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A Long Range Plan
The Frontiers of Nuclear Science

2007 NSAC Long Range Plan for Nuclear Science
“An Electron-Ion Collider (EIC) with polarized beams
has been embraced by the U.S. nuclear science
community as embodying the vision for reaching the
next QCD frontier.”

EIC: The Next QCD Frontier (White Paper), 2012
“Understanding the glue that binds us all”

2015 NSAC Long Range Plan for Nuclear Science

(Nuclear Science Advisory Committee - advises DoE and NSF on
future nuclear pysics projects)

“Construct a high-energy high-luminosity polarized electron-ion
collider (EIC) as the highest priority for new construction following the
completion of FRIB.”

An Assessment of U.S.-Based Electron-Ion Collider

(The National Academies of Science-Engineering-Medicine, 2018)

“The committee finds that the science that can be addressed by an
EIC is compelling, fundamental and timely.”
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https://science.energy.gov/np/nsac/reports/reports-archive/
https://science.energy.gov/np/nsac/reports/reports-archive/
https://www.bnl.gov/npp/docs/EIC_White_Paper_Final.pdf
https://www.bnl.gov/npp/docs/EIC_White_Paper_Final.pdf
https://inspirehep.net/files/cb14a9bc2ce6ef53e56bf500efbc1126
https://www.nap.edu/catalog/25171/an-assessment-of-us-based-electron-ion-collider-science
https://inspirehep.net/files/cb14a9bc2ce6ef53e56bf500efbc1126
https://www.nap.edu/catalog/25171/an-assessment-of-us-based-electron-ion-collider-science


US DoE: Brookhaven National Laboratory to host EIC
January 9, 2020, WASHINGTON, D.C. – The U.S. Department of Energy (DoE)
announced the selection of Brookhaven National Laboratory (BNL), Upton, NY
as the site for a planned major new nuclear physics research facility.

“The Electron Ion Collider (EIC), to be designed and constructed over ten years
at an estimated cost between $1.6 and $2.6 billion, will smash electrons into
protons and heavier atomic nuclei in an effort to penetrate the mysteries of the
“strong force” that binds the atomic nucleus together.”

“The EIC promises to keep America in the forefront of nuclear physics research
and particle accelerator technology, critical components of overall U.S. leadership
in science,” said U.S. Secretary of Energy Dan Brouillette. “This facility will
deepen our understanding of nature and is expected to be the source of insights
ultimately leading to new technology and innovation.”

Funding for the EIC is subject to annual appropriations by Congress.

This decision was taken after almost ten years of competition between BNL and
Jefferson National Laboratory (JLAB) on pure merit foundations.
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https://www.energy.gov/articles/us-department-energy-selects-brookhaven-national-laboratory-host-major-new-nuclear-physics
https://www.energy.gov/articles/us-department-energy-selects-brookhaven-national-laboratory-host-major-new-nuclear-physics
https://www.bnl.gov
https://www.energy.gov/articles/us-department-energy-selects-brookhaven-national-laboratory-host-major-new-nuclear-physics


Brookhaven National Laboratory (BNL)
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Brookhaven National Laboratory (BNL)
BNL is one of the leading national laboratories in the USA:

Relativistic Heavy Ion Collider (RHIC) – nuclear and particle physics, discovery
of the Quark-Gluon Plasma (QGP), current experiments: STAR and PHENIX.
RHIC will provide crucial infrastructure for the new Electron Ion Collider.

National Synchrotron Light Source-II (NSLS-II) – research with use of one of
the brightest light sources (X-ray, ultraviolet and infrared), in the world, e.g.
biology, material sciences, semiconductors, etc.

Center for Functional Nanomaterials (CFN) – open facility for the nanoscience
research community and advance the science of nanomaterials,

NASA Space Radiation Laboratory (NSRL) – use of heavy ions from accelerator
to simulate space radiation and study its effects on biological specimens - such
as cells, tissues, and DNA - and also industrial materials,

Accelerator Test Facility – provides users with high-brightness electron- and
laser-beams for studying properties of modern accelerators and new techniques
of particle acceleration,

Quantum Research Center - one of five recently awarded by the U.S. DoE
centers to conduct basic research in quantum information science.
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https://www.bnl.gov
http://www.bnl.gov/rhic/
https://www.bnl.gov/ps/nsls2/about-NSLS-II.asp
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https://www.bnl.gov/atf
https://www.bnl.gov/quantumcenter


Key Partners Mark Launch of Electron-Ion Collider Project
September 18, 2020: Video relation from the meeting available on YouTube

Key Partners: DoE, Brookhaven Lab, Jefferson Lab, New York State ($100M)

BNL and JLAB are expected to closely collaborate.

Special position of the Stony Brook University (closest university, long standing
cooperation with BNL)
New division established for EIC project – Center for Frontiers in Nuclear Science

Lieutenant Governer of NY Kathleen Hochul:
“... in scientists we trust, all others we verify ...”

Senator Kirsten Gillibrand:
“... this project will keep the United States at the forefront of nuclear physics
research ...”

Senator Chuck Schumer:
“... science, science, science equals jobs, jobs, jobs ...”

EIC Project Manager Diane Hatton:
“... EIC will be a flagship nuclear physics facility, that enables worldwide physics
community to solve some of the most challenging scientific questions ...”
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A brief history of the proton and its structure
No Nobel Prize for the discovery of the proton! - discovery assigned to E. Rutherford
(1919-1925) - studying reactions like 147N+ α→178O+11H proved that “the hydrogen
nucleus is present in other nuclei” (Prout’s hypothesis from 1815 regarding atoms).

1933: Proton’s magnetic moment
⇒ Nobel Prize in Physics 1943:

~µ = g
q

2m
~S

Dirac’s particle: g = 2
⇒ proton: g > 2

O. Stern ”for ... and his discovery of the
magnetic moment of the proton.”

1969: Deep inelastic e-p scattering
⇒ Nobel Prize in Physics 1990:

J.I. Friedman, H.W. Kendall, R.E. Taylor
”for their pioneering investigations
concerning deep inelastic scattering of
electrons on protons ...”

