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Why an Electron-Ion Collider?

Understanding of nuclear matter is transformational, 
perhaps in an even more dramatic way than how the 
understanding of the atomic and molecular structure 
of matter led to new frontiers, new sciences and new 
technologies.

Right tool:
• to precisely image quarks and gluons and 

their interactions
• to explore the new QCD frontier of strong 

color fields in nuclei
• to understand how matter at its most 

fundamental level is made. 
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The Electron-Ion Collider (EIC)

Frontier accelerator facility in the U.S.

World’s first collider of
• polarized electrons and polarized 

protons/light ions (d, 3He)
• electrons and nuclei

Versatile range of
• beam energies: √sep range  ~20 to ~100 GeV 

upgradable to ~140 GeV
• beam polarizations for electrons, protons and 

light ions (longitudinal, transverse, tensor), at 
least ~70% polarization

• ion beam species: D to heaviest stable nuclei 

High luminosity 
• 100 to 1000 times HERA luminosity

Bernd Surrow

Luminosity / CME / Kinematic coverage 

Spinning Glue: QCD and Spin
!19

XXVI International Workshop on DIS and Related Subjects - DIS2018 
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Background - The EIC Facility Concepts
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The 12 GeV upgrade of CEBAF at JLab and the COMPASS at CERN will initiate such
studies in predominantly valence quark region. However, these programs will be dramati-
cally extended at the EIC to explore the role of the gluons and sea quarks in determining
the hadron structure and properties. This will resolve crucial questions, such as whether
a substantial “missing” portion of nucleon spin resides in the gluons. By providing high-
energy probes of partons’ transverse momenta, the EIC should also illuminate the role of
their orbital motion contributing to nucleon spin.

The Spin and Flavor Structure of the Nucleon

An intensive and worldwide experimen-
tal program over the past two decades has
shown that the spin of quarks and antiquarks
is only responsible for ⇠ 30% of the pro-
ton spin. Recent RHIC results indicate that
the gluons’ spin contribution in the currently
explored kinematic region is non-zero, but
not yet su�cient to account for the missing
70%. The partons’ total helicity contribu-
tion to the proton spin is very sensitive to
their minimum momentum fraction x acces-
sible by the experiments. With the unique
capability to reach two orders of magnitude

lower in x and to span a wider range of mo-
mentum transferQ than previously achieved,
the EIC would o↵er the most powerful tool
to precisely quantify how the spin of gluons
and that of quarks of various flavors con-
tribute to the protons spin. The EIC would
realize this by colliding longitudinally polar-
ized electrons and nucleons, with both inclu-
sive and semi-inclusive DIS measurements.
In the former, only the scattered electron is
detected, while in the latter, an additional
hadron created in the collisions is to be de-
tected and identified.
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Current polarized DIS data:

CERN DESY JLab SLAC

Current polarized BNL-RHIC pp data:

PHENIX π0 STAR 1-jet
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Figure 1.2: Left: The range in parton momentum fraction x vs. the square of the momentum
transferred by the electron to the proton Q

2 accessible with the EIC in e+p collisions at two
di↵erent center-of-mass energies, compared to existing data. Right: The projected reduction
in the uncertainties of the gluon’s helicity contribution �G vs. the quark helicity contribution
�⌃/2 to the proton spin from the region of parton momentum fractions x > 0.001 that would
be achieved by the EIC for di↵erent center-of-mass energies.

Figure 1.2 (Right) shows the reduction in
uncertainties of the contributions to the nu-
cleon spin from the spin of the gluons, quarks
and antiquarks, evaluated in the x range

from 0.001 to 1.0. This would be achieved by
the EIC in its early operations. In future, the
kinematic range could be further extended
down to x ⇠ 0.0001 reducing significantly
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Frontier accelerator facility in the U.S.
Performance requirements for the EIC
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NAS report: Performance requirements

• √sep range  ~20 to ~100 GeV upgradable to ~140 GeV
• Ion beams from D to heaviest stable nuclei
• 100 to 1000 times HERA luminosity
• At least ~70% polarization for electrons, protons and light ions
• One or more IR with integrated detector with high acceptance
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Luminosity requirements for the EIC

EIC luminosity 100 – 1000 times HERA  luminosity:  
• 0.6 fb-1 to 6 fb-1/week of running or
• average luminosity (while running) of 1033 to 1034 cm-2 s-1

6 fb-1/week è 100 fb-1/year 
assuming 107 s in year (running ~1/3 of the 
year or a snowmass year)

In HERA-2, ~600 pb-1 of integrated luminosity
was delivered (to ZEUS) over ~1000 days of
running.

