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Even after hundred years of discovery of proton, we do not know its 
internal structure completely! 

Around 1970

One of the 
issues ~ 2000

Need multidimensional 
imaging of the proton 
structure

Electron Ion 
Collider (EIC) @ 
Brookhaven 
National 
Laboratory, USA
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EIC: 

§A new, innovative, large-scale particle 
accelerator facility planned for construction 
at Brookhaven National Laboratory (BNL), 
New York, USA.

§Highest priority project appeared in the 
2015 & 2023 US Nuclear Physics Long 
Range Plan.

§Favorably endorsed by a committee 
established by the National Academy of 
Sciences (US) in 2018.

§Granted Critical Decision Zero (CD0) [2019] 
by the US Department of Energy (DOE) – 
marked as the official project of the US 
government.

US-NSAC Long Range Plan, 2015
US-NSAC Long Range Plan, 2023

EIC Yellow 
Report

Only new collider in foreseeable 
future – will remain at frontier of 
accelerator S&T
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§ High Luminosity: L= 1033 – 1034cm-2sec-1,                        
                                    10 – 100 fb-1/year

§ Highly Polarized Beams:  70%
    -- requires high precision polarimetry

§ Large Center of Mass Energy Range: 
     Ecm = 29 – 140 GeV
     -- large detector acceptance 

§ Large Ion Species Range: proton-Uranium
    -- requires forward detectors integrated in
        beam lattice 

§ Good Background Conditions
§ Accommodate a Second Interaction Region 

(IR) -- IR-8

e: 5 GeV to 18 GeVp: 41 GeV, 100 to 275 GeV
p/A beam e beam

IR-6

IR-8
EIC 
Yellow 
Report

z

Forward àß Backward

§1st high-luminosity e-p 
collider

§1st polarized target collider
§1st electron-nucleus collider

EIC:
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§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 them and 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?

Address following questions

§ 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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Physics Methodology: Deep Inelastic Scattering (DIS)

 
Q2=six i y

§ As a probe, electron beams provide 
unmatched precision of the electromagnetic 
interaction

§ Direct, model independent determination of 
parton kinematics of physics processes  

s:   Center-of-mass energy squared for DIS system
Q2: Square of the momentum transfer between the electron and proton; 
      inversely proportional to the resolution
y: inelasticity (0 ≤ y ≤1)
x:  the fraction of the nucleon’s momentum carried by the struck quark
     (0<x<1)
W:   Center-of-mass energy for photon-nucleon system

Terminology: 𝒔 = (𝒌 + 𝒑)𝟐 𝑾 = (𝒑 + 𝒒)𝟐𝒒 = 𝒌 −	𝒌" −𝑸𝟐= (𝒌 − 𝒌")𝟐

Variables x, Q2, s are related through the equation:
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Fig. 1: Partonic kinematics in terms of momentum-fraction x and momentum-transfer Q calculated for various
measurement channels within the experimental acceptance of current data and planned experiments which probe
hadronic structure. Left panel: EM probes (i.e. direct photon and Drell-Yan measurements) from hadronic colli-
sions, and DIS measurements including the future EIC project; right panel: hadronic and UPC measurements at
RHIC and LHC. The estimated saturation scales for proton and Pb are also indicated as discussed in the text. The
horizontal dashed line indicates the kinematic cuts above which data are usually included in the determination of
PDFs. At HERA, and hence possibly at EIC, pQCD fits worked down to even Q ⇡ 0.8 GeV. Possible measure-
ments with the CMS HGCAL are denoted with dashed gray line, indicating that it is not clear if EM measurements
related to saturation such as the measurement of direct photons can be done with HGCAL which is optimized for
high-energy jets or photons from Higgs decays. The same notation has been used to indicate the possible direct
photon performance for LHCb and Drell-Yan capabilities for the MFT.

x1,2 ⇡ 2pT exp(±y)p
s

, (1)

where x typically denotes the negative-rapidity case x2. In this approximation, measurements at large y

and low pT for a given
p

s are most sensitive to the smallest values of x . Eq. 1 neglects non-perturbative
fragmentation effects, which are relevant in particular for hadronic observables. For pA collisions at the
LHC,

p
sNN = 8.8 TeV 2, while for RHIC we use

p
sNN = 0.2 TeV.

