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Standard Model of Physics:  Many 

• SM of Physics would not have been possible 
without complementary measurements of: p-p, p-
pbar, e-e, and e-p scattering 

• The quest of understanding nature (SM: 
precision QCD+EW and Beyond SM physics) 
will continue with complementary probes: 

• The Electron Ion Collider & LHC – detector and 
luminosity upgrades in near future

• Other future e-p, e-e and h-h 

• Discussions regarding EIC and LHC being 
operated concurrently are being pursued in the 
long range planning in the US, Europe & Asia
• Snowmass 2021, NuPECC and others
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https://www.energy.gov/science/doe-explainsthe-standard-model-particle-physics



Properties of hadrons are emergent phenomena resulting not only from the 
equation of motion but are also inextricably tied to the properties of the QCD 

vacuum. (Striking examples besides confinement are spontaneous 
symmetry breaking and anomalies).

è ALL DEPEND ON NON-LINEAR DYNAMICS: GLUON SELF-INTERACTIONS

Without gluons, there would be no nucleons, no atomic nuclei… no visible 
world! è Massless gluons & almost massless quarks, through their 

interactions, generate most of the mass (and spin) of the nucleons and 
hence the entire visible world

How? Experimental insight and guidance needed

Emergent dynamics in QCD & its significance
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Deep Inelastic Scattering: Precision and control
Measure of 
resolution 
power

Measure of 
inelasticity

Measure of 
momentum 
fraction of 
struck quark

Kinematics:

Exclusive DIS
detect & identify everything e+p/A à e’+h(p,K,p,jet)+…

Semi-inclusive events:
e+p/A à e’+h(p,K,p,jet)+X

detect the scattered lepton in coincidence with identified hadrons/jets

Inclusive events:
e+p/A à e’+X

detect only the scattered lepton in the detector
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Proton mass puzzle
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Add the masses of the quarks (HIGGS mechanism) together  1.78 x 10-26 grams
But the proton’s mass is 168 x 10-26 grams

èonly 1% of the mass of the protons (neutrons)

èWhere does the rest of the mass come from?

Nobel 2013 With 
Francois Englert
“Higgs Boson” that gives 
mass to quarks, electrons,….

è Hence the Universe



Proton Spin “Crisis” à Spin Puzzle
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2
= [Qspin +Qang.mom.] + [Gspin +Gang.mom.]

? ?
Transverse motion and finite size of the proton must create the orbital motion. 
Measure via Transverse Momentum (TMDs) and Position Distribution (GPDs)

Discovered by EMC experiment at CERN
Series of experiments since then around 
the world: BNL, CERN, DESY, SLAC: 
30+ years
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Rise gluon distribution: A novel state of matter?
What could tame the low-x rise?
Can EIC access this region?
QCD inherently has  the needed mechanism for this 
taming but we don’t know when it gets triggered. 

Observation of gluon recombination effects
èIs there such new state of matter?

à “Color Glass Condensate”
à50-100 times higher energy density than the core 

of the neutron star

QS: Matter of Definition and Frame (II)
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Infinite Momentum Frame:
• BFKL (linear QCD): splitting functions ⇒ gluon density grows
• BK (non-linear): recombination of gluons ⇒ gluon density tamed

BFKL: BK adds:

αs << 1αs ∼ 1 ΛQCD

know how to 
do physics here?
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• At Qs:   gluon emission balanced by recombination

Unintegrated gluon distribution
depends on kT and x:
the majority of gluons have 
transverse momentum kT ~ QS
(common definition)
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gluon 
emission

gluon 
recombination

= At QS
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Experimental evidence needed

HERA 



EIC Physics at-a-Glance
Eur. Phys. J. A 52 (2016) 9, 268 arXiv:1212.1701 (nucl-ex)

How are the sea quarks and gluons, and their spins, distributed 
in space and momentum inside the nucleon?  How do the 
nucleon properties (mass & spin) emerge from their interactions?

How do color-charged quarks and gluons, and colorless 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?QS: Matter of Definition and Frame (II)

7
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?

How does a dense nuclear environment affect the 
quark- and gluon- distributions? What happens to the 
gluon density in nuclei? Does it saturate at high 
energy, giving rise to a gluonic matter with universal 
properties in all nuclei, even the proton? =
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EIC science:
compelling, fundamental

and timely

Physics of EIC
• Emergence of Spin 
• Emergence of Mass  
• Physics of high-density gluon fields

Machine Design Parameters:
• !"#$%&'(")*+",-.%'/%,*%01!!201!" 3(#$+43#%&

• !"#!$%&'"()**+)***"%,-./"0123"
• 56*78%67)#4%")%34),462*92(7++%4)46#-.%:;120<1%=4>
• ?*&76"@48%A47(+%42B%/B%7)8%&"#$,%"*)%A47(+%C",$%9&4D"A&4%+/")%
/7,,46)+E*6"4),7,"*)
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• H/%,*%,C*%84,43,*6+%C4&&2"),4#67,48%84,43,*6I+J%"),*%,$4%(73$")4%
&7,,"34%

