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EIC: Energy and Intensity Frontiers

The EIC is a unique project, the only approved facility for the ultimate understanding of QCD 
Most likely, the only novel high-energy collider in the next 15-20 years
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• Origin of Spin and Inner Structure  
– How to generate nucleon properties by the parton dynamics, particularly gluon? 

• Decoding the Mass of the Nucleon  
– How much is the contribution from "Trace anomaly" induced by gluon condensate? 

• Nuclear PDFs 
– What is the source of the parton dynamics differences between inside nuclear and free nucleon? 

• Probing the new state of QCD matter 
– Is there CGC? Under what conditions? What properties?
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Science Questions at EIC

4

• Origin of Spin and Inner Structure  
– How to generate nucleon properties by the parton dynamics, particularly gluon? 

• Origin of Nucleon Mass 
– How much is the contribution from gluons, particularly "Trace anomaly" induced by gluon condensate? 

• Nuclei Structure 
– What is the source of the parton dynamics differences between inside nuclear and free nucleon? 

• New State of QCD Matter 
– Is there CGC? Under what conditions? What properties?

In a word, to reveal gluon role in the universe!

Origin of Spin and Inner Structure New QCD MatterOrigin of Mass Nuclei Structure
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Origin of Spin and Inner Structure  
• The full understanding of parton distribution in spatial and momentum space is the ultimate goal of the EIC 
– Wigner function is the generating function, W (x, bT, kT) that is impossible to determine bT and kT at the same time  

• The transverse spatial distributions of quarks and gluons are known as the Generalized Parton Distribution 
functions (GPDs)  

• The transverse-momentum-dependent Parton distribution function (TMDs) encodes information on how the 
momentum of partons is correlated with the nucleon spin 
– Using polarized beams is very important!
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• The full understanding of parton distribution in spatial and momentum space is the ultimate goal of the EIC 
– Wigner function is the generating function, W (x, bT, kT) that is impossible to determine bT and kT at the same time  

• The transverse spatial distributions of quarks and gluons are known as the Generalized Parton Distribution 
functions (GPDs)  

• The transverse-momentum-dependent parton distribution function (TMDs) encodes information on how the 
momentum of partons is correlated with the nucleon spin 
– Using polarized beams is very important!

Figure 20: Expected impact on up (left) and down (right) quark Sivers distributions as a function of the transverse momentum kT for di↵erent values of x, obtained
from SIDIS pion and kaon EIC pseudo-data, at the scale of 2 GeV. The orange-shaded areas represent the current uncertainty, while the blue-shaded areas are the
uncertainties when including the ECCE pseudo-data.
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Origin of Nucleon Mass 
• Nucleon mass is not just a sum of the mass of the constituent quarks  
– The contribution from the constituent quarks is just 1-2% (~9% w/ χSDB) 

• The contribution from gluon (m=0 GeV/c2) is more than 50%! 
– Special/complicated contribution from gluons is expected, but no precise results from experiments 

• Quarkonium threshold production can access the trace anomaly component  directly 
– This is an exclusive process that has only a scattered electron, a scattered undestroyed proton, and quarkonium
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• Quarkonium production in DIS is dominated by gluons exchange 
– Quarkonium (J/psi and Upsilon) only couples to gluons, not light quarks 

•        is twist-4 operator, so the contribution to the process is suppressed 
at high-energy interaction 

• Near-threshold quarkonium production satisfies the above condition 
– Near-threshold means the edge of the energy to produce quarkonium  
– WγJ/psi ~ 4.04 GeV/c2 and WγΥ(1S) ~ 10.4 GeV/c2  

• Keep in mind: No rigorous factorization theorem for twist-4 YET! 
– Several approaches are under development 
– Extreme precise cross-section measurement near the threshold is 

needed (JLab experiments are ongoing for J/psi) 
– The 3 gluon exchange contribution (twist-4) also get large at near-

threshold 

Promising Process for Gluon GFFs Measurement 
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Figure 14: Trace anomaly contribution as a function of �p center of mass energy
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r0 is the ”Bohr” radius of J/ , and d2 is the Wilson coe�cient.
While they can just be seen as constant in the relationship of
d�/dt|t = 0 and (1�b), so the numerical value is not important,
cause we use the relative error to give the uncertainty.