1960: Elastic electron-proton scattering
⇒ Nobel Prize in Physics 1961:

measuring proton form factors,
determined charge distribution
⇒ proton is an extended object

R. Hofstadter ”for ... and for his thereby
achieved discoveries concerning the
structure of the nucleons”

1974: QCD Asymptotic Freedom
⇒ Nobel Prize in Physics 2004:

D.J. Gross, H.D. Politzer, F. Wilczek
”for the discovery of asymptotic freedom
in the theory of the strong interaction”

M. Przybycień (AGH UST) Electron-Ion Collider - A new tool for HEP FPACS Seminar, 27.11.2020 5 / 28



Open questions in QCD - main physics goals of the EIC
How are the sea quarks and gluons, and their
spins, distributed in space and momentum inside
the nucleon?

How do the nucleon properties like mass and 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?

How does a dense nuclear environment affect the
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 a gluonic
matter with univarsal properties in all nuclei, even
the proton?

h

h

γ∗

γ∗

A new facility is needed to investigate, with precision, the dynamics of gluons & sea 
quarks and their role in the structure of visible matter

How are the sea quarks and gluons, and their spins, distributed in 
space and momentum inside the nucleon? 
How do the nucleon properties 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?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?
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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

?

How does a dense nuclear environment affect the 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 a gluonic matter with universal 
properties in all nuclei, even the proton?

=

11/13/2019 EIC Introduction @ LHC/EIC Workshop at FNAL 6
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Mass of the nucleon
Mass of a molecule is lower than the masses of the atoms from which it is constructed.
Mass of an atom is lower than the sum of masses of its nucleus and the electrons.
These binding energies are responsible for all the phenomena in chemistry, condensed
matter physics, material science, nanoscience, etc.

Mass of a nucleus is lower than the masses of the protons and neutrons - nuclear energy.

Mass of the nucleon (and other hadrons) is much higher than the masses of the quarks
from which it is made of.

The Higgs mechanism is far from enough!!! (∼ 1%)

The rest of its mass comes from energy related to quantum
fluctuations of QCD vacuum - quarks and gluons are moving
relativisticaly, and color is fully entangled.

4
2He: 3749.7−3727.4 = 22.3MeV

Gluons	are	massless…yet	their	dynamics	is	responsible	for	
	(nearly	all)	the	mass	of	visible	maLer	
	
The	Higgs	“God	par3cle”	is	responsible	for	quark	masses	
	~	1-2%	of	the	proton	mass.	
	

p(uud): 9.4− 938.3 = −928.9MeV
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Spin of the nucleon
Spin (or an intrinsic angular momentum) is a fundamental property of all elementary
particles: matter particles (quarks and leptons) have a spin of 1/2 (in ~ units), and
force carriers (like photons and gluons) have spin 1.

Spins of atoms or nuclei are well understood within the QM as the sums of the spins
and the orbital motions of their constituent objects.

We know (and we use it, e.g. in MRI) that the spin of the nucleon is 1/2, but we do
not understand in full details its origin.

From the current fixed target experiments it is known that the total spin carried by
quarks and gluons does not amount to 1/2, one needs orbital angular momentum:

1
2

=
1
2

∆Σ + ∆G + Lq + LgPhysics motivations : Spin and 3D nucleon structure

9

q Advance our understanding of the dynamics and spin of quarks and gluons inside (un)polarised nucleons

Ø From the spin crisis to the spin puzzle
Ø For longitudinally polarised nucleon, with helicity +1/2:

1
2
=
1
2
ΔΣ+ΔG + ℓg + ℓq

Spin of quarks and 
antiquarks

Spin of gluons
Orbital angular
momentum of 

quarks and gluons

Ø First hint by COMPASS that
Ø Access information on the orbital motion of the partons inside bound hadrons via 

Single Spin Asymmetries (Sivers effect)
• Sivers effects : correlation between the parton transverse momentum kT and the 

proton spin
- Gluon Sivers effect at large xF with gluon sensitive probes
- Quark Sivers effect at large xF with Drell-Yan

Ø Test TMD factorization formalism à sign change of AN between SIDIS and DY

ℓg ≠ 0
M. Anselmo, Feb. 2013(Courtesy U. d’Alessio)
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Deep Inelastic electron-proton(nucleon) Scattering (DIS)
Virtuality of the probe - measure of resolution power:

Q2 ≡ −q2 = −(k− k′)2 λ ∝ 1√
Q2

Q2 = 2EeE′e(1− cos θe)

Relative lepton energy loss (inelasticity):

y =
p·q
p·k = 1−

E′e
Ee
cos2

(
θe

2

)
Momentum fraction of struck quark:

x =
Q2

2p·q =
Q2

sy
≈ Q2

W2 +Q2

CMS energies squared in ep and γp frames:

s = (k+ p)2 = 4EeEp W2 = (q+ p)2

How to Answer these Questions?
• Electrons scatter off the proton/ion and 

kick-out their building blocks, the quarks 

• Quarks hadronize into particles 

• From measuring the scattered electrons 
and the debris of the collision we can learn 
about the inner working and dynamics in 
the target (proton or nuclei) and ultimately 
about quarks and gluons

5

Electron-Ion Collider is high-resolution giant electron 
microscope (≤ 0.01 fm) to understand hadronic and 
nuclear matter and their properties 

e(k)

⎧
⎨
⎩ ⎧

⎨
⎩

electron

proton/
nucleus

eʹ(kʹ)

p/A(p) x⋅p
W

qγ∗

θe

Deep inelastic Scattering
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The legacy of HERA

H1 and ZEUS Coll., EPJ C75 (2015) 580

Covers five orders of
magnitude in x and Q2.

Consistency with old
fixed-target data.

Scaling with Q2 at
x ∼ 0.1, and scaling
violation elsewhere.

Splitting at high Q2

results from γ − Z
interference term.

Crucial input to PDF
fits: any parton at given
x and Q2, can be source
of partons at x′ < x and
(Q′)2 > Q2.

PDFs are universal -
factorization of long and
short distance physics.
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Parton distribution functions (PDFs) in the proton
Gluon density at low-x is strongly rising - what tames this rise?

“Black disk limit”: unitarity bound on cross section.
Saturation scale Q2S(x): where gluon emission and
recombination become comparable (BK-JIMWLK
evolution, non linear).
Gluons start to overlap when

αs
Q2

xG(x,Q2) = πR2p ⇒ lnQ2S(Y ) = λY .