National Academy of Science, Engineering and Medicine 
Assessment July 2018 



EIC: NEW Kinematic reach & properties

For e-N collisions at the EIC:
ü Polarized beams: e, p, d/3He
ü Variable center of mass energy
ü Wide Q2 range à evolution
ü Wide x range à spanning valence to low-x physics

For e-A collisions at the EIC:
ü Wide range in nuclei

ü Luminosity per nucleon same as e-p
ü Variable center of mass energy 

ü Wide x range (evolution)
ü Wide x region (reach high gluon densities)
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EIC science 
highlights
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MACHINE & DETECTOR 
COLLABORATION
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The US Electron Ion Collider
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v Electron storage ring with frequent injection 
of fresh polarized electron bunches

v Hadron storage ring with strong cooling or 
frequent injection of hadron bunches

Hadrons up to 275 GeV
Ø Existing RHIC complex: Storage (Yellow), injectors 

(source, booster, AGS)
Ø Need few modifications
Ø RHIC beam parameters fairly close to those 

required for EIC@BNL

Electrons up to 18 GeV
Ø Storage ring, provides the range sqrt(s) = 20-140 

GeV. Beam current limited by RF power of 10 MW
Ø Electron beam with variable spin pattern (s) 

accelerated in on-energy, spin transparent injector 
(Rapid-Cycling-Synchrotron) with 1-2 Hz cycle 
frequency

Ø Polarized e-source and a 400 MeV s-band injector 
LINAC in the existing tunnel 

Design optimized to reach 1034 cm-2sec-1



EIC Accelerator Design
14

Center of Mass Energies: 20GeV - 140GeV

Luminosity: 1033 - 1034 cm-2s-1 / 10-100fb-1 / year

Highly Polarized Beams: 70%

Large Ion Species Range: p to U

Number of Interaction Regions: Up to 2!



The Global EIC Users Group: EICUG.ORG
Formally established in 2016, now we have: 

~1350 Ph.D. Members from ~36 countries, 266  institutions
EICUG is continuously growing 
with world-wide participation
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http://eicug.org/


EICUG led “reference” detector design 
2019-2021 “Yellow Report”
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Nucl. Phys. A 1026 (2022) ; arXiv:2103.05419

902 pages
415 authors
151 institutions

120 MB

Si trackers

Gaseous RICH

HCal

ECal

TPC
ECal

ECal
PID

PIDTRD
TRD

HCal
HCal



Reference Detector – Backward/Forward Detectors
17

far-forward 
detectors

far-backward 
detectors 

Extensive integration of 
forward and backward 

detector elements into the 
accelerator lattice
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The three proposals: reviewed by an external panel
EIC Advisory Panel’s recommendation on April 8, 2022 
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Detector Proposal Advisory Panel 
19

All three proposals received high marks
Concluded that both ATHENA and ECCE satisfied the requirements
Congratulated CORE for some good ideas but too small overall

Recommended ECCE as the “reference design”: lower risk and cost
§ ATHENA, ECCE – collaborator overlap – neither large enough to become Detector 1
§ Strongly encouraged the proto-collaborations to merge and build the Project 

Detector starting from ECCE‘s reference design
As of July 2022: (ATHENA + ECCE) : Electron Proton Ion Collider (EPIC) Detector 
Collaboration formed è working together to realize the EIC science

Enthusiastically supported the idea of a second detector for the 2nd IR

11/02/2022 EIC at Incheon, South Korea

Co-Chairs: Rolf Heuer & Patty Mc Bride



EIC Management team working with the 
EICUG to realize EPIC

20

hadronic calorimeters

e/m calorimeters          
ToF, DIRC,  

RICH detectorsMPG & MAPS trackers

solenoid coils

11/02/2022

Detector requirements:
q Large rapidity (-4 < h < 4) coverage; and far beyond

o Large acceptance for diffraction, tagging, neutrons from 
nuclear breakup: critical for physics program
à Integration into IR from the beginning critical
Many ancillary detector along the beam lines: 
low-Q2 tagger, Roman Pots, Zero-Degree 
Calorimeter, ….

q High precision low mass tracking
o small (µ-vertex Silicon) and large radius (gas-based) tracking 

q Electromagnetic and Hadronic Calorimetry
o equal coverage of tracking and EM-calorimetry 

q High performance PID to separate e, p, K, p on  track level
o good e/h separation critical for scattered electron ID

q Maximum scientific flexibility
o Streaming DAQ à integrating AI/ML

q Excellent control of systematics
o luminosity monitor, electron & hadron Polarimetry

