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Электрон-Ионный Коллайдер: цели 
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• Электрон-Ионный Коллайдер - проект нового коллайдера 
поляризованных электронов и ионов в США на базе RHIC (eRHIC) или 
JLab (JLEIC). 

• Обеспечить преемственность программы ядерной физики на 
ускорителях после 2025 г., когда РИК (RHIC II) и Джефферсоновская 
лаборатория (JLab 12 GeV) исчерпают свои программы. 

• Объединить пользователей RHIC, JLab, привлечь мировое сообщество. 

• Установка для тестирования новых концепций и технологий в 
ускорительной технике. 

• Ответить на центральный вопрос ядерной физики о природе 
наблюдаемой материи вокруг нас: Как глюоны и кварки образуют 
нуклоны и ядра? 

• Расширить кинематические границы и точность измерений: ЭИК 
должен иметь потенциал для открытий и прецизионных измерений. 

• ЭИК - мировой лидер по изучению КХД.



ЭИК: фундаментальные проблемы 
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• Загадка массы протона: токовые кварки несут 
~10% массы протона. Какова роль квантовых 
кварк-антикварковых флуктуаций и глюонов?  

• Загадка спина протона: кварки несут ~30% спина протона. Какова 
роль глюонов и орбитального движения кварков и глюонов? Как кварки и 
глюоны распределены в координатном и импульсном пространствах? 

How to “see” and quantify hadron structure? 

!  Our understanding of  hadron evolves 

Nucleon is a strongly interacting, relativistic bound state 
of  quarks and gluons 

1970s 1980s/2000s Now 

! Challenge: 

No modern detector can see quarks and gluons in isolation! 

! Question: 

How to quantify the hadron structure if  we cannot see quarks 
and gluons?            We need the probe! 

QCD factorization!  Not exact, but, controllable approximation! 

! Answer: 



ЭИК: фундаментальные проблемы (2) 
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• Глюонная плотность в ядрах при 
высоких энергиях: Каково влияние 
ядерной среды? Происходит ли явление 
насыщения при высокой плотности 
глюонов и каковы его свойства?  

• Природа адронизации и конфайнмента: Как быстрые цветные 
заряды взаимодействуют с ядерной средой?  

Jets, Hadronization 

Pions (model-I)
Pions (model-II)
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x > 0.1
25 GeV2 < Q2 < 45 GeV2

140 GeV < ν < 150 GeV
∫Ldt = 10 fb-1

0.0 0.2 0.4 0.6 0.8 1.0
Fraction of virtual photons energy 

carried by hadron, z

ν	=	E-E’	=	100-200	GeV	to	keep	jet	within	nucleus	

√s	=	32-45	GeV	for	y=0.1	(keeping	jet	in	the	central	region	of	the	detector)	
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1.2.2 The Nucleus, a QCD Laboratory

The nucleus is a QCD “molecule”, with a complex structure corresponding to bound states
of nucleons. Understanding the formation of nuclei in QCD is an ultimate long-term goal of
nuclear physics. With its wide kinematic reach, as shown in Fig. 1.5 (Left), the capability
to probe a variety of nuclei in both inclusive and semi-inclusive DIS measurements, the
EIC will be the first experimental facility capable of exploring the internal 3-dimensional
sea quark and gluon structure of a fast-moving nucleus. Furthermore, the nucleus itself is
an unprecedented QCD laboratory for discovering the collective behavior of gluonic matter
at an unprecedented occupation number of gluons, and for studying the propagation of
fast-moving color charges in a nuclear medium.
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Figure 1.5: Left: The range in the square of the transferred momentum by the electron to the
nucleus, Q2, versus the parton momentum fraction x accessible to the EIC in e-A collisions at
two di↵erent center-of-mass energies, compared with the existing data. Right: The schematic
probe resolution vs. energy landscape, indicating regions of non-perturbative and perturbative
QCD, including in the latter, low to high saturated parton density, and the transition region
between them.