The left figure also shows the coverage for regions probed by nuclear DIS measurements [17–20], in-
cluding the EIC [2], as well as direct photon and Drell-Yan measurements by the RHIC cold nuclear
upgrade program [21], for which STAR has constructed forward detectors covering 2.5 < h < 4 [22].
3

Figure 1 shows that FoCal and LHCb measurements reach much smaller x than other existing and planned
measurements, with FoCal able to reach to the smallest x measurable prior to the far-future LHeC [23]
and FCC [24]. Both LHCb and FoCal photon measurements are planned which extend to even lower
pT and lower Q. The corresponding regions for these challenging measurements are shown in the left
panel of Fig. 1 as dark (FoCal) and open (LHCb) trapezoids. For FoCal, the main challenges at very
low pT are the large background of decay photons and the increasing contribution from fragmentation

2For pp collisions at 14 TeV, FoCal could probe to even smaller x ⇠ 5⇥10�7.
3The performance of the ALICE muon arm to measure DY has not been explored. Hence, the corresponding accep-

tance (2.5 < h < 4) (labelled as MFT) is only shown with a dashed line.

§ EIC – Bridge the gap b/w LHC 
and HERA experiments 

§ EIC + other experiments give 
almost full and complementary 
access to x and Q2 – 
comprehensive data set

EIC covers large kinematic coverage:
§ Access to x and Q2 over a wide 

range 
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Inclusive DISNeutral-current inclusive DIS Charged-current inclusive DIS

§ Essential to detect the 
scattered electron, e′, 
with high precision. 

§ All other final state 
particles (X) are ignored. 

§ The scattered electron is 
crucial for all processes 
to determine the event 
kinematics.

§ At high enough Q2, the 
electron-quark 
interaction is mediated 
by W± instead of g*. 

§ Event kinematic cannot 
be reconstructed from 
the scattered electron; 
reconstructed from the 
final state particles.

Semi-inclusive DIS

Requires 
measurement of at 
least one identified 
hadron in 
coincidence with the 
scattered electron.

Exclusive DIS

Requires the 
measurement of 
all particles in the 
event with high 
precision.

Initial state: Colliding electron (e), proton (p), and nuclei (A). 
Final state: Scattered electron (e′), neutrino (ν), photon (g), hadron (h), and hadronic final state (X).
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Saturation scale:

At high energies, gluon 
density is high at low-x
-- Cannot continue to rise   
    & must saturate! 
-- Saturation of parton
    density called Color
    Glass Condensate (CGC)

Gluon Saturation effects accessible at EIC!

Parton Distribution Functions

Gluon saturation

gluon 
emission

gluon 
recombination

No. of hard 
gluons splitting 
into softer gluons

No. of soft gluons 
recombining into 
harder gluons

F.D. Aaron, et al., H1 Collaboration, ZEUS 
Collaboration, JHEP 01 (2010) 109

6 ALICE Collaboration

photons. For LHCb, a technique is being developed to reconstruct direct photons which convert to an
electron-positron pair in the detector material in the tracker [25,26]; however, this approach suffers from
small reconstruction efficiency and consequently relatively large uncertainty. More information about
the comparison between FoCal and LHCb photon performances is provided in Ref. [1].

At a given value of x, the saturation scale is given by

Q
2
sat ⇡ xgA(x,Q2)

pR
2
A

µ A
1/3

x
�l , (2)

where gA = Ag, g is the gluon PDF of a proton, RA the radius of the nucleus, A the nuclear mass number
and the exponent l ⇡ 0.3 [27, 28]. Qualitatively, Qsat increases with the gluon density, i.e. at smaller x

and for heavier nuclei (by up to factor 6 in case of Pb). For perturbative calculations to work well in
the saturated regime, the saturation scale should be an order of magnitude larger than the QCD scale
LQCD ⇡ 0.2 GeV/c.