5. Summary

In this paper, we make a projection of the exclusive J/ pho-
toproduction and its measurement by ECCE Tracking system.
The capability of extracting the related physicss opportunities
for ECCE can be projected according to the kinematic depen-
dence and the statistic. For J/ detection, ECCE has reason-
able reconstruction e�ciency and coverage, with huge statis-
tics. For gluon distribution in proton and nucleus, the projection
of gluon nuclear shadowing e↵ect shows a pretty good capabil-
ity of constraining the gluon nPDF with the exclusive J/ mea-
surements. Then according to the simulation results in Sec.4.3,
ECCE can provide a strong constraint to the production mech-
anism near-threshold. And in Sec.4.4, the measurements of
the near-threshold exclusive heavy quarkonia production also
shows a good capability of extracting the trace anomaly param-
eter to provide precise measurements on the nucleon mass de-
composition.
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Structure of Nuclei 
• The gluon distribution in the nucleus still has large uncertainties at the LHC and RHIC region 
• EIC can measure gluon distribution at the small-x regions, which is important to the LHC data 
– Thanks to enough energy and large luminosity, charm hadron can be measured precisely 

• The study of emergent properties of the ultra-dense gluonic matter is an important pillar of EIC physics 
– Covers a wide range of kinematic areas, allowing a survey of the conditions under which CGC emerges 
– No smoking gun! Global analysis combining multiple measurements is necessary
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band at Q2 = 1.69 and 10 GeV2 [57]. The plot for Q2 = 1.69 GeV2 is indicative for processes that produce more
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evolution of the plasma. The final observables are
sensitive to both, the initial state and the final
state, whose transport parameters one ultimately
seeks to extract. Therefore, information on the ini-
tial state needs to be extracted from experiments
on p+A and ultimately e+A with small and well
understood final state e↵ects.

It was demonstrated in [75] how e+p data can
be successfully used to understand shape fluctu-
ations of the proton. Here, the authors studied
measurements of coherent and incoherent di↵rac-
tive vector meson production at HERA to con-
strain the density profile of the proton and the
magnitude of event-by-event fluctuations. Work-
ing within the CGC picture, they found that the
gluon density of the proton has large geometric
fluctuations. No such data for e+A collisions ex-
ists. Assumptions on initial state fluctuations and
anisotropies that govern many aspects of the ob-
served collective flow phenomena are rather spec-
ulative at present.

Data from an EIC can therefore have a pro-
found impact on our understanding of the prop-
erties of the initial state in heavy-ion collisions,
such as the momentum and spatial distributions

of gluons and sea quarks. Nuclear e↵ects, such
as shadowing and saturation, can be studied. By
varying the scale and energy of the collision the in-
terplay between the soft non-perturbative and the
hard perturbative regimes can be addressed.

In order to illustrate how the EIC energy maps
onto the kinematic range in A+A collisions we fo-
cus on the longitudinal momentum distributions
in the nucleus, the nPDFs described earlier in this
section. Figure 25 shows the EPPS16 [57] nuclear
PDF and it’s uncertainty band at Q2 = 1.69 and
10 GeV2. The plot for Q2 = 1.69 GeV2 is indica-
tive for processes that produce more than 90% of
all final state particles. The bands on the top of
each panel reflect the referring kinematic accep-
tance of the typical RHIC and LHC experiments.
We used x ⇡ pT /

p
s exp(±⌘) where pT ⇡ Q; we

chose for the pseudo-rapidity window ⌘ = ±1, typ-
ical for the central barrel acceptance of heavy-ion
experiments. The horizontal red and blue lines in-
dicate the EIC kinematic limits for two di↵erent
center-of-mass energies

p
s= 40 and 90 GeV, re-

spectively. While data from
p
s=40 GeV will pro-

vide an important constraint on the RHIC A+A
data, it will not reach into the regime where the

25
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state, whose transport parameters one ultimately
seeks to extract. Therefore, information on the ini-
tial state needs to be extracted from experiments
on p+A and ultimately e+A with small and well
understood final state e↵ects.

It was demonstrated in [75] how e+p data can
be successfully used to understand shape fluctu-
ations of the proton. Here, the authors studied
measurements of coherent and incoherent di↵rac-
tive vector meson production at HERA to con-
strain the density profile of the proton and the
magnitude of event-by-event fluctuations. Work-
ing within the CGC picture, they found that the
gluon density of the proton has large geometric
fluctuations. No such data for e+A collisions ex-
ists. Assumptions on initial state fluctuations and
anisotropies that govern many aspects of the ob-
served collective flow phenomena are rather spec-
ulative at present.

Data from an EIC can therefore have a pro-
found impact on our understanding of the prop-
erties of the initial state in heavy-ion collisions,
such as the momentum and spatial distributions

of gluons and sea quarks. Nuclear e↵ects, such
as shadowing and saturation, can be studied. By
varying the scale and energy of the collision the in-
terplay between the soft non-perturbative and the
hard perturbative regimes can be addressed.

