 10 Gek, within the physical con-
straints of the ECCE detector. It also provides excel-
lent e=p separation for momenta below 2 GVIn
addition, the RICH detectors contributego identi-
cation. e.g., when combined with an EM calorime-
ter, the mRICH and hpDIRC will provide excel-



Figure 1: Side view of the full ECCE detector system, oriented with the hadron beam arriving from the left and the electron beam arriving from the right.

lent suppression of the low-momentum charged-pion
backgrounds, which limits the ability to measure the

scattered electron in kinematics where it loses most
of its energy.

AC-LGAD TOF TOF measurement using AC-LGAD

cap hadron calorimeter. We note that adequate space
was left as a possible upgrade path towards high-
luminosity running where one might want to mea-
sure the jet distribution in the low; high-Q? region

if the physics case would be made.

technology will be used for PID in the momen- cena) harrel The ECCE central barrel region comprises six

tum range below the Cherenkov detectors thresholds.
These detectors also provide a high-precision track-
ing point.

EEMC The Electron Endcap EM Calorimeter (EEMC)
is a high-resolution electromagnetic calorimeter that
is capable of providing precision scattered electron
and nal-state photon detection in the regioB:7 <

< 1.5, required by the EIC science program. The
choice of technology is 2 cm x 2 cm x 20 cm PbWO
providing 22 radiation lengths and the overall design
concept is the same as in the EIC YR.

Fe uxreturn We will use a passive ux return as we de-
termined there is no substantial bene ts to our sci-
enti ¢ program by having an active an electron end-

5

subsystems:

Silicon Tracker The silicon barrel detector consists of
ve layers: three vertex layers close to the beam pipe
and two middle layers providing the central track
sagitta measurements. All layers use the ITS-3 sen-
sors with pixel pitch at 10 m with an average mate-
rial budget of 0.05%XO0 per layer.

Rwell Tracker The Si tracker is supplemented by two
Rwell layers between the Si sagitta layer and the
hpDIRC, and a single outer barreRWell layer be-
tween the DIRC and BECAL.

AC-LGAD TOF s placed just before the hpDIRC to pro-
vide a precise TOF measurement as well as an addi-



Figure 2: Principal components of the ECCE central detector: backstactton endcap (left), barrel (center), and forwhadiron endcap (right).

tional tracking point. See electron endcap discussion ~ IHCAL /OHCAL The ECCE outer barrel hadronic
for details. calorimeter (oHCAL) is integrated into the barrel
ux return for the ECCE solenoid magnet. and is
a reuse from the sPHENIX experiment. Its design
consists of 32 sectors of 1020 magnet steel, with an
inner and outer radii of 1.9 m and 2.6 m respectively.
Each sector is 6.3 m long and weighs 14 tons. The

hpDIRC The high-performance DIRC provides patrticle
identi cation with three standard deviations (s.d.) or
more separation fo=K up to 6 GeVc, e= up to
1.2 GeVc, andK=p up to 12 GeVc.

BECAL The barrel ECAL (BECAL) is a homogeneous barrel inner HCAL (iHCAL) is a hadronic calorime-
projective electromagnetic calorimeter built out of ter that is integrated into the BECAL support frame.
9088 clear scintillating glass (SciGlass) towers, ar- Its design consists of 32 sectors of stainless steel,
ranged in 71 rings in the direction, with 128 towers with an inner radius of 135 cm and an outer radius
per ring along . The SciGlass towers have a front of 138.5 cm.

face of 4 cm 4 cm and are 55 cm deep including
10cm readoyt, providing 17 radiation lengths and
better than 4% (E) + (1-2)% resolution. This res-

Hadron endcap The ECCE hadron endcap region comprises
ve subsystems:

olution surpasses the EIC YR requirement to com- Tracker The silicon hadron endcap detector consists of
plement the tracking system and ease electron iden- ve disks, which provide precisely measured space
ti cation and =erejection, with an eye to the future points for charged particle tracking in the forward

high-luminosity EIC science needs. Their shape is pseudorapidity region. This detector will enhance
slightly tapered to be nearly projective to the interac- the capability to determine the decay vertex of
tion point. long decayed particles and measure the majority of



Table 1: Key detector requirements for ECCE central detector, with associated challenges, and a brief description of the ECCE approach to address each issu

Topic

Challenge

ECCE solution

Comment

Hermetice coverage

Leave no gapsén EMcal coverage
while also folding in PIBhpDIRC
readout needs

hpDIRC readout in backward region;
Moved EEMC inward as much as
possible; Extend BEMC longitudi-
nally