Fig. 1 shows the value of Qsat determined from Eq. 2, with normalization obtained by setting its value to
1.7 GeV/c for A = 1 at x = 10�4 [29]. At high parton density or small x, non-linear QCD evolution is
expected to play a role near the saturation scale. A smooth, not abrupt, transition is expected from the
linear to the non-linear region as a function of x, and the absolute magnitude of Qs is theoretically not
well established.

FoCal and EIC will probe the structure of protons and nuclei at small x in a complementary manner. It
is the combination of EIC and FoCal measurements, together with other forward measurements at RHIC
and the LHC, which provide the widest lever arm in

�
x,Q2� space and broadest range of observables to

explore the non-linear description of QCD evolution and saturation phenomena, and test its universal-
ity.

2.2 Inclusive and coincidence production at the LHC: comparison of channels

While Fig. 1 shows phase-space acceptance, which is the starting point for comparing the capabilities of
different experiments and facilities, it does not indicate the quality of measurements in terms of statistical
or systematic precision, or their theoretical interpretability. In this section we present more detailed
comparison of the partonic kinematics coverage for several inclusive production channels at the LHC
(photons, D-meson, p0), and photon-jet coincidences (see Sec. 5.1 for discussion of photon production in
terms of direct, fragmentation, and prompt processes, and the experimental technique of isolation). The
calculations utilize the PYTHIA event generator [30] (partonic processes at Leading-Order plus Leading
Log to all orders; hadronization via the Lund string model; multiple-parton interactions; underlying
event), and JETPHOX [31] for calculating the inclusive photon cross section at NLO.

Figure 2 compares the x2 distribution from this calculation for prompt photons in two rapidity intervals
within the FoCal acceptance, together with that for D

0-mesons within the LHCb acceptance in published
data [32]. The left panel demonstrates that prompt photon production probes a lower range in Bjorken-
x with narrower distributions than D-meson production, where the fragmentation process introduces
additional momentum spread. The right panel shows the median and the 90% interval of the gluon-x (x2)
distribution as a function of the transverse momentum of the produced particle. At lower pT, smaller x

is probed, as expected. For D-mesons at very low pT there is an increase in median x, due to the finite
mass of the D-meson and possibly to multiple parton interactions. While calculation of the effect of
multiple-parton interactions is model-dependent, the study does make it clear that the theory description
is expected to break down at low pT.

A more accurate exploration of the Bjorken-x sensitivity of direct photon and D meson production at
forward rapidity at the LHC, using NLO pQCD calculations with JETPHOX, has been reported in [31,
33]. The main result is reproduced in Fig. 3, which shows that the gluon-x (x2) distribution for direct
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Fig. 1: Partonic kinematics in terms of momentum-fraction x and momentum-transfer Q calculated for various
measurement channels within the experimental acceptance of current data and planned experiments which probe
hadronic structure. Left panel: EM probes (i.e. direct photon and Drell-Yan measurements) from hadronic colli-
sions, and DIS measurements including the future EIC project; right panel: hadronic and UPC measurements at
RHIC and LHC. The estimated saturation scales for proton and Pb are also indicated as discussed in the text. The
horizontal dashed line indicates the kinematic cuts above which data are usually included in the determination of
PDFs. At HERA, and hence possibly at EIC, pQCD fits worked down to even Q ⇡ 0.8 GeV. Possible measure-
ments with the CMS HGCAL are denoted with dashed gray line, indicating that it is not clear if EM measurements
related to saturation such as the measurement of direct photons can be done with HGCAL which is optimized for
high-energy jets or photons from Higgs decays. The same notation has been used to indicate the possible direct
photon performance for LHCb and Drell-Yan capabilities for the MFT.

x1,2 ⇡ 2pT exp(±y)p
s

, (1)

where x typically denotes the negative-rapidity case x2. In this approximation, measurements at large y

and low pT for a given
p

s are most sensitive to the smallest values of x . Eq. 1 neglects non-perturbative
fragmentation effects, which are relevant in particular for hadronic observables. For pA collisions at the
LHC,

p
sNN = 8.8 TeV 2, while for RHIC we use

p
sNN = 0.2 TeV.