Gluon recombination leads to a collective gluonic system, a phenomenon universal for
both nucleons and nuclei, which presence has been hinted in heavy-ion experiments.

is characterised by new effects such as Q2 dependences which differ fundamentally from the
usual logarithmic variations and diffractive cross sections approaching 50% of the total [14].
Applying the black body bound to the inelastic cross section for the interaction of a colour
dipole, formed from a → qq̄ splitting, leads to an approximate constraint on the gluon
density xg(x,Q2) < Q2/αs [15], comparable to expectations for the gluon at the lo est LHeC
x values. “Parton saturation” effects are therefore expected in the lo x region at the LHeC.

Although no conclusive saturation signals have been observed in parton density fits to ex-
isting HERA data, hints have been obtained by fitting the data to dipole models [16–20], which
are applicable at very lo Q2 values, beyond the range in which quarks and gluons can be
considered to be good degrees of freedom. The typical conclusion [19] is that HERA data in
the perturbative regime do not exhibit any evidence for saturation. Ho ever, when data in the
Q2 < 1 GeV2 region are included, only models which include saturation effects are successful.
Similar conclusions have been reached by studying the change in fit quality in the NNPDF NLO
QCD PDF fit framework as lo x and Q2 data are progressively omitted [21].

(a) (b)

Figure 2: (a) Geometric scaling plot for protons and for nuclei (see text for details). (b)
Illustration of the DIS kinematic plane, showing the transition to the saturation region.

The ‘geometric scaling’ [22] feature of the data reveals that to good approximation the
lo x cross section is a function a single variable τ = Q2/Q2

s(x), where Q2

s = Q2

0
x−λ is an x

dependent ‘saturation scale’. This parameterisation orks ell for scattering from both protons
and heavy ions, as shown in Figure 2a [23]. An interpretation of this feature is that the cross
section is invariant along lines of constant ‘gluon occupancy’ or ‘blackness’. As illustrated in
Figure 2b, such lines are diagonals in the ln 1/x v lnQ2 kinematic plane, due to t o competing
effects in the growth of the blackness: increasing parton densities as x decreases and dilution of
the system as Q2 grows and the resolution improves. When viewed in detail, there is a change
in behaviour in the geometric scaling plot, Figure 2a, near τ = 1, which has been interpreted
as a transition to the saturation region shown in Figure 2b. Ho ever, data with τ < 1 exist
only at very lo non-perturbative, Q2 values to date, precluding a partonic interpretation.

Whether or not the lo Q2 HERA saturation signal is confirmed, a central aim of the LHeC
programme is to observe ho unitarisation impacts on the proton structure. Understanding
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High energy limit of QCD - Color Glass Condensate (CGC)
What happens to the gluon density at high energy? Does it saturate in to a gluonic
form of matter of universal properties?

Non-linear evolution equation (BK):

∂N(x, rT )
∂ ln (1/x)

= αsKBFKL ⊗N(x, rT ) − αs [N(x, rT )]2
splitting recombination

many new
smaller partons
are produced

Proton

(x, Q2)

Proton

(x0, Q2)

x0 >> x

Low Energy High Energy

parton

“Color Glass Condensate” 
αs << 1αs ∼ 1 ΛQCD

know how to 

do physics here?

m
a

x
. 
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s
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y

Qs

kT

~ 1/kT

k
T
 φ

(x
, 

k
T2
)

Color gluons have color,

Glass created from “frozen” random color source, that evolves slowly compared to
natural time scale,

Condensate High density! occupation number ∼ 1/αs at saturation.
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Color Glass Condensate in the QCD engineering era?
The Battle of Carnival and Lent

Judith Schaechter
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Access to gluon saturation via electron-ion collisions
Gluon density per unit of transverse area:

n ∝ xg(x,Q2)
/
πR2

Cross section for gluon recombination:

σ ∝ αs
/
Q2

Boost

R ∝ A1/3

Saturation for:

1 < nσ ⇒ Q2 < Q2S(x) ∝ A1/3
(
1
x

)λ
where λ = 0.2− 0.3.
Saturation regime would be accessible at
much lower energy in e+A collisions than
ep - we do not need a TeV collider.

⇒ High potential for a discovery and study
at the EIC!
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8

explanation of this effect is that the multiple scattering of par-
tons depletes the lower pT  part of the spectrum and shifts their 
average momenta to higher pT .

At RHIC, for 
√

sNN = 200 GeV, RCP ∼ 0.2—a decrease of 
a factor of 5 from unity. The observation of this large suppres-
sion indicated that high pT  partons were suffering significant 
energy loss in their interactions with the medium and thereby 
provided strong evidence that a QGP had been created. More 
differential measurements, fortified by more refined theory 
computations of jet quenching, have subsequently reinforced 
the early role played by RCP and RAA  as the key measure-
ments in the discovery of the strongly interacting QGP.

While jet quenching is unambiguous at 
√

sNN = 200 GeV, 
it is also noteworthy in retrospect that quenching is seen mar-
ginally at 

√
sNN = 39 GeV and more clearly at 

√
sNN = 62.4 

GeV. However, the evidence for this result requires significant 
pT  reach; quenching is seen clearly only above pT = 3 GeV. 
Since physics at higher pT  is luminosity hungry, it took over 
a decade of further running and a beam energy scan to obtain 
the beautiful systematic behavior established by figure 5.

Increasing the energy of the ion beams beyond the original 
design values is prohibitively expensive. Consequently, it was 
important that RHIC’s design energy enabled a ‘day one’ dis-
covery. Note that the suppression of RCP shown in figure 5 is 
maximal at the highest RHIC energy and is not exceeded by 
data from the LHC, as also shown in the figure. The fact that 
the highest RHIC energy saturates jet quenching is remark-
able and was not anticipated in early models of jet quenching.

Continual luminosity upgrades, resulting from experience 
with the RHIC accelerator, have led over time to more than a 
forty-fold increase in luminosity over its design value. This 
experience appears to be a generic feature of high energy col-
liders. In addition, the RHIC collider has shown tremendous 
versatility in running at a variety of energies, employing ion 
species from the lightest ions to Uranium. This versatility, and 
the implementation of electron cooling of heavy-ion beams to 
further increase the luminosity in RHIC’s BES II phase, is key 
to sustaining its future discovery potential.