QCD at Extreme Parton Densities
In QCD, the large soft-gluon density enables
the non-linear process of gluon-gluon recom-
bination to limit the density growth. Such a
QCD self-regulation mechanism necessarily
generates a dynamic scale from the interac-
tion of high density massless gluons, known
as the saturation scale, Q

s

, at which gluon
splitting and recombination reach a balance.
At this scale, the density of gluons is ex-
pected to saturate, producing new and uni-
versal properties of hadronic matter. The
saturation scale Q

s

separates the condensed
and saturated soft gluonic matter from the
dilute, but confined, quarks and gluons in a
hadron, as shown in Fig. 1.5 (Right).

The existence of such a state of satu-
rated, soft gluon matter, often referred to as
the Color Glass Condensate (CGC), is a di-
rect consequence of gluon self-interactions in
QCD. It has been conjectured that the CGC
of QCD has universal properties common to
nucleons and all nuclei, which could be sys-
tematically computed if the dynamic satu-
ration scale Q

s

is su�ciently large. How-
ever, such a semi-hard Q

s

is di�cult to
reach unambiguously in electron-proton scat-
tering without a multi-TeV proton beam.
Heavy ion beams at the EIC could provide
precocious access to the saturation regime
and the properties of the CGC because the
virtual photon in forward lepton scattering
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- важный вопрос в физике тяжелых ионов 
- ЭИК позволяет контролировать энергию 
фотона и длину ядерной среды 



ЭИК: “КХД микроскоп”  
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• Традиционно микроскопическая структура адронов изучается в 
глубоконеупругом рассеянии (DIS) 

Deep-Inelastic Scattering (DIS)
Most of our understanding of the parton structure of hadrons comes from
Deep Inelastic Scattering (DIS) experiments. Electron-Ion Collider (EIC) 

!  A giant “Microscope”  – “see” quarks and gluons by breaking the hadron  

!  Why now? 

Exp:  advances in luminosity, energy reach, detection capability, …    

Thy:  breakthrough in factorization – “see” confined quarks and gluons, … 

e p 
�*, Z0, .. 

1/Q 
< 1/10 fm Q 

“see” the non-linear dynamics of  the glue! 

!  A sharpest “CT” – “imagine” quark/gluon  
                                            without breaking the hadron 

– “cat-scan” the nucleon and nuclei  
    with better than 1/10 fm resolution 

– “see” the proton “radius” of  gluon density 

• Основные характеристики: 
- точечно-подобный пробник → чистое теоретическое описание и интерпретация 
- контроль партонной кинематики 
- возможность изучать также полуиклюзивные и упругие конечные состояния → 
3х-мерная партонная структура



ЭИК: “КХД микроскоп” (2)  
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Many complementary probes at one facility 

Q2 "Measure of  resolution 

 y " Measure of  inelasticity 

 x " Measure of  momentum fraction 

         of  the struck quark in a proton 
 Q2 = S x y 

Exclusive events:  e+p/A " e’+ p’/A’+ h(π,K,p,jet) 
Detect every things including scattered proton/nucleus (or its fragments) 

Inclusive events:  e+p/A " e’+X 
Detect only the scattered lepton in the detector 

Semi-Inclusive events:  e+p/A " e’+h(π,K,p,jet)+X 
Detect the scattered lepton in coincidence with identified hadrons/jets 

!  Lepton-hadron facility – many factorizable observables:   



Основные параметры ЭИК: энергия
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• Энергия в системе центра масс ~20-100 ГэВ, возможность увеличить до 
~150 ГэВ → широкая область Q2 и x.

110-4 10-1

Few-body/  
valence quark regime

Saturation 
regime

x	(proton)

Many-body  
regime

110-310-4 10-2 10-1
x	(Nuclei)

10-5

QCD radiation 
dominated regime

Going from large to small x nucleons and nuclei reveal their full structure

QCD radiation 
dominated regime

Many-body  
regime

10-3 10-2

Why large x-Q2 coverage is important

5

• EIC covers non-perturbative,  
     perturbative and transition  
     regimes 
• EIC provides long evolution range  
     and Q2 up to ~1000 GeV2   (0.01 fm)



Основные параметры ЭИК: светимость
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• Высокая светимость столкновений 1033-34 см-2с-1  → прецизионные 
измерения полуинклюзивных и эксклюзивных процессов. 