The left figure also shows the coverage for regions probed by nuclear DIS measurements [17–20], in-
cluding the EIC [2], as well as direct photon and Drell-Yan measurements by the RHIC cold nuclear
upgrade program [21], for which STAR has constructed forward detectors covering 2.5 < h < 4 [22].
3

Figure 1 shows that FoCal and LHCb measurements reach much smaller x than other existing and planned
measurements, with FoCal able to reach to the smallest x measurable prior to the far-future LHeC [23]
and FCC [24]. Both LHCb and FoCal photon measurements are planned which extend to even lower
pT and lower Q. The corresponding regions for these challenging measurements are shown in the left
panel of Fig. 1 as dark (FoCal) and open (LHCb) trapezoids. For FoCal, the main challenges at very
low pT are the large background of decay photons and the increasing contribution from fragmentation

2For pp collisions at 14 TeV, FoCal could probe to even smaller x ⇠ 5⇥10�7.
3The performance of the ALICE muon arm to measure DY has not been explored. Hence, the corresponding accep-

tance (2.5 < h < 4) (labelled as MFT) is only shown with a dashed line.

Low-x => 
forward rapidity

Large A => 
Enhance Qsat scale

EIC 𝑠
=	9

0 GeV
 

EIC 𝑠
=	4

5 GeV

0.01 ≤ 
y ≤

 0.95 

0.01 ≤ 
y ≤

 0.95 

Possibility 
at EIC:
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Dihadron Correlations: pTTrigger
pTAssoc

Measure: Azimuthal correlation between two
               hadrons produced in lepton-nucleus DIS
Sensitive to: pT-dependence of gluon distribution
                   and their correlations
Expectation: Disappearance of back-to-back
                    correlations with increasing A (in 
                    dense gluonic matter)

Away side peak is 
suppressed in dense 
nuclear matter

E. Sichtermann, NPA 956, 233 (2016)

J. H. Lee, BX, L. Zheng

Detector Requirement: 
Tracking detector with 
full azimuth and wide 
rapidity coverage

p
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Forward-hBackward-h

very low Q2 
scattered lepton

Bethe-Heitler photons 
for luminosity

particles from nuclear
breakup and

from diffractive reactions

electron beamp/A beam

Distribution of hadrons & scattered lepton (in x − Q2  & detector h)

Detector requirement: Access full x − Q2 plane at different 𝑠 and 
suitable for strong asymmetric beam-energy combinations
-- Reconstruct events over a wide span in polar angle (θ) and η. 

Stringent requirements on 
detector acceptance and the 
resolution of meas. quantities
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hadronic calorimeters

e/m calorimeters          MPG & MAPS trackers

solenoid coils

q Large rapidity (-4 < h < 4) coverage; and far beyond 
especially in far-forward detector regions
o Large acceptance for diffraction, tagging, 

neutrons from nuclear breakup: critical for 
physics program, 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 

(gaseous-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 identification
q Maximum scientific flexibility

o Streaming DAQ à integrating AI/ML
Details about ePIC
https://wiki.bnl.gov/EPIC/index.php?title=Main_Page

9.5m

ToF, DIRC,  
RICH detectors Overall detector requirement

These requirements push the technology limit

https://wiki.bnl.gov/EPIC/index.php?title=Main_Page
https://wiki.bnl.gov/EPIC/index.php?title=Main_Page
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IR-6
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IR-6

Central
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IR-6

Central

Far forward
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IR-6

Central

Far forward

Far-Backward
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Many physics channels require the tagging of charged and neutral particles 
scattered at very small angles to the incoming proton/ion beam. 

Main detectors: B0, Off-Momentum detectors, Roman Pot detectors, and 
Zero-Degree calorimeter.