RHIC was the world’s first heavy-ion collider; the EIC will 
be the world’s first electron–nucleus and polarized electron-
polarized proton collider. A key lesson from RHIC’s success 
and future potential in exploring the ‘hot and dense QCD’ 
phase diagram is that the discovery of similarly novel many-
body dynamics in the QCD landscape sketched in figure  1 

requires a significant energy range and reach well beyond 
those of prior fixed-target DIS machines.

In a DIS collider, the kinematic equivalent of varying 
the center-of-mass energy in heavy-ion collisions is the 
expanded range in the Bjorken variable x for fixed Q2. In 
polarized electron-polarized proton collisions, for fixed 
Q2, the reach in x at the highest proposed EIC energy is two 
orders of magnitude greater than at fixed-target DIS experi-
ments. For DIS collisions off heavy nuclei, at fixed Q2, the 
range in x is a factor of 50 greater than available at fixed-
target machines. This extended reach and range is compa-
rable to that of RHIC relative to prior fixed-target heavy-ion 
experiments. We shall now demonstrate, with a simple case 
study, the utmost importance of energy range and reach for 
the physics of gluon saturation.

2.6.  Case study: accessing the saturation regime

In figure 6, the saturation scales Q2
s  for e+A collisions at an 

EIC, with two different maximal 
√

s , are compared to the val-
ues achievable in e+p collisions at HERA. The first point to 
note is that the projected saturation scales in e+A collisions 
at both EIC energies are significantly larger than those in e+p 
collisions, even though the HERA 

√
s  value is approximately 

eight times greater than the lower EIC energy. This enhance-
ment of Q2

s  in nuclei is a striking consequence of the high 
energy DIS probe interacting simultaneously with partons in 
different nucleons along its path through the nucleus.

We also observe that the maximal Q2
s  in e+A collisions at 

the EIC is approximately 50% larger for the higher energy of √
smax = 90 GeV, compared to 

√
smax = 40 GeV. The dif-

ference in Q2
s  may appear relatively mild but we will dem-

onstrate in the following that this difference is sufficient to 
generate a dramatic change in DIS observables with increased 
center-of-mass energy. This is analogous to the message from 
figure 5 where we clearly observe the dramatic effect of jet 
quenching once 

√
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 scat-
tering process has two stages. The virtual photon first splis 
into a quark–antiquark pair (the color dipole), which subse-
quently interacts with the target [22–26]. This is illustrated 

Figure 6.  Accessible values of the saturation scale Q2
s  at an EIC in e+A collisions assuming two different maximal center-of-mass 

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

Rep. Prog. Phys. 82 (2019) 024301
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Multi-dimensional nucleon tomography
The nucleon is much more complicated!

partons also have transverse momentum ~kT
and are spread in impact parameter space ~bT

Wigner function: full phase space parton distribution
of the nucleon - Generalised Transverse Momentum
Distributions (GTMDs):

W (x,~kT ,~bT )

01 OCT 2018 S. Fazio (BNL) 33

Diffractive physics in eA
à Measure spatial gluon distribution in nuclei
à Reaction: 
à Momentum transfer t = |pAu-pAuʹ|2 

e + Au → e′ + Au′ + J/ψ, φ, ρ

|t | (GeV2) |t | (GeV2)
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 /d
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ψ)
→

(e
 +

 A
u 

σd

)2
 /d

t (
nb

/G
eV

 e
’ +

 A
u’

 +
 φ)

→
(e

 +
 A

u 
σd

J/ψ φ

∫Ldt = 10 fb-1/A
1 < Q2 < 10 GeV2
x < 0.01
|η(edecay)| < 4
p(edecay) > 1 GeV/c
δt/t = 5%

∫Ldt = 10 fb-1/A
1 < Q2 < 10 GeV2
x < 0.01
|η(Kdecay)| < 4
p(Kdecay) > 1 GeV/c
δt/t = 5%

104

103

102

10

1

10-1

10-2

105

104

103

102

10

1

10-1

10-2

coherent - no saturation
incoherent - no saturation
coherent - saturation (bSat)
incoherent - saturation (bSat)

coherent - no saturation
incoherent - no saturation
coherent - saturation (bSat)
incoherent - saturation (bSat)

suppress 
by detecting 

break-up
neutrons

Physics requires forward scattered nucleus 
needs to stay intact
à Veto breakup through neutron detection

possible Source distribution with bT
g = 2 GeV-2

Hot topic:
Ø Lumpiness of source?
Ø Just Wood-Saxon+nucleon g(bT)

q coherent part probes �shape of black disc�
q incoherent part (large t) sensitive to �lumpiness” 
of the source [= proton] (fluctuations, hot spots, ...)         

bT

kT
xpImaging the gluons in nuclei

|t | (GeV2) |t | (GeV2)
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18

)2
 /d

t (
nb

/G
eV

 e
’ +

 A
u’

 +
 J/

ψ)
→

(e
 +

 A
u 

σd

)2
 /d

t (
nb

/G
eV

 e
’ +

 A
u’

 +
 φ)

→
(e

 +
 A

u 
σd

J/ψ φ

∫Ldt = 10 fb-1/A
1 < Q2 < 10 GeV2
x < 0.01
|η(edecay)| < 4
p(edecay) > 1 GeV/c
δt/t = 5%

∫Ldt = 10 fb-1/A
1 < Q2 < 10 GeV2
x < 0.01
|η(Kdecay)| < 4
p(Kdecay) > 1 GeV/c
δt/t = 5%

104

103

102

10

1

10-1

10-2

105

104

103

102

10

1

10-1

10-2

coherent - no saturation
incoherent - no saturation
coherent - saturation (bSat)
incoherent - saturation (bSat)

coherent - no saturation
incoherent - no saturation
coherent - saturation (bSat)
incoherent - saturation (bSat)

J/ψ

φ

Sensitive to 
saturation effects!

W(x,bT,kT)
∫ d2kT

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

∫d2bT

bT

kT

xp

Momentum 
space

Coordinate 
space

Position r • p ! Orbital Motion of Partons

3D Imaging of Quarks and Gluons

TMD

Form
Factor

10-1

10-1

10-2

10-210-3
10-310-4

1

1

10

 HERAPDF1.0

 experimental uncertainty

 model uncertainty

 parametrization uncertainty
 

x

xf

xuV

xdV

xS 

xG HERA
Q2 = 10 GeV2

Electron-Proton ScatteringHigh q2 results

M. Przybycień (AGH UST) Electron-Ion Collider - A new tool for HEP FPACS Seminar, 27.11.2020 15 / 28



Spatial imaging of quarks and gluons
EIC will enable parton “femtoscopy” - correlating information
on parton contributions to the proton’s spin with their
transverse momentum and spaciall distribution.

