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Quantum Chromodynamics and Nuclear Matter 

The study of Nuclear Physics is the quest to understand the origin, evolution, 
and structure of the matter of the universe
• How do the properties of the proton such as mass and spin emerge from 

the sea of quarks, gluons, and their underlying interactions?
• What is the configuration and motion of quarks and gluons located within 

the nucleon?
• What happens to the gluon density in nucleons and nuclei at small x? 
• How do quarks and gluons interact with a nuclear medium? 
• How do the confined hadronic states emerge from quarks and gluons? 
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Properties of the Proton
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The Proton Spin Puzzle
Spin structure – the three “valence” quarks do not account for the total spin of 
the proton!
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The proton gets even more complicated
• As you ramp up the energy, the proton becomes awash with more partons!

Three “valence” quarks 
inside proton.

Sea quark pairs and newly-
produced gluons.

Higher energy! (more 
powerful microscope)
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Three “valence” quarks 
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Sea quark pairs and newly-
produced gluons.

Higher energy! (more 
powerful microscope)
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3 Valence 
Quarks

Sea Quarks and 
Gluons

Increase 
Energy

The Proton Mass
• The proton mass composition is also rather complicated to pin-down!

• Mass does not arise as 
simple sum of quark masses!

• Mass is driven by a 
complicated sum of various 
QCD interactions!!
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Mass is driven by a 
complicated sum of 
various QCD 
interactions! 



Quarks and Gluons Structure and Motion
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Fraction of Proton Momentum Carried by Parton

Where does this 
saturate?

What do these 
distributions look like 
for protons in a 
nucleus? 
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3D Imaging in Space and Momentum 
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3D imaging in space and momentum 

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

A. BACCHETTA, M. CONTALBRIGO: THE PROTON IN 3D

Fig. 6  The transverse-momentum distribution may be di!erent for quarks of 
di!erent "avors. There are some indications that the up-quarks are closer to 
the center than the down-quarks. The above pictures are compatible with 
existing data.

VOL28 / NO1-2 / ANNO2012 > 23

Fig. 7  Polarization-averaged distributions, as in #gs. 4 and 5, are cylindrically 
symmetric. But when the spin of the nucleon is taken into account (indicated 
by the white arrow in the plots), the distribution can be distorted. These 
images are elaborated starting from real data and show that the distortion for 
up- and down-quarks is opposite (see, e.g., [19, 20]). Large uncertainties are 
still a!ecting these pictures.

3D DISTRIBUTIONS EXTRACTED FROM DATA

�30

Figure 8. The down quark TMD PDF in b-space(left) and kT -space(right) presented at different values of

x. The color shows the size of the uncertainty relative the value of distribution.

6 Conclusions

We have extracted the unpolarized transverse momentum dependent parton distribution function
(TMDPDF) and rapidity anomalous dimension (also known as Collins-Soper kernel) from Drell-Yan
data. The analysis has been performed in the ⇣-prescription with NNLO perturbative inputs. We
have also provided an estimation of the errors on the extracted functions with the replica method.
The values of TMDPDF and rapidity anomalous dimension, together with the code that evaluates
the cross-section, are available at [45], as a part of the artemide package. We plan to release grids
for TMDPDFs extracted in this work also through the TMDlib [69].

Theoretical predictions are based on the newly developed concepts of ⇣-prescription and op-
timal TMD proposed in ref. [27]. This combination provides a clear separation between the non-
perturbative effects in the evolution factor and the intrinsic transverse momentum dependence.
Additionally, the ⇣-prescription permits the usage of different perturbative orders in the collinear
matching and TMD evolution. For that reasons, the precise values of the rapidity anomalous di-
mension (±1%(4%, 6%) accuracy at b = 1(3, 5) GeV�1) are relevant for any observable that obeys
TMD evolution.