Detector Acceptance Particles

ZDC q < 5.5 mrad
(h > 6)

Neutrons, 
photons

Roman 
pots (2 
stations)

0.0 < q < 5.0 
mrad
(h > 6)

Scattered 
protons, 
light 
nuclei

Off-
Momentum 
Detectors 
(2 stations)

q < 5.0 mrad
(h > 6)

Charged 
particles 
from 
decays

B0 
Detector

5.5 < q < 20.0 
mrad
(4.6 < h < 6)

Charged 
particles, 
tagged 
photons



The Far-Backward Detectors
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Measurement of the absolute and relative luminosity, as well as tagging of 
low-Q2 electrons. 

Main detectors: Direct Photon detector, the Pair Spectrometer, and the 
Low Q2 taggers.

Luminosity Measurement e+p --> e g p  
e+Au --> e g Au

Absolute precision : better than 1%; Relative precision : better than10-4

Low-Q2 tagger

Clean photoproduction 
signal for: 
10-3 < Q2 < 10-1 (GeV2)

(bremsstrahlung 
photon)
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MAPS Tracker:
§ Ultra thin bent silicon around 

beampipe
§ Small pixels (20 µm), low power 

consumption (<20 mW/cm2) and 
material budget (0.05% to 0.55% 
X/X0) per layer

§ Based on ALICE ITS-3 development
§ Vertex layers optimized for beam pipe 

bakeout and ITS-3 sensor size
§ Barrel layers based on EIC LAS 

development
§ Forward and backwards disks

MPGD Layers:
§ Provide timing and pattern recognition 

redundancy
§ Cylindrical barrel µMEGAs
§ Planar End cap µRWells+single GEM 

before hpDIRC
§ Impact point and direction for ring 

seeding

AC-LGAD based TOF (BECal):
§ Additional space point for pattern 

recognition / redundancy¸

MAPS: Monolithic Active Pixel Sensor 
MPGD: Micropattern Gaseous Detector 
LGAD: Low Gain Avalanche Detector

New Solenoid 
1.7 Tesla



Indian groups 
interested to 
contribute

Central Region: PID Detectors
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High-Performance DIRC (hpDIRC)
§ Quartz bar radiator (reuse 

BaBAR bars)
§ Sensors: HRPPDs
§ π/K separation up to 6 GeV/c

Dual-Radiator RICH (dRICH)
§ C2F6 gas volume and Aerogel
§ Sensors: SiPMs tiled on spheres
§ π/K separation up to 50 GeV/c

Proximity Focused RICH (pfRICH)
§ Long Proximity gap (~40 cm)
§ Sensors: HRPPDs (also provides 

timing)
§ π/K separation up to 10 GeV/c
§ e/π separation up to 2.5 GeV/c

AC-LGAD based TOF:
§ t ~30 ps 
§ Accurate space point for 

tracking
§ Forward disk and central barrel

DIRC: Detection of Internally Reflected Cherenkov
RICH: Ring Imaging Cherenkov Detector
TOF: Time Of Flight

Indian groups 
interested to 
contribute



Electron 
going direction

Central Region: Calorimetry
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Electron Endcap EMCal
§ Lead tungstate (PbWO4) crystals

Hadron Endcap EMCal
High granularity W-powder/SciFi 
Hadron Endcap HCal
Longitudinally segmented Steel/Sc

Barrel Imaging EMCal
Pb/SciFi with a hybrid 
imaging part (AstroPix Si 
Sensors)

All Calorimeters 
are readout 
using SiPM

Barrel Hcal:
sPHENIX re-use (with 
increased granularity)

Electron 
Endcap HCal
Steel/Sc 
sandwich 

Indian groups interested to contribute

Indian groups interested 
in R&D of SiPM

Hadron going direction

Barrel 
Region



ePIC Streaming DAQ
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§ Triggerless streaming architecture gives much more flexibility to do physics
§ Integrate AI/ML as close as possible to subdetectors → cognizant Detector

§ No external trigger
§ All collision data digitized 

but aggressively zero 
suppressed at FEB

§ Low / zero deadtime
§ Event selection can be 

based upon full data 
from all detectors (in real 
time, or later)

§ Collision data flow is 
independent and 
unidirectional-> no 
global latency 
requirements