The 3D parton structure (GPDs) is uncovered in DIS by
measurements of exclusive final states, wherein the proton
remains intact, e.g. DVCS and DVMP (J/ψ, φ, π, K).

Transverse position of the scattered parton is obtained from a
Fourier transform of the dσ/dt.

GPDs provide information on e.g. the total quark angular
momentum and total gluon angular momentum of the proton.

 

 

proton proton

 

momentum transfer

quark out 

of nucleon

quark back 

in nucleon

electron

 *

proton proton 

gluon out 

of nucleon

proton proton

Meson

momentum transfer

gluon back 

in nucleon

quark 

anti-quark

f r

electron

 *
meson 

 proton proton

Report on Progress

13

framework. In this framework, the transition from large to 
small x contains important information that allows one to 
deduce how the dynamical degrees of freedom transition 
from Reggeon exchanges to so-called Pomeron exchanges, 
or—in parton language—from quark to gluon exchanges, 
where the latter carries the quantum numbers of the QCD 
vacuum. The evolution over a large range in Q2 can teach 
us how the the string tension evolves from this nonperturba-
tive stringy picture to that of QCD bremsstrahlung. One can 
thus study with unprecedented precision how the dynamics 
changes when going upwards from the lower right corner in 
figure 1.

In figure 16, an inelasticity of y � 0.6 was chosen; this is 
important to ensure that the DVCS cross-section is not domi-
nated by the Bethe-Heitler background; details of the analysis 
are given in [51]. As a result, the values of x do not go below 
x = 10−3. The analysis of data with higher y and lower x is 
possible but more involved. These considerations are also 
valid at lower 

√
s . Therefore, at lower energies there is limited 

reach beyond the Reggeon exchange dominated region.
Another important exclusive channel is that of J/ψ pro-

duction, which provides unique access to the unpolarized 
gluon GPD through the dominant photon–gluon fusion pro-
duction mechanism; this mechanism is discussed further in 
section  3.4 and illustrated in figure  19. Transverse spatial 
images obtained from Fourier transforming the t-dependent 
γ∗p → J/ψ + p′ J/ψ cross-section for 

√
s = 140 GeV show 

that gluon distributions can be accessed across the entire 
transverse plane with fine resolution at small x.

Incoherent exclusive scattering is characterized by the 
breakup of the proton. These processes are unique in that they 
are sensitive to the color charge fluctuations in the proton. This 
is discussed later on page 3.5.1. A combined study of the coher-
ent processes discussed here (where the proton stays intact), 
with incoherent exclusive reactions, may allow one to recon-
struct how gluon saturation sets in through the progressive 

Figure 14.  Diagrams depicting deeply virtual Compton scattering (left) and exclusive vector meson production (right) in terms of GPDs, 
represented by the yellow blobs. The upper filled oval in the right figure represents the meson wave function. The symbol ξ reflects the 
asymmetry in the longitudinal momentum fraction of the struck parton in the initial and final state.

Figure 15.  The projected precision of the transverse spatial distribution of partons obtained from the Fourier transform of the measurement 
of the unpolarized DVCS cross-sections as a function of |t| at an EIC for a targeted luminosity of 10 fb−1 at each center-of-mass energy. 
bT  is the distance from the center of the proton, known also as ‘impact parameter’. Left plots show the evolution in x at a fixed Q2 
(10 < Q2 < 17.8 GeV2). Right plot shows the evolution in Q2 at a fixed x (1.6 × 10−3 < x < 2.5 × 103). See text for more details.

Figure 16.  The average value of the mean squared parton radius 
of the proton, extracted from the DVCS cross-section, plotted as a 
function of Bjorken x. Results are shown for three different values 
of Q2. Plot from the EIC White Paper [1].

Rep. Prog. Phys. 82 (2019) 024301
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Diffraction in high energy physics
Diffraction in optics - plane wave with wave number
k incident on an obstacle of radius R - positions of
minima at θi ∼ 1/(kR).
Analogous diffractive pattern exhibits cross section
for elastic staterring of a hadron on nucleus dσel/dt.

Identifying the projectile hadron with the plane wave
and obstacle with nucleus, and writing |t| ≈ k2θ2,
the patterns become similar ⇒ describe very similar
physics, e.g. the minima are also related to the
inverse size of the target, |ti| ∼ 1/R2.
Essential differences between QCD and wave optics:

proton/nuclear target is not always “black disk”:
in DIS, the photon with lower Q2 (probing larger
distances) is more sensitive to saturation physics -
the diffractive cross section arises from exchanges
of several partons with zero net color between the
target and the projectile.
projectile or target may break up - the event is
diffractive if there is a rapidity gap, although the
cross section does not exhibit the diffractive min & max.
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EIC - best place to study diffraction in 21th century
Diffraction in the ep or e+A collisions proceeds via
exchange of a color neutral object called Pomeron
(two gluons in the lowest pQCD order).

Define additional (to DIS) kinematic variables:

xIP =
q · (p− p′)
q · p ≈ Q

2 +M2X
Q2 +W2

β =
Q2

2q · (p− p′) =
x
xIP
≈ Q2

W2 +M2X

Diffractive processes are most sensitive to the
underlying gluon distribution and give access to
the spacial distribution of gluons in nuclei.

Production of (heavy) VM sensitive to saturation
effects in nuclei.

Special detection techniques required (Roman Pot
detectors for scattered protons and ZDC for
excited nuclei).

Prediction for EIC: TeV electron hits a nucleus
with binding energy of ∼ 8 MeV/nucleon - nucleus
remains intact in at least 1 in 5 events!
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Kinematic coverage for the EIC

EIC will allow to explore the QCD landscape over a wide range in x and Q2 often
complementary to other collider and fixed target experiments.

Access to low-x regime will allow to study high-density gluon matter and modifications
of gluons in nuclear environment complementing heavy ion programs at RHIC and LHC.