EIC at Incheon, South Korea

E. Aschenauer & R. Ent



CONNECTION HIGH ENERGY 
PHYSICS AT LHC (HEP AND NP)
Nature does not distinguish between HEP and NP: 
EIC will be useful for both! 
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arXiv:2203.13199v1 [hep-ph] 24 March 2022



EIC’s versatility, resolving power and intensity (luminosity) open new windows of opportunity 
to address some of the crucial and fundamental scientific questions in particle physics. The 
paper summarizes the EIC physics from the perspective of the HEP community participating 
in Snowmass 2021
• Beyond the Standard Model Physics at the EIC
• Tomography (1,3,5 d PDFs) of Hadrons and Nuclei at the EIC
• Jets at EIC
• Heavy Flavors at EIC
• Small-x Physics at the EIC

• High luminosity wide CM range
• Polarized e, p, and ion beams
• All nuclei

8

H1/ZEUS

Bates(Int)

EMC/NMC

E665

COMPASS

Bonn EIC

HERMES

Mainz

SLAC

MESA

LHeC
FCC−ep

lepton−proton facilities
JLab12

JLab6

FIG. 2. Luminosity vs. center-of-mass energy for the past (open markers), current (solid markers), and some of the planned
future lepton-proton or ion collision facilities (shaded markers). Most of the fixed-target facilities (blue) have high luminosity
but low energy, while collider facilities (green or red) typically access higher energy but have low luminosity. While all fixed-
target facilities can utilize polarized proton (or nuclear) targets, polarized proton or ion beams are only available at EIC and
not at HERA, LHeC or FCC-ep.

and fundamental scientific questions in particle physics. This whitepaper provides an overview of the science case of
EIC from the perspective of the high-energy physics community. The science case is broadly categorized into and
presented in the following sections:

• Beyond standard model physics: Sec. 2,

• Tomogography of hadrons and nuclei: Sec. 3,

• Jet physics: Sec. 4,

• Physics of heavy flavors: Sec. 5,

• Physics at small Bjoeken-x: Sec. 6.
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Physics @ the US EIC beyond the EIC’s core science
Of HEP/LHC-HI interest to Snowmass 2021 (EF 05, 06, and 07 and possibly also EF 04) 

New Studies with proton or neutron target:
• Impact of precision measurements of unpolarized PDFs at high x/Q2, on LHC-Upgrade results(?)
• Precision calculation of aS : higher order pQCD calculations, twist 3
• Heavy quark and quarkonia (c, b quarks) studies with 100-1000 times lumi of HERA and with polarization
• Polarized light nuclei in the EIC
Physics with nucleons and nuclear targets:
• Quark Exotica: 4,5,6 quark systems…? Much interest after recent LHCb led results.
• Physic of and with jets with EIC as a precision QCD machine:
• Jets as probe of nuclear matter & Internal structure of jets : novel new observables, energy variability
• Entanglement, entropy, connections to fragmentation, hadronization and confinement

Precision electroweak and BSM physics:
• Electroweak physics & searches beyond the SM: Parity, charge symmetry, lepton flavor violation
• LHC-EIC Synergies & complementarity
Study of universality: e-p/A vs. p-A, d-A, A-A at RHIC and LHC 
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Perhaps other intersections 
with LQCD?



EIC for HEP & NP
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FIG. 3. From [4]: Projected results for sin2 ✓W using ep (left, solid magenta markers) and eD (right, solid cyan markers)
collision data and the nominal annual luminosity given in Table 10.1 of the Yellow Report [3], along with existing world data
(red solid circles). Data points for Tevatron and LHC are shifted horizontally for clarity. Result from combining 100 fb�1

ep 18 ⇥ 275 GeV and 10 fb�1 eD 18 ⇥ 137 GeV is also shown and is called the ”YR reference point” (blue diamond). The
PDF uncertainty is from CT18NLO. The electron beam polarization is assumed to be 80% with a relative 1% uncertainty.
The inner error bars show the combined uncertainty from statistical and 1% uncorrelated background e↵ect; the median error
bars show the experimental uncertainty that includes statistical, 1% uncorrelated background, and 1% electron polarimetry.
The outer-most error bars (which almost coincide with the median error bars) include all the above and the PDF uncertainty
evaluated using the CT18NLO sets. Results evaluated with the MMHT2014 and NNPDF31NLO sets are similar. Also shown
are the expected precision from P2 [11], MOLLER [12] and SoLID [13] PVDIS [14, 15], respectively. The script used to produce
this plot was inherited from [16], and the scale dependence of the weak mixing angle expected in the SM (blue curve) is defined
in the modified minimal subtraction scheme (MS scheme) [17].

amplitude with the dimension-6 contribution. This is consistent with our truncation of the SMEFT expansion above,
since the dimension-6 squared contributions are formally the same order in the 1/⇤ expansion as the dimension-8 terms
which we neglect. The following four-fermion operators in Table I can a↵ect the DIS cross section at leading-order in
the coupling constants for massless fermions, which we assume here.