§ Avoiding hardware 
trigger avoids complex 
custom hardware and 
firmware

§ Data volume is reduced 
as much as possible at 
each stage

Indian groups interested to contribute
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§ Jan-2029: Solenoid and Barrel HCal to be ready
§ June-2029 to June-2030: All subdetectors to be 

ready
§ Jan 2031: Lepton Endcap Detectors installed, 

Trackers, bRICH ECal

CD-0 (2019): Approve Mission Need
CD-1 (2021): Approve alternate selection and cost range
CD-2 (2025): Approve performance baseline
CD-3 (2025): Approve start of construction or execution
CD-4 (2034): Approve start of operations & project completion
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24 countries
171+ institutions
500+ participants

EIC (ePIC) - India

~20 Institutions

You are welcome to join this exciting Science endeavor!

ePIC-wiki: https://wiki.bnl.gov/EPIC 
EICUG: https://www.eicug.org/
EIC-India: eic_india@googlegroups.com
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EIC is a QCD laboratory for 
discovery science 

ePIC is a new Collaboration
formed in 2022 –

extraordinary progress since
one year

Consolidation and 
Optimization of detector 

layout – almost mature & use 
innovative technologies

Progress being made towards 
key milestone: Technical 
Design Report for CD3 

approval

Acknowledgement:
ePIC Collaboration
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Timeline & Steps Towards 1st Detector
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2012-14:
EIC White 

Paper

2015: NSAC 
Long-Range 

Plan

2016:
EICUG 

Formation

2018: NAS 
Study & 
Report

2019-20: 
CD-0/Site 
Selection

2021: 
Yellow 
Report

2021: CDR 
& CD-1

2022: DPAP 
Review 

(ATHENA, CORE, 
ECCE)

2022: ECCE
as 1st detector;  

ePIC
Collaboration

2023: NSAC 
Long-Range 

Plan

electron Proton Ion Collider 
(ePIC) collaboration progressing 
well:
§ 1st ePIC Collaboration 

meeting: July 26-29, 2022
§ ePIC charter approval: Dec. 

2022

NSAC: Nuclear Science 
Advisory Committee

DPAP: Detector Proposal 
Advisory Panel

NAS: National 
Academy of Sciences

Concrete efforts on Indian 
participation started in 2020



Beam Energies, Parameters
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The Central Region
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Tracking:
§ New 1.7T solenoid
§ Si MAPS Tracker
§ MPGDs (µRWELL/µMegas)

PID:
§ High Performance DIRC (hpDIRC)
§ Proximity Focused RICH (pfRICH)
§ Dual-Radiator RICH (dRICH)
§ AC-LGAD (~30ps TOF)

Calorimetry:
§ Imaging Barrel EMCal
§ PbWO4 EMCal in backward direction
§ Finely segmented EMCal + HCal in forward 

direction
§ Outer HCal (sPHENIX re-use)
§ Backwards HCal (tail-catcher)

MAPS: Monolithic Active Pixel Sensor 
MPGD: Micropattern Gaseous Detector 
LGAD: Low Gain Avalanche Detector



AC-LGAD
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LGAD: Low Gain Avalanche Detector
Novel silicon technology -- allowed 
timing resolution of few tens of 
picoseconds for number of particle 
tracks emerging from the 
interaction regions in high energy 
physics experiments

Due to the presence of Junction 
Termination Edges (JTE) and the 
gap between LGAD cells, 100% fill factor can not be achieved in LGAD.

AC-LGAD: replacement of the segmented n++ layer by a less doped but 
continuous n+ layer. Electrical signals in the n+ layer are AC-coupled to 
neighboring metal electrodes that are separated from the n+ layer by a thin 
insulator layer.
AC-LGAD not only provides a timing resolution of a few tens of picoseconds, 
but also 100% fill factor and a spatial resolution that are orders of 
magnitude smaller than the cell size. Therefore, it is a good candidate for 4D 
detectors at future high energy experiments.



Barrel EM Calorimetry
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Barrel Hadronic Calorimetry
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