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1 Introduction

TheElectron-IonCollider (EIC)will be theworld’s first collider of polarized electronswith polarized
protons and light nuclei. It will also be the world’s first collider of polarized electrons with heavy
nuclei. Its purpose will be to explore the quark and gluon structure of protons and nuclei, elucidating
the origins of nuclear spin and nuclear mass, and shedding light on emergent phenomena involving
dense systems of gluons.

A large international scientific community has grown around the EIC since its inception. The
EIC Users Group [1] was formed in 2016 to coordinate efforts toward developing the science
case and detector concepts required to realize the facility. It currently represents more than 1300
scientists worldwide.

The EIC is to be built at the Brookhaven National Laboratory and will be hosted jointly by
Brookhaven and the Thomas Jefferson National Accelerator Facility, bringing together two world
class laboratories with long standing expertise in building hadron and electron beam accelerators.
It will incorporate the existing Relativistic Heavy Ion Collider and will instrument two interactions
points, designated IP6 and IP8, providing locations for two detectors.
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On March 6, 2021, the two host laboratories issued a Call for Collaboration Proposals for
Detectors at the EIC. The first detector is to be located at IP6 and falls within the scope of the
Department of Energy (DoE) funded project. The call stipulated that the project detector should be
based on the reference design developed by the EIC Users Group, which is described in a Yellow
Report [2] and was included in the EIC Conceptual Design Report (CDR) [3]. The project detector
must satisfy all the science requirements of the DoE “mission need” statement that was informed
by the EIC community White Paper [4] and the National Academies of Science (NAS) assessment
of EIC science [5]. Proposals for a second detector, to be located at IP8, could be complementary
in technology choices; optimized for particular areas of EIC science or address science beyond that
described in the White Paper and NAS report.

In response to this call, a kick-off meeting was held on March 12-13, 2021, with the aim of
forming a collaboration to design a novel, powerful, general-purpose detector that meets all the
science requirements within the given cost envelope. Originally named EIC@IP6, this effort was
joined by many EIC enthusiasts who had been instrumental in realizing the Yellow Report and the
CDR, and who had been active participants in the preceding Generic Detector R&D Program [6]. In
themonths that followed, this effort led to the formation of theATHENAcollaboration comprising 94
institutions from 13 countries, with 36% of participants fromNorth America, 34% fromEurope, and
30% from Asia. Design activities were organized around ten Working Groups (WGs). Six detector
WGs were established focusing on different aspects of the design, and four physics WGs evaluated
the detector performance against the science requirements. A separate software WG supported the
development of realistic simulations of the detector design in concert with the detector WGs. A
proposal committee formed of three subgroups: integration and global design, costing and editing;
was charged to distil this work into a coherent detector proposal. This article presents the outcome
of this combined effort, describing the design and performance of the proposed ATHENA detector.

1.1 EIC Physics Scope

The EIC will be a world-wide unique facility to address fundamental questions regarding visible
matter in the universe. The EIC Yellow Report [2] poses the overarching questions as follows:

• How do the nucleonic properties such as mass and spin emerge from partons and their
underlying interactions?

• How are partons inside the nucleon distributed in both momentum and position space?

• How do color-charged quarks and gluons, and jets, interact with a nuclear medium? How do
the confined hadronic states emerge from these quarks and gluons? How do the quark-gluon
interactions create nuclear binding?

• How does a dense nuclear environment affect the dynamics of quarks and gluons, their
correlations, and their interactions? What happens to the gluon density in nuclei? Does
it saturate at high energy, giving rise to gluonic matter or a gluonic phase with universal
properties in all nuclei and even in nucleons?

– 2 –
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Table 1. Different categories of processes measured at an EIC (Initial state: colliding electron (𝑒), proton
(𝑝), and nuclei (𝐴). Final state: scattered electron (𝑒′), neutrino (𝜈), photon (𝛾), hadron (ℎ), and hadronic
final state (𝑋)). Key kinematic variables are indicated in magenta.

Neutral-current Inclusive DIS: 𝑒+ 𝑝/A −→ 𝑒′+𝑋; for this
process, it is essential to detect the scattered electron, 𝑒′, with
high precision. All other final state particles (𝑋) are ignored.
The scattered electron is critical for all processes to determine
the event kinematics. The key kinematic variable in this
process are 𝑥 and𝑄2where 𝑥 is themomentum fraction of the
quark (w.r.t. the nucleon) on which the photon scatters. 𝑄2

is the squared momentum transfer to the electron 𝑄2 = −𝑞2,
equal to the virtuality of the exchanged photon. Large values
of 𝑄2 provide a hard scale to the process, which allows one
to resolve quarks and gluons in the proton.

p

q

x
X

e eʹ

γ∗

⎫
⎬
⎭

Charged-current Inclusive DIS: 𝑒+ 𝑝/A −→ 𝜈+𝑋; at high
enough momentum transfer 𝑄2, the electron-quark interac-
tion is mediated by the exchange of a𝑊± gauge boson instead
of the virtual photon. In this case the event kinematic cannot
be reconstructed from the scattered electron, but needs to be
reconstructed from the final state particles. p

e ν

W

X
⎫
⎬
⎭

Semi-inclusive DIS: 𝑒 + 𝑝/A −→ 𝑒′ + ℎ±,0 + 𝑋 , which
requires measurement of at least one identified hadron in
coincidence with the scattered electron.

e eʹ

γ∗
h, …
⎫

⎬
⎭

p X

Exclusive DIS: 𝑒+ 𝑝/A −→ 𝑒′+ 𝑝′/𝐴′+𝛾/ℎ±,0/𝑉𝑀 , which
require the measurement of all particles in the event with
high precision. A key kinematic variable for this process is
𝑡 = (𝑝′− 𝑝)2, the invariant square of the momentum transfer
of the scattered proton or ion, which is crucial for all parton
imaging studies. p

e eʹ

γ∗

h,γ

pʹ

t
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The EIC facility is designed [3] to collide electrons with a variety of ions from protons up
to the heaviest stable nuclei at center-of-mass energies ranging from 20 to 140GeV. The colliding
beam electrons, protons, and light ions can be spin-polarized at the level of 70%. The luminosity
is expected to reach 1034 cm−2s−1 for electron-proton collisions. The interaction region will have
an integrated detector capable of nearly 100% kinematic coverage and the possibility of a second
interaction region is foreseen.

Core physics processes to address the above science questions are shown in table 1, which
also introduces their main kinematic variables. The main classes of observables are differential
production cross sections, correlations, and spin asymmetries, which in turn give insight into the
distributions of quarks and gluons and their dynamics. In the case of nucleon spin, for example, it
is well known that only a small fraction is accounted for by quark spins, leaving large gaps in the
knowledge and understanding of the roles of gluons and orbital angular momenta. The EIC will
enable a vast “tomography” program of inclusive, semi-inclusive, and exclusive DIS measurements
that will provide precision data sensitive to both, the spatial and momentum distributions of quarks
and gluons in nucleons and nuclei, including their spin dependencies. The capability to measure
collisions of electrons with a variety of ions over a wide range of center-of-mass energies will
offer unprecedented possibilities to study the quark and gluon structure of nuclear matter, hadron
formation in and transport through this environment, as well as tantalizing prospects to probe the
highly occupied gluon states of heavy nuclei at low-𝑥, where gluon self-interactions are predicted
to give rise to new degrees of freedom and phenomena.

We would like to refer the reader to refs. [7, 8], reporting on programs at the Institute for
Nuclear Theory dedicated to EIC physics, as well as the EICWhite Paper [4] and Yellow Report [2]
for comprehensive overviews of these and other EIC physics opportunities.

1.2 Detector Overview

As an entirely new detector, ATHENA has been designed to accommodate all necessary subsystems
without compromising on performance, while leaving room for future upgrades. Central to the
proposal is a new, large-bore magnet with a maximum field strength of 3 T. Particle tracking
and vertex reconstruction will be performed by a combination of next-generation silicon pixel
sensors and state-of-the-art micro-pattern gas detectors. The combination of magnetic field strength
and high resolution, low mass tracking technologies optimizes momentum resolution and vertex
reconstruction. The large bore of the magnet allows for layered, complementary, state-of-the-art
particle identification technologies. A novel hybrid imaging/sampling electromagnetic calorimeter
is proposed for the barrel region of the detector, along with a high resolution crystal calorimeter
in the electron-going direction. The hadron endcap will have calorimetry, tracking and Particle
Identification (PID) detectors that are optimized for high-momentum hadron identification and high-
energy jet reconstruction. We have striven for hermeticity by closely integrating the far-forward
and far-backward detectors with the central detector to achieve maximal kinematic coverage and to
optimize the detection of particles at small scattering angles. Careful choice between cutting-edge
and mature detector technologies achieves the necessary detector performance while minimizing
risk and providing a cost-effective solution that is achievable on the required timescale. Scalable
modern technology choices assure optimum performance for multi-year operation from day one.

– 4 –
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The integrated ATHENA detector is shown in figure 1. To achieve the required level of
performance, the inner subsystems must comprise very low-mass detectors and support structures.
This is accomplished by an inner tracking system (vertex layers, barrel layers and disks) based on
low-power consumption siliconMonolithic Active Pixel Sensor (MAPS) technology complemented
by cylindrical Micro-mesh Gas Detector (Micromegas) layers at larger radii in the barrel and
Gas Electron Multiplier (GEM) rings in the forward/backward direction. The required level of
particle identification is achieved with a wide range of complementary technologies comprising
a high-performance DIRC (hpDIRC) detector in the barrel augmented by an AC-coupled LGAD
(AC-LGAD) time-of-flight layer at smaller radii; a dual-radiator RICH (dRICH) in the forward
region and by a single-volume proximity-focusing RICH (pfRICH) in the electron endcap. In the
forward region, a micro-ResistiveWell (𝜇RWell) tracker is positioned behind the dRICH to improve
tracking and pointing accuracy. In the barrel, tracking information behind the hpDIRC is provided
by silicon pixel sensors in the imaging part of the barrel Electromagnetic Calorimeter (bECal). The
bECal is a hybrid of imaging calorimetry employing silicon pixel sensors and sampling calorimetry
based on Scintillating Fibers (SciFi) embedded in lead. The complete barrel tracking and barrel
electromagnetic calorimeter subsystems are contained within the superconducting solenoid.

The forward (proton-going direction) calorimeters consist of aW/SciFi hadron-endcap Electro-
magnetic Calorimeter (pECal)) augmented by an iron-scintillator sampling hadron-endcap Hadron
Calorimeter (pHCal). The backward (electron-going direction) electromagnetic calorimeter (nECal)
has the most stringent resolution requirements since it must measure scattered electrons with high
precision. This is achieved by using lead tungstate (PbWO4) crystals in the inner part and Scin-
tillating Glass (SciGlass) in the outer part. This is completed by an iron-scintillator sampling
electron-endcap Hadron Calorimeter (nHCal). The barrel and endcap hadronic calorimeters sit
outside the solenoid and serve as flux returns for the magnet.

Table 2 lists the ATHENA subsystems in the central detector and serves as a reference for
section 2 where the technology choices and performances are discussed. Crucial to addressing
many of the science questions is the detection of both electrons and hadrons scattered at small
angles close to the beam. The arrangement and technology choices of far-forward and far-backward
detectors are also discussed in section 2.

1.3 ATHENA Capabilities

The performance benefits of theATHENAdetector design include: high resolution reconstruction of
the scattered electron, accompanied by effective electron/pion separation, to help optimize event-by-
event kinematics reconstruction; hadron endcap tracking and PID resolution optimized for forward
hadron and jet measurements; novel barrel electromagnetic calorimetry with superb resolution for
electrons and photons, providing high precision over a wide 𝑥 and 𝑄2 range; and an ability to run
with lower field to optimize acceptance at different center-of-mass energies. These are essential
for inclusive Deep Inelastic Scattering (DIS), Deeply Virtual Compton Scattering (DVCS), and
DeeplyVirtualMesonProduction (DVMP). ThisATHENAstrategy enablesmaking complementary
measurements in each of the key science areas with minimized systematic uncertainties, for example
by adding novel jet measurements to the Semi-Inclusive DIS (SIDIS) studies laid out in the Electron-
Ion Collider (EIC) White Paper.
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ATHENA’s ability to measure with high resolution over a wide kinematic range will yield
significant advances in our knowledge of parton distributions in nucleons and nuclei. This translates
to early discovery potential at the EIC on the origin of spin in polarized 𝑒+p collisions, in the search
for gluon saturation, and measuring nuclear Parton Distribution Functions (nPDFs) at small 𝑥 in
𝑒+A collisions. Electro- and photo-production of vector mesons in 𝑒+p and 𝑒+A collisions are key
observables for saturation and origin of the nucleon mass; ATHENA’s momentum resolution allows
for good separation of resonance states. Insights into energy loss and transport properties in dense
gluonic matter will be enabled by precision measurements over a large 𝑄2 and 𝑥 range for SIDIS
including heavy flavor, jets and their substructure.

ATHENA will make, with high precision, the challenging measurements required to extract
Generalized Parton Distributions (GPDs) and Transverse Momentum Distributions (TMDs), which
encode the full structure of the nucleon and nuclei. Measurements of GPDs viaDVCS are enabled by
ATHENA’s excellent photon measuring capability. Novel TMD measurements to study the valence
region are facilitated by highly effective jet and hadron measurements, identification capabilities,
and complementary event reconstruction in the hadron-going direction.

Spectroscopy measurements are optimized by the superior tracking resolution and PID reach in
the barrel region. Hadronization studies utilize ATHENA’s comprehensive hadron PID capabilities
for jet fragmentation studies, along with precision measurements of jet substructure. Measurements
of long range correlations, of particular interest in 𝑒+A collisions, require high resolution tracking
over a wide range of rapidity and momentum, which is a key attribute of the ATHENA design.

1.4 Structure of the Proposal

In section 2 we present the detailed ATHENA Detector concept and motivate its design and
technology choices. Section 3 contains an assessment of the impact of ATHENA on EIC science.

The results presented in this article fall into three categories: 1) based on Analytical Calcu-
lations (AnaCal), 2) on full GEANT4 based simulations, where we implemented the complete
ATHENA baseline geometry, including the material needed for detector services and a realis-
tic reconstruction framework in a newly developed software environment (section 2.9) leveraging
modern developments from the HEP community (FullSim), and 3) from fast simulations based
on calculations or parameterized smearing of detector resolution validated by full simulations or
comparison with full simulation samples (FastSim). These acronyms are used in the text to refer
to the different approaches.

2 The ATHENA detector

2.1 Design considerations

The ATHENA detector will meet the goals of the EIC physics program over the full range of
center-of-mass energies from 20 to 140GeV with the largest acceptance practically possible. The
following principles guided the design:

Overall size: ATHENA benefits from using all the available space for experimental equipment at
Interaction Point 6 (IP6) and respects all constraints imposed by the existing detector hall. Our
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design accommodates all subsystems without compromising on performance, eases routing of
services and leaves room for future upgrades.

Acceptance: The central detector will deliver physics in the range of −3.8 < 𝜂 < 3.75 (approx-
imately 3◦ to 177◦), augmented by far-forward and far-backward detectors for maximum 𝑥 − 𝑄2
coverage and detection of small angle particles vital for the physics program.

Magnet: ASolenoidwith amagnetic field up to 3 Twith ample space to accommodate all ATHENA
subsystems and possible future upgrades.

Performance: ATHENA is designed to deliver the science detailed in the National Academies
assessment [5] and developed in the Yellow Report [2]. Careful consideration is given to alternative,
cutting-edge technologies where these offer substantially improved performance. The proposed
detector is designed to be both achievable and low risk. Its performance has been validated through
GEANT4 simulations.

Robustness: As the EIC Project has resources for a single general purpose detector, the design
must be robust. Robustness has been a key parameter in the technology choices by including an
adequate level of redundancy. Accessibility for maintenance has also been carefully considered by
the ATHENA integration engineers.

Upgrade capability: The detector design foresees room at strategic locations to facilitate future
upgrades should the first physics results suggest focusing on certain signals or processes that require
enhanced performance, for example expanded particle identification coverage.

Cost effectiveness: Where possible, cost-effective technologies were chosen without compromis-
ing performance.

The ATHENA concept arises from almost a year of creative design by physicists and engineers,
building upon prior and ongoing detector research and development [2, 3, 6]. This represents
progress in several areas beyond the Yellow Report [2]:

Magnet design: Design of a large-aperture 3 T solenoid that satisfies the needs of field projectivity
in the forward region posed by the gaseous RICH, but also provides minimal practically achievable
material budget (∼1.3 nuclear interaction lengths 𝜆𝐼 ) in the radial direction.

Tracking system: Design and performance evaluation of a tracking subsystem, where services are
included and accounted for in the simulation.

Particle identification: (i) The implementation of PID in the forward region of the central detector,
where the large-angular-acceptance dRICH has an adequate length of the gas radiator to achieve
optimal optical focusing, (ii) the selection of PID devices in the forward and in the backward region
with a large overlap of technologies, (iii) a time-of-flight system using AC-LGAD technology
complementing the hpDIRC in the barrel to ensure PID over the complete momentum range of
interest, starting below 1GeV/c.
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Calorimetry: Hybrid electromagnetic calorimetry in the barrel with imaging layers delivering
remarkable 𝜋/e separation at low momenta, a space point following the hpDIRC, contributing to
hadronic calorimetry, and with spatial resolution which improves 𝜋0/𝛾 separation.

Integration strategy: A set of subdetectors matching the physics needs, with a clear strategy for
mechanical supports, installation, and initial development of the related engineering model.

Software approach: An integrated simulation toolkitwith amodular structure using software pack-
ages such as the DD4hep detector description toolkit, the Gaudi event processing framework, and A
Common Tracking Software (ACTS) suite, which are supported by large international collaborative
efforts. The result is a software stack that scales to modern heterogeneous computing architectures,
leveraging current and future High-Throughput Computing (HTC) and High-Performance Comput-
ing (HPC) capabilities. This is a major step towards a modern software environment for the EIC.