O
(1)
`q (¯̀�µ`)(q̄�µq) O`u (¯̀�µ`)(ū�µu)

O
(3)
`q (¯̀�µ⌧ I`)(q̄�µ⌧ Iq) O`d (¯̀�µ`)(d̄�µd)

Oeu (ē�µe)(ū�µu) Oqe (q̄�µq)(ē�µe)

Oed (ē�µe)(d̄�µd)

TABLE I. Dimension-6 four-fermion operators contributing to DIS at leading order in the coupling constants. Here, q and `
denote left-handed quark and lepton doublets, while u, d and e denote right-handed singlets for the up quarks, down quarks
and leptons, respectively. The ⌧ I denote the SU(2) Pauli matrices.

In Table I, we have suppressed flavor indices for these operators, and in our analysis, we assume flavor universality
for simplicity. We note that the overall electroweak couplings that govern lepton-pair production are also shifted in
the SMEFT by operators other than those considered above. Such contributions are far better bounded through other
data sets such as precision Z-pole observables, and we neglect them here. The above assumptions leave us with the
seven Wilson coe�cients associated with the operators in Table I entering the predictions for our observables.

The SMEFT framework provides a mechanism to conduct global analyses of world data across all energy scales.
An issue that arises in such global fits is the appearance of flat directions that occur when the available experimental
measurements cannot disentangle the contributions from di↵erent EFT operators. Figure 4 shows two Wilson coe�-
cients and the available 68% confidence level ellipse for the case where only LHC data is used in the fits (blue curve),
only EIC data (yellow curve) and the combination of the two data sets. The EIC data included in this projection are

the two (one) highest energy settings of the ep (eD) A(e)
PV

data sets described in Section 2.1.2. The LHC data set used
in this fit is from the high invariant mass Drell-Yan process measured by ATLAS in Ref. [19]. More details regarding
the analysis of this data set can be found in Ref. [20]. It is apparent that when only LHC data are included, there
is a degeneracy in the space of 2-lepton, 2-quark Wilson coe�cients. This can be seen from the elongated nature
of the LHC constraint ellipses. The EIC will play a crucial role in resolving this flat direction, and combined fits of
LHC and projected EIC data lead to much stronger constraints than either experiment alone. Analysis is ongoing to
extract SMEFT constraints using both unpolarized and polarized PV asymmetries projected for EIC. The polarized

Indirect search for BSM : Parity Violating Asymmetry

Precision PDFs è aS
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FIG. 41. Top: The nuclear gluon ratios as a function of xg for Au nuclei for the EPPS16 [474] (left), nCTEQ15 [390] (middle),
and nNNPDF2.0 [486] (right) PDF sets. The hashed curves show the baseline uncertainties and solid curves show the re-
weighted uncertainties using the projected charm data with integrated luminosities of 1 fb�1/nucleon. Bottom: The reduction
factor of the nPDF uncertainties with the inclusion of the EIC charm data.

5.3. Charm jets as a probe for strangeness at the EIC

The discussion of heavy flavor has so far focused on the inclusion and description of partons, especially heavy
flavor, in nucleons and nuclei. Here, we use a particular example — the strangeness content of the proton — as one
key highlight of the insight that can be gained from the EIC by combining high-energy physics and nuclear physics
approaches to tackle a singular heavy-flavor-related question.

The EIC can resolve long-standing questions regarding the precise balance of quark flavors contributing to the
proton’s structure. As Fig. 42 illustrates, the strange quark PDF has large uncertainties and can vary by a factor
of about 2 in the intermediate x region. Thus, a pressing question to address is: what is the capability of the EIC
to provide improved constraints on the nucleon structure in general, and the strange quark in particular? As a case
study, Ref. [487] examined the production of charm-jets in charged-current (CC) DIS at the EIC . THis was done to
determine the sensitivity to the underlying strange PDF. To characterize this sensitivity, three PDFs sets were chosen
(cf. Fig. 42): 1) Rs-Low with suppressed strangeness, 2) Rs-Mid with intermediate strangeness, and 3) Rs-High

with enhanced strangeness.

FIG. 42. a) The strange quark ratio Rs(x, Q) = (s + s̄)/(ū + d̄) at Q=10 GeV for a selection of PDFs. The region between
the Rs-High (dashed red) and Rs-Low (dot-dashed red) PDF curves is consistent with current experiments; Rs-Mid is shown
in blue.