In order to illustrate how the EIC energy maps
onto the kinematic range in A+A collisions we fo-
cus on the longitudinal momentum distributions
in the nucleus, the nPDFs described earlier in this
section. Figure 25 shows the EPPS16 [57] nuclear
PDF and it’s uncertainty band at Q2 = 1.69 and
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• The gluon distribution in the nucleus still has large uncertainties at the LHC and RHIC region 
• EIC can access the gluon distribution at the small-x regions directly 
– Thanks to enough energy and large luminosity, uncertainty can be reduced dramatically 

• The study of emergent properties of the ultra-dense gluonic matter is an important pillar of EIC physics 
– Covers a wide range of kinematic areas, allowing a survey of the conditions under which CGC emerges 
– No smoking gun! Global analysis combining multiple measurements is necessary
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Figure 6.4: The kinematic coverage of the EIC for DIS on nuclei compared to that of previous
experiments. The expected ”saturation scale” Q2

s (x) for non-linear gluon dynamics in a large
nucleus is indicated by a red line [40–42].

One of the main goals of the physics program to be pursued at the EIC is to obtain
clear evidence for nonlinear QCD dynamics at a perturbative scale, Qs > 1 GeV,
from the energy dependence of DIS cross-sections, structure functions, and other
observables. This is predicted by the theory in the form of nonlinear evolution
equations. Discovery of saturation requires unambiguous experimental evidence
for these specific nonlinear equations. While various features of the data from
proton-nucleus and heavy-ion collisions at RHIC and the LHC are consistent with
perturbative gluon saturation, there is nevertheless no consensus in the field in
favor of them providing unambiguous evidence for nonlinear effects in the weak-
coupling regime. The EIC is expected to deliver a clean, direct measurement and
characterization of the gluon density in protons and nuclei, and how it depends
on energy and thickness of the target. The high-energy aspects of DIS on nuclei
have been presented more extensively in the White Paper [2], and are addressed in
Secs. 7.3.1 and 7.3.2.

Nuclear PDFs: Nuclear parton distribution functions (nPDF) describe the behavior
of bound partons in the nucleus. Like their free-proton counterparts, nPDFs are as-
sumed to be universal and are essential tools for understanding experimental data
from collider experiments. To date, there is no compelling evidence for violation
of the QCD factorization theorem [43] or violation of universality. Thus, precise
knowledge of PDFs in general, and nPDF in particular, becomes most relevant for
advancing our understanding of strong interactions in a nuclear medium and for
interpreting results from collider experiments. Moreover, nPDFs provide an essen-
tial foundation for understanding the hot Quark-Gluon Plasma (QGP) medium
produced in heavy-ion collisions at RHIC and the LHC, particularly for experi-
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favor of them providing unambiguous evidence for nonlinear effects in the weak-
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One of the main goals of the physics program to be pursued at the EIC is to obtain
clear evidence for nonlinear QCD dynamics at a perturbative scale, Qs > 1 GeV,
from the energy dependence of DIS cross-sections, structure functions, and other
observables. This is predicted by the theory in the form of nonlinear evolution
equations. Discovery of saturation requires unambiguous experimental evidence
for these specific nonlinear equations. While various features of the data from
proton-nucleus and heavy-ion collisions at RHIC and the LHC are consistent with
perturbative gluon saturation, there is nevertheless no consensus in the field in
favor of them providing unambiguous evidence for nonlinear effects in the weak-
coupling regime. The EIC is expected to deliver a clean, direct measurement and
characterization of the gluon density in protons and nuclei, and how it depends
on energy and thickness of the target. The high-energy aspects of DIS on nuclei
have been presented more extensively in the White Paper [2], and are addressed in
Secs. 7.3.1 and 7.3.2.

Nuclear PDFs: Nuclear parton distribution functions (nPDF) describe the behavior
of bound partons in the nucleus. Like their free-proton counterparts, nPDFs are as-
sumed to be universal and are essential tools for understanding experimental data
from collider experiments. To date, there is no compelling evidence for violation
of the QCD factorization theorem [43] or violation of universality. Thus, precise
knowledge of PDFs in general, and nPDF in particular, becomes most relevant for
advancing our understanding of strong interactions in a nuclear medium and for
interpreting results from collider experiments. Moreover, nPDFs provide an essen-
tial foundation for understanding the hot Quark-Gluon Plasma (QGP) medium
produced in heavy-ion collisions at RHIC and the LHC, particularly for experi-
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clear evidence for nonlinear QCD dynamics at a perturbative scale, Qs > 1 GeV,
from the energy dependence of DIS cross-sections, structure functions, and other
observables. This is predicted by the theory in the form of nonlinear evolution
equations. Discovery of saturation requires unambiguous experimental evidence
for these specific nonlinear equations. While various features of the data from
proton-nucleus and heavy-ion collisions at RHIC and the LHC are consistent with
perturbative gluon saturation, there is nevertheless no consensus in the field in
favor of them providing unambiguous evidence for nonlinear effects in the weak-
coupling regime. The EIC is expected to deliver a clean, direct measurement and
characterization of the gluon density in protons and nuclei, and how it depends
on energy and thickness of the target. The high-energy aspects of DIS on nuclei
have been presented more extensively in the White Paper [2], and are addressed in
Secs. 7.3.1 and 7.3.2.