Expertise: The expertise of existing and potential future collaborators and collaborating institutions
has been considered in the planning of ATHENA.

2.2 Magnet design

A key feature of ATHENA is a large-bore, superconducting solenoid with a maximum field strength
of 3 T. An inner bore diameter of 3.2 m and a coil length of 3.6 m are sufficient to provide the barrel
tracking with a uniform high-field region, while also containing the PID devices and the bECal.

To accommodate the magnet coil, the cryostat has an outer diameter of 4.11 m and a total
length of 3.84 m. For initial design studies, a simplified barrel was used to reduce the modeling
time. For magnetic analysis, only the hadron calorimeters have been considered as these are the
only subdetectors constructed from magnetic material. The HCals have three main components:
an electron-endcap HCal, a hadron-endcap HCal and a barrel HCal, as illustrated in figure 2.
The magnet center is shifted by 25 cm with respect to the center of the detector and the nominal
interaction point towards the electron endcap. This compensates for the different iron content and
location of the two endcap calorimeters, thereby reducing the axial forces on the magnet to enable
a solenoid design with minimum mechanical support. The current model assumes a generic B-H
curve; actual material properties will be incorporated into the model at a later date.

2.2.1 Field shape

Key design constrains for the magnet were the flat-field region, the shape of the magnetic field lines
in the volume of the dRICH in the forward direction, and limits on the tolerable stray field for the
accelerator components. The space for the dRICHextends from 𝑧 = +190 cm to 𝑧 = +330 cmwith an
angular range of 3.5◦ to 25◦. Ideally, the field lines in this region should be projective to minimize
distortions due to track bending in the gaseous volume of the dRICH (see section 2.5.1). This
requirement affects the uniformity achievable in the flat-field region and therefore requires careful
optimization. To make the effect of the solenoid on the accelerator tolerable, the requirement is for
a stray field smaller than 5G in the region 𝑧 = {7.4, 8.0} m and 𝑧 = {−5.3,−7.1} m, respectively.
The Rapid Cycling Synchrotron (RCS) is radially 335.2 cm from the magnet central axis where the
integral field requirement over the length of the detector is < 0.007 Tm. The currently achieved
fringe fields will be further improved in the next design phase.
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Figure 2. Dimensions of the cryostat and the hadron calorimeters.

The electromagnetic analysis was performed using the SIMULIA Opera simulation package.
The field in the coil and in the HCals is shown in figure 3 and the main design parameters are
summarized in table 3.

Surface contours: B
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Figure 3. Magnetic field in the coil and barrel and endcap HCals.

2.2.2 Choice of conductor

In order to minimize the material budget in front of the barrel HCal, a NiTi Rutherford cable with
a 5N AlNi1% stabilizer is chosen. The Rutherford cable is made up of 40, 0.84 mm diameter
Cu-(NbTi) strands. Preliminary calculations show that this conductor is a safe choice with a 1.96 K
temperature margin (see section 2.2.4), a 35% current margin, and approximately a 50 K hot spot
temperature in the event of a quench.
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Table 3. Magnet design parameters.

Parameter Value Units

B in the solenoid centre 3.02 T
Peak field in the coil 4.19 T
Stored energy 175.5 MJ
B @ z = -5.6 m 10.5 mT
B @ z = 7.2 m 5.2 mT
Homogeneity in flat field area 27.5 %
Projectivity in the forward RICH area 10.4 T/Amm2

Axial force 37 kN

2.2.3 Mechanical design

The preliminary mechanical analysis has been carried out in 2-D. This analysis assumes the or-
thotropic behavior of the conductor and assumes a sliding contact between the magnet and the
support structure. The support structure is 50 mm thick aluminum. Calculations of both the cool
down and energization loads have been performed. In both cases, the stresses in the coil and the
support structure are well below the design limits. The peak stress at energization (worst case sce-
nario) is 63MPa in the coils and 73MPa in the support structure, while the design limits are 70MPa
and 135 MPa, respectively. The limits are based on two-thirds of the yield stress of the material.

2.2.4 Cryogenic design

The available cryogens for the magnet are supercritical helium at 4.5 K and 3.5 bar for the cold
mass and helium gas at 45 K and 15 bar for the shields. The return gas of the cold mass and the
shields are expected to be at 4.8 K at 1.28 bar and 80 K at 14 bar, respectively. The allotted power
budget for the magnet is 100 W at 4.5 K and around 400 W at 80 K. Based on the magnet size
and type, the magnet cooling will be done using the thermosiphon method. Preliminary heat load
calculations show that the load is well within the available limits.

2.3 Vertex and tracking system

ATHENAwill utilize siliconMAPS near the interaction point andMicro-Pattern Gaseous Detectors
(MPGDs) farther out. This configuration allows for a low material budget tracking system with
sufficient redundancy over a large lever arm, which is critical to achieve the required momentum
resolution. The layout of the vertex and tracking system is illustrated in figure 4. A compact inner
silicon barrel consists of three vertex layers and two barrel layers occupying a region that has a
maximum radius of 18 cm and a total length of 48 cm. The vertex layers are made of large-area,
wafer-scale, stitched sensors that are bent around the beam pipe, allowing the first vertex layer to
be placed very close to the interaction point at a radius of 33mm. The barrel layers comprise a
more traditional stave design that uses smaller stitched sensors. The two outermost barrel layers
will each comprise two closely-spaced 2-D layers of Micromegas with mean radii of approximately
49 cm and 76 cm, and maximum total length of approximately 200 cm.
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In the forward and backward directions, the vertex and tracking system consists of silicon disks
augmented by large-area GEMs. The silicon disks will use the same sensor technology as the vertex
and barrel layers. In an effort to minimize material in the backward (electron-going) direction, there
are five disks, while in the forward (proton/nucleus-going) direction there are six disks. They start
25 cm either side of the interaction point and extend to 145 cm in the backward direction and 165 cm
in the forward direction. The maximum outer radius of the disks is approximately 43 cm. The min-
imum radii are determined by the divergence of the beam pipe. Two triple-GEMs detectors with an
inner and outer radius of about 45 cm and 76 cm, respectively, are implemented near the two silicon
disks furthest from the IP to extend the acceptance for tracks and provide additional hit points for
track reconstruction in the pseudorapidity interval 1.1 < |𝜂 | < 2.0. Finally, a 𝜇RWell detector, with
a radius of about 196 cm is located behind the dRICH detector in the forward direction. This detector
helps seed the dRICH ring finder and improves the momentum resolution in the forward direction.

Figure 4. ATHENA baseline hybrid tracking system comprising MAPS vertex and barrel layers and
forward/backward MAPS disks complemented by large-area Micromegas detectors in the outer barrel layers
and forward/backward GEM and 𝜇RWell disks.

2.3.1 Choice of technology

The silicon detectors will use the latest 65 nm MAPS technology that was identified in the Yellow
Report [2] as the best candidate to meet the stringent requirements on vertex and momentum
resolution. This technology is currently being developed for an upgrade of the inner tracking
system of the ALICE experiment at the LHC at CERN. The upgraded ALICE detector (ITS3) is
expected to be ready for installation during the next long LHC shutdown from 2026 to 2028.

The specifications of the proposed ITS3 sensor alreadymeet most, if not all, of the requirements
of the EIC.ATHENAplans to use the ITS3 sensor in all parts of its silicon trackerwith size optimized
for vertex layers with minimal material and for cost effective large area coverage in barrel layers and
disks. The overarching goal of ITS3 is to achieve a pixel pitch down to 10 μm while keeping power
dissipation below 20 mW cm−2 to construct a vertex detector with a space point resolution of better
than 5 μm for a material thickness of just 0.05% 𝑋/𝑋0 per layer. By comparison, the vertex layers
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in the current ALICE ITS (ITS2) have a pixel pitch of approximately 30 μm, dissipate 40 mW cm−2

and each have a material thickness of 0.35% 𝑋/𝑋0.
For the three innermost vertex layers of the tracking system, ATHENA will adopt the ALICE

ITS3 concept of large-area, wafer-scale stitched sensors, thinned to below 50 μm, bent around the
beam pipe and held in place using low mass carbon fiber support structures [9]. The low power
dissipation of the sensor will enable air cooling of the vertex layers, which is a key factor in
reducing the material thickness of the innermost tracking layers, crucial to achieve the required
vertex reconstruction resolution. The barrel layers and forward/backward disks will use more
conventional flat sensors, also stitched but not to wafer scale, mounted on flat support structures:
staves and half-disks. This leads to an estimate of 0.55% 𝑋/𝑋0 in each of the two barrel layers and
0.24% 𝑋/𝑋0 for the disks, based on the ALICE ITS2 [10] experience and the anticipated power
dissipation of the new 65 nm sensor.

The EIC Silicon Consortium has grown out of the EIC generic detector R&D program
(eRD16/eRD18/eRD25) and its leadership is made up of members of the ATHENA collabora-
tion. The EIC Silicon Consortium will co-develop with ALICE-ITS3 the wafer-scale sensor for the
vertex layers, while also developing an EIC-specific, stitched but not wafer-scale version of the same
sensor for the barrel layers and disks, together with support structures and services (see section 2.11).

MPGD technologies such as GEMs, Micromegas and 𝜇RWell detectors are a cost-effective
solution for large-area tracking systems requiring a lowmaterial budget. GEMs andMicromegas are
both mature technologies and have been used in many nuclear and high-energy physics experiments
including COMPASS and the upgrades of ATLAS, CMS, ALICE, and LHCb at CERN; SBS,
CLAS12, and PRad at Jefferson Lab; as well as the STAR Forward GEM Tracker and PHENIX
Hadron Blind Detector at BNL. In general, MPGDs are gaseous devices for electron amplification
with a high granularity strip or pad anode readout to provide good 2-D space point resolution
(< 100 μm), fast signals (∼ 10 ns), high rate capability (up to 1 MHz cm−2), low material budget,
radiation hardness and large area coverage. Through the EIC generic detector R&D program
(eRD3/eRD6 [11–22]) advancements towards low material and large-area MPGD detectors with
low channel counts and high granularity readout structures have been made. Each Micromegas
layer in the barrel and each of the forward/backward triple-GEM disks has a material thickness well
below 1% 𝑋/𝑋0. The addition of a Time-of-Flight (ToF)-layer based on AC-LGAD in the barrel
will improve the pattern recognition and tracking performance at higher 𝑝𝑇 . In the evaluation of
the tracker performance discussed in the following this device was not taken into account.

2.3.2 Requirements and subsystem performance

The combined silicon and gaseous detector technology design, illustrated in figure 4, has been
chosen after careful consideration of tracking and vertex reconstruction performance, cost, ease
of integration, and with the overarching aim of minimizing material. The solution allows the
services to the central silicon barrel to be routed along the conical/cylindrical support structure that
encapsulates the silicon disks.

The overall performance of the chosen vertex and tracking system is illustrated in figure 5 and
figure 6, which shows the reconstructed relative momentum resolution (𝑑𝑝/𝑝) as a function of
momentum (figure 5) and the transverse distance of closest approach (DCAT) to the primary vertex
(pointing resolution) as a function of transverse momentum (figure 6) for primary pions generated
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in three bins of pseudorapidity. The dashed lines represent the corresponding performance require-
ments from the EIC Yellow Report. The relative momentum and transverse pointing resolutions
were obtained from full GEANT4 simulations and have been parameterized by fitting the same
functional forms as the Yellow Report requirements. The fits were performed in bins Δ𝜂 = 0.5 and
then combined to match the binning found in the Yellow Report. The results are summarized in
table 4 presenting a side-by-side comparison of the achieved performance and detector requirements
as a function of pseudorapidity.
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Figure 5. ATHENA momentum resolutions versus momentum of generated pions compared to the Yellow
Report requirements (dashed lines) for selected 𝜂 bins. (FullSim).

Table 4. Comparison of performance and Yellow Report requirement parameterizations for relative momen-
tum and transverse pointing resolutions as a function ofmomentum for theATHENAbaseline tracking system.

Momentum resolution 𝝈( 𝒑)/ 𝒑 Transverse pointing resolution 𝝈(DCAT)

Performance Requirements Performance Requirements
-3.5 < 𝜂 < -2.5 ∼ 0.04% × 𝑝 ⊕ 1.5% ∼ 0.1% × 𝑝 ⊕ 0.5% ∼ 80/𝑝𝑇 ⊕ 10 μ𝑚 ∼ 30/𝑝𝑇 ⊕ 50 μ𝑚
-2.5 < 𝜂 < -1.0 ∼ 0.01% × 𝑝 ⊕ 0.5% ∼ 0.05% × 𝑝 ⊕ 0.5% ∼ 50/𝑝𝑇 ⊕ 5 μ𝑚 ∼ 30/𝑝𝑇 ⊕ 20 μ𝑚
-1.0 < 𝜂 < 1.0 ∼ 0.05% × 𝑝 ⊕ 0.4% ∼ 0.05% × 𝑝 ⊕ 0.5% ∼ 30/𝑝𝑇 ⊕ 5 μ𝑚 ∼ 20/𝑝𝑇 ⊕ 5 μ𝑚
1.0 < 𝜂 < 2.5 ∼ 0.01% × 𝑝 ⊕ 0.5% ∼ 0.05% × 𝑝 ⊕ 1% ∼ 50/𝑝𝑇 ⊕ 5 μ𝑚 ∼ 30/𝑝𝑇 ⊕ 20 μ𝑚
2.5 < 𝜂 < 3.5 ∼ 0.02% × 𝑝 ⊕ 1.5% ∼ 0.1% × 𝑝 ⊕ 2% ∼ 80/𝑝𝑇 ⊕ 10 μ𝑚 ∼ 30/𝑝𝑇 ⊕ 50 μ𝑚

The tracking performance meets or exceeds the momentum resolution requirements stated in
the Yellow Report, except for the most backward pseudorapidities. One way to improve this would
be to further increase the 𝐵 · 𝑑𝑙 of the tracking system. However, a significantly larger field value
is impractical, the tracking lever arm cannot be extended further due to spatial constraints in the
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Figure 6. Transverse DCA resolution versus transverse momentum of generated pions compared to the
Yellow Report requirements (dashed lines) for selected 𝜂 bins. (FullSim).

current ATHENA detector configuration, and adding silicon disks to the proposed array would
worsen the momentum performance because of the additional material they would introduce. The
backward momentum resolution requirement in the Yellow Report can thus not be met by current
detector technology. Achieving the science will require the combination of tracking information
with that from the high resolution crystal electron-endcap Electromagnetic Calorimeter (nECal) to
improve the electron measurement, further minimization of the material inside the backward disk
array, a different trade-offwith the PID subsystem in the associated acceptance region, an alternative
analysis approach, or a combination of these factors.

2.4 Calorimetry

2.4.1 Electron endcap electromagnetic calorimeter

The electron-endcap Electromagnetic Calorimeter (nECal) is a high-resolution electromagnetic
calorimeter designed for precision measurements of the energy of scattered electrons and final-state
photons in the region −4 < 𝜂 < −1.5. Based on the Yellow Report [2], the required high energy
resolution is driven by inclusive DIS where precise measurement of scattered electrons is critical to
determine the event kinematics. The inner part of the nECal consists of 1976 PbWO4 crystals, each
of size 20× 20× 200 mm3 (∼ 22 𝑋0) [23, 24]. The expected energy resolution for PbWO4 crystals
is 2%/

√
𝐸 ⊕ 1% [2]. The outer part of the nECal consists of 1104 SciGlass blocks, each of size

40× 40× 550mm3 (∼ 20 𝑋0) [25, 26], with expected energy resolution of 2.5%/
√
𝐸 ⊕ 2.0%. Both

the PbWO4 and SciGlass blocks will be read out with arrays of Silicon Photomultipliers (SiPMs).
The technology choice and overall design concept of the nECal is the same as in the Yellow

Report. Since the Yellow Report, the design has been further developed by the EEEMCAL
consortium [27].
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Figure 7. Left: the mechanical design of hybrid crystal/glass calorimeter nECal. Right: expected nECal
performance for the stand alone calorimeter, the energy resolution curves for inner PbWO4 (∼ 22 𝑋0) and
outer SciGlass (∼ 20 𝑋0) regions (FullSim).

The nECal calorimeter concept was developed as part of the EIC generic detector R&D
program [28]. The team collaborated closely with producers of PbWO4 crystals and SciGlass to
establish robust QA protocols at all stages of production, ensuring the highest quality of blocks.
R&D for SciGlass will continue under the auspices of the EIC Project to show the feasibility of
production scale up. In the event that SciGlass R&D is delayed, the fallback technology is lead glass.

A detailed design of the nECal is underway among the collaborating institutions of EEEMCAL,
focussing on mechanical design, scintillator, readout, and software/simulation development. Pre-
design activities, in particular for the support structure have started in 2021. The mechanical
integration of this detector is shown in figure 7. This concept is based upon existing detectors the
team has constructed, and in particular, the Neutral Particle Spectrometer at Jefferson Lab [29].
The final assembly of the detector will be performed at BNL.

2.4.2 Barrel electromagnetic calorimeter

The barrel Electromagnetic Calorimeter (bECal) will detect scattered and secondary electrons and
separate them from pions, detect and reconstruct full kinematic information for photons, and provide
sufficient spatial resolution to identify neutral pions from 𝜋0 → 𝛾𝛾 decay at high momenta. The
proposed design is hybrid, using light-collecting calorimetry based on SciFi embedded in Pb and
imaging calorimetry based on AstroPix monolithic silicon sensors [30]. The imaging of particle
showers is achieved by six layers of silicon sensors interleaved with five Pb/SciFi layers, followed
by a thick layer of Pb/SciFi calorimeter resulting in a total radiation thickness of about 20 X0.
The barrel is composed of 12 staves, as shown in figure 8 presenting the geometry of the barrel
calorimeter used in the current ATHENA simulations. The inner radius of the barrel is 103 cm.
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The first (closest to the beam) six layers are imaging layers with a width of 55.2 cm and length of
405 cm. Each imaging layer is separated by a Pb/SciFi layer that is about 1.59 cm thick. Because
of ATHENA’s geometry, the bECal not only functions as the barrel calorimeter, but also provides
significant coverage in the electron-going direction for the overall ECal system.