In our analysis, we have included a large set of data points, which spans a wide range of
energies (4 < Q < 150 GeV) and x (x > 10�4), see fig. 1. The data set can be roughly split into
the low-energy data, which includes experiments E288, E605, E772 and PHENIX at RHIC, and
the high-energy data from Tevatron (CDF and D0) and LHC (ATLAS, CMS, LHCb) in similar
proportion. To exclude the influence of power corrections to TMD factorization we consider only
the low-qT part of the data set, as described in sec. 3. A good portion of data is included in the fit
of TMD distributions for the first time, that is the data from E772, PHENIX, some parts of ATLAS
and D0 data. For the first time, the data from LHC have been included without restrictions (the
only previous attempt to include LHC data in a TMDPDF fit is [13], where systematic uncertainties
and normalization has been treated in a simplified manner). We have shown that the inclusion of
LHC data greatly restricts the non-perturbative models at smaller b (b . 2 GeV�1) and smaller x

(x . 0.05), and therefore they are highly relevant for studies of the intrinsic structure of hadrons.
A detailed comparison of fits with and without LHC data has been discussed in sec. 5.

The extracted TMDPDF shows a non-trivial x-dependence that is not dictated only by the
collinear asymptotic limit of PDFs. In particular, we find that the unpolarized TMDPDF is bigger
(in impact parameter space) at larger x, see fig. 7. This indirectly implies a smaller value of the
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Unpolarized nucleon

Transversely polarized nucleonRHIC is the only polarized hadron collider in the 
world à EIC polarization capabilities



Quantum Chromodynamics

Another interesting aspect of QCD:
• Gluons can interact with 

themselves!
• Leads to a coupling constant in QCD 

which varies with energy
• At high energy (short distance), 

coupling is small and quarks are 
essentially free à perturbative
• At low energy (long distance), 

coupling is large à non-perturbative

• QCD requires experimental data to 
make progress!
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QCD constant runs from ~1 to 0.1 which results 
in complex nuclear structures and dynamics 



How do we study the complicated 
structure of QCD?
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Deep Inelastic Scattering (DIS)
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(Q2)

Changing x projects out different configurations 
where different dynamics dominate

Changing Q2 changes the resolution scale

Q2 = 400 GeV2

=> 1/Q = 0.01 fm 

𝜃!"Electron (Ee)

Proton (P)

𝑄# = 2𝐸!𝐸!"(1 − cos 𝜃!")

𝑥 =
𝑄#

2𝑝𝑞

(E’e)

Measure of momentum 
fraction of struck parton



Deep Inelastic Scattering (DIS)
Different Processes
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CHAPTER 2. PHYSICS MEASUREMENTS AND REQUIREMENTS 7

Table 2.1: Different categories of processes measured at an EIC (Initial state: Colliding elec-
tron (e), proton (p), and nuclei (A). Final state: Scattered electron (e′), neutrino (ν), photon
(γ), hadron (h), and hadronic final state (X)).

Neutral-current Inclusive DIS: e + p/A −→ e′ + X;
for this process, it is essential to detect the scattered
electron, e′, with high precision. All other final state
particles (X) are ignored. The scattered electron is crit-
ical for all processes to determine the event kinematics.

p
X

e e!

"#

$
%
&

Charged-current Inclusive DIS: e + p/A −→ ν + X;
at high enough momentum transfer Q2, the electron-
quark interaction is mediated by the exchange of a W±

gauge boson instead of the virtual photon. In this case
the event kinematic cannot be reconstructed from the
scattered electron, but needs to be reconstructed from
the final state particles.

p

e '

W

X
$
%
&

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

e e!

"#

h, (
$

%
&

p X

Exclusive DIS: e+ p/A −→ e′ + p′/A′ + γ/h±,0/VM,
which require the measurement of all particles in the
event with high precision.

p

e e!

"#

h,"

p!

• How does a dense nuclear environment affect the dynamics of quarks and
gluons, their correlations, and their interactions? What happens to the gluon
density in nuclei? Does it saturate at high energy, giving rise to gluonic matter
or a gluonic phase with universal properties in all nuclei and even in nucle-
ons?
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Exclusive DIS: e+ p/A −→ e′ + p′/A′ + γ/h±,0/VM,
which require the measurement of all particles in the
event with high precision.
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• How does a dense nuclear environment affect the dynamics of quarks and
gluons, their correlations, and their interactions? What happens to the gluon
density in nuclei? Does it saturate at high energy, giving rise to gluonic matter
or a gluonic phase with universal properties in all nuclei and even in nucle-
ons?