The process e�p ! ⌫ec was simulated in Pythia for unpolarized electron-proton collisions with beam energies of
10 GeV and 275 GeV. The Delphes framework was used to obtain a parameterized simulation of detector response
with baseline parameters for the EIC detectors. The performance of a high-impact-parameter track-counting algorithm
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6. SMALL-x PHYSICS AT THE ELECTRON-ION COLLIDER

Editors: Renaud Boussarie, Tuomas Lappi, Farid Salazar, Bjoern Schenke, Soeren Schlichting,

Hadrons and nuclei probed in high-energy scattering experiments feature an increasingly large number of small-x
gluons that populate its transverse extent, leading to a dense saturated wave function. This phenomenon of gluon
saturation is a consequence of unitarity and can be quantitatively described by an e↵ective theory of Quantum
ChromoDynamics (QCD), the Color Glass Condensate [540–542]. Saturation e↵ects are important for all high-energy
collisions of hadrons and nuclei. They need to be taken into account for understanding particle production and
multiparticle correlations in proton-proton and proton-nucleus collisions at the LHC and at RHIC, especially at
forward rapidities where one probes the smallest values of x in one of the colliding hadrons. Gluon saturation is an
extremely important part of the heavy ion collision program that aims to produce and study deconfined QCD matter
in high-energy heavy ion collisions. It is the key ingredient of our current theoretical understanding of the initial
stage of the collision process, describing the production and equilibration of the matter that evolves to a quark-gluon
plasma [543–545].

While experimental data from a large variety of hadronic collision experiments are consistent with the presence of
saturation e↵ects, the theoretical interpretation of the experimental signals is always a↵ected by complexities inherent
to QCD: hadronization and final state interactions, in particular the whole spacetime evolution of the quark gluon
plasma in the case of heavy ion collisions. This situation can only be improved with a program of high-energy
deep inelastic scattering on proton and nuclear targets, which give a more direct and precise access to the partonic
constituents of protons and nuclei. Such measurements will be performed at the Electron-Ion Collider (EIC) [3].

6.1. EIC observables for small-x physics

Gluon saturation will a↵ect many of the di↵erent cross sections measured at the EIC. The CGC e↵ective theory
framework provides a way to perform a coherent global analysis of di↵erent kinds of scattering processes at small x
that provide complementary information on the small-x gluons. Many specific measurements at the EIC will shed
more light on di↵erent aspects of the physics of gluon saturation [94, 546, 547].

FIG. 54. Estimated reduction in the uncertainty for the gluon distribution in Au nuclei at Q2 = 1.69GeV2 with EIC data.
Figure obtained from [3].

Inclusive cross sections for electron-nucleus and electron-proton scattering provide the baseline for our understanding
of the partonic structure of QCD bound states. The parton densities (parton distribution functions, PDFs, in the
collinear factorization picture) extracted from inclusive measurements are required for perturbative calculations of
hard QCD probes in all collisions of protons and nuclei. The EIC will provide a significant improvement over previous
measurements especially for nuclei, where it extends the available kinematical reach towards small x by more than an
order of magnitude. In the perturbative collinear factorization framework this will lead to a significant improvement
of extractions of nuclear PDFs (see Fig. 54). Nuclear targets are particularly important for the physics of gluon
saturation, since nonlinear phenomena in high-energy scattering are enhanced by the higher parton density (per unit

Nuclear PDF ratios with Jets @ EIC

Nuclear Gluon 
PDFs With 
EIC

Nuclear corrections
With EIC for neutrino-A 
scattering experiments



Detector technologies EIC & LHC: 
Potential for overlap and collaboration: 
Many EIC collaborators already part of RDXX at CERN & vice-versa.

• MAPS µVertex for primary/secondary vtx: barrel & end-caps (ALICE ITS3)
• MicroPattern Gas Detectors: large rapidity, spatial resolution ~100 µm
• Electromagnetic Calorimetry for kinematic reconstruction, precise energy measurements e, 
g;  e/p & p0/g separation. Various technologies at various locations: 
• W/SciFi w/o PMT, PbWO4, SiGlass; AstroPix & Pb/SciFi
• High resolution Crystal Cal for e-endcap
• Barrel EMCal 6 layers AstroPix and Pb/SciFi

• Particle Identification – extremely important for most EIC physics
• K/pi separation over a wide range 1-20 GeV/c
• Hadron ID: hpDIRC in Barrel, forward EndCap: duel RICH, backward Endcap: modular RICH or 

pF RICH, also TOF for short lever arm : LGAD, LAPPD 
• Streaming Readout 
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arXiv:2203.13199v1 [hep-ph] 24 March 2022

EIC Science from the perspective of High Energy Physicists
11/02/2022 EIC at Incheon, South Korea 26

Conclusion:
EIC will not only be of interest to nuclear 

physicists but would be extremely valuable to 
high energy physicists working at

LHC and other neutrino scattering experiments
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Partnerships for EIC sought and encouraged 

• EIC is planned to be an international facility 
• Collaboration on EIC design and construction –mutually beneficial, advancing 

accelerator science and technology
• Possible contributions to the EIC accelerator could include the full range of accelerator 

design and hardware
• Examples: IR magnet design and construction, luminosity monitoring, RF R&D and 

construction, normal conducting magnets, critical vacuum components, feedback 
systems, polarimetry, contributions to the 2nd IR, beam-dynamics calculations, etc.