Good coverage for negative rapid-
ity; performance veri ed with full
simulations

Momentum resolution in for-
wardbackward regions at high

Achieve YR requirements with a
realistic tracker including support
materials in the BaBar solenoid

Five ITS3 Si disks forward and four
disks backward; Additional AC-
LGAD tracking before (after) dRICH
(MRICH)

Used Al optimization. Upgrade
option: AC-LGAD ring in forward
region behind dRICH for = 3-3.5

Backward Particle Identi cation

Constrained space to maximize
EMCal coverage

AC-LGAD TOF for low-momentum;
mRICH for hadron PID

mRICH is a space-ecient solution

Backwarde PID,
up to 10 4

suppression

Highest precision EM calorimetry

Use all Pb\}O

Can separate out EMCal to reach
beyond = 34

Barrel PID —e= separation up to
10 2-10 4, down to 0.2 GeXt

Need good EMcal resolution; need
additionale= below 2 GeVc

55 cm long SciGlass towers for high
precision EMcal; hpDIRC for veto
downtop = 0:3 GeVic; AC-LGAD
TOFforp 0:4 GeV.

Leave 4 cm for RWELL between
hpDIRC and EMCal to seed PID
performance of hpDIRC and improve
tacking resolution

Barrel PID — = K=p separation down
t0 0.2 GeVc

hpDIRC only covers down to
0.6 GeVc

AC-LGAD TOF for 0.2<p
<0.6 GeVc

RWELL directly after hpDIRC to
increase performance.

Barrel Tracking resolution

Achieve YR requirements with a
realistic tracker including support
materials in the BaBar solenoid

Three ITS3 Si vertex and two Si

sagitta layers followed by two
RWELL, AC-LGAD, and far outer
RWELL layer;

Used Al optimization of tracker and
support system layout

Forward Hadronic calorimetry

Jet energy resqut«kﬁOO/chE

Longitudinally separated calorimeter
to meet needs in highregion.

Upgrade Option: Dual Calorimeter
(or only central in region of highest
need)

Forward Particle Identi cation

Constrained space in forward region

AC-LGAD TOF for low- momen-
tum; dRICH for high- momentum
(C4F10 based)

Seed dRICH ring nder with AC-
LGAD before dRICH; Employ
recirculation and gas recovery sys-
tems for environmentally unfriendly
gas use.

charged particles in the asymmetee p ande+ A
collisions. The technology for the silicon disk as-
sembly is ITS-3 silicon sensor with pixel pitch of
10pum. The detector mechanical structure design will

depth of 1.4 m with an additional space for the read-
out of about 20-30 cm depending on their radial po-
sition. Each tower consists out of 140 layers of al-
ternating 5cm x 5cm x 1.6cm steel and 5cm x 5cm x

0.4cm scintillator material. In each scintillator a loop
of wavelength shifting ber is embedded. 10 consec-
utive bers in a tower are read out together by 1 Sili-
con photo multiplier, leading to 7 samples per tower.

be informed by the EIC eRD111 studies. An AC-
LGAD TOF detector placed in front of the dRICH
will provide an additional high-precision tracking
point.

AC-LGAD TOF See electron endcap for details.

dRICH The dual-radiator Ring Imaging Cherenkov
(dRICH) detector is designed to provide continu-
ous hadron identi cation in the (outgoing) ion-side
with 3 s.d. or more for=K from 0.7 GeVc to
50 GeVc, and fore= from a few hundred MeX¢
upto 15 GeVc.

FEMC The forward ECal (FEMC) will be a Pb-
Scintillator shashlik calorimeter. Its towers have

Far-forward detectors The auxiliary detectors consist of a set
of trackers and calorimeters that are, in general, closely
integrated with the beam elements. The systems are de-
signed to measure very forward and backward particles to
high precision with a high rejection of beam related back-
ground. The far forward and far backward detection sys-
tem consists of the following components:

BO spectrometer The BO spectrometer measures charged
particles and photons at forward & 3) angles

an active depth of 37.5cm with an additional 5cm
readout space. Each tower consists out of 66 lay-
ers of alternating 1 cml c¢cm 0.16 cm Pb and
1cm 1cm 0.4 cm Scintillator material.

LFHCAL The forward HCal (LFHCAL) is a steel-
scintillator calorimeter. Its towers have an active
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to facilitate studies if exclusive processes and gen-
eral process characterization. This subsystem is de-
signed for reconstructing charged particles with an-
gles 55 < < 20:0 mrad, and also large angle pro-
tons from nuclear breakup. The BO detector is em-
bedded in the rst dipole magnet after the interaction



Table 2: ECCE Detector Far-ForwdFar-Backward requirements

Topic

Challenge

ECCE solution

Comment

Far-Backward — LO\I\Q2 Tagger

Measure IO\KQ2 photo-production
with as minimal an-gap as possi-
ble.