Nuclear PDFs: Nuclear parton distribution functions (nPDF) describe the behavior
of bound partons in the nucleus. Like their free-proton counterparts, nPDFs are as-
sumed to be universal and are essential tools for understanding experimental data
from collider experiments. To date, there is no compelling evidence for violation
of the QCD factorization theorem [43] or violation of universality. Thus, precise
knowledge of PDFs in general, and nPDF in particular, becomes most relevant for
advancing our understanding of strong interactions in a nuclear medium and for
interpreting results from collider experiments. Moreover, nPDFs provide an essen-
tial foundation for understanding the hot Quark-Gluon Plasma (QGP) medium
produced in heavy-ion collisions at RHIC and the LHC, particularly for experi-
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Figure 7.63: Comparison between the dihadron azimuthal angle correlation in e+Au col-
lisions (labeled with filled red circles) and that in e + p collisions (labeled with filled teal
squares). The results with the detector smearing are shown in open markers. The solid lines
represent the results obtained from the theoretical model calculations in the CGC formalism.

link structure of the WW gluon distribution, and calculations within the CGC for-
malism, it has been proposed [537, 740] that the DIS back-to-back dijet/dihadron
production at the EIC can be used to directly probe the WW distribution, which
has not been measured before.

To directly probe the WW gluon distribution and gluon saturation effects at low
x, we can measure the azimuthal angle difference (Df) between two back-to-
back charged hadrons in e+A collisions (e+A ! e0h1h2X). This azimuthal angle
distribution can help us map the transverse momentum dependence of the in-
coming gluon distribution. The away-side peak of the dihadron azimuthal an-
gle correlation is dominated by the back-to-back dijets produced in hard scatter-
ings. Due to the saturation effect, the WW gluon TMD can provide additional
transverse momentum broadening to the back-to-back correlation and cause the
disappearance of the away-side peak when the saturation effect is overwhelm-
ing [537, 741]. A comparison of the heights and widths of the coincidence proba-
bilities C(Df) = Npair(Df)/Ntrig in e + p and e+A collisions will be a clear experi-
mental signature for the onset of the saturation effect.

Furthermore, following the prescriptions in Ref. [742], a Monte Carlo simulation
has been carried out for the azimuthal angle correlations of two charged hadrons
at

p
s = 90 GeV in e+pand e+Aucollisions. The results of the simulation are also

compared with the prediction from the saturation formalism. To focus on the low-x
region, the events within the range of the virtuality 1 < Q2 < 2 GeV2 and inelas-
ticity 0.6 < y < 0.8 are selected. Events in nearby Q2 and y bins are expected
to yield similar results. The hadron pairs are required to have an energy fraction
0.2 < ztrig, zassc < 0.4 within the pseudorapidity range |h| < 3.5 with ptrig

T > 2

QCD at Extreme Parton Densities

In QCD, the large soft-gluon density en-
ables the non-linear process of gluon-gluon
recombination to limit the density growth.
Such a QCD self-regulation mechanism nec-
essarily generates a dynamic scale from the
interaction of high density massless gluons,
known as the saturation scale, Qs, at which
gluon splitting and recombination reach a

balance. At this scale, the density of gluons
is expected to saturate, producing new and
universal properties of hadronic matter. The
saturation scale Qs separates the condensed
and saturated soft gluonic matter from the
dilute, but confined, quarks and gluons in a
hadron, as shown in Fig. 1.5 (Right).
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Figure 1.6: Left: The ratio of di↵ractive over total cross-section for DIS on gold normalized
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X, the mass squared of hadrons produced in
the collisions for models assuming saturation and non-saturation. The statistical error bars are
too small to depict and the projected systematic uncertainty for the measurements is shown by
the orange bar. The theoretical uncertainty for the predictions of the LTS model is shown by the
grey band. Right: The ratio of the coherent di↵ractive cross-section in e+Au to e+p collisions
normalized by A

4/3 and plotted as a function of Q2 for both saturation and non-saturation
models. The 1/Q is e↵ectively the initial size of the quark-antiquark systems (� and J/ )
produced in the medium.