• Detector(s) to be constructed as International collaborations & contributions from partners
• Detailed contributions to EPIC now under discussions with EIC management 
• High level contacts between US DOE and international funding agencies: welcome

11/02/2022 EIC at Incheon, South Korea

A. Seryi



28

Overall Schedule

Ø Current assumption realization trailing 
~5 years behind Detector-1

Ø focus on complementary IR/physics & 
technologies

2nd Detector and IR

CD4A early finish, collisions begin 
for machine tuning
Detector 1 needs to be ready to give 
feedback.

CD4 Machine delivers for physics
Detector 1 should be fully functional 
to start physics

11/02/2022 EIC at Incheon, South Korea



Summary & Outlook

• Electron Ion Collider, a high-energy high-luminosity polarized e-p, e-A collider, funded 
(predominantly) by the DOE will be built in this decade and operate in 2030’s.
• Will address the most profound unanswered questions in QCD

• Up to two hermetic (full acceptance(?) and complementary) detectors under consideration, 
although EIC project has funds for 1 detector. Cost of a second detector from non-DOE 
sources to be determined/identified 
• Experimental collaboration(s) are being formed now (in 2022)
• An aggressive timeline : first collisions by ~2031/32; physics start by ~2033

• High interest in having international partners both on detector and accelerator

• Early career scientists: This machine is for you!  Ample opportunity for make an impact.
• Working with at EIC should be fully transparent to the HEP trained students
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EIC
 at Incheon, South Korea
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Backups
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Complementarity for 1st-IR & 2nd-IR
32

2nd IR (IP-8)1st IR (IP-6)
Geometry: ring inside to outside ring outside to inside

tunnel and assembly hall
are larger
Tunnel: ⦰ 7m +/- 140m

tunnel and assembly 
hall are smaller
Tunnel: ⦰ 6.3m to 60m 
then 5.3m

Crossing Angle: 25 mrad 35 mrad
secondary focus

different blind spots
different forward detectors and acceptances

different acceptance of central detector

more luminosity at lower ECM
optimize Doublet focusing FDD vs. FDF
à impact of far forward pT acceptance

Luminosity:

Experiment: 1.5 Tesla or 3 Tesla
different subdetector technologies

11/02/2022 EIC at Incheon, South Korea

ECA & RE



Mass of the Nucleon (Pion & Kaon)
11/02/2022 EIC at Incheon, South Korea 33

“… The vast majority of the nucleon’s mass is due to quantum fluctuations of quark-antiquark pairs, the 
gluons, and the energy associated with quarks moving around at close to the speed of light. …”             
-- The 2015 Long Range Plan for Nuclear Science

“The mass is the result of the equilibrium reached through dynamical processes.”   X. Ji

X. Ji, PRL 74 1071 (1995)

• Criticisms: not scale-invariant, decompositions: Lorentz invariant vs. rest frame
• Recent interest (workshops) planned to settle: how to determine the different contributions
• Lattice QCD providing estimates

Quark Energy Gluon Energy Quark Mass Trace Anomaly

Relativistic Motion
Chiral 
Symmetry
Breaking

Quantum
Fluctuations

~ 25%~10%~40%~30%

arXiv: 1710.09011

J/Ψ, Υ, 
…

Trace anomaly:
Upsilon production
near threshold:

SoLID@JLab & EIC

(pion/Kaon) PDFs: P. C. Barry 
et al. PRL 127, 232001 (2021)

Kharzeev et al. 1996



DS/2 = Quark contribution to Proton Spin
Dg =   Gluon contribution to Proton Spin
LQ   =   Quark Orbital Ang. Mom
LG   =   Gluon Orbital Ang. Mom 

Nucleon Spin: Precision with EIC
1
2

=

1
2
�⌃ + LQ

�
+ [�g + LG]

Precision in DS and Dg è A clear idea
Of the magnitude of LQ+LG = L

Lattice Calculations : comparison
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SIDIS: strange and charm quark spin 
contributions
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2+1-Dimensional Imaging Quarks and Gluons

W(x,bT,kT)
∫	d2kT

f(x,bT)f(x,kT)

∫d2bT

bT

kT
xp

Spin-dependent 3D momentum space 
images from semi-inclusive scattering
à Transverse Momentum 
Distribution

Spin-dependent 2D coordinate space (transverse) 
+ 1D (longitudinal momentum) 
images from exclusive scattering (Deeply virtual 
Compton scattering and meson production)
à Generalized Parton Distributions

Momentum
space

Coordinate
space

momentum  and position distributions à Orbital motion of quarks and gluons

Wigner functions W(x,bT,kT)
offer unprecedented insight into confinement and chiral symmetry breaking.
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Direct
Comparison with 
lattice QCD



2+1 D partonic image of the proton with the EIC
11/02/2022 EIC at Incheon, South Korea 36