Spectrometer with AC-LGAD track-
ing and PbWQ calorimetry

Far-Backward — Luminosity Detector

e-ion collision luminosity to better
than 1% and relative Luminosity for

spin asymmetries to 1

Zero Degree Calorimeter with x-ray
absorber and’ = pair spectrom-
eter with AC-LGAD tracking and
PbWQy calorimetry

two complementary detection sys-
tems

Far-Forward — BO Spectrometer

> 4 charged particle tracking and
measurement

Four Si trackers with 10 cm PbWO
calorimeter

Far-Forward — O-momentum Detec-
tors

forward particles (, , , etc) decay
product measurement

AC-LGAD detectors

Sensors on one side defgain
other sidep from decay; sensors
outside beam pipe

Far-Forward — Roman Pots

Detect Iqwy- forward-going parti-
cles

AC-LGAD detectors

fast timing (35 ps) removes vertex
smearing eects from crab rotation;
10 from beam

Far-Forward — Zero-degree
Calorimeter

Measure forward-going neutrons
and heavy-ion ssion product

FOCAL-type calorimeter with
high-precision EM and Hadron
Calorimetry

Upgrade option: AC-LGAD layer to
capture very high rapidity charged
tracks

point (BOpf). It consists of four layers of AC-LGAD
tracking planes followed by an array of Pb\W&ys-
tals for the photon detection. The Pb\W&rray con-
sists of 250 crystals, each 10 cm long with a surface
area of 2x2 crato enable measurement of processes
such as u-channel DVCS.

Zero-Degree Calorimeter The ZDC consists of four dif-
ferent calorimeters.

LGAD tracking layers followed by a high-resolution
PbWQ, calorimeter.

Luminosity monitor Forward PbWQ calorimeter with
a passive x-ray absorber and a two-aetre
pair spectrometer. Each are includes with AC-
LGAD tracking layers and a high-resolution PbWO
calorimeter.

ElectronicsDAQ The ECCE DAQ is a fully streaming read-

PbWQ, Crystal calorimeter: For good measure-
ment of low energy photons. In front of the crys-
tal layer, a silicon pixel layer is attached.

W/Si sampling calorimeter: This is an AL-
ICE FoCal-E style calorimeter and consists of
alternating tungsten plates and silicon sensor
planes. It is meant to measure the residual pho-
ton energy escaping the Pb\}Orystals and the
shower development of photons and neutrons.

PW'Si sampling calorimeter: This is a calorime-
ter with 3 cm-thick lead plane absorbers and ac-
tive silicon pad layers, where the pad-layer de-
sign is as in the WAGi calorimeter.

PW/Sci. sampling calorimeter: This is to mea-
sure hadron shower energy and uses 3 cm thick
lead plane absorbers with 2 mm-thick scintilla-
tor planes as active materials. The calorimeter is
segmented as 10 cm x 10 cm on a plane and 15
layers of scintillator planes will be read together,
making a tower.

Far-backward detectors The auxiliary far-backward detec-
tors consist of a set of trackers and calorimeters.

Low-Q? tagger Two detection systems located at di-
ent distances from the bean, each including two AC-
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out (SRO) design capable of supporting high bandwidth to
the Event Buer and Data Compressor (EBDC) comput-
ers as well as high bandwidth to the data storage. A key
component of this design is the Data Aggregation Module
(DAM), the model for which we take as the current AT-
LAS FELIX board that will be used by sPHENIX in their
hybrid streaming DAQ. We assume the development of a
speci c iteration of a FELIX-like board [13] as the DAM
board for ECCE (also referred to as "EIC-FELIX” in the
text that follows) that will serve as a common interface for
all the subsystems. The use of a common interface reduces
the number of electronics designs that needs to be veri ed
and supported throughout the lifetime of the experiment.

The general design of the ECCE data acquisition builds
on the sPHENIX DAQ system, which already incorporates
and demonstrates almost all concepts of the envisioned
ECCE DAQ system. However, while SPHENIX had to be
a hybrid of triggered and streaming readout components,
the ECCE DAQ will be built around a trigger-less Stream-
ing Readout (SRO) concept from the start, similar to many
of the JLab streaming readout systems currently under test.

Computing ECCE computing will be based on a distributed

model with multiple sites for calibration, storage and com-
puting. The model calls for disk space stient for hold-
ing up to 3 weeks of data so calibrations can be generated
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