The existence of such a state of satu-
rated, soft gluon matter, often referred to as
the Color Glass Condensate (CGC), is a di-
rect consequence of gluon self-interactions in
QCD. It has been conjectured that the CGC
of QCD has universal properties common to
nucleons and all nuclei, which could be sys-
tematically computed if the dynamic satu-
ration scale Qs is su�ciently large. How-
ever, such a semi-hard Qs is di�cult to

reach unambiguously in electron-proton scat-
tering without a multi-TeV proton beam.
Heavy ion beams at the EIC could provide
precocious access to the saturation regime
and the properties of the CGC because the
virtual photon in forward lepton scattering
probes matter coherently over a character-
istic length proportional to 1/x, which can
exceed the diameter of a Lorentz-contracted
nucleus. Then, all gluons at the same im-

6

Under what conditions? What properties?

8
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3.5 m 5 m• Magnet 

– New 1.7 T SC solenoid, 2.8 m bore diameter 

• Tracking 
– Si Vertec Tracker MAPS wafer-level stiched sensor (ALICE ITS3) 
– Si Tracker MAPS barrel and disks 
– MPGDs (μRWELL, MMG) cylindrical and planr 

• Particle Identification  
– high-performance DIRC 
– dual RICH (aerogel + gas) (forward)  
– proximity focusing RICH (backward) 
– AC-LGAD TOF (barrel + forward) 

• EM Calorimetry 
– Imaging EMCal (Barrel) 
– W-powder/SciFi (Forward) 
– PbWO4 crystal (backward) 

• Hadron Calorimetry 
– FeSc (Barrel, reused from sPHENIX) 
– Steel/Scint - W/Scint (backward/forward)
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– Si Vertec Tracker MAPS wafer-level stiched sensor (ALICE ITS3) 
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– MPGDs (μRWELL, MMG) cylindrical and planr 

• Particle Identification  
– high-performance DIRC 
– dual RICH (aerogel + gas) (forward)  
– proximity focusing RICH (backward) 
– AC-LGAD TOF (barrel + forward) 

• EM Calorimetry 
– Imaging EMCal (Barrel) 
– W-powder/SciFi (Forward) 
– PbWO4 crystal (backward) 

• Hadron Calorimetry 
– FeSc (Barrel, reused from sPHENIX) 
– Steel/Scint - W/Scint (backward/forward)

Hyperon decay hadron kinematics
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Figure 8.42: Momentum vs pseudorapidity for the decay products of D0 mesons for beam
energies of 10x100 GeV (top row), 18x100 GeV (middle row), and 18x275 GeV (bottom
row). Charged pions are in the left column, charged kaons in the middle column, and elec-
trons/positrons in the right column. Counts have been scaled to correspond to an integrated
luminosity of 10 fb�1.

10 GeV/c. The event Q2 range was limited to between 100 and 1000 GeV2, but
jets in the photoproduction region show the same behavior. The JES is taken as
the mean of the smeared jet energy minus the true jet energy divided by the true
jet energy distribution while the JER is the RMS. Note that for this comparison,
the same set of minimum pT thresholds were used in order to isolate the variation
due to track momentum resolution. Also note that the matching procedure used
was to select each truth level jet above the pT threshold of 10 GeV/c and then loop
through all smeared jets in the event to find the one closest in h � f space. This
shows the extent that a truth level jet will be distorted by detector effects. This can
also be inverted such that smeared jets above threshold are selected and all truth
level jets are looped over to find the closest. In this case, the JES and JER will re-

Charm decay hadron kinematics

AC-LGAD TOF for PID in ePIC Simulation

7/6/2023 9

Charge #2

● BTOF with timing resolution of 35 ps can 
provide 3𝞼 𝞹/K separation upto ~1.3 GeV/c

● FTOF with timing resolution of 25 ps can 
provide 3𝞼 𝞹/K separation upto ~2.4 GeV/c

start time 𝛔t₀=20ps

start time 𝛔t₀ = 20ps
BTOF 𝛔t = 35ps

start time 𝛔t₀ = 20ps
FTOF 𝛔t = 25ps

Zhenyu Ye @ UIC

Barrel TOF performancepfRICH performance

Electron beamProton/Ion beam
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Figure 8.40: Jet pT vs pseudorapidity for beam energies of 10x100 GeV (top row) and
18x275 GeV (bottom row) and 10�5 < Q2 < 1.0 GeV2 (left column) and 10 < Q2 <
1000 GeV2 (right column). The jet resolution parameter used is 0.4. Counts have been scaled
to correspond to an integrated luminosity of 10 fb�1.

large and tracking resolution is expected to degrade. It is therefore anticipated that
charged tracks (which comprise roughly two-thirds of the energy contained in an
average jet) will be the dominant input to the jet-finding algorithms. The superior
pointing resolution for tracks compared to calorimeter clusters will also be critical
for jet substructure and event shape measurements where the spatial distribution
of energy is an explicit aspect of the observable. Charged tracks are also indispens-
able to the study of heavy flavor states, where the invariant mass of (identified)
track combinations is used to tag heavy hadrons. The ability to accurately recon-
struct track trajectories also allows for the identification of the secondary vertex
associated with the decaying heavy particles which aids in background suppres-
sion.