Spin-dependent 2D coordinate space (transverse) +
1D (longitudinal momentum) images from exclusive 
scattering Transverse Position Distributions

Sea quark’s 2D position distribution
unpolarized                polarized
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Deeply Virtual Compton Scattering
Measure all three final states
e + pà e’+ p’+ g 

Fourier transform of momentum 
transferred=(p-p’) à Spatial distribution

Exclusive Processes and Generalized Parton Distributions

Generalized parton distributions (GPDs) can be extracted from suitable exclusive scat-
tering processes in e+p collisions. Examples are deeply virtual Compton scattering (DVCS:
�
⇤+p ! �+p) and the production of a vector meson (�⇤+p ! V +p). The virtual photon

is provided by the electron beam, as usual in deep inelastic scattering processes (see the
Sidebar on page 18). GDPs depend on three kinematical variables and a resolution scale:

• x + ⇠ and x � ⇠ are longitudinal par-
ton momentum fractions with respect
to the average proton momentum (p+
p
0)/2 before and after the scattering, as

shown in Figure 2.18.

Whereas x is integrated over in the
scattering amplitude, ⇠ is fixed by the
process kinematics. For DVCS one has
⇠ = xB/(2� xB) in terms of the usual
Bjorken variable xB = Q

2
/(2p · q). For

the production of a meson with mass
MV one finds instead ⇠ = xV /(2� xV )
with xV = (Q2 +M

2
V )/(2p · q).

• The crucial kinematic variable for par-
ton imaging is the transverse momen-
tum transfer �T = p0

T � pT to the
proton. It is related to the invariant
square t = (p0 � p)2 of the momentum
transfer by t = �(�2

T + 4⇠2M2)/(1 �

⇠
2), where M is the proton mass.

• The resolution scale is given by Q
2

in DVCS and light meson production,
whereas for the production of a heavy
meson such as the J/ it is M2

J/ +Q
2.

Even for unpolarized partons, one has a nontrivial spin structure, parameterized by two
functions for each parton type. H(x, ⇠, t) is relevant for the case where the helicity of the
proton is the same before and after the scattering, whereas E(x, ⇠, t) describes a proton
helicity flip. For equal proton four-momenta, p = p

0, the distributions H(x, 0, 0) reduce to
the familiar quark, anti-quark and gluon densities measured in inclusive processes, whereas
the forward limit E(x, 0, 0) is unknown.

Weighting with the fractional quark charges eq and integrating over x, one obtains a
relation with the electromagnetic Dirac and Pauli form factors of the proton:

X

q

eq

Z
dxH

q(x, ⇠, t) = F
p
1 (t) ,

X

q

eq

Z
dxE

q(x, ⇠, t) = F
p
2 (t) (2.14)

and an analogous relation to the neutron form factors. At small t the Pauli form factors
of the proton and the neutron are both large, so that the distributions E for up and down
quarks cannot be small everywhere.

x + ⇠ x� ⇠

p p0

x + ⇠ x� ⇠

p p0

�⇤ �⇤� V

Figure 2.18: Graphs for deeply virtual Compton scattering (left) and for exclusive vector
meson production (right) in terms of generalized parton distributions, which are represented by
the lower blobs. The upper filled oval in the right figure represents the meson wave function.
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Quarks
Motion  

Gluons:
Only @ 
Collider 

Spin-dependent (2+1)D momentum space images 
from semi-inclusive scattering (SIDS)
Transverse Momentum Distributions

Quark’s 2D momentum distribution



⌫ =
Q2

2mx

Need the collider energy of EIC and its control on parton kinematics

Control of ν by selecting kinematics;
Also under control the nuclear size.

(colored) Quark passing through cold QCD matter
emerges as color-neutral hadron è

Clues to color-confinement?

Unprecedented ν, the virtual photon energy 
range @ EIC : precision &  control

Emergence of Hadrons from Partons
Nucleus as a Femtometer sized filter  

Identify p vs. D0 (charm) mesons in e-A collisions: 

Understand energy loss of light vs. heavy quarks 
traversing the cold nuclear matter: 
Connect to energy loss in Hot QCD

Energy loss by light vs. heavy quarks:

Pions (model-I)
Pions (model-II)
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Study in light quarks 
vs. 

heavy quarks



Low x physics with nuclei
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0 0.5 1 1.5 2 2.5

perturbative regime

0 0.5 1 1.5 2 2.5

perturbative regime
HERA (ep)

EIC √smax = 90 GeV (eAu)

x ≤ 0.01

Λ2
QCD

QS
2 (GeV2)

EIC √smax = 40 GeV (eAu)

Figure 6: Accessible values of the saturation scale Q2
s at an EIC in e+A collisions assuming two di↵erent maximal

center-of-mass energies. The reach in Q2
s for e+p collisions at HERA is shown for comparison.

pared to
p
smax = 40GeV. The di↵erence in Q2

s

may appear relatively mild but we will demon-
strate in the following that this di↵erence is su�-
cient to generate a dramatic change in DIS observ-
ables with increased center-of-mass energy. This
is analogous to the message from Fig. 5 where we
clearly observe the dramatic e↵ect of jet quench-
ing once

p
sNN is increased from 39 GeV to 62.4

GeV and beyond.