Energy D
eposit (M

eV)

φ 
(m

ra
d)

η

Figure 8. Left: the bECal as included in detector simulations. The insets show the structure of the Si
imaging layers (bottom) and the 1.59 cm thick Pb/SciFi (top). The imaging layers are followed by a thicker
Pb/SciFi section, for a total thickness (not including the support structure) of 40 cm. Right: energy deposited
in pixels in the imaging calorimeter demonstrating clean separation of the two clusters for a 15GeV 𝜋0. The
red crosses mark the reconstructed clusters centers (FullSim).

The Yellow Report stipulates that the bECal should have energy resolution of approximately
(10–12)%/

√
𝐸⊕ (1–3)%, electron-pion separation up to 104, spatial resolution to separate 𝛾 from

𝜋0 decay for momenta up to 15GeV/c, and the capability to detect photons down to 100MeV.
This hybrid design provides precise measurements of both the energy and position of the

incident particle’s cascade in 3-D. Utilizing Artificial Intelligence (AI) techniques for pattern
recognition of the 3-D shower images, this calorimeter will provide pion-electron rejection better
than that achievablewith traditional sampling calorimetry, especially at lower particle energies (. 5-
GeV); see figure 9. The layers of the Pb/SciFi sampling calorimeter improve the overall sampling
fraction and hence, the energy resolution of the calorimeter. Table 5 summarizes the expected
detector performance based on simulations with AstroPix sensor digitization and reconstruction
algorithms for both 3-D and 2-D shower clustering.

The imaging layers are based on off-the-shelf AstroPix sensors, the successor of AT-
LASPix [31], a low-power pixel sensor developed for ATLAS, and further optimized for the
NASA AMEGO-X [32] mission. These sensors have excellent energy resolution at low energy
(∼ 7% at 30 keV) and do not have stringent power and cooling requirements. This technology
was discussed in the Yellow Report as an alternative to light-collecting calorimeters. The imaging
capabilities replace the need for the projective geometry of the Yellow Report W/SciFi calorimeter.
The proposed Pb/SciFi design is based on the existing GlueX barrel calorimeter with an energy
resolution of 5.2%/

√
𝐸 ⊕ 3.6% [33] and 𝑧-position resolution 𝜎𝑧 = 1.1 cm/

√
𝐸 at normal incident

angle [34], exceeding the Yellow Report requirements. These numbers were obtained from fits to
low-energy data (𝐸 < 2.5GeV) that do not fully constrain the constant term.
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Figure 9. Left: the pion rejection power of the bECal (red solid line) compared with other technologies
listed in the EIC Yellow Report. The rejection power of the bECal is obtained from the 𝐸/𝑝 method and
pattern matching, while the other rejection powers are determined solely from the 𝐸/𝑝 method [2]. All the
curves, including simulations and data, are obtained for the standalone calorimeter, i.e., no other materials
are placed in front of the calorimeter and no magnetic field is involved. Right: the merging probability for
two 𝛾s from 𝜋0 decay for the bECal is determined by 6𝜎 of the spatial resolution (2.4/

√
𝐸 ⊕ 1.3 mm), since

its pixel size (0.5mm) is much smaller than the cluster profile. For the other technologies, the cell size is
used to estimate the probability [2].

The fine pixelation of the bECal allows for tagging of final state radiative photons that may be
extremely close to the scattered electron. This is important for radiative corrections, enabling the
benchmarking of e+AMonte Carlo generators. Furthermore, the first Si layer provides a space point
for the hpDIRC reconstruction, obviating the need for additional large-radius tracking. The outer,
thick layer of Pb/SciFi contributes to neutral hadron identification since 70% or more of produced
neutrons will begin showering within the bECal. This partially compensates for losses in the magnet
material and improves the overall hadronic reconstruction. The tracking layers lower the threshold
of 𝜋/𝑒 separation, expanding the available phase space for all physics objectives. Furthermore, the
3-D shower profiles measured by the bECal enable effective 𝜇 identification.

The overall concept for a tracking calorimeter is novel, but it relies on two well-developed
technologies. The tracking layers rely on the technology of CMOS pixel sensors; a first version of
the AstroPix sensor has already been delivered, and the second version is expected soon. Pb/SciFi
technology is very mature, having been used for over 30 years; this design will scale up the design
for the KLOE and GlueX experiments [33, 35].

2.4.3 Hadron endcap electromagnetic and hadronic calorimeters

ATHENA’s high resolution, high granularity, compact hadron endcap calorimeter system consists of
a compensated hadron-endcap Electromagnetic Calorimeter (pECal) and Fe/Scint (20 mm / 3 mm)
sandwich hadron-endcap Hadron Calorimeter (pHCal). The expected electromagnetic resolution is
∼ 11%/

√
𝐸 ⊕ 2%, while the hadronic resolution is ∼ 32%/

√
𝐸 ⊕ 2%, including a tail-catcher cut.

This is based on GEANT4 simulations and requires experimental validation. The experimentally
achieved energy resolution with a similar but thinner (only 4.5 𝜆𝐼 ) HCal and shashlyk ECal system
built for STAR was ∼ 60%/

√
𝐸 ⊕ 6%. The e/h ratio for the pECal is tuned to be ∼ 1 above
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Table 5. Expected bECal detector performance.

Energy Resolution 5.5%/
√
𝐸 ⊕ 1%𝑎

𝑒/𝜋 separation > 99.8% pion rejection with 95% electron efficiency at 𝑝 ≥
0.1GeV/c𝑏.

𝐸
𝛾

min < 100MeV𝑐

Spatial Resolution Cluster position resolution for 5GeV photons at normal incident angle
is below 𝜎 = 2mm (at the surface of the stave 𝑟 = 103 cm) or 0.12◦.
For comparison, theminimal opening angle of photons from 𝜋0 → 𝛾𝛾

at 15GeV is ∼ 1.05◦ (about 19 mm — 37 pixels — of separation at
𝑟 = 103 cm).

𝑎Based on the photon simulations with −0.5 < 𝜂 < 0.5 and 0 < 𝜙 < 2𝜋. The constant term does not include calibration
effects.
𝑏Based on simulation for a standalone bECal, see figure 9 for detailed results.
𝑐Based on simulations, 100MeV photons leave an energy deposit of ∼ 15 MeV in SciFi layers and of ∼ 1MeV in the
imaging layers. This simulation includes digitization with electronics noise and a noise suppression cut.

10GeV, while for the pHCal it is ∼ 1.2. The pHCal will have four longitudinal sections for software
compensation, i.e., re-weighting energy deposition in sections with localized high electromagnetic
fraction [36], and 3-D shower imaging. The transverse tower size is 2.5 × 2.5 cm2 for the pECal
and 10 × 10 cm2 for the pHCal, respectively. The longitudinal space required for about seven
interaction lengths is 150 cm. The pHCal absorber structure serves as a support for the pECal. Both
calorimeters will be read out with SiPMs. The choice of technology is the same as for the reference
detector described in the EIC CDR [3].

The pECal is made of W powder with embedded scintillating fibers [37]. This technology was
pioneered as part of the generic detector R&D program for EIC, adopted by sPHENIX. A novel,
efficient, and scalable construction method [38] developed for the STAR Forward Calorimeter
System (FCS), will be used to build the pHCal.

Longitudinal segmentation in the pHCal will be achieved by using scintillation tiles with two
different time constants, similar to the CALEIDO2 Prototype for the ILC [39]. Thus, with just two
independent readout channels per tower, longitudinal information from four segments of the tower
becomes available. The longitudinal segmentation of the pHCal and the achievable hadronic energy
resolution will be verified in the near future with beam tests of a large scale prototype. A fallback
solution, in case the two-channel readout technique would not be optimal, is to use an optical readout
scheme with additional independent readout of the three last scintillation tiles in the pHCal towers.
This scheme is similar to that used in the STAR FCS, and was studied in EIC generic detector R&D.

The hadron endcap will be assembled in situ, as was done for the STAR FCS. The STAR
forward HCal will be re-used for the ATHENA pHCal. a region of the pHCal close to the beam
pipe will have a potential upgrade path to replace scintillation tiles with Si sensors.
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2.4.4 Hadronic calorimeters in electron endcap and barrel

In combination with information from the electromagnetic calorimeters, tracking and PID detec-
tors, the hadron calorimeters in electron endcap and barrel assist with the detection of neutral
hadrons [40]. The barrel Hadron Calorimeter (bHCal) with passive magnet steel provides me-
chanical support for all the detector systems of ATHENA. The steel structures of all the hadron
calorimeters provide the return flux path for the magnetic field.

The thickness of the ATHENA Magnet (∼ 1.3 𝜆𝐼 ) between the bECal and bHCal precludes
good calorimetric energy measurements of hadrons. The bECal in front of the magnet cryostat
will be 1 − 1.7 𝜆𝐼 deep, thus it is sufficient to instrument only about two 𝜆𝐼 (tail-catcher) after the
magnet cryostat to contain about 95% of hadronic showers. The remaining steel required for the
flux return and mechanical support of the barrel detectors will consist of re-used flux return steel
bars of the STAR Magnet. A barrel made of these bars will weigh about 540 tons.

The bHCal is a five layer steel and scintillator sandwich (4 cm/5 mm layer structure). ATHENA
will re-use existing scintillation mega-tiles from the STAR barrel ECal [41]. These tiles have lost
less than 5% of their initial light yield after 20 years of operation. Existing scintillation mega-tiles
consist of 80 optically isolated scintillation tiles with sigma grooves and wavelength-shifting fibers
for light collection. The tiles are arranged in a projective geometry with excellent granularity 0.05
x 0.05 in 𝜂 and azimuthal angle 𝜙. Each individual tile will be read out with 1.3× 1.3 mm2 SiPMs.
The expected light yield will exceed 10 photoelectrons for Minimum Ionizing Particles (MIPs)
providing very good efficiency for low energy hits. Pre-assembled and calibrated with cosmic
muons, mega-tile cassettes will be inserted into the bHCal. Moderate energy resolution for hadrons
in the barrel region can be obtained from the bECal Pb/SciFi layers.

A similar approach will be used for the nHCal by utilizing scintillation mega-tiles from the
STAR endcap ECal [42]. The structure for the nHCal is similar to the bHCal, consisting of approx-
imately 10 layers. The exact number of instrumented layers in both detectors is under optimization.

Re-using components from the STAR detector (magnet steel, cradles, scintillation mega-tiles)
significantly reduces the cost of these two subsystems.

2.5 Particle identification

Particle identification in ATHENA requires multiple technologies to address the physics goals.
Measurements of Cherenkov radiation provide the greatest reach at higher momentum, but are
limited in their low-momentum reach. Furthermore, the 𝜂-dependence of the momentum spectrum
along with space constraints require distinct technologies in the forward, backward, and barrel
regions. Our solution to this challenge involves:

• A dual radiator RICH (dRICH) in the forward region utilizing aerogel and gas radiators
focused by mirrors onto a focal plane instrumented by SiPMs with built-in capability to
“anneal-in-place” to combat the inevitable dark current generated by radiation damage.

• A 100-cm radius high-performance DIRC (hpDIRC) very close to the design of the Yellow
Report in the central region. The hpDIRC is complemented by anAC-LGADToF detector at a
52.5 cm radius. The AC-LGAD layer dramatically improves the PID reach to low momentum
by catching particles that do not reach the hpDIRC, while sidestepping the limitations of
Cherenkov detectors at lower momenta.
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• A proximity-focusing aerogel RICH (pfRICH) with 40 cm proximity gap. This deviates from
the mRICH technology used in the Yellow Report. This design features minimal material
budget, easy pattern recognition, large acceptance, and can simultaneously function as a
threshold gas Cherenkov detector.

2.5.1 Forward direction

dRICH. The highestmomentumparticles produced at the EIC are emitted in the forward direction.
Gas-based Cherenkov ring imaging is the only presently-known technology that addresses 𝜋-K-p
separation up to the required 50GeV/c. Optimization of any Cherenkov detector design effectively
boils down to minimizing the Cherenkov angular resolution of a single photon’s contribution to the
ring (linear dependence) andmaximizing the number of detected photons per ring (

√
𝑁 dependence).

The single photon resolution is affected by internal factors (radiator chromaticity, optical aberration,
pixel size) as well as external factors including stray magnetic field and track pointing resolution.
The ATHENA design is the result of an intensive optimization on all fronts using full GEANT
simulations at the level of optical photon propagation.

ATHENA underwent extensive studies of the magnet design with simulations demonstrating
that the most significant positive impact involved distancing the dRICH from the collision point.
The optics of the dRICH also represent a solved challenge with broad implications. The focal plane
location entails an optimization involving three factors: maximizing the radiator length (prefers
longer focal length), shielding the photon sensors from radiation (prefers tilted mirrors), and fitting
the detector into the available space. This is realized by careful positioning of the dRICH detector
with respect to the ATHENA magnet. The optimization is a practical implementation of the
dRICH concept from the Yellow Report that fully realizes the device’s potential in the face of the
compromises that must be made in a realistic detector design.

The sensor choice for a dRICH is quite challenging. After careful consideration, the only viable
choice is the well known SiPM technology. These devices are ideal in terms of quantum efficiency,
sensitive wavelength range, and single-photon signal size. The difficult aspect regards dark currents
that grow with radiation exposure. It has been demonstrated by studies at INFN [43] that this
damage can be repaired by thermal annealing, while R&D efforts towards in-situ annealing are
ongoing. The ATHENA design thereby features SiPM-based photon sensors in both the dRICH and
the backward pfRICH. Detailed calculations of the worst-case dark current rates have been used as
the basis of estimates for the DAQ needs of the dRICH. Figure 10 shows the layout and performance
of the ATHENA dRICH. As described previously, the optimization of the dRICH location (panel
a) and optics (panel b) have already achieved the performance requirements in the Yellow Report.

2.5.2 Barrel region

hpDIRC. The hpDIRC closely resembles the concept described in the Yellow Report. This
presents an evolution of the original BaBar design. The ATHENA barrel is surrounded by a series
of radiator bars made of synthetic fused silica. Rings are imaged in an ”expansion volume”, onto a
focal plane containing photon detectors oriented normal to the magnetic field. The detector and its
performance are shown in figure 11. The hpDIRC focuses the ring onto a sensor plane. This will
improves the performance of the device compared to the BaBar DIRC (doubling the 3-𝜎 separation
limits), while making the readout system significantly more compact.
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Figure 10. Panel a) shows the layout of the dRICH radiators, mirror, and SiPM arrays located in the focal
planes. Panel b) shows the superposition of hits from 1000 events with identical primary particles. This
effectively captures ring shape (aerogel-large, gas-small), Rayleigh scattering, optical aberration, multiple
scattering, tracking resolution, chromaticity, and signal-to-noise effects in one image. Panel c) shows the
number of photoelectrons per single ring vs 𝜂, and thereby illustrates the acceptance range. Panels d) and e)
demonstrate the PID separation for 𝑒/𝜋 and 𝜋/𝐾 . The performance meets the Yellow Report specification.
Aerogel performance is indicated in blue and 𝐶2𝐹6 in red (FullSim).

AC-LGAD ToF. ATHENA defines positive PID as a signal beyond the Cherenkov threshold for
𝐾-radiation. As such, the positive PID range for the DIRC begins at a momentum higher than
0.47GeV/c (the 𝐾 threshold in synthetic fused silica). This nicely matches the momentum cutoff
of the ATHENA magnetic field. Extending the range downward requires a dedicated detector
located at a smaller radius. AC-LGAD devices deliver an excellent time resolution (< 30 ps/layer)
and spatial resolution. A single-layer array of AC-LGAD devices at a radius of 52.5 cm in the
ATHENA design provides an effective PID coverage between 0.23 and 1.3GeV/c for a 3 T field,
and an additional spatial hit to supplement the tracking system in the barrel region. Figure 12 shows
the configuration of the barrel Time-of-Flight (bToF).

One should note that state-of-the-art timing detectors present many technology challenges
beyond just the performance of the sensor. These include, but are not limited to, the determination
of a start time or 𝑡0, and timing jitter which is invariably present in a large electronic system sending
signals (such as the crossing clock) over long distances. Because we emphasize the identification
of particles at momenta below 1GeV/c, conservative estimates of the uncertainty in 𝑡0 using only
the crossing clock and time distribution jitter show that this system will easily perform beyond its
requirements for 𝜋-K-p separation.

2.5.3 Backward direction

pfRICH. In the backward direction, PID is provided by an aerogel radiator proximity-focusing
RICH with a 40 cm proximity gap, shown in figure 13. This technology choice maximizes

– 23 –



2
0
2
2
 
J
I
N
S
T
 
1
7
 
P
1
0
0
1
9

220
200
180
160
140
120
100
80
60
40
20
0

20 40 60 80 100 120 140 1600
20
40
60
80

100
120
140
160
180
200
220

Polar Angle (deg)

Polar Angle (deg)
Se

pe
ra

tio
n 

(S
.D

.)

Fused Silica
Prism

Fused Silica
Bar

Focusing Lens

Photon Sensor

D
et

ec
te

d 
Ph

ot
on

s 
(#

)

(a)

(c)

(b)

(d)

π @ 6.0 GeV/c
π @ 1.2 GeV/c

π/K @ 6.0 GeV/c
e/π @ 1.2 GeV/c

Figure 11. a) Configuration of the DIRC. b) Number of detected photoelectrons as a function of polar angle.
c) Superposition of the distribution of photon hits from 6GeV/c identical pions. d) Separation power at
the maximum momentum requirement stated in the Yellow Report. Results from a stand-alone GEANT4
simulation.

acceptance while minimizing material in front of the nECal, with a uniform performance across its
entire aperture. The simplicity of the design makes the pattern recognition much simpler than for
typical RICH detectors. The baseline aerogel and photon detector technologies for the pfRICH are
identical to those for the dRICH. This minimizes the number of PID technologies used in ATHENA.