Momentum resolution

Over the course of the Yellow Report effort, several sets of track momentum res-
olution parameters, representing reasonable assessments of potential tracker per-
formances, were made available and were evaluated by the Jets and Heavy Quarks
group. These resolutions were parameterized in the form A% ⇥ P � B%, where P

ePIC Overview

Calorimetry

14

See talks by N. Schmidt and B. Page
plots by N. Schmidt

F. Bock, Hard Probes 2023

Performance on energy resolution and matching
● Technologies fulfill YR requirements on energy resolution
● Ongoing simulation studies related to overlaps between different η 

regions for calorimetry and reconstruction algorithms

Ongoing work on Monte-Carlo validation
● Validation for high Z absorbers

Yellow Report: DIS Physics with ECals

e-going barrel h-going

EIC Pythia8 e+p 18x275 GeV
DIS Q2 > 1 GeV2

electrons

Inclusive DIS:
scattered electron mostly backwards
and in barrel

electron energy ranges up to beam
energy in backward and even higher
in barrel

electrons in barrel correspond to
high Q2 events

electron PID needed due to � and
⇡± BG at low energies

Semi-inclusive DIS:
⇡0 ! �� reconstruction needed

momenta up to 10 GeV/c in barrel
(higher in forward)

granularity requirement to prevent
merging of photon showers

Exclusive DIS:
measurement of DVCS photons,
J/ !ee, and more

signal over wide rapidity range

hermetic coverage necessary

N. Schmidt (ORNL) Detector 2 Workshop May 18, 2023 1 / 12

Scattered electron e-going E reso.Jet kinematics LFHCal simulations
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 5.7⊕ E =  41.6/E/σGEANT hits sum., 
 5.4⊕ E =  45.1/E/σrec hits sum., 

 4.0⊕ E =  62.8/E/σ MA cluster, Ehigh. 
 4.6⊕ E =  56.3/E/σ Island cluster, Ehigh. 
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 5.4⊕ E =  45.1/E/σrec hits sum., 
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No strong ⌘ or ' performance dependence

Standalone standard LFHCal performance su�cient to ⌘ ⇡ 3.2
complemented by insert beyond that

Ongoing studies to improve clusterization algorithm using ML
started during several workshops

I ePIC Calorimeter Workshop (Apr. 23’)
I HGS-HIRe Power Week - Machine Learning (Jul. 23’)

Meets YR requirements
O. Hartbrich (ORNL) LFHCAL November 7, 2023 7 / 15

LFHCal energy reso.

BIC Performance

• Separation of electrons from background in Deep Inelastic Scattering (DIS) processes
• Method: E/p cut (Pb/ScFi) + Neural Network using 3D position and energy info from imaging layers

• Discriminate between $0 decays and single % from DVCS, identification
• Precise position resolution allows for excellent separation of "/#0 based on 3D shower profile
• Separation of two " from #0 well above required 10 GeV
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Shower imaging Cluster merging prob. ZDC EMCal reso. ZDC HCal reso.



ePIC and EIC schedule (best guess)

11

EIC Critical Decision Plan 
CD-0/Site Selection              December 2019 
CD-1                                                     June 2021 
CD-3A                                               March 2024 
CD-3B                                            January 2025 
CD-2/3C                                                   Q2 FY26 
CD-3                                                          Q2 FY27 
Early CD-4                                                Q1 FY34 
CD-4                                                          Q4 FY35

EIC Critical Decisions Status and Plans

Definition Execution CloseoutInitiation

CD-0 CD-1 CD-3 CD-4CD-2
Approve 
Mission 

Need

Approve 
Site 

Selection

Approve 
Performance 

Baseline

Approve 
Start of 

Construction

Approve 
Start of 

Operation

Conceptual 
Design

Preliminary 
Design

Final 
Design Construction

2019 2021 2026 2027 2034



 Future of EIC and HIC
• Although many experiments have provided much insight into quark dynamics in the nucleon, there is still 

much that is unknown about gluon dynamics 

• EIC can achieve an understanding of the gluon role in generating the nucleon/nuclei properties 

• The preparation of EIC and the first detector is ongoing, and the data-taking is expected to begin in 2034 
– Official support from several countries' governments has been decided 

• EIC and HIC are complementary relationships each other to understand QCD 
– EIC advances the understanding of QCD by precision measurement 
– HIC advances the understanding of QCD by creating extreme conditions and exploring new conditions
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– Official support from several countries' governments has been decided 