The means that HERA-2 delivered
~0.6 pb-1/day or ~4 pb-1/week of integrated
luminosity during “running”.   There were two collider
experiments, so inflate this a little to 6 pb-1/week .

HERA average luminosity (while running)
• 6 pb-1/(one week in seconds) = 1031 cm-2s -1
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Projected luminosity needs (EIC Whitepaper)
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Projected luminosity needs (beyond EIC Whitepaper)
as discussed by EIC community
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Luminosity requirements

Central mission of EIC (nuclear and nucleon structure) 
requires high luminosity (1034).

We cannot start the nucleon structure program without high luminosity 
We need high-luminosity at the start of physics running at the EIC.  
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JLEIC design strategy: High luminosity and polarization

HUGS 2019

Figure-8 shaped ring-ring collider

• zero spin tune (net spin precession)
• energy-independent spin tune

• polarization easily preserved and manipulated:
• by small solenoids
• by other compact spin rotators

High luminosity

• high-rate collision of short bunches
• with small emittance
• with low charge

• ion beam: high-energy electron cooling (R&D)
• electron beam: synchrotron radiation damping

JLEIC energy reach √s =20 –100 GeV, upgradable to 140 GeV using 12 T magnets (HE-LHC, FCC)

>80% polarization for both electrons and light ions

Technology 
choice 
determines 
energy 
reach. 
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Detector design
General design considerations
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Electron-Ion Collider

From 12 GeV Science Program to EIC

13

CEBAF for 12 GeV Science Program Electron-Ion Collider

Fixed-target 
experiments

Collider
experiments
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Mapping position and motion of quarks and gluons

HUGS 2019

3D imaging in space and momentum 

longitudinal structure (PDF)
+ transverse  position Information (GPDs)
+ transverse momentum information (TMDs)

order of a few hundred MeV measurement

Study nuclear matter beyond  longitudinal description makes the requirements for IR and detector design 
different from all previous colliders including HERA.
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Particle Identification

HUGS 2019

Ion beamline

Scattered electron

Particles associated with struck parton

Photons

Electron beamlineEelectron

Eion

Products of the hard 
electron-quark collision

Transverse and flavor structure measurement of the nucleon and nuclei: 
The particles associated with struck parton must have its species identified 
and measured.  Particle ID much more important than at HERA colliders.
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Final-state particles in the central rapidity

HUGS 2019

Ion beamline

Scattered electron

Particles associated with struck parton

PhotonsEion

Products of the hard 
electron-quark collision

Asymmetric collision energies will boost the final state particles in the ion 
beam direction: Detector requirements change as a function of rapidity.

Eelectron
Electron beamline

16



Final-state particles

HUGS 2019

Ion
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Eion

Electron beamline

electron

Scattered electron

Particles Associated with Initial Ion

Partic
les a
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ted with
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n

Eelectron

The aim is to get ~100% acceptance
for all final state particles, and measure
them with good resolution.

Experimental challenges: 
• beam elements limit forward 

acceptance
• central Solenoid not effective for 

forward

Central
Detector

Beam Elements

Beam Elements
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Interaction region concept

HUGS 2019

Ion beamline

Electron beamline

50 mrad

Solenoid

Dipole (1 of 3)

Dipole (1 of 4)

NOT TO SCALE!

Beam crossing angle creates
room for forward dipoles

Dipoles analyze the forward particles
and create space for detectors in the forward direction

18



Interaction region concept

HUGS 2019

Possible to get ~100% 
acceptance for the 
whole event

Total acceptance detector (and IR)

19



Background reduction

• far from electron bending magnets (synchrotron radiation)
• close to proton/ion bending  (hadron background) 

Interaction region (IR) design: Placement of interaction points (IP) 
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Final Focus Quadrupole (FFQ) magnets to 
deliver beam to IP

• the closer to IP, the larger luminosity
• limit acceptance 

IP

10m

21

IR design: Detector size 
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Detector and interaction region