One additional feature emerges from this design: the Yellow Report identifies the need for
additional electron identification (beyond 𝑒/𝜋 from calorimetry and tracking) in the backward
direction at momenta up to 4GeV/c. While this is not possible with an aerogel-based design, this
can be achieved with a traditional gas threshold Cherenkov detector. The 40 cm gap between the
aerogel and the sensor plane is sufficiently long for threshold-based electron identification, further
improving ATHENA’s PID performance in the backward direction.
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2.6 Far forward detectors

EIC collisions include many final-states with charged or neutral particles with 𝜂 > 4.0. These
particles are outside the acceptance of the central detector and therefore require detectors integrated
with the accelerator beamline. Maximum acceptance across all beam energies and species requires
multiple subsystems, whose acceptance is dictated by the Interaction Region (IR) design. This is
summarized in table 6. A 3-D layout of the far-forward region is shown in figure 14.

Table 6. Summary of the geometric acceptance for far-forward protons and neutrons in polar angle 𝜃 and
magnetic rigidity percentage provided by the baseline EIC far-forward detector design [2]. ∗The Roman Pots
acceptance at high values of rigidity depends on the optics choice for the machine.

Detector 𝜃 accep. [mrad] Rigidity accep. Particles Technology

B0 tracker 5.5–20.0 N/A
Charged particles
Tagged photons

MAPS
AC-LGAD

Off-Momentum Detector 0.0–5.0 45%–65% Charged particles AC-LGAD

Roman Pots 0.0–5.0 60%–95%∗ Protons
Light nuclei

AC-LGAD

Zero-Degree Calorimeter 0.0–4.0 N/A
Neutrons
Photons

W/SciFi (ECal)
Pb/Sci (HCal)

B0 Silicon Tracker and Preshower

Roman Pots

Zero-Degree Calorimeter

Focusing Quadrupoles Off-Momentum Detectors

Figure 14. 3-D rendering of the far-forward region of IP6 with the proposed ATHENA detector instrumen-
tation from the DD4HEP geometry implementation.

2.6.1 Technology choices

The B0 spectrometer requires approximately 20 μm position resolution to provide the required 𝑝𝑇
resolution for high-momentum hadrons near the beam line and good timing resolution to aid in
background rejection, and to correct for effective vertex smearing from the crab cavity rotation.
Our design consists of three silicon MAPS disks serving as the first, second, and fourth layers of
the detector, complemented by a single AC-LGAD layer with 500 μm pixel pitch and 20 − 30 ps
timing resolution. Each tracking layer is separated by 30 cm. The silicon preshower following the
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tracker has two radiation lengths of lead as a photon converter, and a layer of silicon to tag the
produced lepton pair. We envision use of AC-LGAD sensors for the preshower. These sensors
enable the required spatial resolution to measure lepton pairs while providing excellent timing
resolution to reduce background contamination. While some observables could benefit from an
expanded electromagnetic calorimeter, this is precluded by engineering constraints (size, weight).

The Off-Momentum Detectors (OMDs) and Roman Pots (RPs) each consist of two stations
separated by 2 m, with each station consisting of two active layers. Both detectors require spatial
resolution better than ∼150 μm, and ∼30 ps timing resolution , making AC-LGADs an ideal choice
for both detectors.

We will insert the silicon detector packages for the RP and OMD directly into the beam pipe
vacuum (i.e., without the usual “pot” vessels) with thin foils surrounding the detector packages to
maximize acceptance. The RP detectors, in particular, need to be inserted (vertically only due to
spatial constraints) into the beam line as close to the beam as possible (usually a few mm from the
beam, depending on the beam optics).

The Zero-Degree Calorimeter (ZDC) consists of the following major systems: a) silicon
charged particle veto layer, b) W/SciFi sampling calorimeter with 2.5 × 2.5 cm2 towers, 17 cm
long (identical to the pECal), and c) Pb/Scint imaging hadronic calorimeter composed of a total of
120 layers of 1 cm Pb and 0.25 cm scintillator, corresponding to seven 𝜆𝐼 . The full ZDC delivers
approximately eight 𝜆𝐼 in total.

2.6.2 Detector performance

Resolutions for the far forward detectors are shown in figure 15. The RPs and OMDs utilize a
transfer matrix which specifies the transport of protons from the IP through the magnetic elements
of the far-forward lattice. However, the OMDs require a more sophisticated approach to handle the
non-linear transport of protons with low rigidity (∼ 50%or less); these trajectories are at the edges of
the quadrupole fields, which cause additional bending not captured by the linear transport matrices.

The performance demonstrated by the full GEANT4 simulations of the baseline ZDC is shown
in the left panel of figure 15. Preliminary results obtained from the W/SciFi + Pb/Scint ZDC
simulations when compared to test beam data indicate that the performance meets the physics
requirements. In addition, an 8 𝜆𝐼 version of the detector was benchmarked against ZEUS test
beam data. For photons, the measured performance of the W/SciFi ECal is consistent with previous
studies. Simulations were made for photon energies down to 100MeV for photons, the results
indicating that this W/SciFi ECal can measure low energy photons.
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Figure 15. Left: energy resolution for the ZDC ECal for photons and combined ECal+HCal resolution for
neutrons. Right: transverse momentum resolution for protons in the 3 silicon tracking far-forward subsystems
for various energies and rigidities, with and without beam effects (FullSim).

2.7 Luminosity measurements and low-𝑸2 tagging

As described in the Yellow Report, we will measure the EIC luminosity using the bremsstrahlung
process [2]. To meet the requirements of 1% precision in the absolute luminosity measurement
and 0.01% precision in relative luminosity, we add further instrumentation compared to the Yellow
Report. This will enable data-driven corrections and systematic checks, and facilitate three largely
independent and complementary measurement methods [44]. The first method is based on counting
photons converted in a thin exit window by applying a horizontal magnetic field andmeasuring 𝑒+𝑒−

pairs with two small calorimeters, CALup/down (left panel of figure 16). This method is not sensitive
to direct Synchrotron Radiation (SR), but at the nominal e+p luminosity the effects of event pileup
are mitigated by two small hodoscopes, HSup/down. In the second method, the total energy carried
by unconverted photons will be measured by the (movable) calorimeter, PCALf. By construction,
it is not affected by the event pileup but direct SR must be suppressed using a set of filters, F1 and
F2. This simple and robust measurement will also enable the online luminosity monitoring. The
third method is based on counting the unconverted photons using the movable calorimeter, PCALc,
which will be used at small electron bunch current, when the event pileup and SR levels are low.
This is also essential to validate special corrections to the bremsstrahlung cross section [45]. All
three measurements will be performed on a bunch-by-bunch basis, with negligible deadtime.

The detectors CALup/down and PCALc will be made using the same technology: spaghetti W-
calorimeter with radiation-hard scintillating fiber, read out with fast PMTs . Due to the very large
irradiation levels in this location, PCALf and the SR monitors M1 and M2, will use Cherenkov-
radiating quartz fibers read out by SiPMs. Each of the hodoscopes HSup/down will comprise four
front (back) planes made by straight 1(2) mm square scintillating fibers, also read out by SiPMs.
Half of the fibers will be horizontal and half will be rotated by a small angle to allow for the
determination of the horizontal coordinates of the 𝑒+𝑒− hits. Signals from all detectors will be
sampled with 100 MHz custom readout chips.

Bremsstrahlung electrons will be measured by two small detectors, Tagger 1 and Tagger 2,
placed behind thin exit windows about 24 m and 37 m from IP6, respectively (right panel of
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Figure 16. Left: layout of the luminosity bremsstrahlung photon detectors. Right: top view of far-backward
region as simulated in Geant4, including two low-Q2 taggers.
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luminosities, for events where at least 1GeV is deposited in each calorimeter. The high energy tails are due
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In the insert, such a distribution is shown for e+Au collisions at the nominal EIC luminosity (FastSim).

figure 16). They will be very similar in design to CALup/down and will have similar hodoscopes in
front. The major difference is that half of their fibers are horizontal and half are vertical.

While all detectors will be built using existing technologies, the huge bremsstrahlung event
rates at the EIC, sometimes in excess of 10 GHz (figure 17), make the design of the readout
electronics and of radiation hard detectors challenging. Consequently, optimization of both the
detector and electronics designs will require extensive studies and verification using test beams.
This will include the development of suitable techniques to control, in-situ, all relevant systematic
effects, as well as providing the Data Acquisition (DAQ) system for the luminosity measurement.

Our design will permit efficient tagging of very low-𝑄2 events during the first two years of EIC
running, when the event pileup is expected to be relatively low. An upgrade path after the initial
phase consists of replacing the tagger hodoscopes with thin, high-resolution pixel detectors operated
in the primary beam vacuum and read out by Timepix4 sensors [46]. This will enable a very effective
separation between the bremsstrahlung and low-𝑄2 electrons at nominal EIC luminosities [47].
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2.8 DAQ and readout electronics

The EIC will provide e+p and e+A collisions at rates up to 0.5 MHz with beam bunches separated
by 10 ns. ATHENA will digitize hit position, charge and timing signals originating from nearly
30 distinct subdetectors using a variety of technologies including SiPMs, MAPS, AC-LGADs,
Micro-Channel Plate PMTs (MCP-PMTs), Photomultiplier Tubes (PMTs), and MPGDs. The
signals will be zero-suppressed where possible, digitized and aggregated using front-end boards
containing a variety of Application-Specific Integrated Circuits (ASICs) and Field-Programmable
Gate Arrays (FPGAs). The primary function of the DAQ system will be to aggregate data
and record all collision related hits. The system must also control, configure, and monitor the
acquisition of data and ensure data quality.

The chosen architecture is illustrated in figure 18. It will be a streaming DAQ system following
the scheme outlined in the Yellow Report. A global timing system is needed to synchronize the
system with the bunch structure of the EIC to a resolution of 10 ps. Front End Link eXchange
(FELIX) boards, implementing GBTx links towards Front-End Electronics (FEE) with 10Gbps/link
bandwidth, are used as a basis to provide common interface between the Front-End Boards (FEBs)
and the commodity DAQ computers. The FELIX boards are capable of transferring data to the
DAQ computers and of transmitting clock and configuration information to the FEBs. A farm
of 50 computers on a 100 Gbps Ethernet network is needed to read out the FELIX boards. An
additional 50 computers will be required to perform further data reduction, ensure data integrity
and monitoring, buffer, and transfer data to tape.

ATHENA Streaming Readout Architecture
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Figure 18. Overview of the ATHENA DAQ architecture.

An estimated maximum data volume by detector subsystem is shown in table 7. The 2.5 Tbps
stream of data transmitted from the FEBs needs to be reduced to 100 Gbps for long-term storage
without losing detector hits that arise from beam collisions.

The biggest challenge to the goal of fully reading out the ATHENA detector with no deadtime
will be the dark currents from the SiPM readout, expected to gradually increase with accumulated
radiation dose. The current estimates assume an average rate of up to 300 kHz/sensor over the
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Table 7. Maximum data volume by detector.

Detector Channels DAQ Input (Gbps) DAQ Output (Gbps)

B0 Si 400M <1 <1
B0 AC-LGAD 500k <1 <1
RP+OMD+ZDC 700k <1 <1
FB Cal 4k 80 1
ECal 34k 5 5
HCal 39k 5.5 5.5
Imaging bECal 619M 4 4
Si Tracking 60B 5 5
Micromegas Tracking 66k 2.6 .6
GEM Tracking 28k 2.4 .5
µRWELL Tracking 50k 2.4 .5
dRICH 300k 1830 14
pfRICH 225k 1380 12
DIRC 100k 11 11
TOF 332k 3 .8

Total 3334 62.9

full detector. This dark current is indistinguishable from signals from single photoelectrons. We
hope to reduce this by a factor of three to five in the FEBs using sample cuts relative to the
bunch crossing time. Further reduction can be obtained by a software trigger applied in the DAQ
computers. Requiring a collision to be present will provide a data reduction by a factor of at
least 200 allowing the ATHENA DAQ to write all collision data to tape. Another option for data
reduction is by machine learning techniques implemented in the FPGAs of the FELIX boards;
dedicated development and feedback from initial data are needed.

Unexpectedly high noise in any detector, as well as the high rate from the SiPMs used as sensors
in the PID devices, represent a potential unknown challenge. The most obvious and immediate
mitigation strategy is a DAQ architecture that preserves the possibility of providing hardware trigger
signals to specific detectors resulting in a hybrid triggered-streaming DAQ system. The potential
avenues for data volume reduction will be the main R&D required. Significant development needs
are expected to integrate each detector FEE with the FELIX board.

2.9 Software and computing

Software and computing will be critical to the success of any EIC experiment. ATHENA chose
to already now lay the foundations for a long-term software strategy for the EIC. To accomplish
this, we focused on modern scientific computing practices: we developed a toolkit of modular,
orthogonal components designed for performance in heterogeneous computing environments in the
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context of both HTC and HPC. Furthermore, we emphasized modern development practices built
around the use of a dedicated GitLab server with a continuous-integration backend for reproducible
containerization and automated tests and benchmarks.

We leverage mature, well-supported, and actively developed software components allowing us
to focus our limited resources on those parts of the toolkit requiring custom development work.
ATHENA benefits from cutting-edge CERN-supported software developed for the (HL-)LHC.

We implemented our detailed detector geometries [48–50] in DD4hep [51], which provides
geometry services for both the full GEANT4 simulation and our reconstruction algorithms
(figure 19). For the reconstruction framework, we chose Gaudi [52], as it supports modern
task-based concurrency ideally suited for heterogeneous computing environments. On top of
Gaudi, we built Juggler [53], our library of digitization, reconstruction, and analysis routines,
where we used ACTS [54] for highly performant tracking, and Tensorflow [55] for AI. These
modular components communicate through a robust flat data model, EICD [56], implemented
using the PODIO data model library [57].

The maturity and robustness of the software components in the toolkit enabled us to build
out, from scratch, a performant simulation and reconstruction software stack over the short timeline
since the call for detector proposals. This toolkit implements the ATHENA detector in all its details,
including the far-forward and far-backward, accelerator, magnet, and detector components. This
setup allowed us to conduct effective detector optimizations for the proposal and prepare ATHENA
for the road towards the Technical Design Report (TDR). The simulation results in this proposal
were obtained using our new software environment, deployed on an extensive range of systems,
including the Open Science Grid (OSG), Jefferson Lab, BNL (including S3 storage), Compute
Canada, ALCF (ANL), LCRC (ANL), NERSC (LBNL), INFN-CNAF, and a dedicated continuous-
integration cluster at ANL. We strongly believe that this innovative approach, introduced within
ATHENA, represents a significant step forward for the EIC community.

(fwd)

(fwd)

Figure 19. DD4hep implementation of the ATHENA central detector (top) and far-forward region (bottom).
This geometry description is used in the GEANT4 simulation and the reconstruction.
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2.10 Integration and installation

As a new EIC detector to be installed in the existing experimental hall at IP6 at the RHIC collider
complex, there are many space constraints impacting the ATHENA design:

• The layout of the IR magnets provides an accelerator element free region for the detector of
overall 9.5 m, resulting in -450 cm to 500 cm around the IP in the outgoing electron and
hadron-beam direction, respectively. This constrained space makes any assembly and most
inner detector maintenance impossible in-situ.

• Approximately 50 cm space between both endcaps and the first IR magnets is occupied with
valves and vacuum pumps.

• The height of the IP above the floor is 432 cm, influencing the design of the cradle and the
integration of the detector with the cradle.

• The detector solenoid needs to be aligned with the electron beam direction to minimize the
generation of synchrotron radiation, therefore the entire detector must be rotated by 8 mrad in
the horizontal plane away from the central axis.

• The door size between the assembly and the collider hall is 823 × 823 cm2. This directly limits
the size of the detector, as it will need to be rolled to the assembly hall for installation and
maintenance.

• The RCS runs at 335.2 cm radial distance from the IP at a height of 372 cm above the floor level.
This limits the outer radius of the detector to 330 cm.

• The detector solenoid fringe field should stay below 5 × 10−4 T past the endcaps in the vicinity
of the IR magnets, and the field integral should not exceed 0.007 Tm along the RCS beam line.
This has a direct impact on the design of the flux return of the detector.

• The beam pipe widens towards the endcaps to accommodate the synchrotron radiation fan and
the cone of protons, neutrons, and particles from nuclear breakup. This has a direct impact on
how the detectors need to be installed, either in a clamshell configuration or in sectors around
the beam pipe.

• Due to the compactness of the IR and the detector design, the first valve on the outgoing hadron
side can only be integrated after the first bending magnet in the hadron beamline downstream of
the IP at approximately 7 m. In the outgoing electron side, such a valve can be placed after the
nHCal at approximately 4.5 m from the IP.

Figure 20 shows ATHENA fully integrated into the interaction region and the experimental
hall at IP6, obeying all the above listed constraints. Because of the stringent space constraints,
it is important to keep the assembly procedure of the detector as a design consideration. As a
consequence, the central part of the detector is installed from the outside in and the electron and
hadron endcaps from the inside out. Figure 21 left shows the overall concept for the ATHENA
detector as implemented in ProE-Creo, the computer-aided design program used for the EIC Project.
The installation sequence is as follows:
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Figure 20. Integration of the
ATHENA detector in the exper-
imental hall at IP6 and the inter-
action region (top view).

Barrel Detector: The detector cradle is followed by the lower half of the flux return and the hadron
calorimeter. Then the solenoid and the upper half of the flux return and the hadron calorimeter are
installed. The bECal and its support structure are then installed, followed by the hpDIRC support
structure, the DIRC bars, and barrel MPGD andMAPS trackers. TheMAPS tracker has a clamshell
design around the beam pipe.

Electron Endcap: The first detectors to be installed are the MAPS disks, followed by the MPGD
disks, the aerogel pfRICH, the nECal, and finally the DIRC readout. The nECal is supported like
the pfRICH from the DIRC support structure.