Polarized beams will allow to study spin-dependent structure functions and precisely
understand the sizes of different contributions to the nucleon spin.

e+A DIS will allow to directly measure modifications to the nucleon structure when
immersed in a nucleus. This study will be performed for different nuclei species. Report on Progress
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nearly two orders of magnitude for polarized e+p scattering 
and a factor of 50 for e+A collisions. Thus, a region that is 
currently terra incognita for the extraction of gluon distribu-
tions and for the study of gluon saturation will become avail-
able for precision measurements at the EIC.

Even though gluons, unlike quarks, do not couple directly 
to electromagnetic probes, we can learn about their properties 
from ‘scaling violations’. These in particular describe changes 
in quark distributions with Q2 and Bjorken x. The evolution 
of gluon distributions with Q2 extracted from these scaling 
violations is described by the DGLAP renormalization group 
equations  (RGE) [9–11] of perturbative QCD (pQCD). The 
renormalization group flow of information is towards smaller 
x and larger Q2. A wide lever arm in Q2 is essential for the 
extraction of parton distributions while a wide coverage in x 
is mandatory to access a broad dynamical regime.

We see from figure 2 that the difference between the high 
and low energy ranges shown corresponds to a factor of five 
increase in x reach for a fixed Q2, and likewise, a factor of 
five increase in Q2 reach for fixed x. DIS measurements with 
data collected in this additional area can further significantly 
constrain nuclear gluon distributions and their extrapolations 
(via DGLAP evolution) to small x.

An example of lessons from electron–proton collisions at 
HERA for the EIC is depicted in figure 3. The gluon distri-
bution is parametrized at a low momentum resolution scale 
using the HERA electron–proton inclusive reduced cross-
section (see equation (5)) data and evolved, using the DGLAP 
RGE, from this low Q2 scale towards higher Q2 at fixed x. We 
see that the next-to-next-to leading order (NNLO) DGLAP 
evolution performed by the CTEQ collaboration [8] generates 
gluon distributions to good accuracy for x = 0.1 and x = 0.01 
in the entire Q2 range plotted. However, at the smaller 
x = 10−3 and x = 10−4 values, the gluon distribution shows 
larger uncertainties, especially at the small Q2 where high 
quality data exist. The precision of low Q2 data in this case is 
ineffectual due to the lack of data at the larger Q2 where the 

DGLAP RGE is initialized and evolved from. In contrast, the 
gluon distribution at larger x values is well constrained over 
the range shown by virtue of the larger Q2 lever arm. This 
example illustrates why a greater EIC energy will not only 
improve our knowledge of the gluon distribution over a wider 
Q2 range but also more precisely in the range that is already 
accessible at lower energies.

The lesson drawn, of the importance of expanded reach in 
x and Q2, is starker and more pertinent for e+A collisions at 
the EIC. In this case, the parametrization of the data at the 
initial scale will not have the x-Q2 reach of e+p collisions at 
HERA. To illustrate this, figure  4 (left) shows the structure 
function F2 extracted for the x-Q2 reach of the fixed target 
E665 data at 

√
s = 31 GeV. Though it is for e+p data, it holds 

an important lesson for the lower e+A center-of-mass energy 
of 40 GeV. Scaling violations, the variation of F p

2 (x, Q2) with 
Q2, are clearly visible only for x � 0.01. The small x and large 

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

Figure 3.  Proton PDFs of gluons as functions of Q2 for various 
x values as derived by the CTEQ collaboration in NNLO [8].The 
bands indicate the uncertainties in our knowledge of gluon PDFs. 
They are colored in the range where the relevant DIS data (HERA) 
is available.
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EIC accelerator parameters
Make use of existing RHIC
infrastructure: ion sources,
pre-accelerator chain, ion
storage ring (circum. 3.83 km).

New: electron source, electron
accelerator, storage ring.

Beam energies:

Ee = 2.5− 18 GeV
Ep = 40− 275 GeV
EA = (Z/A)Ep
√
sep = 20− 141 GeV

# of bunches per beam: 1320;
collision every 8.9 ns

Luminosity: ∼ 1034 cm−2s−1

Beams polarization: > 70%
e, p, and light ions: d, 3He
(longitudinal and transverse)

Ion species: p - Uranium

# of interaction regions: 1− 2
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Uniqueness of the EIC among DIS Facilities and key physics
High luminosity & wide reach in

√
s.

No other facility has plans for:

polarized lepton & hadron beams,
(polarized) nuclear beams.Uniqueness of the US EIC among all DIS Facilities

All DIS facilities in the world.

However, if we ask for: 

• high luminosity & wide reach in √s

No other facility has or plans for
• polarized lepton & hadron beams
• nuclear beams

EIC stands out as a truly unique facility …
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2020/08/31 KEK研究会「素粒子・原子核コライダー物理の交点」 3

Electron-Ion Collider

You have already heard the rich physics cases at EIC, so I will bravely skip any details…

How does the mass of the nucleon arise?

How does the spin of the nucleon arise?

What are the emergent properties of dense systems of gluons?

EIC Collaboration Meeting 2017

EIC: key physics and measurements

E.C. Aschenauer

Inclusive DIS
measure scattered 
electron with high 
precision

Semi-inclusive DIS
detect the scattered 
lepton and final state
(jets, hadrons, 
correlations in final state)

Exclusive processes
all particles in the 
event identified
(diffraction)

 5

Inclusive DIS - measure scattered
electron with high precision,

EIC Collaboration Meeting 2017
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precision
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detect the scattered 
lepton and final state
(jets, hadrons, 
correlations in final state)

Exclusive processes
all particles in the 
event identified
(diffraction)

 5

Semi-inclusive DIS - detect the
scattered lepton and final state
(jets, hadrons, correlations),

EIC Collaboration Meeting 2017

EIC: key physics and measurements

E.C. Aschenauer

Inclusive DIS
measure scattered 
electron with high 
precision

Semi-inclusive DIS
detect the scattered 
lepton and final state
(jets, hadrons, 
correlations in final state)

Exclusive processes
all particles in the 
event identified
(diffraction)

 5

Exclusive processes (diffraction)
- all particles are identified.
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Luminosity measurement at the EIC

Luminosity, L, is a coefficient which relates the number of
observed events of a given process with its cross section:

N = L · σ
Luminosity is determind using a process for which the cross
section is well known theoretically and which has a clean
experimental signature - e.g. Bremsstrahlung at ep colliders.