HUGS 2019

Forward hadron spectrometer
low-Q2 electron detection
and Compton polarimeter

p
e

ZDC

Extended detector: 80m
30m for multi-purpose chicane, 10m for central detector, 40m for the forward hadron spectrometer

fully integrated with accelerator lattice

Central Detector detector view

accelerator view
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Detector design
Central Detector
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24

Barrel

Far-forward 
electron region

Electron-
endcap

Hadron-
endcap

Far-forward
Hadron regionp e

Detector coverage
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Basic kinematic reconstruction

HUGS 2019 25

E’e

Ejet

θe

θjet

Q2 à Measure of resolution
y à Measure of inelasticity
x à Measure of momentum fraction
of the struck quark in a proton

Q2 = S x y

E’e,θe ,Ejet ,θjet  : any 
two of these, in 
principle, sufficient to 
reconstruct x and Q2. 

What are the detector 
requirements?

25



Electron isoline plot
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ep (10x100 GeV) 

Q2<1GeV2

1< Q2<10 GeV2

10< Q2<100 GeV2 Q2> 100 GeV2

barrele-endcap h-endcap e-endcap

e-endcap e-endcap

barrel

barrel barrel

h-endcap

h-endcap

h-endcap

Detection of scattered electron
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Quark (jet) isoline plot
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Particle distribution 
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E-endcap Barrel H-endcap

E'e

Ejet

<8GeV 8-50GeV >50 GeV

~10-50GeV<10GeV

<10GeV <15GeV ~15-50GeV

low medium high

20-100GeV

E,hadrons

occupancy
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e
e’

p/A

Kinematic reconstruction
a) Electron method uses 
information from scattered 
electron  ONLY:

Notes: 
- Linear dependence on Ee’ of the Q2

- This method could NOT be used 
for y < 0.1 

DIS kinematics: Electron method
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e
e’

p/A

1. Scattered electron
2. Particle associated with initial Ion
3. Particle associated with struck quark

b) Double angle method  

All other methods require 
measurements of hadronic final 
states ( particle associated with 
struck quark), here are just two 
examples 

c) Sigma method Note: Does not require measurements of 
scattered electron energy, but require a 
good knowledge of hadronic final state :  

Note: Does not depend on initial 
electron beam energy, less 
influenced by a initial state 
radiation

DIS kinematics: Double angle and sigma methods
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e
e’

p/A

1. Scattered electron
2. Particle associated with initial Ion
3. Particle associated with struck quark

d) Jacquet –Blondel method 

DIS kinematic could be 
reconstructed from hadronic final 
state only  

p/A

e e’, !

q

", Z,W

p remnant

Note:  poor resolution compare to 
other methods, but 
this is the only method for 
Charged Current DIS events!!! 

DIS kinematics: Jacquet –Blondel method
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Electron method

Jacquet-Blondel method

Q2EM

Q2JB

yEM

yJB

Measurement of DIS kinematics

33HUGS 2019



34

Particle detection and identification

34

via interaction with detector material

Position, origination  
and direction (x,y,z)

Momentum (p)

Energy (E)

Mass (m)
Velocity (!)

Time of flight 
Cherenkov radiation
Transition radiation

Calorimeter

Tracking detectors in 
magnetic field

Tracking detectors
Stable particles only 27 (13) particles in 
PDG have cτ > 1μm (500μm)

• Electrons/positrons (e ±)
• Gammas (#)
• Individual hadrons ($ ±, K±,p)
• Neutral hadrons (n,K0

L)
• Muons (% ±)
• Neutrinos (&)

Measurements

• Charge and Momentum measurements  
• Energy measurements
• Vertex origination
• Particle ID 

HUGS 2019



Simulation of the JLEIC Detector
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Generic EIC detector R&D program
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eRD1 –
PWO4
small-
angle 
EMcal

eRD14 – dual-
radiator RICH

eRD14 – DIRC

Out
er

 EM
 ca

l
TO

F e/π Cherenkov or H
BD

GEM tra
ckers

Centra
l 

tra
cker

Verte
x 

tra
cker

Inner EM cal

Modular aerogel RICH

Outer EM cal
Electron 
endcap

eRD14 –
MRPC TOFeRD3 & eRD6 –

GEM trackerseRD6 – HBD/TPC?eRD14 –
modular 
aerogel 
RICH

eRD14 –
photosensorsR&D program by BNL and JLab

JLab detector implements many of the projects



Detector design
Far-forward electron detection
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Extended detector: 80+ m