Hadron endcap: As on the electron side the first detectors to be installed are the MAPS disks,
followed by the MPGD rings. The dRICH is installed next followed by the MPGD tracker. Both
are supported from the pHCal.

Endcap calorimeters: The nHCal, pECal, and pHCal are installed independently on their own
cradles in the collider hall. These calorimeters can be opened perpendicular to the beam axis to
disconnect the beam pipe and roll the central part of the detector to the assembly hall (figure 21
right). It is noted that the RCS beam pipe needs to be separated to allow the endcap HCals to open.

To route the cables to the outside of the detector, ∼10 cm service gaps are foreseen between
the barrel and the endcap calorimeters. In addition, there is a service gap between the end of the
solenoid, bECal, DIRC and the dRICH to route the barrel and hadron endcap tracker services to
the outside. On the side of the electron endcap, the services are routed between the pfRICH, the
nECal, and the hpDIRC towards the service gap.

2.11 R&D needs

R&D on many ATHENA subsystems was initially conducted through the EIC Generic Detector
R&D Program [6] that ran from 2011 until September 2021. Several subsystems matured to levels
where little basic R&D remains and the focus is shifting to the construction and testing of full chain
prototypes (detector, electronics, supplies, and DAQ) in test beams. These developments will be
supported by EIC project funded R&D [58] that will start in FY22. Project funds will also support
R&D of components that have not reached their full potential yet and need further optimization.
Only a limited number of technologies still need substantial R&D and have been selected because
of the performance benefits they offer. Here we give a brief summary of ATHENA’s R&D needs.
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Figure 21. Left: conceptual design of the ATHENA detector in ProE-Creo, the computer-aided design
program used for the EIC Project. Right: conceptual design of the pECal and pHCal opening perpendicular
to the beam axis.

MAPS: The EIC Silicon Consortium is partnering with the ALICE collaboration to develop the
ITS3 sensor and to modify it, as necessary, for use at the EIC. This partnership will help to reduce
the risk inherent in developing a detector solution in 65 nm technology. The plan is to use the
ITS3 wafer-scale sensor for the vertex layers and to develop a smaller version for the silicon tracker
barrel layers and disks. A full description of the planned development can be found in the eRD25
proposal [59]. A full detector infrastructure will be developed in parallel with the sensor, to modify
the vertex layers to fit the geometry of the beam pipe at the EIC and to develop stave and disk
configurations of sensors, which are outside of the scope of ITS3. There are two EIC Project
R&D activities associated with these developments: eRD111 deals with R&D towards forming
modules from sensors, developing the EIC-specific infrastructure required to produce staves and
disks, mechanical support structures, and cooling. eRD104 carries out R&D into services reduction,
powering, and readout, which has the potential to further enhance the performance of the system.

GEMs: While GEM technology is very mature and has been used in a wide variety of experiments,
the EIC has a unique requirement of demanding very low-mass trackers. Work carried out by the
eRD6 Consortium, within the EIC generic detector R&D program, was able to successfully build
and test two 1 m long triple-GEM detectors. These detectors achieved a material budget in the
active area of 0.4% X/X0. With the material in the active area of the GEMs minimized, efforts are
now focused on reducing the GEM support frames, which sit in the 𝜙-𝜂 tracking acceptance. This
R&D effort is being addressed within the eRD108 EIC R&D project, along with the optimization
of the readout structure.

𝝁RWell: Using 𝜇RWell detectors instead of GEM detectors in the endcap could reduce material
budget, simplify construction, and lower cost for the overall endcap tracker. However, 𝜇RWell
detectors have not yet been used in any major nuclear or high energy physics experiment. R&D
would therefore be needed to build and test a large 𝜇RWell detector and is one of the goals of the
eRD108 EIC R&D project. If 𝜇RWell does not develop enough within the EIC time frame, GEM
technology can be used as a fallback to the large-area 𝜇RWell detector located behind the dRICH.
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Micromegas: The proposed, curved Micromegas technology has been successfully installed in the
central tracker of the CLAS12 experiment at Jefferson Lab. The low material budget of less than
0.4% 𝑋/𝑋0 in the active region and the ability to shape the detectors in cylindrical structures are
crucial features for the ATHENA central detector. The ongoing R&D focuses on the optimization
of the Micromegas 2-D readout and it will also be addressed within the eRD108 EIC R&D project.
This R&D is also of interest for GEM and 𝜇RWell detectors.

hpDIRC: The objective of the R&D program, eRD103, is to validate the PID performance of a
cost-optimized hpDIRC design with a vertical-slice prototype in a particle beam by FY24. Key
topics include: the usability of BaBar DIRC bars, the development of compact readout electronics
for the fast detection of single photons with high-density sensors, and the validation of the PID
performance of a cost-optimized design.

dRICH: The main technical goals for near term R&D is the preparation of the basic version of
the dRICH prototype and first test beams at CERN. The tests are organized in synergy with ALICE
and will have, as complementary targets, the study of the single-photon response of SiPM coupled
to the ALCOR readout electronics, and the comparative use of Russian and Japanese aerogel. The
goal of these initial test-beams is to commission the dRICH prototype and to define what has to
be improved to reach the design performance. FY23/FY24 R&D will be targeted to the definition
of technical specifications to meet the EIC requirements, matching to EIC-driven (developed by
other EIC R&D) photosensors and readout electronics, and validation of cost-effective component
technologies to mitigate the construction risk.

AC-LGAD bToF: The eRD112R&Defforts for a bToFwithAC-LGAD sensors can be categorized
in 3 main areas: sensors, electronics, and system design (including cooling, engineering, and
construction). On the sensor side extensiveR&D is already ongoing at several institutes in the LGAD
Consortium, e.g., reducing the active volume thickness and optimizing implantation parameters so
that a time resolution below 20 ps can be achieved. One important effort specific to the bToF is
to develop long strip AC-LGAD sensors for a lower material budget. The needs for fast timing
performance and finer granularity also pose significant challenges to the readout electronics and
specifically to the ASIC readout chips. ATHENA will collaborate on addressing these challenges.
For example, the ĲCLab (Orsay), École Polytechnique/Omega and CEA (Saclay) groups are
currently developing a new ASIC that meets the requirements set by the EIC Roman Pot detector,
and are thus providing in-kind contributions. First discussions among the institutes of the LGAD
Consortium and ATHENA have started to develop an ASIC that serves both the pixelated design
(RPs) and the strip design (bToF).

Photosensors: The objective of the eRD110 R&D effort is to mitigate technical, cost, and schedule
risk related to readout sensors of EIC Cherenkov detectors and calorimeters. The effort should
allow for a well-informed decision for a baseline sensor solution for each PID detector in FY23,
taking into account the impact of B-field strength and relative sensor orientation with respect to
the field direction, as well as the expected radiation levels. The proposed R&D activities related
to the characterization of (i) Photek/Photonis MCP-PMTs, (ii) the pixelization and improvement
of the field resistance of Large Area Picosecond Photodetectors (LAPPDs) and High Resolution
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Picosecond Photodetectors (HRPPDs), and (iii) the improvement of the radiation hardness of SiPMs
and the optimization of the sustainability of their proper temperature treatment in collaboration with
various manufacturers.

Calorimetry: There are four project R&Dprograms related toATHENAcalorimetery: eRD105 for
development of high-resolution electromagnetic calorimeters based on scintillating glass; eRD106
and eRD107 for development of a very compact, high-resolution hadron endcap system; and
eRD110 for studies of the impact on calorimeter performances due to radiation damage of the
SiPMs. The hadron calorimeters for the barrel and negative endcap do not require R&D. For the
novel barrel electromagnetic tracking calorimeter, which is not covered by any of the R&D projects,
the construction of a smaller prototype to validate the Monte Carlo simulations of the device is
imperative. The manufacture and assembly of the prototype will be used to streamline the later
manufacture and assembly of the full calorimeter. An estimated 80% of the AstroPix sensors used
in the prototype should be recovered for use in the full scale electromagnetic calorimeter.

Auxilliary Detectors: For the RPs and OMDs, use of AC-LGADs is envisioned, which relies on
successful completion of R&D eRD112 efforts for the design of a newASIC to be used with the AC-
LGAD sensors available from various vendors, and optimal choice of pixel size (which impacts the
ASIC design). The charge sharing capability of the AC-LGAD sensor allows for improvements of
spatial resolution up to 20 times that of conventional silicon, which could enhance the applicability
for other subsystems (e.g., the B0 tracker). Given the large community interest to develop this
technology, it should be a safe option for these subsystems. If needed, it could be substituted with
other silicon technologies with the added need for a separate timing layer.

Electronics & ASICs: Much of the R&D efforts on electronics and especially ASICs will be
coordinated through the EIC project through eRD109. Substantial R&D will be needed for the
development of FEEs. Here we define FEEs as ASICs, FEBs, and Front-End Processors (FEPs).
FEPs may be required if the ASICs do not provide all required features. The choice of using
streaming readout for ATHENA excludes several existing ASIC chips. We estimate the need for up
to four ASICs used for the readout of (i) SiPM, (ii) MCP-PMT, (iii) Micromegas/GEM/𝜇RWell, and
(iv) AC-LGAD.Development of a newASIC takes four to five years, while an update ormodification
of an existing design requires less time. Considering the project timelines, developments will likely
have to occur concurrently, requiring the involvement of multiple groups.

2.12 Challenges and mitigation policies

A detailed assessment of the challenges associated with the technologies selected by ATHENA is
presented in tables 8, 9, 10a, 10b, and 11. The technological maturity listed is evaluated on a scale
of 0 to 10, where 10 corresponds to a fully developed technology. The mitigation strategies to
minimize the impact of the challenges are also presented.
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2.13 Upgrade path

Two upgrade paths are considered by ATHENA, both strictly related to ongoing R&D activities
(section 2.11): (i) improvements of the baseline detector described in this proposal by alternative
techniques offering performance or cost advantages that can become mature in the near future, and
(ii) upgrades that can be implemented after a few years of data taking, informed by the experience
gained with the initial detector configuration.

Potential Upgrades to the Baseline Detector

𝝁RWell: The use of 𝜇RWell MPGDs instead of GEMs for gaseous detectors in the endcap regions
of the central detectors is an option that can provide easier detector construction, lower material
budget, and potentially save around 25% in material cost. GEM technology, including large-size
chambers, is well established, e.g., the upgrade of the CMSmuon system. Since 𝜇RWell technology
is a more recent development, it has not yet been adopted in any experiment. This upgrade option
during the ATHENA design phase requires finalizing the R&D of this novel technology.

Photosensors: A major challenge are the photosensors for the Cherenkov-imaging PID devices.
The baseline design assumes commercial MCP-PMTs for the hpDIRC, with their associated issue
of cost. SiPMs operated at low temperature are foreseen for the dRICH and the pfRICH. So far, no
experiments deploy RICH detector readout using these photon sensors; therefore, a systematic and
detailed R&D is ongoing to establish them as single photon detectors by mitigating the challenges
posed by the high dark count rate, which increases with irradiation damage. An alternative option
offering reduced cost for the hpDIRCand a fallback solution for the dRICHand pfRICHareLAPPDs.
In spite of significant progress, pixelized versions of these detectors are not sufficiently mature,
with their field performance needing further improvement. If the ongoing efforts at universities,
laboratories and industry converge in the next few years, LAPPDs can become an attractive option
for the hpDIRC, reducing the detector cost. They also present an upgrade option for the pfRICH
in the backward endcap. Equipped with LAPPDs, this detector could provide ToF information
through the photons produced in the sensor window by the charged particles. Furthermore, they
represent a fallback option for the dRICH sensors.

Radiator Gases: A further challenge is related to the choice of radiator gas in the RICH detectors
(dRICHand pfRICH). In the baseline design the radiator gasses are fluorocarbons, gasses that exhibit
extremely high GWP. These gasses are increasingly prohibited all across the world. Where used,
complex and expensive close circulation systems are imposed and increasing procurement issues are
expected. However, RICH performance is preserved when fluorocarbons at atmospheric pressure
are replaced with argon pressurized at a few bar. The challenge is to design a vessel that allows safe
high-pressure operation while minimizing its impact on the overall detector material budget. A solid
pressurized vessel constructed with light materials would make this innovative approach possible.
It would enable eco-friendly operation of the detector, while enabling substantial decreases in cost
due to a cheaper gas and largely simplified gas system.

DAQ: In the present design of the DAQ system, FELIX boards are used both as interface between
the FEB and the commodity DAQ computers and for data aggregation. The development of a
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dedicated generic aggregation board consisting of a simplified FELIX-like design can save cost
by avoiding radiation hard components, using a less expensive FPGA, and replacing the PCIx
interface with fiber output, while maintaining the data interface, timing interface, and potential
trigger capabilities of the board.

Longer-term Upgrade Options

Possible upgrades to be introduced after the initial data taking period are briefly mentioned here.

GEM-based TRD: Space is available in theATHENAdesign to introduce aGEM-basedTransition
Radiation Detector (TRD) in front of the dRICH to provide enhanced 𝑒/𝜋 separation power in the
forward direction, if required. R&D is ongoing to establish the technology needed to construct a
large-scale detector [60, 61].

AC-LGAD ToF: A possible increase of the 𝑒/𝜋 separation power and ℎ-PID capabilities at low
momenta in the endcaps, can be achieved by introducing ToF layers by downstream of the pfRICH
and upstream or downstream of the dRICH, using the same AC-LGAD technology adopted for the
barrel.

GridPIX miniTPC: ATHENA has undertaken detailed studies of a GridPIX-based mini Time
ProjectionChamber (miniTPC) that could be installed in the barrel region at radii between 20–45 cm.
GridPIX provides spatial and energymeasurements with unprecedented fine-space granularity. This
detector would extend the identified particle reach down to 100MeV/c through dE/dx and provide
tracking information.

ZDC: The ZDC hadronic calorimeter could be improved by adding another interaction length (an
additional 17 layers), and a tail-catcher (independent readout of the final few layers) to further
improve the energy resolution for neutrons at high energies.

pHCal: A region of the pHCal close to the beam pipe has a potential upgrade path to replace
scintillation tiles with Si sensors.

Nanowire-based RPs: Superconducting nanowire particle detectors are under development for the
EIC (eRD28) and might provide an upgrade for the RP silicon sensor technology. Such detectors
will provide excellent position and time resolution, are radiation hard, and can operate in high
magnetic fields of up to 5T.

3 EIC science with ATHENA

3.1 Acceptance and performance

The primary motivation in designing ATHENA is maximizing the acceptance and performance so
that we can deliver the entire suite of EIC physics goals. In this section, we demonstrate ATHENA’s
acceptance and kinematic reach, reconstruction of physics observables, and the quality of the physics
measurements.

The kinematics of inclusive DIS processes are usually discussed in terms of 𝑥 and 𝑄2. These
quantities are reconstructed using either the scattered electron, the inclusive hadronic final state
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(defined as all remaining final state particles after excluding the electron), or a mixture of the two.
The kinematic variables𝑄2, 𝑥, and 𝑦 are related by the center-of-mass energy squared 𝑠: 𝑄2 ≈ 𝑠𝑥𝑦.
The variable 𝑦 is closely related to the scattering angle in the lepton-quark center-of-mass frame,
and thus also to the direction of the hadronic final state in the laboratory frame. Figure 22 shows the
𝑦 resolution throughout the accessible kinematic plane in 𝑥 and𝑄2 for 18 GeV electrons on 275 GeV
protons. The electron-only method performs best over most of the kinematic phase space and will
be used for Neutral Current (NC) DIS measurements at all but the lowest 𝑦 values. The ATHENA
ECal and tracker provide excellent energy and angular resolution for the scattered electron. At the
lowest 𝑦 values, the electron method resolution degrades like 1/𝑦. Here, the ability of ATHENA
to reconstruct the overall hadronic final state with good resolution can be exploited using the 𝑒 − Σ

or Double Angle (DA) methods [62], to ensure high quality measurements for 𝑦 . 0.1, leading to
high quality reconstruction at high 𝑥. In Charged Current (CC) DIS, the only available method is
Jacquet-Blondel (JB), which relies entirely on the hadronic final state. Once again, the high quality
response of ATHENA to hadrons over a wide range of 𝜂 and 𝑝𝑇 is key. The resolution with the JB
method is at the 20–30% level throughout the kinematic range.

Q
2  (

G
eV

2 )

102

101

    1

103

104

10−5 10−4
x10−3 10−2 10−1 1

ep at 18 x 275 GeV

Best Reconstruction Method for y:
Electron Method
e� Method
DA Method

y Resolution:

y =
 0.95

y =
 0.01

Figure 22. Variation of the estimated ATHENA resolution on the kinematic variable, 𝑦, with 𝑥 and 𝑄2, for
the case of 18 GeV electrons colliding with 275 GeV protons. At each point in the kinematic plane, the best
performing reconstruction method is chosen and indicated by the color of the corresponding marker, while
the size of the marker indicates the magnitude of the resolution obtained (FullSim).

Figure 23 summarizes the kinematic range and binning used in simulated ATHENA data for
unpolarized e+p collisions. The kinematic range is restricted to 𝑄2 > 1 GeV2 corresponding to
the deep-inelastic regime and a region in which the ATHENA ECal and tracking detectors provide
full acceptance across the accessible 𝑥 range. The requirement 𝑦 < 0.95 is applied to ensure
sufficiently large scattered electron energies and clean electron identification conditions (figure 25)
and a further cut 𝑦 > 0.01 is made to ensure that the kinematic variables can be sufficiently well
reconstructed (figure 22). The resolution allows for five logarithmically spaced bins per decade in
𝑥 and 𝑄2. A running time of one year is assumed for each beam energy combination. Statistical
uncertainties for inclusive e+p cross sections are negligible at all but the very highest 𝑥 and 𝑄2

values. These uncertainties, however, become important for the asymmetry measurements sensitive
to spin dynamics. The systematic uncertainties are taken to be the average of the optimistic and

– 45 –



2
0
2
2
 
J
I
N
S
T
 
1
7
 
P
1
0
0
1
9

10−5 10−4

x

Q
2  (

G
eV

2 )

10−3 10−2
10−2

102

101

    1

103

104

10−1

10−1

1

18 x 275 GeV

5 x 41 GeV

Figure 23. Kinematic coverage of simulated ATHENA data for EIC running at the largest and smallest
center-of-mass energies. The positions in the kinematic plane of simulated measurements in the deep-
inelastic region with selection requirements: 𝑄2 > 1 GeV2 and 0.01 < 𝑦 < 0.95 (FullSim).

pessimistic scenarios in theYellowReport, which are compatiblewith simulations carried out to date
for the ATHENA detector. HERA experience has shown that point-to-point systematic uncertainties
vary from 1.5% to 2.5% depending on 𝑦, whilst there are overall normalisation uncertainties for
each beam energy pairing at the level of 2.5%. The inclusive NC cross section is the fundamental
ingredient of all studies of collinear parton densities at EIC, as well as underlying semi-inclusive,
exclusive, and hadronic final-state cross-section measurements.