Ee

E′

e

Eγ

Q2

Ep E′

p

Luminosity depends on beams parameters at the interaction point, and its uncertainty
directly limits the precision of cross-section measurements.

Precise luminosity measurement at the EIC,
with δL/L<1%, is both crucial to achieve its
main physics goals and very challenging (ep:
≈ 10 hard bremsstrahlung photons every 10 ns;
e+Au: more than hundred of such photons).

Forward electron detectors will also suffer from
event pileup (ep: ≈ 3 bremsstrahlung electrons
every 10 ns, assuming its acceptance range
0.65 < E′/E < 0.85. For e+A collisions the
event pileup will scale approx. with Z2/A).
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EIC construction schedule

2020/08/31 KEK研究会「素粒子・原子核コライダー物理の交点」 11

Toward the realization of EIC

J. Yeck (BNL), 2nd EICUG Yellow Report Workshop 
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The EIC detector concepts
EIC community desires two general-purpose detectors (standard at other colliders).

Estimated cost ∼ $300M/detector requires strong international participation.

Rough concepts exist but work is ongoing on refined designs (CDR 2021; R&D ∼ 2024).

EIC detectors are unique and challenging to realize:

Hermetic (∼ 4π coverage, |η| < 4 + forward detectors).

High resolution in momentum/energy of reconstructed particles.

Particle identification needed in unprecedented wide range from 0.25 GeV to 50 GeV.

BNL concept: BEAST JLAB concept: JLEiC ANL concept: TOPSiDEEIC Detector Concept: BeAST (BNL)

4

hadronic calorimeters RICH detectors silicon   trackers GEM trackers

3T solenoid cryostat iron yoke          

TPCe/m calorimeters          

coils

trackers

EIC Detector Concept: JLEIC (JLab)

6

EIC Detector Concept: TOPSiDE (ANL)

7

▪ All-silicon tracker instrumentation 

The experimental collaboration(s) which will build and later operate the detector(s) will
be established in the next year, and it is expected that each will consist of ∼ 500 people.
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Electron-Ion Collider User Group
Current statistics:

∼ 1200 members (Poland - 27),
243 institutions (Poland - 8),
33 countries

Institutional Board,

Annual meetings - 2021, Warsaw, Poland
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EIC and the Polish HEP Community

Currently eight Polish institutions expressed interest in the EIC project:

Presentation of Polish HEP Community Expressing Interest in the EIC project at
BNL (slides) at the last EIC User Group Meeting in “Miami”, July 15-17, 2020.

We plan to apply for including the EIC on the Polish Roadmap for Research
Infrastructures.

Any serious involvement in the apparatus building for EIC requires special and
significant support from the MNiSW → MEiN.

Nationwide seminars on the EIC physics and machine/detectors for students
started on October 19th, and takes place every second Monday at 13:00 -
https://indico.bnl.gov/category/318/

The next EIC User Group Meeting, Warsaw Univ. (or online), August 1-7, 2021.

Also the 61 Cracow School of Theoretical Physics (Zakopane or online) will be
devoted to the EIC physics.
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Plans of the AGH UST team

Current team at FPACS: L. Adamczyk, M. Idzik++, P. Kotko, K. Piotrzkowski
(from July 2021), and M. Przybycien.

For some of us the research on the proton structure at the EIC will be extension
of the research performed at the beginnings of our scientfic carriers at the ZEUS
experiment at HERA.

From the perspective of detector related activities at HERA, we were involved in
the luminosity detector bulding and the luminosity measurement.

Luminosity at the EIC will be measured using the same process - bremsstrahlung
- as was used at HERA.

Our plan is that AGH UST makes significant contributions to the construction of
the detection apparatus for the measurements of the bremsstrahlung process and
for tagging electrons scattered in the very forward direction (photoproduction).

We have just answered for the call for Expressions of Interest regarding
participation in the detector building for an experiment at the EIC.

The EoI “Instrumentation in the lepton hemisphere” was send by an informal
consortium of AGH UST, IFJ PAN, BNL and Temple Univ. with an agreement
that the project will be led by AGH UST. Decisions to be made in the mid 2021.
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Podsumowanie
EIC to nowy gigantyczny mikroskop elektronowy (< 0.01 fm) który pozwoli na
lepsze zrozumienie własności materii hadronowej i jądrowej.

Dzięki szerokiemu zakresowi kinematycznemu, swobody w wyborze rodzaju
wiązki, możliwości polaryzacji wiązek oraz wysokiej świetlności, EIC pozwoli
zmierzyć rozkłady kwarków morza i gluonów w nukleonie oraz w jądrze atomowym,
a także zbadać własności QCD w obszarze wysycenia pola kolorowego.

EIC będzie także narzędziem, które pozwoli na badanie i odkrywanie zjawisk
wyłaniających się (emergent) z QCD, takich jak masa i spin nukleonu, a także
na określenie roli koloru i gluonów w tym procesie.

Duże możliwości współpracy i rozwoju dla studentów i doktorantów.

Jeszcze daleko nam do wykorzystania QCD w zastosowaniach inżynierskich, ale
proszę pamiętać, że “inżynieria QED” dała nam tranzystor...

Dziękuję za uwagę!
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Backup slides
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Gluon in the Standard Model
Discovery of the gluon: TASSO Collaboration, Evidence for a Spin One Gluon in Three
Jet Events, Phys. Lett. B 97 (1980) 453-458.

Gluon: carrier of the strong force (QCD).

Chargeless, massless, but carries color-charge (color+anti-color).

Gluons can interact between themselves: three-gluon and four-gluon vertices.

Gluons carry ∼ 50% the proton’s momentum, ?% of the nucleon’s spin, and are
responsible for the transverse momentum of quarks.

Massless gluons & almost massless
quarks, through their interactions,
generate more than 99% of the mass
of the nucleons.
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Picture of the proton in pQCD

Proton structure is embedded
in the quark and gluon PDFs.

Gluons dominate for x . 0.1

So far we have only the
longitudinal information.

Need transvers information to
understand the full structure
of the proton at high energies.