JLEIC

Basic requirements for EIC
• Lepton Beam
  Provide clean and well-understood probe 

• Range of center-of-mass 
  energies
   -- for the parton description, minimal 
   c.m. energy=10 GeV is required; 
   to utilize QCD Q²-evolution equations, 
   c.m. energy=100 GeV is desirable;
   Ee=9-20 GeV, Ep=250 GeV, 
   EA=100 GeV/n
    --  variable energy to study FL

• High luminosity
The desired luminosity L >10³³ cm-2 s-1  

eRHIC Peak Luminosity vs. CM Energy
Science case areas indicate the range of peak luminosities with which a statistically 
significant result can be achieved in about one year (107 sec) of running.

17
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Основные параметры ЭИК: поляризация
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• Высокая поляризация ~70% пучков электронов, протонов, легких ядер 
(D, He-3) → поляризованное DIS, 3х-мерные распределения из 
полуинклюзивных (TMDs) и эксклюзивных процессов (GPDs).

Insights from the semi-inclusive measure-
ments are complementary to those from the
inclusive measurements. Specifically, they
make it possible to delineate the quark and
anti-quark spin contributions by flavor, since

�q and �q̄ appear with di↵erent weights in
Eq. (2.11). A large body of semi-inclusive
data sensitive to nucleon helicity structure
has been collected by the experiments at
CERN [41, 42, 43] and DESY [44].
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Figure 2.5: Regions in x, Q2 covered by previous spin experiments and anticipated to be
accessible at an EIC. The values for the existing fixed-target DIS experiments are shown as
data points. The RHIC data are shown at a scale Q2 = p2

T

, where p
T

is the observed jet
(pion) transverse momentum, and an x value that is representative for the measurement at that
scale. The x-ranges probed at di↵erent scales are wide and have considerable overlap. The
shaded regions show the x, Q2 reach of an EIC for center-of-mass energy

p
s = 45 GeV andp

s = 140 GeV, respectively.

A further milestone in the study of the
nucleon was the advent of RHIC, the world’s
first polarized proton+proton collider. In the
context of the exploration of nucleon spin
structure, the RHIC spin program is a log-
ical continuation. Very much in the spirit
of the unpolarized hadron colliders in the
1980’s, RHIC entered the scene to provide
complementary information on the nucleon
that is not readily available in fixed-target
lepton scattering. The measurement of the
spin-dependent gluon distribution �g(x,Q2)

in the proton is a major focus and strength
of RHIC. Here the main tools are spin asym-
metries in the production of inclusive pi-
ons [45, 46, 47, 48] and jets [49, 50, 51, 52]
at large transverse momentum perpendicular
to the beam axis, which sets the hard scale
Q in these reactions. Their reach in x and
Q2 is also indicated in Fig. 2.5. Unlike DIS,
the processes used at RHIC do not probe the
partons locally in x, but rather sample over a
region in x. RHIC will also provide comple-
mentary information on �u,�ū,�d,�d̄ for

24

• Широкая область Q2 и малых x в поляризованном DIS → определение 
вклада глюонов ΔG в спин протона.  



Основные параметры ЭИК: ядра
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• Ускорение легких (D, He-3) и тяжелых (U, Pb) ядер → впервые DIS на 
ядрах, кварковые и глюонные ядерные плотности при малых х, 
насыщение ядерной глюонной плотности.

high-energy scattering o↵ nuclei? One of the main predictions of saturation
physics is that the x-dependence of DIS cross-sections and structure functions, along
with other observables, is described by nonlinear evolution equations. Discovery of the
saturation regime would not be complete without unambiguous experimental evidence
in favor of these nonlinear equations.

• What is the momentum distribution of gluons and sea quarks in nuclei?
What is the spatial distribution of gluons and sea quarks in nuclei? The
physics of multiple rescatterings at larger-x, along with, if found, parton saturation,
would allow us to reconstruct the momentum and impact parameter distributions of
gluons and sea quarks in nuclei. At small-x the transverse momentum distribution
may allow us to identify the saturation scale Q

s

.