The Missing Transverse Energy (MET) is defined as the magnitude of the vector sum of the
momentum of all final-state particles in the event. It is reconstructed using energy-flow candidates.
This quantity is used in the hadronic reconstruction methods in CC DIS (for example in the JB
method: 𝑄2 = MET2/(1 − 𝑦)). Unbiased MET reconstruction with good resolution enables CC
DIS measurements with 𝑄2 > 100GeV2. Good missing energy performance is also required for
kinematic reconstruction in NC DIS at low 𝑦. Figure 24 shows the MET resolution and bias. At
MET = 10GeV, the resolution is 15% and bias less than 10%. The hermeticity of ATHENA for all
particles (both charged and neutral hadrons, photons, and leptons) will be crucial for measurements
of low-MET events.
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Figure 24. MET resolution
(solid line) and bias (dashed line)
as a function of generated MET.
The reconstructed MET is de-
fined as the magnitude of the
vector sum of the transverse mo-
mentum of all energy-flow ob-
jects (FastSim).
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3.1.1 Electron identification

The acceptance and performance of the ATHENA backward endcap and barrel calorimeters
leads to near 100% reconstruction of electrons in most of the deep-inelastic domain. The
backward beamline instrumentation continues the coverage, albeit with lower acceptance, into the
photoproduction domain.

The kinematic range over which precision measurements can be made in NC DIS also depends
on the ability to cleanly identify scattered electrons. Assuming a selection based on a calorimeter
electromagnetic cluster associated with a charged particle track, the dominant source of misiden-
tification is from residual 𝜋−. Suppression factors have been estimated to vary from 102 to 104

depending on the electron energy and pseudorapidity. The 𝜋− rejection factors have been convoluted
with the predicted yields of electrons and pions in a PYTHIA6 simulation of NC DIS to estimate
misidentification rates. Isolation and coplanarity requirements have been applied to the scattered
electron candidates. The summed 𝐸 − 𝑝𝑧 of all detected final state particles must be compatible
with the expected value of twice the electron beam energy. Together, these requirements provide
another order of magnitude misidentification suppression. Event kinematics and topology together
with the PID subsystems can be used to further reduce the misidentification.

Figure 25 shows the results of the 𝜋− background studies as a function of the scattered
electron momentum for four different ranges in 𝜂 (PID subsystem information is not used). The
contaminations are generally largest at low momenta. The 1/𝑄4 factor in the cross section implies
that the signal electron distribution is strongly peaked towards the backward direction, whereas
the pion spectrum is relatively flat in 𝜂, such that the misidentification fractions are largest for
the most central (highest 𝑄2) electrons. The estimated 𝜋− contamination is at or below the 10%
level throughout the accessible kinematic range. This is because the minimum scattered electron
momenta that are allowed by a typical kinematic requirement (e.g., 𝑦 < 0.95) grow with 𝑄2.

3.1.2 Lepton pair invariant-mass resolution

The resolution achieved in the reconstructed invariant mass of the lepton pairs is essential to
distinguish the quarkonia excited states. For the 𝐽/𝜓, one needs to separate the 𝐽/𝜓(1𝑆) and
𝜓 ′ states and for the Υ, the three excited states Υ(1𝑆, 2𝑆, 3𝑆) need to be resolved. The different
quarkonia and their excited states provide complementary probes of the nucleon, because of their
differences in size.

Figure 26 shows the expected ATHENA 𝑒+𝑒− invariant-mass spectrum, with the three Υ

states visible. In this simulation the relative cross sections were determined by the mass difference
and their couplings to the 𝑒+𝑒− final state [63]. The three peaks are well-separated, and, owing
to the low mass in the ATHENA tracker and beampipe, only a small low-mass shoulder from
bremsstrahlung is visible.

3.1.3 Hadron and jet reconstruction

ATHENA’s calorimetry and charged particle tracking enable precision jet measurements. In the
following figures, resolution and bias are defined as RMS and mean of the difference between
reconstructed and generated values, obtained with a Gaussian fit. Figure 27 shows the resolution
and bias for the jet energy (left panel) and jet azimuthal angle (right panel) as a function of 𝐸 jet
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Figure 25. Estimated 𝜋−/𝑒 ratio in NC DIS as a function of momentum and pseudorapidity for collisions
between 10GeV electrons and 100GeV protons. The pions are rejected using the basic PID performance of
the calorimeters, in combination with event-level requirements on the total 𝐸 − 𝑝𝑧 and electron isolation.
The vertical lines indicate the minimum momenta allowed by the requirements 𝑄2 > 1 GeV2 (important in
the most backward 𝜂 range) and 𝑦 < 0.95 (important in all the other 𝜂 ranges).
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Figure 26. The simulated 𝑀𝑒𝑒
mass spectrum for exclusive pro-
duction of the three Υ states
in collisions of 18GeV elec-
trons with 275GeV protons with
100 fb−1 of integrated luminos-
ity, using the cross sections from
eSTARlight [64]. Spectra are
shown for Υ-production at mid-
rapidity (|𝑦 | < 1) and away from
mid-rapidity (|𝑦 | > 1) (Full-
Sim).

in various 𝜂jet intervals. Jets are reconstructed with the anti-𝑘𝑇 algorithm and 𝑅jet = 1.0, with
energy-flow reconstruction. The jet energy resolution is better than 10% for 𝐸 jet > 40GeV, and
the jet azimuthal angular resolution is better than 1 degree for jet energies above 25GeV. The jet
energy scale is within a few percent of unity over a wide range, except where biases originate from
thresholds and acceptance effects.

3.1.4 Displaced track and vertex performance

Momentum and angular resolutions, needed in resonance reconstruction are described in section 2.3.
Track pointing and vertex resolutions enter in heavy-quark analyses, which require geometrically
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displaced secondary decay vertices of hadrons containing a charmor beauty quark. The performance
depends on reconstructed displacements for individual tracks along, as well as orthogonal to, the
beam directions, and the combination of single tracks into vertices. The resolutions of the latter
depend on the number of tracks and their topology.

High statistics heavy-quark projections from fast simulations have been benchmarked against
full GEANT simulations. The resulting finely-binned resolutions quantifyATHENA’smeasurement
capabilities. Resolutions from full simulations are shown in figure 28, left. Charged tracks from
PYTHIA have been propagated through this response and the results combined in weighted averages
to assess the collision vertex reconstruction performance. Figure 28, right shows the primary vertex
resolution as a function of the number of tracks within the indicated ATHENA acceptance. Charged
decay-prongs originating from hadrons containing charm or beauty quarks were combined in a
similar way to obtain the secondary vertices.

The displaced-track resolutions allow good charm-jet tagging based on a displaced track-
counting algorithm, which yields a charm efficiency that ranges from 10 to 30% from 5GeV/c to
30GeV/c. The mis-tagging rate on light jets similarly varies with 𝑝𝑇 but is always below 1%.
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Figure 27. Left: relative jet energy resolution (solid lines) and jet energy scale (dashed lines) for various
pseudorapidity intervals. Right: jet azimuthal angular resolution (solid lines) and bias (dashed lines) for
various pseudorapidity intervals (FastSim).

3.2 Origin of spin and 3-D nucleon imaging

3.2.1 Spin structure of the nucleon via polarised inclusive DIS

Understanding the spin of the proton is one of the central pillars of the EIC physics program.
Historically this question has been approached through the helicity-dependent collinear quark and
gluon distributions in the proton, following the spin sum rule:

1
2
=
1
2
ΔΣ + Δ𝐺 + 𝐿𝑄 + 𝐿𝐺 , (3.1)

where ΔΣ, Δ𝐺 and 𝐿𝑄, 𝐿𝐺 are the contributions from the quark/anti-quark helicity, the gluon
helicity, and their angular momenta, respectively. Data from fixed-target polarized lepton DIS
experiments and polarized proton-proton experiments that provide ΔΣ, Δ𝐺 have jointly probed the
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Figure 28. Left: single charged track distance-of-closest-approach resolution orthogonal to the beam axis
(FullSim). Right: primary vertex resolution as a function of charged track multiplicity along and orthogonal
to the beam axes for DIS events within the indicated detector acceptance (FastSim).

helicity distributions in the range 0.005 < 𝑥 < 0.6. EIC precision measurements, with a kinematic
coverage down to 𝑥 ∼ 10−4, will lead to a unprecedented knowledge of nucleon spin structure and
a benchmark for lattice QCD calculations.

The basic ingredient of these studies is the double spin asymmetry 𝐴𝐿𝐿 , which can be mea-
sured in inclusive NC DIS data (figure 23). Figure 29 (left) shows the absolute size of the DIS
inclusive asymmetry 𝐴𝐿𝐿 based on fits from the JAM collaboration [65] evaluated over the wide
𝑥 and 𝑄2 ATHENA acceptance for 18GeV electrons colliding with 275GeV protons. Figure 29
(right) compares the projected 𝐴𝐿𝐿 uncertainties with the absolute size of the asymmetry at three
representative 𝑄2 values for an integrated luminosity of 10 fb−1, where this observable becomes
limited by the systematic uncertainties at low 𝑄2.
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Figure 29. Left: predicted DIS inclusive double-spin asymmetry 𝐴𝐿𝐿 for 18GeV electrons colliding
with 275GeV protons based on fits from the JAM collaboration, in 𝑥 and 𝑄2 intervals corresponding to
the simulated ATHENA acceptance. Right: projected uncertainties (statistical and systematic) at three
representative 𝑄2 values for an integrated luminosity of 10 fb−1, where this observable is limited by the
systematic uncertainties at low 𝑄2 (FastSim).

Figure 30 shows the impact of ATHENA inclusive pseudodata constrainingΔΣ andΔ𝐺 through
a new global fit by the DSSV collaboration [66, 67]. As indicated in the figure, the uncertainty on
the gluon helicity is significantly reduced in the small-𝑥 region. In ref. [68] the impact of systematic
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Figure 30. Impact of DIS inclusive 𝐴𝑝
𝐿𝐿
pseudodata from ATHENA on the understanding of the proton spin,

as expressed through helicity distributions at 𝑄2 = 10 GeV2 in the DSSV14 fitting framework (FastSim).
Left: singlet quark helicity distribution. Right: gluon helicity distribution. The outermost bands correspond
to the uncertainties in DSSV14. The inner bands show the results of including simulated ATHENA data at
different center-of-mass energy combinations, as indicated.

uncertainties on the determinations of the helicity PDFs has been investigated. A 1.5% and a very
conservative 5% uncorrelated systematic uncertainty has been integrated in the fit. Sources of fully
correlated systematic uncertainties, such as measurements of the beam polarizations, which are
likely to dominate uncertainties at an EIC, only lead to a scale uncertainty in spin asymmetries but
do not change the significance of the measurement. An uncorrelated systematic uncertainty of <
5% has a tolerable impact.

Spin structure of the nucleon via polarised semi-inclusive DIS. The ATHENA particle identi-
fication subsystems enable unique capabilities to delineated the quark and anti-quark contributions
to ΔΣ by flavor. The sensitivity to the flavor of the struck parton in SIDIS requires the measurement
of different identified hadron species in electron collision with various polarized light ion beams.

Figure 31 shows 𝐴𝐾±
𝐿𝐿
and its uncertainties at different

√
𝑠 compared to current uncertainties

from helicity PDFs [67]. The pseudodata uncertainties account for the purities and efficiencies of
the ATHENA PID detectors, which have been determined to be generally above 90% and above
80%, respectively. The possibility to measure at different

√
𝑠 allows a better determination of

sea-quark helicities down to ∼ 10−4 and up to ∼ 1 in 𝑥 in a wide 𝑄2-range. In particular, these
measurements will clarify whether the sea-quark polarizations, especially for strange quarks, are
non-vanishing in that limit.

Double spin asymmetries in charmproduction enable accessing the gluon polarization in a com-
plementary way to the scaling violation of the inclusive structure function 𝑔1. In the EIC kinematics,
10–15% of the inclusive DIS cross section will be from the production of charm-quark pairs. These
pairs probe the shape of the gluon density of the nucleon at large 𝑥, at an effective scale determined
by the charm mass. Theoretical uncertainties due to higher order corrections have been studied and
HERA e+p data show good agreement with QCD expectations (see, e.g., ref. [70]). Several impact
studies of the EICs measurement have been performed to-date [71–74]. Excellent displaced vertex
resolution is essential in achieving a large signal-to-background ratio in these measurements.
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Figure 31. Projected statistical and systematic uncertainties for 𝐴𝐿𝐿 for charged kaons. The curves are
based on DSSV helicity PDFs [67] combined with DSS FFs [69]. The bands reflect only the helicity
PDF uncertainties. Left: the expected results for 15.5 fb−1 of 18GeV electrons colliding with 275GeV
protons. Right: results combining pseudodata from 5GeV electrons colliding with 41 and 100GeV protons,
10GeV electrons colliding with 100GeV and 275GeV protons, and 18GeV electrons colliding with 275GeV
protons. The uncertainties of the individual datasets were scaled to the dataset with 18GeV electrons
colliding with 275GeV protons assuming equal data taking time for each center-of-mass-energy. Pseudodata
with 𝑄2 > 1GeV2, 𝑧 > 0.2, 𝑦 > 0.01 and a depolarization factor 𝐷 (𝑦) > 0.1 were selected. Purities and
efficiencies of the PID detectors have been taken into account. Systematic uncertainties were estimated to be
3% point-to-point and 2% scale uncertainty based on previous experience and the simulated PID performance
of ATHENA. These results show a significant impact of the projected dataset, in particular, on the sea-quark
helicity distributions and a constraining power over the entire 𝑥 range (FastSim).
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Figure 32. Projections for the
spin asymmetry 𝐴𝑐1 ∼ 𝑔𝑐1/𝐹

𝑐
1 in

𝑒 + 𝑝 → 𝑒′ + 𝐷0 + 𝑋 for an in-
tegrated luminosity of 100 fb−1

and longitudinal polarizations of
80% (70%) for the electron (pro-
ton) beams. The points are
shown at the 𝑥 and 𝑄2 values
of the measurement, indicated
by the horizontal scale and the
vertical scale on the left, respec-
tively. The bars indicate the
size of the statistical uncertain-
ties and follow the vertical scale
on the right. The bands de-
note the different energy combi-
nations (FastSim).

Pioneering measurements in the photo-production regime have been performed by the COM-
PASS collaboration at CERN [75]. More recently, the formalism for Next-to-Leading Order (NLO)
perturbative QCD for such measurements in the DIS regime has become available [76] and an
impact study has been performed for future measurements at the EIC [74]. Figure 32 shows the
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projected uncertainties for the spin asymmetry 𝐴𝑐1 ∼ 𝑔𝑐1/𝐹
𝑐
1 in polarized 𝑒 + 𝑝 → 𝑒′ + 𝐷0 + 𝑋

using the ATHENA baseline response for topological reconstruction of the 𝐷0 meson through the
𝐷0 → 𝐾 + 𝜋 decay channel.
Alternative techniques could be by invariant-mass reconstruction of three-prong 𝐷∗+ decay,

single displaced 𝐾 tag, or by means of the significance of the signed displacement of charged
particle tracks. These have not been explicitly studied for this proposal.

3.2.2 3-D parton imaging with hadrons

Because of confinement, partons can have momenta in the transverse plane perpendicular to their
parent hadron momenta. The best studied TMD is the 𝑓 𝑞1 (𝑥, 𝑘𝑇 ) for an unpolarized quark, carrying
longitudinal, 𝑥, and transverse, 𝑘𝑇 , momenta. At small 𝑘𝑇 ∼ Λ𝑄𝐶𝐷 , 𝑓 𝑞1 is a non-perturbative func-
tion that can only be determined by fitting to experimental data. High precision datawith a large lever
arm in 𝑄2 are needed over a wide range in 𝑥 to determine the non-pertubative part of the evolution.
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Figure 33. Left: projected uncertainties for the unpolarized cross sections measured with ATHENA
compared with uncertainties of the PV17 TMD PDF extraction [77] (grey dots). Over a significant part of the
phase space the total uncertainty on the ATHENA pseudodata is dominated by the assumed 2% systematic
point-to-point and 3% scale uncertainty, whereas the theory uncertainties are dominated by the poorly known
TMD evolution. The different colors represent the different energy combinations. The size of the markers
show the uncertainties of the corresponding datasets. At each point the data and theory relative uncertainties
are shown where the data has the relative highest impact. Right: projected Sivers asymmetries extracted from
ATHENA pseudodata compared to projections from the Pavia extraction [78] for charged pions. Pseudodata
with 𝑄2 > 1.0GeV2, 0.2 < 𝑧 < 0.7, 𝑦 > 0.05, 𝑞𝑇 /𝑄 < 1.0 were selected. The ATHENA data will be
powerful in constraining the shape of this TMD as well as its evolution. The uncertainties of the individual
datasets were scaled to 100 fb−1 of 10GeV electron collisions with 275GeV protons assuming equal data
taking time for each center-of-mass-energy. Based on previous experience, we assumed 2% point-to-point
uncertainty and 1.5% scale uncertainty (FastSim).