Eur. Phys. J. C (2015) 75 :580 Page 63 of 98 580
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reduced cross sections at

√
s = 318 GeV with overlaid predictions of

HERAPDF2.0 NNLO. The bands represent the total uncertainty on the
predictions

H1 and ZEUS

xBj = 0.00005, i=21
xBj = 0.00008, i=20

xBj = 0.00013, i=19
xBj = 0.00020, i=18

xBj = 0.00032, i=17
xBj = 0.0005, i=16

xBj = 0.0008, i=15
xBj = 0.0013, i=14

xBj = 0.0020, i=13
xBj = 0.0032, i=12

xBj = 0.005, i=11
xBj = 0.008, i=10

xBj = 0.013, i=9
xBj = 0.02, i=8

xBj = 0.032, i=7
xBj = 0.05, i=6

xBj = 0.08, i=5

xBj = 0.13, i=4
xBj = 0.18, i=3

xBj = 0.25, i=2

xBj = 0.40, i=1

xBj = 0.65, i=0

Q2/ GeV2

σ r,
 N

C
 x

 2
i

HERA NC e+p 0.5 fb–1
HERA NC e p 0.4 fb–1–

√s = 318 GeV
Fixed Target

HERAPDF2.0 e+p NLO
HERAPDF2.0 e p NLO–

10-3

10-2

10-1

1

10

102

103

104

105

106

107

1 10 102 103 104 105

Fig. 81 The combined HERA data for the inclusive NC e+ p and e− p
reduced cross sections together with fixed-target data [107,108] and
the predictions of HERAPDF2.0 NLO. The bands represent the total
uncertainties on the predictions. Dashed lines indicate extrapolation
into kinematic regions not included in the fit
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Interaction region
17

FIG. 9. Top: beam collision scheme with crossing angle suffers
from geometric luminosity reduction. Bottom: crab-crossing
scheme that results in full bunch overlapping and thus max-
imum luminosity. Deflecting RF cavities generate a null kick
to the center of the bunch while its head and tail receive op-
posite transverse kicks (from [270]).

C. Past advances of hadron colliders

The Intersecting Storage Rings (ISR) at CERN [271]
was the world’s first pp collider. It was made up of two in-
dependent, interleaved normal−conducting synchrotron
rings intersecting at eight points, five of which were used
for experiments. The ISR physics program aimed at
achieving an understanding of proton structure at the
c.m.e. levels, exceeding the most powerful fixed target
machines of the SPS at CERN and the Main Ring at
Fermilab [272], both of which were constructed after the
start of ISR operation. The machine relied on a process
called momentum stacking to accumulate record high cur-
rents (up to 60 A) and achieved luminosities in hadron
collisions surpassed only two decades later [273]. The dis-
covery of Schottky noise resulting from the discrete na-
ture of particles in the beam led to its extensive use for
diagnostics of unbunched (coasting or DC) beams and
allowed the first successful demonstration of stochastic
cooling and reduction of beam emittances [274, 275].

Spp̄S, the next collider at CERN, was built as a mod-
ification of the Super Proton Synchrotron (SPS), with
the goal of discovery of the massive neutral intermediate
vector bosons [276], successfully achieved in 1983 (1984
Nobel Prize in Physics, Carlo Rubbia) [277]. Most criti-
cal for the success of the Spp̄S was the stochastic cooling
of antiprotons (1984 Nobel Prize in Physics, Simon van
der Meer), which took place in a specially constructed

3.5 GeV Antiproton Accumulator ring and allowed accu-
mulation of up to 6×1010 p̄ per hour [8].

The first superconducting synchrotron in history, the
Tevatron [278] was also converted into a pp̄ collider in
1985 [279]. It was the highest energy collider for 25 years
and its legacy includes many results for which the high
energy of

√
s=1.96 TeV was decisive, such as the discov-

ery of the top quark in 1995, and precise measurements
of the masses of the top quark and W boson [280]. It was
also a pioneering instrument that advanced the frontiers
of accelerator science and technology [130, 281]. Its 4.5
T dipole magnets employed Nb-Ti superconducting ca-
ble operating at 4.5 K [64], requiring what was then the
world’s largest cryogenic system [282, 283]. The antipro-
ton production complex [284] consisted of three 8 GeV p̄
accelerators (the Accumulator, Debuncher, and Recycler
— see Fig. 10), and employed 25 independent stochas-
tic cooling systems and one high-energy electron cooling
set-up [129] to accumulate up to a record high value of
25×1010 p̄ per hour. Over the years, some 1016 antipro-
tons were produced and accumulated at Fermilab (about
17 nanograms), more than 90% of the worlds total man-
made production of nuclear antimatter [285]. Despite se-
vere parasitic long-range interactions of the two beams,
each consisting of 36 bunches placed on helical orbits by
two dozen ±150 kV high-voltage (HV) separators, a to-
tal beam-beam tuneshift parameter of nIP ξ ≈0.025-0.03
was achieved, a record for hadron beams [145]. Other
notable advances included the first high energy accelera-
tor built with permanent magnets — the 3.3 km 8 GeV
Recycler [286], advanced longitudinal beam manipula-
tion techniques of slip-stacking and momentum mining
[287, 288], and the first operational use of electron lenses
[147, 289] for beam collimation [182, 290] and for compen-
sation of long-range beam-beam effects [291, 292]. The
Tevatron ultimately achieved luminosities a factor of 430
higher than the original design specification.

D. Past advances of lepton-hadron colliders

The first lepton-proton collider, the 6.4 km long
Hadron-Elektron-Ring-Anlage (HERA) at DESY in Ger-
many [293], was the first facility to employ both appli-
cations of superconductivity: 5 T magnets in the 920
GeV proton ring and SRF accelerating structures to
provide about 12 MW of RF power to compensate for
synchrotron radiation losses of 30 GeV lepton beams
(positrons or electrons). With proper orbit and optics
control, the HERA lepton beam would naturally become
transversely polarized to about 60% (within about 40
minutes) thanks to the Sokolov-Ternov effect [294]. Spe-
cial magnets called spin rotators were implemented on
either side of the collider IPs to produce 30–45% longitu-
dinal polarization at the experiments [193, 295]. HERA
operated from 1992 to 2005 at

√
s of about 320 GeV

and luminosities of up to 3–5×1031 cm−2s−1 [296], and
allowed the investigation of deep-inelastic and photopro-
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