Far-forward electron detection
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Luminosity measurement

HUGS 2019 39

Use Bethe-Heitler process to monitor luminosity (same as HERA) 
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Low-Q2 tagger
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Polarization measurement
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Note the off-momentum electrons from IP does 
not enter the luminosity Compton tracker.
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Compton polarimetry
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Existing Polarimeter in Hall C at JLab: Achieved 0.6% Precision 
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Detector design
Far-forward ion detection
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Extended detector: 80+ m

Far-forward ion detection
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DVCS, VM production Proton/Ion remnant

1

e-/e+ !,Z0,W±

e-/$/e+

p p’,n’,Λ&, Σ+,Σ+b

(0, (+,
K0,K+,B0

X

Pion/Kaon structureScattering on deuteron
Double tagging 

q

e

!,Z0

p/A

e’
Diffraction 

Far-forward ion detection requirements

HUGS 2019 45



Far-forward ion detection

HUGS 2019

Forward detection requirements
• good acceptance for recoils nucleons (rigidity close to beam)
• good acceptance for fragments (rigidity different than beam)
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Far-forward ion detector design

HUGS 2019

Detectors
• Tracking detectors decay products of Λ", Σ (%,K)
• Roman-pots for (p)-tagging
• Zero degree calorimeter for (n)-tagging
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XL

• Main beam is focused
• High dispersion for off momentum 

particles 

Far-forward ion detector design considerations
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Example for far-forward detection: Diffractive DIS

HUGS 2019

Region 1

ZEUS
Leading Proton Spectrometer

JLEICDiffractive DIS
Signature for saturation

Diffractive peak
Acceptance ~100%

Diffractive peak
Acceptance <10%

Identify the scattered proton p’
• distinguish from proton dissociation
• measure XL= Ep’/Ep, and Pt (or t) 

Measurement for p’ in DDIS
diffractive peak XL>~.98
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Occupancy in far-forward ion direction
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Detector design
Complementary detector concepts
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Complementary detector scenarios at JLEIC

Advantages
• complementary sensitivity to physics, backgrounds and fake effects
• cross-checks on discoveries and important physics results
• combine results for precision measurements:

• a combined reduction of systematics
• in a ring-ring collider: detector luminosities can be added

HUGS 2019 52

Two IPs / detectors optimized for different capabilities and using complementary technologies allow 
better performance and improved cost-effectiveness.



Detector Options
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specialized
detector

non-hermetic
detector

general-purpose
detector

hermetic
detector

small central 
detector

large central
detector

drivers: cost, 
luminosity

PID
tracking

highest-luminosity
4π calorimetry

e.g., PHENIX

e.g., Caldwell, LHCb

Community effort
discuss detector ideas and 
concepts in EIC User Group



Complementary detector concepts at JLEIC
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Large central detector

~10.5 m

l focus on single track reconstruction
l focus on (hadron) PID
l limited hadron calorimetry

Small central detector

~8.0m (including muon chamber) 

Tracker
EM calorimeter

Hadronic calorimeter
M     uon chamber

VTX

μ

jet
e

γ

Fi
na

l f
oc

us
in

g 
m

ag
ne

t

l focus on jet reconstruction
l focus on hadron calorimetry (4π)
l higher luminosity
l limited (hadron) PID



JLEIC

eRHIC Detector
JLEIC  Detector

eRHIC “Day 1” DetectorTOPSiDE by ANL

Detector concepts for the EIC
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Summary
Markus Diefenthaler

mdiefent@jlab.org

• Outstanding questions raised both by the science at 
HERMES/COMPASS/JLAB and RHIC/LHC, have 
naturally led to the science and design parameters 
of the EIC. 

• EIC will enable us to embark on a precision study 
of the nucleon and the nucleus at the scale of 
sea quarks and gluons, over all of the kinematic 
range that are relevant. 

• What we learn at JLAB 12 and later EIC, together 
with advances enabled by FRIB and LQCD studies, 
will open the door to a transformation of Nuclear 
Physics…

• … but only if we build the right machine and 
detector: Requirement for fully integrated IR and 
detector design and total acceptance detector