• EIC and HIC are complementary relationships each other to understand QCD 
– EIC advances the understanding of QCD by precision measurement 
– HIC advances the understanding of QCD by creating extreme conditions and exploring new conditions

Despite different methods, both are evolving toward the same goal of further understanding QCD
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Electron-Ion Collider
• Electron-Ion Collider (EIC) is the next-generation epoch-making accelerator to explore the 

quark-gluon structure of matter to be built at BNL 
– Recommended as the highest priority for facility construction by the Nuclear Science Advisory Committee 

• The main goal is to gain further understanding of Quantum Chromodynamics (QCD), especially 
new insights into gluon dynamics 
– Variable collision energies & wide acceptance detector to cover wide kinematic range (x, Q2) 
– High luminosity to enhance rare probe statistics (heavy flavor hadrons have sensitivity to gluons) 

• EIC provides complementary information to Heavy Ion Collision (HIC) 
– The strength of Deep Inelastic Scatterings (DIS) lies in their precision!

14



Observable and Detector Requirements

15

• The detector must be encapsulated to detect all particles 
– Barrel, forward, and far-forward regions are covered by tracking, PID, 

calorimetry 
– Detection of the scattered (undestroyed) proton is crucial for the EIC 

• Scattered electron identification and an excellent energy 
resolution system must be installed 
– Tracking + EM Calorimetry 

• Heavy flavor hadron tagging detectors are essential for 
measuring gluon-participated events 
– Vertex + Tracking + Particle identification 
– The HERA experiments didn't have PID detectors 

20 2.11. SUMMARY OF DETECTOR REQUIREMENTS
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Figure 2.2: Schematic showing the distribution of the scattered lepton and hadrons for dif-
ferent x � Q2 regions over the detector polar angle / pseudorapidity coverage.

semi-inclusive DIS, and exclusive DIS. Those basic processes are shown in Table 2.1
For the following summary, and throughout this document, the beams’ directions
follow the convention used at the HERA collider at DESY: the hadron beam travels
in the positive z-direction/pseudorapidity and is said to be going ”forward.” The
electron beam travels in the negative z-direction/pseudorapidity and is said to be
going ”backward” or in the ”rear” direction.

All physics processes to be measured at an EIC require having the event and parti-
cle kinematics (x, Q2, y, W, pt, z, f, q) reconstructed with high precision. Kinematic
variables such as x, Q2, y, and W can be determined from the scattered electron or
the hadronic final state using the Jacquet-Blondel method [30] or a combination of
both. The electron method provides superior resolution performance for x and y
in the low x region, while the Jacquet-Blondel method yields increased resolution
performance for x and y towards large x values. To access the full x � Q2 plane at
different center-of-mass energies and for strongly asymmetric beam-energy com-
binations, the detector must be able to reconstruct events over a wide span in polar
angle (q) and pseudorapidity (h). This imposes stringent requirements on both de-
tector acceptance and the resolution of measured quantities such as the energy and
polar angle in the electron-method case.



The range in x v.s. Q2 accesible with EIC
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Figure 2: Left: The range in x vs. Q2, accessible with an EIC in polarized e+p collisions compared to past
(CERN, DESY, SLAC) and existing (JLAB) facilities as well as to polarized p+p collisions at RHIC. Two di↵er-
ent energy ranges from 22–63 GeV (hatched) and from 45–141 GeV (beige) are indicated. Right: The kinematic
acceptance in x vs. Q2 of completed lepton-nucleus(DIS) and Drell-Yan (DY) experiments, as well as JLAB-12
(all fixed target) compared to the EIC acceptance in two energy ranges, 15–40 GeV (hatched) and from 32–90
GeV (beige).

DIS for a range of EIC energies in e+p collisions
(with and without polarized protons) is shown in
Fig. 2 (left). The kinematic reach in e+A colli-
sions is shown in Fig. 2 (right). For e+p the two
energy ranges depicted are, i) a high energy range
of center-of-mass range of

p
s = 45-141 GeV, and

ii) a lower energy range of
p
s = 22-63 GeV. In

e+A collisions o↵ heavy nuclei, the correspond-
ing low energy center-of-mass range is

p
s = 15-40

GeV and the higher energy range is
p
s = 32-90

GeV. Diagonal lines on the plot represent lines of
constant “inelasticity” y. In the rest frame of the
proton (or nucleus), the inelasticity is the ratio of
the energy carried by the virtual photon divided
by the energy of the incoming electron. Figure 2
(left) also shows the x-Q2 values for which data are
available from fixed target DIS polarized e+p ex-
periments as well as from polarized p+p collisions
at RHIC. Correspondingly, Fig. 2 (right) shows the
x-Q2 values for which data are available from fixed
target e+A collisions. In both cases, for Q2 > 1
GeV2, there are no data below x ⇠ 5 ·10�3. Alter-
nately, for Q2 = 1 GeV2, the kinematic reach of
the EIC would exceed extant world data by nearly
two orders of magnitude for polarized e+p scatter-
ing and a factor of 50 for e+A collisions. Thus,
a region that is currently terra incognita for the
extraction of gluon distributions and for the study

of gluon saturation will become available for pre-
cision measurements at the EIC.
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for given x