At leading twist, there are eight TMDs covering all combinations of parton and hadron po-
larizations. The most prominent polarized TMD is the Sivers function, 𝑓 ⊥ 𝑞1𝑇 , for an unpolarized
parton 𝑞 in a transversely polarized hadron. Current extractions of the Sivers function are based on
data with large uncertainties and covering a small part of the phase space. Consequently, the 𝑘𝑇
and 𝑥 dependences of the sea-quarks are poorly constrained. The non-perturbative contribution to
the evolution of the Sivers function at low 𝑘𝑇 is driven by the same poorly known non-pertubative
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evolution as 𝑓 𝑞1 . Figure 33 shows the uncertainties for the unpolarized cross sections (left) projected
for ATHENA compared with uncertainties of the PV17 TMD PDF extraction [77]. Over a signifi-
cant part of the𝑄2-𝑥 coverage at different center-of-mass-energies the ATHENA total uncertainties
are dominated by the assumed systematic 2% point-to-point and 3% scale uncertainty. The right
plot shows the projected Sivers asymmetries extracted from ATHENA pseudodata compared to
projections from the Pavia extraction [78] for charged pions. Data with 𝑄2 > 1.0, 0.2 < 𝑧 < 0.7,
𝑦 > 0.01, 𝑞𝑇 /𝑄 < 1.0 were selected. The ATHENA data will be powerful in constraining the shape
of this TMD as well as its evolution as is clearly seen from the vanishing ATHENA uncertainties
compared to the current theory uncertainties.

3.2.3 3-D parton imaging with heavy flavor and jets

Jets are excellent proxies for partons, especially in the clean environment ofDIS, so they are powerful
probes for TMDs in a nucleon. For example, measurements of electron-jet pairs in DIS probe quark
TMD PDFs without convolution with TMD fragmentation functions [79, 80]. Similarly, dĳets in
DIS probe gluon TMD PDFs and offer a very promising way to constrain the magnitude of the gluon
Sivers function over a wide kinematic range [81]. In diffractive DIS, dĳet-proton correlations probe
the Wigner function [82]—the ultimate goal for nucleon imaging studies. While measurements of
TMDs were highlighted in the NAS study and EICWhite Paper, the potential of their measurements
with jets had not been fully explored by the time the EIC White Paper was written.

ATHENA’s precision, acceptance, and particle ID performance enable high quality mea-
surements of jets and their substructures. The novel barrel ECal also helps hadronic final state
measurements. Combined with the excellent tracking resolution enabled by the 3T magnetic field,
ATHENA will make precise energy flow and hadron-in-jet measurements. The key requirement
to probe TMDs with jets is the resolution to probe small values of lepton-jet (dĳet) momentum
imbalance (𝑞𝑇 ); which is driven by jet energy and angle resolution. To access the TMD regime,
the 𝑞T value should be small relative to the total jet (dĳet) 𝑝𝑇 and 𝑄 of the event.

Figure 34 shows the projected performance for the lepton-jet Sivers asymmetry (left), and di-
charm Sivers asymmetry (right) measured with D0 and charm jet pairs. These illustrate ATHENA
measurements with sensitivity to (anti-) quark and gluon TMD PDFs, respectively. The purity is de-
fined as the ratio of the number of events where the reconstructed and generated values of 𝑞𝑇 /𝑝jet𝑇 are
in the same bin to the number of all events reconstructed in that bin. The purity is found to be more
than 50% for the bin widths shown, ensuring reasonable corrections for the asymmetries and unfold-
ing for the unpolarized e+p baseline. The theory predictions and uncertainties are taken from [83].

Fragmentation function, or hadron-in-jet, measurements generalize SIDIS by providing an
additional axis (the jet axis as well as the 𝛾∗ axis), which can be used to probe TMD PDFs and
TMD FFs in an independent and controlled way [83]. For example, by fixing the 𝑝𝑇 of the jet with
respect to the photon axis while varying the 𝑝𝑇 of the hadrons with respect to the jet axis, decouples
those effects and offers great flexibility to constrain TMDs and their evolution [84]. ATHENA’s
precision calorimetry, tracking, and PID capabilities enable good energy flow reconstruction and
are crucial for these measurements.

Performance requirements for fragmentation functions are similar to those for jet correlations
accessing TMDs. However, fragmentation function measurements also require excellent PID over
the entire 𝑥, 𝑧, 𝑄2 phase space. Figure 35 shows the projected precision for hadron-in-jet Collins
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Figure 34. Left: sensitivity for lepton-jet Sivers asymmetry (FastSim). Right: sensitivity for di-charm
Sivers asymmetry. These are representative examples of measurements probing (sea) quark TMDs and gluon
TMDs, respectively (FastSim).

asymmetry measurements, which probe quark transversity, TMD fragmentation functions, and
TMD evolution. This measurement is representative of an entire class of possible jet substructure
measurements.
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Figure 35. Projection for
hadron-in-jet Collins asymme-
try measurement for charged pi-
ons, kaons and protons. This
is representative of the class of
jet substructure measurements
(FastSim).

3.2.4 Transverse spatial imaging of quarks and gluons

Deeply virtual Compton scattering (DVCS, 𝛾∗𝑁 → 𝑁 ′𝛾) and timelike Compton scattering (TCS,
𝛾𝑁 → 𝑁 ′𝛾∗ → 𝑁 ′ℓ+ℓ−) are among the most discussed exclusive reactions, allowing the extraction
of Generalized PartonDistribution (GPD) functions. ATHENA is designed especially to reconstruct
the entire final state with superior precision. In DVCS, a virtual photon is exchanged in the scattering
with its virtuality well in the perturbative regime (𝑄2 > 1GeV2) and a high-energy real photon is
emitted. Conversely, in TCS, a real photon absorbed by a quark causes the emission of a virtual
photon, which decays into a lepton pair.

Experimentally, the main distinction between the spacelike and timelike regimes is whether the
scattered electron is detected, and whether it is the real photon or the lepton pair which is detected
at mid-rapidity.
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Exclusive reactions challenge detector designs in multiple ways, and acceptance is key. Ac-
ceptance in 𝑥 can be mapped to acceptance in final state rapidity. Resolution and PID for 𝜋0, 𝛾, and
leptons are critical to eliminate the background from other final states and good forward acceptance
for nucleons and photons is also crucial.

DVCS and TCS give access to chiral-even GPDs, which are important for the extraction of
information on nucleon tomography and the Energy-Momentum Tensor (EMT). DVCS and TCS
have complementary sensitivity to the different Compton form factors, which parametrize the cross
sections and asymmetries and are a stepping stone towards determining GPDs. Therefore, a good
capability in measuring both DVCS and TCS by an EIC experiment will be crucial for the partonic
imaging program. The EIC Yellow Report section 8.4.1-4 [2] identify the acceptance requirements
for the forward-scattered coherent proton in a DVCS or TCS event. An accurate |𝑡 | measurement in
a very wide range (|𝑡min | ∼ 0.03GeV2 up to |𝑡 | ∼ 1.6GeV2) is required for a good extraction of the
impact parameter distributions via Fourier transform, without affecting the precision of the extracted
partonic densities. In ATHENA, such protons will be measured by the far-forward detectors (RPs
and B0 tracker). The reconstruction of |𝑡 | in a DVCS event with the far-forward proton spectrometer
is shown in figure 36. For intermediate ion beam energies, a small gap in |𝑡 | is caused by a small
acceptance mismatch between the B0 spectrometer and the RPs. This gap is intrinsic to the IR
design and does not significantly affect the quality of extracting the |𝑡 |-slope. The acceptance and
momentum resolution of the far-forward detectors allow for an accurate |𝑡 | reconstruction (figure 36),
which translates into the capability of pinpointing different |𝑡 |-slopes and discriminate among the
theoretical models, some of which assume an exponential dependence [85–87] and others a dipole-
like dependence [88–90]. Figure 37 shows the event-by-event difference between the generated and
reconstructed photon angle, which is directly related to the angular resolution of the ECal. For most
DVCS events, the difference between the generated and reconstructed photon angle is well below 17
mrad, the minimum angular divergence between two decay photons of a 𝜋0 (EIC Yellow Report [2],
section 8.4.1). This will ensure strong suppression of the 𝜋0 background to the DVCS process.

At EIC kinematics, the TCS cross section is suppressed by two orders of magnitude compared
to the experimentally indistinguishable Bethe-Heitler (BH) process. Spin asymmetries, sensitive to
the interference between the BH and TCS amplitudes, recover the sensitivity to GPDs. ATHENA
detection capabilities are excellent for the extraction of Beam-Spin Asymmetry (BSA) in the TCS
process, as can be seen from figure 38, which shows the generated and reconstructed BSA plotted as
a function of Trento 𝜙. Agreement is excellent, within the statistical uncertainties. The TCS proton
detection capabilities of ATHENA are identical to those for DVCS. The 𝑒+𝑒− pair from the decay
of the virtual photon in TCS is produced at central rapidity, for which ATHENA has near perfect
acceptance and efficiency. The exclusivity of TCS will be ensured in cases where the scattered
electron is outside of the acceptance of the ATHENA central detector through cuts on the missing
mass distribution. The detection of the scattered electron in the far-backward subsystems will
further refine the exclusivity of the sample and suppress backgrounds in this part of the phase space.

– 56 –



2
0
2
2
 
J
I
N
S
T
 
1
7
 
P
1
0
0
1
9

0 0.5 1 1.5 2

1−10

1

10

210

310

410

510
dN

/d
|t|

 (G
eV

-2
)

|t | (GeV2)

e+p 10x100 GeV
Q2 > 1 GeV2

e + p→ e' + p' + γ 

EpIC generated
ATHENA reco

Figure 36. The |𝑡 | distribution of DVCS events in
e+p collisions from theE𝑝ICMonteCarloGener-
ator (black line) for 10GeV electron and 100GeV
proton beam energies, is compared with the re-
constructed distribution (blue circles) (FullSim).

0 0.05 0.1 0.15
Reco. − generated angle of photon (rad)

C
ou

nt
s

105

104

103

102

10

1

e+p 10x100 GeV
Q2 > 1 GeV2

e + p→ e' + p' + γ 

Figure 37. Difference between the generated and
reconstructed angle of the produced real photon
in a DVCS event simulated in e+p collisions for
the 10GeV electron and 100GeV proton beam
energies (FullSim).
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Figure 38. Beam-spin asymmetry 𝐴𝐿𝑈 ex-
tracted from generated (black squares) and
reconstructed (red circles) data as a func-
tion of 𝜙Trento in polarized e+p collisions
of 5GeV electrons and 41GeV protons
with statistical uncertainties corresponding
to ∼ 0.3 fb−1. The data show the kine-
matic bin of 1.5 < 𝑄 ′ < 2GeV, 0.025
< 𝜏 < 0.05 and 45𝑜 < 𝜃 < 135𝑜, where
𝑄 ′ is the invariant mass of the lepton pair,
which provides the hard scale in the process,
𝜏 = 𝑄 ′2/(𝑠 − 𝑚2𝑝) is the equivalent of 𝑥 for
TCS and 𝜃 is the angle between a produced
lepton and the scattered proton (FullSim).

3.3 Origin of mass

3.3.1 Gravitational gluonic form factors through DVMP on nucleons

The origin of the proton mass can be traced back to QCD [91] through the breaking of scale
invariance due to quantum effects, giving rise to a non-zero trace of the EMT known as the trace
anomaly. Since the proton’s constituents are either massless (gluons) or near-massless (quarks), one
needs to account for the motion of quarks and gluons. However, they still comes short to account
for the proton’s total mass. A remaining contribution related to the fundamental origin of mass is
needed, namely a fraction of the trace anomaly, an essential ingredient to understand the origin of
mass [92–95]. Other interpretations of the mass decomposition have been put forward [96, 97].
One important goal of the ATHENA detector is to enable measurements to probe the trace anomaly
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and determine the proton mass radius in the photo- and electro-production of heavy quarkonia
near-threshold [98–105]. A number of other physics topics can also be accessed, including color
correlations [106], Υ− 𝑝 scattering lengths [107], and, by studying the𝑄2 dependence of exclusive
production, and saturation [108]. Short of performing elastic scattering using a beam of 𝐽/𝜓s and
Υs to determine the gravitational gluonic form factors, the next best option is amulti-prong approach
through DVMP and DVCS. We demonstrate ATHENA’s performance for 3-D gluon transverse spa-
tial density profiles using 𝐽/𝜓-DVMP, along with the |𝑡 | dependence ofΥ production near threshold.
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1

)
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σd

 Productionψ Exclusive J/
 (10GeV on 100 GeV)-110 fb

 < 0.025V0.016 < x
2 < 39 GeV2

V + M2 < Q224 GeV

Full Simulation
Exponential fit
Fit envelope

Figure 39. Left: exclusive 𝐽/𝜓 differential production cross section in the 𝑒+𝑒− decay channel for 0.016
< 𝑥𝑉 < 0.025 and 24GeV2 < 𝑄2 + 𝑀2

𝑉
< 39GeV2. The blue central curve is an exponential fit to the

pseudodata, while the green outer curves show the extremes of various extrapolation scenarios outside of
the measured range (FullSim). Right: the corresponding 𝑏𝑇 and 𝑥𝑉 dependence of the extracted gluon
transverse profiles, multiplied with the gluon PDF from CT14 [109], for the same bin in 𝑄2 + 𝑀2

𝑉
. The

blue band shows the statistical uncertainty, while the green band shows the total uncertainty, including the
extrapolation uncertainty of the Fourier transform (FullSim).

3.3.2 3-D gluon spatial imaging / GPDs via J/𝝍 and 𝚼

Photo- and electro-production of quarkonia are important probes of nuclear structure, sensitive
to gluon densities and transverse positions in nucleons and nuclei (GPDs) [2, 4]. A key goal
is to determine transverse gluon density profiles in the proton at different 𝑥. This is achieved
by measuring, at large

√
𝑠 and large 𝑄2, the elastic electro-production differential cross section

𝑑𝜎/𝑑𝑡 of 𝐽/𝜓 and Υ. A further method to extract the same gluon density profile is through DVCS
measurements over a wide range of 𝑄2. Figure 39 (left) shows the acceptance-corrected result
of such a measurement for 𝐽/𝜓 electro-production in a single bin of 𝑥𝑉 = (𝑄2 + 𝑀2

𝑉
)/(2𝑃·𝑞)1

and 𝑄2 + 𝑀2
𝑉
. This can be related to an average gluon impact parameter distribution through a

Fourier transform of the 𝑡-dependence, assuming various scenarios to extrapolate 𝑡 outside of the
measured region. The ATHENA detector has excellent acceptance for the vector meson decay
leptons and the scattered electron over the full kinematic range of interest. For this measurement,
good 𝑡-acceptance in the far-forward detectors is crucial to minimize the systematic uncertainty

1This is the DVMP equivalent of Bjorken-x.
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Figure 40. Left: the projected uncertainty of the total and differential (insertion) cross sections of Υ(1S)
near-threshold for photoproduction and electroproduction (𝑄2 < 1GeV2) in e+p collisions via the 𝑒+𝑒− decay
channel. Two model predictions [64, 107] of the near threshold differential d𝜎/dt are also shown (FullSim).
Right: the trace anomaly contribution to the protonmass in Ji’s decomposition according to [110, 111] and ref-
erences therein. Green and red points correspond to 10 fb−1 and 100 fb−1 integrated luminosity, respectively,
and are offset from each other. The band is the result of a recent lattice QCD calculation [112] (FullSim).

related to this extrapolation. Figure 39 (right) shows the results for this Fourier transform for a slice
of 𝑄2 + 𝑀2

𝑉
as a function of 𝑥𝑉 and the impact parameter 𝑏𝑇 .

3.3.3 Near-threshold 𝚼 production

Measurement of 𝑑𝜎/𝑑𝑡 of Υ production near threshold may help determine the gravitational form
factors of the nucleon. The main requirements are good acceptance over the entire rapidity range,
good mass resolution to separate the three Υ states [2], and good 𝑡-resolution. The latter can be
measured by either observing the outgoing proton (andmeasuring 𝑡 = (𝑝′proton−𝑝proton)2), or bymea-
suring both the photonmomentum and theΥmomentum. The photonmomentum can be determined
if the outgoing electron is observed; this requires that the photon has a non-zero𝑄2. These methods
require precise measurements of the outgoing electron and/or proton momenta, but they are limited
by the momentum spread of the electron and proton beams. Good mass resolution (< 100MeV) is
necessary to be able to separate the three Υ states (see figure 26). It is also necessary to be able to
cleanly select Υ production events. This requires good lepton identification, and good momentum
resolution to be able to reject the continuum 𝛾 → ℓ+ℓ−, as well as large solid angle coverage.

Figure 40 (left) shows the performance achieved by ATHENA with full reconstruction in the
near-threshold measurement of Υ(1𝑆) differential (insert) and total cross section in a region never
accessed before. While 100 fb−1 showcases the full impact of the EIC high luminosity for this
process, 10 fb−1 is considered for the early running impact. Figure 40 (right) shows the constrains
on the anomaly contribution to the proton mass in a model-dependent approach [110, 111] for
integrated luminosies of 10 fb−1 and 100 fb−1 together with prior data in 𝐽/𝜓-production and a
recent lattice evaluation [112]. The excellent PID performance of ATHENA for both electron and
muon decay pairs of the Υ was accounted for in these projections.
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3.4 Gluons in nucleons and nuclei

3.4.1 Collinear parton distributions in nucleons and nuclei

The basic NC cross section data illustrated in figure 23, together with their CC counterparts,
comprise themain ingredients ofDGLAP-basedfits to extract the collinear parton distributions of the
proton. Because of the integrated luminosities and the kinematic coverage at intermediate-to-large
𝑄2 and high-𝑥, data from the EIC will complement existing world data in the PDF fits in key ways.
Charm production at the EIC will provide further constraints. Figure 41 illustrates how inclusive
DIS measurements in ATHENA will constrain the high-𝑥 region, by showing the improvement
relative to HERA-PDF2.0 [113] and MHST20 [114]; the ATHENA detector performance at the
lowest 𝑦 (see section 3.1.1) is key.
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Figure 41. Impact of ATHENA on the collinear parton distributions of the proton at high-𝑥. (a-c) Impact of
ATHENA data when added to (DIS / HERA only) proton PDF fits [115], HERAPDF2.0 [113], showing the
gluon, and the up and down valence quarks. (d) Impact of ATHENA data on the up valence density when
added to an example global fit, MSHT20 [114], which includes LHC data to constrain high-𝑥. Profiling in
the xFitter framework is used.