To compute observables in DIS events at high
energy, it is advantageous to study the scattering
process in the rest frame of the target proton or
nucleus. In this frame, the scattering process has
two stages. The virtual photon first splits into
a quark-antiquark pair (the color dipole), which
subsequently interacts with the target. This is il-
lustrated in Fig. 7. Another simplification in the
high energy limit is that the dipole does not change
its size r? (transverse distance between the quark
and antiquark) over the course of the interaction
with the target.

Multiple interactions of the dipole with the tar-
get become important when the dipole size is of the
order |~r?| ⇠ 1/Qs. In this regime, the imaginary
part of the dipole forward scattering amplitude
N(~r?,~b?, x), where ~b? is the impact parameter,
takes on a characteristic exponentiated form [16]:

N = 1� exp

 
�
r2?Q

2
s(x,~b?)

4
ln

1

r?⇤

!
, (1)

where ⇤ is a soft QCD scale.

At high energies, this dipole scattering ampli-
tude enters all relevant observables such as the to-
tal and di↵ractive cross-sections. It is thus highly
relevant how much it can vary given a certain col-
lision energy. If a higher collision energy can pro-
vide access to a significantly wider range of values
for the dipole amplitude, in particular at small x,
it would allow for a more robust test of the satu-
ration picture.

Figure 7: The forward scattering amplitude for DIS
on a nuclear target. The virtual photon splits into a
qq̄ pair of fixed size r?, which then interacts with the
target at impact parameter b?.

To study the e↵ect of a varying reach in
Q2, one may, to good approximation, replace r?
in (1) by the typical transverse resolution scale
2/Q to obtain the simpler expression N ⇠ 1 �
exp

�
�Q2

s/Q
2
 
. The appearance of both Q2

s and
Q2 in the exponential is crucial. Its e↵ect is
demonstrated in Fig. 8, where the dipole ampli-
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Key Topic in eA: Gluon Saturation (I)

6

In QCD, the proton is made up 
of quanta that fluctuate in and 
out of existence 
• Boosted proton: 
‣ Fluctuations time dilated on 

strong interaction time 
scales  

‣ Long lived gluons can 
radiate further small x 
gluons! 

‣ Explosion of gluon density 
! violates unitarity
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9

pQCD  
evolution  
equation

New Approach: Non-Linear Evolution 
• New evolution equations at  low-x & low to moderate Q2 

• Saturation of gluon densities characterized by scale Qs(x) 
• Wave function is Color Glass Condensate

Accessible range of saturation scale Qs
2 at the EIC 

with e+A collisions.
arXiv:1708.01527

Reaching the Saturation Region

8

HERA (ep):
Despite high energy range:
• F2, Gp(x, Q2) outside the 

saturation regime 
• Need also Q2 lever arm! 
• Only way in ep is to 

increase &s
• Would require an ep 

collider at &s ~ 1-2 TeV 

Different approach (eA):

! 

(Qs
A )2 " cQ0

2 A
x

# 

$ 
% 

& 

' 
( 

1/3

 

L ~ (2mN x)-1 > 2 RA ~ A1/3

Probe interacts coherently 
with all nucleons

(QA
s )2 ⇡ cQ2

0


A

x

�1/3

Boost

300 GeV

QS: Matter of Definition and Frame (II)

7

Infinite Momentum Frame:
• BFKL (linear QCD): splitting functions ⇒ gluon density grows
• BK (non-linear): recombination of gluons ⇒ gluon density tamed

BFKL: BK adds:

αs << 1αs ∼ 1 ΛQCD

know how to 
do physics here?

m
ax

. d
en

si
ty

Qs kT

~ 1/kT

k T
 φ

(x
, k

T2 )

• At Qs:   gluon emission balanced by recombination

Unintegrated gluon distribution
depends on kT and x:
the majority of gluons have 
transverse momentum kT ~ QS
(common definition)

QS: Matter of Definition and Frame (II)

7

Infinite Momentum Frame:
• BFKL (linear QCD): splitting functions ⇒ gluon density grows
• BK (non-linear): recombination of gluons ⇒ gluon density tamed

BFKL: BK adds:

αs << 1αs ∼ 1 ΛQCD

know how to 
do physics here?

m
ax

. d
en

si
ty

Qs kT

~ 1/kT

k T
 φ

(x
, k

T2 )
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Unintegrated gluon distribution
depends on kT and x:
the majority of gluons have 
transverse momentum kT ~ QS
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gluon 
emission

gluon 
recombination

= At QS