Figure 3: Proton PDFs of gluons as functions of Q2 for
various x values as derived by the CTEQ collaboration
in NNLO [6].The bands indicate the uncertainties in
our knowledge of gluon PDFs. They are colored in the
range where the relevant DIS data (HERA) is available.

Even though gluons, unlike quarks, do not
couple directly to electromagnetic probes, we can
learn about their properties from “scaling vio-
lations”. These in particular describe changes
in quark distributions with Q2 and Bjorken x.
The evolution of gluon distributions with Q2 ex-
tracted from these scaling violations is described
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Energy-Momentum Tensor (EMT)
• Energy-Momentum Tensor (EMT) contains several kinematic information 

• Mass is encoded in QCD EMT 

•  EMT contains the distribution of mass, orbital angular momentum and pressure

M =
⟨P | ∫ d3xT00(x) |P⟩

⟨P |P⟩
= Eq + Eg + χmq

+ Ta

Tμν = T10 T11 T12 T13

T20 T21 T22 T23

T30 T31 T32 T33

T00 T01 T02 T03
Energy density

Energy flux

Momentum density

Momentum flux

Shear stress

Normal stress

Tμν = Tμν
q + Tμν

g

Quark Gluon

Total EMT satisfies the conservation low

∂μTμν = 0

Tμν = iψ̄γ(μDν)ψ +
ημν

4
F2 − FμλFν

λQuark Gluon
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Trace Anomaly in QCD
• The scale invariance is broken at the quantum level in QCD 
– In a nutshell, the scale invariance broken is induced by the non-zero vacuum energy 

• The trace can be decomposed into quark and gluon term 
– Gluon term and quark term come from gluon condensate and quark condensate 

• The total trace anomaly is the renormalization scheme/scale invariant 
– Each component is the renormalization scheme/scale dependent (Y. Hatta, A. Rajan and K. Tanaka, JHEP 12, 008 

(2018) ) 
– This decomposition implies that in the chiral limit entire hadron mass from gluons!

Tμ
μ = mψ̄ψ + mγmψ̄ψ +

β(g)
2g

FμνFμν

⟨P |Tμ
μ |P⟩ = 2M2

M = Eq + Eg + χmq
+ Ta

Gluon condensateQuark condensate

Tμ
qμ Tμ

gμ

17



• Gravitational Form Factors (GFFs) are encoded into EMT 

• EMT of spin-1/2 particle can be decomposed into several tensors (tensor decomposition) with 
variables 

• The factors,        ,       ,         and        , are called the GFFs similar to F1 and F2 in the EM form factor 

• Each factor has meaning as a physics variable

Gravitational Form Factor (GFF)

19

⟨N(p′ ) |Tμν |N(p)⟩ = ū(p′ )[Aa(t)
PμPν

m
+ Ja(t)

iP(μσν)ρΔρ

2m
+ Da(t)

ΔμΔν − gμνΔ2

4m
+ mC̄a(t)gμν]u(p′ )

A(t) J(t) D(t) C̄(t)

A(t) :
J(t) :

D(t) :
C̄(t) :

P = (p′ + p)/2, Δ = (p′ − p)/2, t = Δ2

Sov. Phys. JETP 16, 1343 (1963)

Momentum fraction
Ji sum rule (spin)
Pressure
Trace anomaly

{Twist-2

Twist-4

Twist-N term is suppressed by 1/QN-2

{
σ(Q) ∼ σ0(lnQ) + (

ΛQCD

Q )σ1(lnQ) + (
ΛQCD

Q )
2

σ2(lnQ) + ⋯

Twist-2 Twist-4



How to Access the Trace Anomaly Term       ?
• The gamma exchange between electron and proton is used to extract FFs, F1 and F2 

• Interaction via graviton between electron and proton should be used to measure EMT 
– The strength of the interaction is 10-37 times weaker than the EM interaction 

• Mimic the gravitational interaction by gamma or gluon interactions 
– Mathematically 2 gluons or 2 gammas exchange in a process can access EMT
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C̄(t)

gamma

Jμ

graviton

Tμν Tμν
q Tμν

g

gamma gluon

Quark term Gluon term

+

DVCS
？

Phys.Rev.D55:7114-7125,1997 