Neutral-current 
Inclusive DIS

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

Semi-inclusive DIS
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• How does a dense nuclear environment affect the dynamics of quarks and
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Exclusive DIS: e+ p/A −→ e′ + p′/A′ + γ/h±,0/VM,
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• How does a dense nuclear environment affect the dynamics of quarks and
gluons, their correlations, and their interactions? What happens to the gluon
density in nuclei? Does it saturate at high energy, giving rise to gluonic matter
or a gluonic phase with universal properties in all nuclei and even in nucle-
ons?

Exclusive DIS
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Exclusive DIS: e+ p/A −→ e′ + p′/A′ + γ/h±,0/VM,
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• How does a dense nuclear environment affect the dynamics of quarks and
gluons, their correlations, and their interactions? What happens to the gluon
density in nuclei? Does it saturate at high energy, giving rise to gluonic matter
or a gluonic phase with universal properties in all nuclei and even in nucle-
ons?
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• How does a dense nuclear environment affect the dynamics of quarks and
gluons, their correlations, and their interactions? What happens to the gluon
density in nuclei? Does it saturate at high energy, giving rise to gluonic matter
or a gluonic phase with universal properties in all nuclei and even in nucle-
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density in nuclei? Does it saturate at high energy, giving rise to gluonic matter
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density in nuclei? Does it saturate at high energy, giving rise to gluonic matter
or a gluonic phase with universal properties in all nuclei and even in nucle-
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Streaming Readout (SRO)

• Enormous dynamic range in event kinematics and topology –
requires streaming readout (SRO) to access the full EIC science 
program!
• Each detector element determines whether or not it has been “hit”
• Passes timestamped data up the DAQ chain
• At later stages the full event is available for decisions

• Allows for a truly minimum-bias sample
• Eliminates trigger bias and the associated systematics
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Previous Colliders

12

(920 GeV)
(27.6 GeV) 

HERA: 1998-2007 (e + p)
RHIC: 2000 – present (p+p, 
p+A, A+A, polarized protons) 

In order to answer fundamental QCD questions, a new collider is required!

LHC: 2009 – present (p+p, 
p+A, A+A) 



Electron Ion Collider (EIC) Requirements

10/18/23 13

• Center of mass energy: 20 – 140 GeV
• Electrons: 5 – 18 GeV
• Protons: 41 GeV, 100 - 275 GeV 
• Luminosity: 1033 - 1034 /cm2/sec

• Polarization: <70% (both electron and light ion)
• Ion Species: proton - Uranium

Rosi Reed - Review of ePIC S&C



EIC Site Selection in 2020

10/18/23 Rosi Reed - Review of ePIC S&C 14

Brookhaven National Laboratory and Jefferson Lab 
will be host laboratories for the EIC Experimental 
Program. Leadership roles in the EIC project are 
shared. 



2023 NSAC Long Rang Plan Recommendation

We recommend the 
expeditious completion 
of the EIC as the highest 
priority for facility 
construction

10/18/23 Rosi Reed - Review of ePIC S&C 15



Detector Design Process Timeline

• Call for proposals issued jointly by BNL/JLab March 2021 (Due Dec 2021)
• ATHENA, CORE and ECCE proposals submitted

• DPAP closeout March 2022
• ECCE proposal chosen as basis for 1st EIC detector reference design 

• Spring/Summer 2022 – ATHENA and ECCE form joint leadership team
• Joint WG’s formed and consolidation process undertaken
• Coordination with EIC project on development of technical design

• Collaboration formation process started July 2022
• Charter ratified & elected ePIC Leadership Team February 2023
• Working towards TDR and CD-3A and CD-2/3

10/18/23 Rosi Reed - Review of ePIC S&C 16

Detector and machine 
design parameters 
driven by physics 
objectives

2023



ePIC at EIC
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EIC at BNL

What is the EIC:

A high luminosity (1033 – 1034 cm-2s-1) polarized electron 
proton / ion collider with √sep = 20 – 140 GeV

What is new/different:

• A factor of 100 - 1000 higher luminosity than 
HERA → more statistics, higher precision!

• Both electrons and protons / light nuclei 
polarized → spin-dependent observables! 

• Nuclear beams: d to U → heavy-nuclei 
provide access to novel studies in QCD!