As the world’s first e+A collider, the EIC will explore nuclear structure at an unprecedented
level of detail up to the heaviest nuclei. ATHENA will measure nuclear PDFs (nPDFs), or nuclear
modification ratios, which encode the deviations of nPDFs from simple scaling of nucleon PDFs
with atomic mass 𝐴. The sensitivity to non-linear QCD effects in inclusive DIS is closely related to
the precision and kinematic acceptance of the nuclear modification ratios proposed to be measured
by ATHENA.
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Figure 42. Relative uncertainties of the nuclear modification ratios based on fits to simulated ATHENA e+p
and e+Au pseudodata, compared with EPPS16 [116]. Gluon density (top), sea up quark density (middle)
and valence up quark density (bottom). The vertical lines indicate the minimum 𝑥 values of the data entering
the fits for the proton (left) and nucleus (right).

The impact of ATHENA on nuclear PDFs has been studied in the xFitter framework [115].
Pseudodata from ATHENA only are used as input to fits in which the PDFs evolve according to the
NLODGLAP equations, with minimum𝑄2 = 3.5 GeV2, and a parameterization at the starting scale
taken from the HERA2PDF studies. Figure 42 shows the results for the pivotal case of the gluon
density, as well as the sea and valence up quark densities. The low-𝑥 precision on the gluon density
is ∼ 5% for protons and 10% for gold. The ATHENA-only projections for the nuclear modification
ratio are compared with the precision of a representative current global fit, EPPS16 [116], which
includes data from fixed target DIS and Drell-Yan experiments, hard processes in p+A collisions at
the LHC and 𝜋0 data from PHENIX. The precision on the gluon for 𝑥 ∼ 0.1 is improved by around
a factor of two when using ATHENA data. The minimum 𝑥 of data points included in the EPPS16
fit is 0.008, whereas in the ATHENA fits it is approximately 0.001. ATHENA measurements will
constrain the nuclear gluon density with a precision of approximately 10%.

Inclusive DIS data can be complemented at the EIC by SIDIS production of heavy flavor pairs,
that are sensitive to the gluon density and its shape through photon-gluon fusion. The large 𝑥-range
explored at the EIC should allow for testing current understanding of gluon shadowing at 𝑥 � 0.1,
and exploring anti-shadowing at 𝑥 ∼ 0.1 and further suppression at 𝑥 > 0.3 (the “gluonic EMC
effect”).
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Figure 43. The reduced charm cross section 𝜎𝑐𝑐̄𝑟 (left) and corresponding structure function 𝐹𝑐𝑐̄2 (right)
in intervals in Bjorken-𝑥 for different values of 𝑄2 from PYTHIA simulations and ATHENA response for
𝑒 + 𝑝 → 𝑒′ + 𝐷0 + 𝑋 at the indicated center-of-mass energies for an integrated luminosity of 10 fb−1. The
vertical values for different 𝑄2 values are scaled as indicated (FastSim).

Figure 43 shows the projected uncertainties for reduced charm cross section, 𝜎𝑐𝑐̄𝑟 , and the cor-
responding structure function 𝐹𝑐𝑐̄2 , measured via topological reconstruction of the 𝐷

0 meson. The
detector response includes particle-identification, momentum and single-track pointing resolutions,
and primary vertex resolution in the topological reconstruction of 𝐷0 → 𝐾+𝜋 decays guided by fast
andGEANT-based simulations. The selection criteria correspond to those in ref. [73] and include the
transverse displacement of the 𝐷0 meson, a criterion on its direction, and the displacement between
the 𝐾 and 𝜋 tracks. The uncertainties are up to 40% better than those in [73] owing to ATHENA’s
acceptance and performance. Commensurate improvement and impact should be expected from
e+A collisions via D0 topological reconstruction and from other decay channels and techniques [72].

3.4.2 Gluon saturation

An exciting opportunity for discovery at the EIC is in the gluon density distribution at small x.
It has been predicted that at sufficiently high gluon density, the number of gluons must saturate
in order to preserve unitarity of the cross section. In heavy nuclei, the gluon distributions of
neighboring nucleons overlap, putting the saturation region within experimental reach. ATHENA’s
large acceptance and superb reconstruction of charged particles, neutrals, and jets provides excellent
sensitivity to predicted saturation effects.

Di-hadron correlations. In SIDIS production of two back-to-back charged hadrons from electron-
nucleus collisions, the azimuthal angle differenceΔ𝜙 allows to probe theWeizsäcker-Williams gluon
TMD [117–120]. The away-side peak in the di-hadron Δ𝜙 correlation is sensitive to the back-to-
back jets produced after the collision. When non-linear QCD effects set in, the away-side peak
gets decorrelated. Figure 44 depicts the predicted suppression as function of 𝑥𝑔 through J𝑒𝐴𝑢 , the
relative yield of correlated back-to-back hadron pairs in e+Au collisions compared to e+p collisions
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Figure 44. J𝑒𝐴𝑢 representing the
suppression of the away-side peak
in di-hadron and dĳet production.
For di-hadron production the blue
curve shows the baseline without
saturation effects using the CTEQ
nPDFs [121], the red curve shows the
projected effect from the saturation
model in ref. [119]. In black the
projected uncertainties for dĳet
away-side suppression are shown.
While di-hadrons will be a sensitive
probe for saturation at ATHENA with
reach to low 𝑥𝑔, dĳets are restricted
to 𝑥𝑔 above about 10−2 (FastSim).

scaled down by A 13 (the number of nucleons at a fixed impact parameter). In absence of collective
nuclear effects in the pair production cross section, J𝑒𝐴𝑢 ∼ 1, as is seen for jets and simulations with
only accounting for effects due to nPDFs. While J𝑒𝐴𝑢 < 1 signifies suppression of the di-hadron
correlations. The quality of the ATHENA di-hadron measurement is illustrated by the uncertainties,
shown as the vertical bars.

Exclusive vector meson production in e+A. Coherent diffractive vector meson production off
heavy nuclei has been considered as one of the golden measurements at the EIC. It offers a clean
measurement of the gluon spatial distribution in nuclei. By using the lever arm in beam energy,
𝑄2, and different VM species, this measurement will be a promising experimental probe to the
saturation dynamics. In hard diffractive e+A events, exclusive vector meson production and DVCSs
are the only processes that allow to determine 𝑡. Except for very light nuclei, the scattered nucleus,
A′, stays within the beam envelope and cannot be observed directly; exclusive processes allow to
derive the A′ kinematics from the rest of the event.

The measurement of the gluon spatial distribution requires a precise determination of the
momentum transfer |𝑡 | in coherent vector meson production. High precision |𝑡 | measurements
require high-resolution reconstruction of the scattered electron and the final-state vector meson
decay products. This is provided by ATHENA’s excellent tracking performance in its 3 T field in
conjunctionwith high-resolution electromagnetic calorimetry in the backward region. Furthermore,
a high-purity coherent sample is needed, where the main physics background of large incoherent
productions can be suppressed by vetoing the nuclear breakups using the Far-Forward (FF) region
detectors [122]. Sufficient suppression of the incoherent background to a level lower than all
three minima of the reconstructed coherent |𝑡 | distribution is assumed in the following. To reduce
electron and ion beam effects such as angular divergence and momentum spread, which can impact
the resolution of the |𝑡 | reconstruction, one can remove these effects by an improved |𝑡 | reconstruction
method [2], known as “Method L”, which is used below.

For our studies we have chosen the 𝑒+Au→ 𝑒′+Au′+𝜙 process since it is the most challenging
to measure. Figure 45 left shows the differential d𝜎/d|𝑡 | distribution of coherent production of
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𝜙 mesons in e+Au collisions at 18 × 110GeV. The plot on the right shows the corresponding 𝑡
resolution, 𝛿𝑡/𝑡, as a function of 𝑡. These |𝑡 | resolutions, on the order of 10–20% at low |𝑡 | and 5%
at higher |𝑡 |, enable ATHENA to measure the minima positions of the diffractive shape in the |𝑡 |
distribution. Resolving these structures is the key to measuring gluon GPDs in nuclei.
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Figure 45. Left: differential |𝑡 | distribution of diffractive 𝜙-mesons in e+Au collisions of 18GeV electron
beams with 110GeV Au beams. Distributions of the coherent differential cross section from the Sartre
event generator and its reconstruction with ATHENA (“Method L”) are shown. Right: the corresponding |𝑡 |
resolutions versus the generated |𝑡 | (FastSim).

3.4.3 Properties of cold nuclear matter

The precision and control over initial kinematics at the EIC, together with the large
√
𝑠 range, high

luminosity, and capability to collide a wide range of nuclei enable an unprecedented exploration of
the properties of nuclear matter.
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Figure 46. Azimuthal angle be-
tween jet (𝑅jet = 1.0) and the
scattered electron. The vertical
bars show statistical uncertain-
ties, while the band represents
the estimated 4% point-to-point
systematic uncertainty. This as-
sumes a jet-energy scale uncer-
tainty of 1%. Theory curves are
taken from ref. [79] (FastSim).

For example, jet production in DIS can probe the properties of Cold Nuclear Matter (CNM)
by comparing the momentum of the jet to that of the scattered electron, which is unaffected by
the nuclear medium [123]. Figure 46 shows the opening angle distribution between the jet and
the scattered electron. This observable is sensitive to partonic energy loss and the jet transport
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coefficient, 𝑞, which are both important for characterizing CNM. ATHENA’s large acceptance and
excellent electron and jet energy resolutions are well-suited for these measurements. With their
close connection to the scattered parton and well defined internal structure, jets have emerged as a
key addition to the experimental ‘toolbox’.

Jet substructure: shower modification and hadronization in cold nuclear matter. Compar-
isons between vacuum and medium showers can shed light on the process of hadronization, in
which partons shed energy and virtuality to form the final state particles we observe. Detailed
studies of parton showers are possible via jet substructure observables, which are sensitive to the
distribution of energy within a jet. An example substructure observable is jet angularity, which is
defined as [124]:

𝜏𝑎 =
1
𝑝𝑇

∑︁
𝑖∈ 𝑗

𝑝𝑇 𝑖Δ𝑅
2−𝑎
𝑖 𝑗 , (3.2)

where 𝑝𝑇 is the jet transverse momentum; 𝑝𝑇 𝑖 and Δ𝑅𝑖 𝑗 are the transverse momentum and distance
from the jet axis of the 𝑖th particle, respectively; 𝑎 is a continuous parameter. Jet angularity
is sensitive to a convolution of perturbatively describable hard processes and non-perturbative
hadronization physics. The blue and green bands in figure 47 illustrate this. Precision comparisons
of angularity between e+p and e+A for different 𝑝𝑇 , 𝑅, and 𝑎 values will enable highly differential
characterizations of CNM properties, shower formation and evolution, as well as vacuum vs. in-
medium hadronization.
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Figure 47. Jet angularity re-
constructed using the ATHENA
Delphes model and energy-flow
algorithm compared to NLL the-
ory predictions and NNL + non-
perturbative effects [124]. The
horizontal bars represent the
angularity resolutions in each
bin. Statistical uncertainties
were scaled to 1 fb−1 and are not
visible on this scale (FastSim).

3.4.4 Fragmentation and hadronization

Fragmentation functions are required for the interpretation of SIDISmeasurements in terms of quark
and gluon degrees of freedom of the initial state. Furthermore, measurements of the hadronized final
state can provide insights into the mechanism(s) by which partons transfer energy and hadronize in
nuclear matter. This sensitivity to in-medium hadronization and transport properties is a highlight
area in the EIC White-Paper [4]. Jet substructure techniques are being rapidly developed, and also
offer a novel tool to study hadronization.
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Akey observable is the double ratio, 𝑅, of meson production to inclusive production in e+ADIS
to that in e+p collisions. Charmed mesons exhibit qualitatively different characteristics from light
mesons as their hadronization differs. The BeAGLE event generator [125] was used in figure 48
to show 𝐷0 production rates per scattered electron in e+A compared to e+p collisions together
with the corresponding charged pion projection versus fragmentation 𝑧. The systematic uncertainty
estimate corresponds that for other SIDIS measurements.

10 x 100 GeV, 10 fb-1

z

R

2.0

1.5

1.0

0.5

0.0 0.2 0.4 0.50.3 0.6 0.7 0.8

jet
charm jet

π±

D0

Figure 48. The double ratio
𝑅 of 𝜋±, D0, inclusive jet
(𝑅jet = 1.0), and charm-tagged
jet (𝑅jet = 1.0) production
per scattered electron in e+A
collisions to the corresponding
rate in e+p collisions, evaluated
using the BeAGLE event gen-
erator for e+A collisions. The
band shows the dominant source
of systematic uncertainty, as
described in the text. Statistical
uncertainties are smaller than
the symbol size (FastSim).

ATHENA detector capabilities will also make it possible to study this observable for recon-
structed jets and charm-tagged jets, which also offer the possibility to use the jet radius as an
additional variable. The jet-energy scale uncertainty partially cancels in the double ratio and the
residual uncertainty is estimated to be at the level of 4%. The uncertainty for the charm-tagged
projection was obtained by propagating the uncertainty on the signal purity. This is anticipated to
be the dominant source.

Recent heavy-quark measurements at the LHC have revived the interest in baryon-to-meson
ratios. The cross sections are usually computed using the factorization approach as a convolution
of the parton distribution functions of the initial state, the calculable QCD hard scattering cross
sections at the partonic level, and fragmentation functions into a particular meson or baryon. The
fragmentation functions are typically tuned on 𝑒+ + 𝑒− data and are often thought to be universal.
HERA e+pmeasurements of theΛ𝑐 to 𝐷0 baryon-to-meson ratio were indeed found consistent with
those from 𝑒+ + 𝑒− data, within their uncertainties. However, recent measurements in p+p of the Λ+

𝑐

to 𝐷0 ratio by the ALICE and CMS collaborations at
√
𝑠 = 5 TeV and

√
𝑠 = 7 TeV show an enhance-

ment. Figure 49 showsATHENAprojections for topologically reconstructedΛ𝑐 and𝐷0mesons as a
function of trackmultiplicity comparedwith expectations fromPYTHIA, tuned to current LHCdata.
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# of charged particles (|η|<3, pT > 0.2 GeV/c)
0 5 10 15 20 25

Λ c+ /D
0

0

0.1

0.2

0.3

0.4 Proj. 100 fb−1, ep 18 x 275 GeV
1 < pT < 10 GeV/c

PYTHIA8:
 QCD-CR
 MPI-CR1 < η < 3

|η| < 1

Figure 49. Projections for
ATHENA measurements of the
heavy-quark Λ+

𝑐 to 𝐷0 baryon-
to-meson ratio as a function of
the charged track multiplicity
(FastSim).

Glossary

𝜇RWell micro-Resistive Well
AC-LGAD AC-coupled LGAD
ACTS A Common Tracking Software
AI Artificial Intelligence
ASIC Application-Specific Integrated Circuit
bECal barrel Electromagnetic Calorimeter
BH Bethe-Heitler
bHCal barrel Hadron Calorimeter
BSA Beam-Spin Asymmetry
bToF barrel Time-of-Flight
CC Charged Current
CDR Conceptual Design Report
CNM Cold Nuclear Matter
DA Double Angle
DAQ Data Acquisition
DIRC Detection of Internally Reflected Cherenkov light
DIS Deep Inelastic Scattering
dRICH dual-radiator RICH
DVCS Deeply Virtual Compton Scattering
DVMP Deeply Virtual Meson Production
EIC Electron-Ion Collider
EMT Energy-Momentum Tensor
FEB Front-End Board
FEE Front-End Electronics
FELIX Front End Link eXchange
FEP Front-End Processor
FF Fragmentation Function
FPGA Field-Programmable Gate Array
GEM Gas Electron Multiplier
GPDs Generalized Parton Distributions
GWP Global Warming Power
HPC High-Performance Computing
hpDIRC high-performance DIRC
HRPPD High Resolution Picosecond Photodetector
HTC High-Throughput Computing

IP6 Interaction Point 6
IR Interaction Region
JB Jacquet-Blondel
LAPPD Large Area Picosecond Photodetector
LGAD Low Gain Avalanche Device
MAPSMonolithic Active Pixel Sensor
MCP-PMTMicro-Channel Plate PMT
METMissing Transverse Energy
MicromegasMicro-mesh Gas Detector
miniTPC mini Time Projection Chamber
MIPMinimum Ionizing Particle
MPGDMicro-Pattern Gaseous Detector
NC Neutral Current
nECal electron-endcap Electromagnetic Calorimeter
nHCal electron-endcap Hadron Calorimeter
NLO Next-to-Leading Order
nPDFs nuclear Parton Distribution Functions
OMDs Off-Momentum Detectors
OSG Open Science Grid
PDF Parton Distribution Function
pECal hadron-endcap Electromagnetic Calorimeter
pfRICH proximity-focusing RICH
pHCal hadron-endcap Hadron Calorimeter
PID Particle Identification
PMT Photomultiplier Tube
RCS Rapid Cycling Synchrotron
RICH Ring Imaging Cherenkov
RPs Roman Pots
SciFi Scintillating Fibers
SciGlass Scintillating Glass
SIDIS Semi-Inclusive DIS
SiPM Silicon Photomultiplier
SR Synchrotron Radiation
TCS Timelike Compton Scattering
TDR Technical Design Report
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TMDs Transverse Momentum Distributions
ToF Time-of-Flight
TRD Transition Radiation Detector

VM Vector-Meson
ZDC Zero-Degree Calorimeter
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