Fixed Target Facilities i.e.:
• Minimum > 2 orders of magnitude increase 

in kinematic coverage in x and Q2.

Re-introducing: The Electron-Ion Collider (EIC)

2.4 miles in 
circumference!

IP6

IP8

19



ePIC Subsystems
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9.5 m



The ePIC Collaboration

10/18/23 Rosi Reed - Review of ePIC S&C 19

171 institutions and 
increasing
24 countries

500+ participants
A truly global pursuit for a 
new experiment at the EIC!

ePIC non-US 
Institutions

59%



ePIC Collaboration Structure
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High Level Timeline
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CD-3
04/2025

Early
CD-4

10/2032

CD-4
10/2034

Transition into 
Operations

Start of
Operations

&
Science

Construction

IR-6 ready 
for installation

Jan 2029

First 
subsystem 
Installation

Oct 2028



Beam Backgrounds
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Electron beam:
• Synchrotron radiation

• Backscattering
• Photo desorption
• à degradation of vacuum

• Beam gas interactions
• Off momentum electrons

• Higher order mode losses
• Local heating at injection and ramp (short bunches)
• Degradation of vacuum

• Background due to de-excitation of beam if bunches are 
replaced 

Proton beam:
• Low beam lifetime during  injection and 

ramping
• Beam gas interactions, large hadronic cross 

section
• Secondary interactions with aperture 

limitations, i.e. with magnets, beam pipe, 
masks

Requirements:
Keep beam backgrounds as low as possible
à Careful design of interaction region, beam-
pipe masks and photon beam dump
à Excellent vacuum systemImportant to note:

• Low multiplicity per event: < 10 tracks
• No pileup from collisions 500 kHz @1034 cm-2s-1 à DIS event every 200 bunches
• Radiation environment much less harsh than LHC à factor 100 less



Translation to Physics

• Detector requirements stated in the Yellow Report are what is required to 
measure the key observables needed to answer the fundamental questions
• 3D structure of protons and nuclei (space and momentum)
• Gluon saturation and the color glass condensate
• Solving the mystery of proton spin
• Quark and gluon confinement

10/18/23 Rosi Reed - Review of ePIC S&C 23

A. BACCHETTA, M. CONTALBRIGO: THE PROTON IN 3D

Fig. 6  The transverse-momentum distribution may be di!erent for quarks of 
di!erent "avors. There are some indications that the up-quarks are closer to 
the center than the down-quarks. The above pictures are compatible with 
existing data.

VOL28 / NO1-2 / ANNO2012 > 23

Fig. 7  Polarization-averaged distributions, as in #gs. 4 and 5, are cylindrically 
symmetric. But when the spin of the nucleon is taken into account (indicated 
by the white arrow in the plots), the distribution can be distorted. These 
images are elaborated starting from real data and show that the distortion for 
up- and down-quarks is opposite (see, e.g., [19, 20]). Large uncertainties are 
still a!ecting these pictures.



Helicity Structure and Momentum Tomography
Physics Observables Example

• Proton’s helicity structure

• Observable: Longitudinal double spin asymmetries (𝐴!!)

• DIS scaling violations determine gluons at small x
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Dg(x,Q2)=g (x,Q2)-g      (x,Q2)

world 
data
unitl EIC

Projected Sievers asymmetries

Unpolarized cross section uncertainties

Sivers function à
measure for the 
anisotropy of the parton
distributions in 
momentum space inside 
a transversely polarized 
nucleon

Key Components
• Azimuthal acceptance
• PID (electron + hadron)
• Acceptance
• Vertexing (heavy flavor)
• Quality of tracking
• HCal (for jets)



Conclusions

• The EIC is a new QCD laboratory designed to elucidate:  
• Origin of Nucleon Mass & Spin
• Confinement
• Nucleon / Nuclear Femtography
• Dense Gluon States
• BSM physics

• The EIC science goals are a natural extension of QCD studies at JLab and RHIC, and 
there is complementarity between the future programs at the EIC and JLab
• The ePIC Detector is maturing into a detailed technical design to pursue the EIC 

science program
• EIC detectors are an enormous undertaking that will require participation and expertise from 

both the RHIC and JLab communities, as well as key international contributions!
• Large range in kinematics and event topology requires Streaming Readout
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