• Are there strong color (quark and gluon density) fluctuations inside a
large nucleus? How does the nucleus respond to the propagation of a
color charge through it? Our understanding of the spatial and momentum space
distributions of quarks and gluons inside the nuclei would not be complete without
studying their fluctuations. The typical size of color fluctuations can be measured
by sending a quark probe through the nucleus. Conversion of the quark probe into
a hadron (hadronization) may be a↵ected by the nuclear environment, giving us a
chance at a better understanding of the process.
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Ключевые эксперименты: поляризация 
глюонов 
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• Спин протона в КХД:

1

2
=

1

2
�⌃+�G+ Lq + LgHow to “see” and quantify hadron structure? 

!  Our understanding of  hadron evolves 

Nucleon is a strongly interacting, relativistic bound state 
of  quarks and gluons 

1970s 1980s/2000s Now 

! Challenge: 

No modern detector can see quarks and gluons in isolation! 

! Question: 

How to quantify the hadron structure if  we cannot see quarks 
and gluons?            We need the probe! 

QCD factorization!  Not exact, but, controllable approximation! 

! Answer: 

How to “see” and quantify hadron structure? 

!  Our understanding of  hadron evolves 

Nucleon is a strongly interacting, relativistic bound state 
of  quarks and gluons 

1970s 1980s/2000s Now 
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and gluons?            We need the probe! 

QCD factorization!  Not exact, but, controllable approximation! 

! Answer: 

How to “see” and quantify hadron structure? 

!  Our understanding of  hadron evolves 

Nucleon is a strongly interacting, relativistic bound state 
of  quarks and gluons 

1970s 1980s/2000s Now 

! Challenge: 

No modern detector can see quarks and gluons in isolation! 

! Question: 

How to quantify the hadron structure if  we cannot see quarks 
and gluons?            We need the probe! 

QCD factorization!  Not exact, but, controllable approximation! 

! Answer: 

Кварковая поляризация: 
хорошо измерена на 
фиксированных мишенях

1

2

X

q=u,d,d

Z
dx(�q +�ū) ⇠ 30%

→ “спиновый кризис”. 

Глюонная поляризация: 
спиновая программа РИК, 
большие неопределенности 
особенно за счет области 
малых х.

Орбитальный угловой 
момент партонов: 
неизвестен, через 
измерения GPDs и КХД на 
решетке

�G =

Z
x

max

x

min

dx�g(x) ⇠ 0± 20%

q



Ключевые эксперименты: поляризация 
глюонов (2) 
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• Измерение структурной функции протона 
g1p(x,Q2) на ЭИК и извлечение Δg(x) из 
нарушения скейлинга: 

x=5.2×10-5 (+52)

8.2×10-5 (+43)

1.3×10-4 (+36)

2.1×10-4 (+31)

3.3×10-4 (+27)

5.2×10-4 (+24)

8.2×10-4 (+21)

1.3×10-3 (+19)

2.1×10-3 (+17)

3.3×10-3 (+15.5)

5.2×10-3 (+14)

8.2×10-3 (+13)
1.3×10-2 (+12)
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3.3×10-2 (+10)
5.2×10-2 (+9)

8.2×10-2 (+8)
1.3×10-1 (+7)

2.1×10-1 (+6)
3.3×10-1 (+5)

5.2×10-1 (+4)

Q2 (GeV2)

g
1
(x

,Q
2
) 

+
 c

o
n

st
(x

)

DSSV+

5 GeV on 100 GeV

5 GeV on 250 GeV

20 GeV on 250 GeV

10

20

30

40

50

1 10 10
2

10
3

EIC: 

Figure 2.6: EIC pseudo-data on the inclusive spin structure function g
1

(x,Q2) versus Q2 at
fixed x for 5 GeV and 20 GeV electron beams colliding with 100 GeV and 250 GeV proton beam
energies at an EIC, as indicated. The error bars indicate the size of the statistical uncertainties.
The data set for each x is o↵set by a constant c(x) for better visibility. The bands indicate the
current uncertainty as estimated in the modern DSSV+ analysis.

To illustrate the tremendous impact of
EIC measurements of inclusive and semi-
inclusive polarized deep-inelastic scattering
on our knowledge of helicity parton distri-
butions, a series of perturbative QCD analy-
ses were performed [66] with realistic pseudo-
data for various center-of-mass energies. The
data simulations were based on the PEPSI

Monte Carlo generator [67]. The precision
of the data sets corresponds to an accumu-
lated integrated luminosity of 10 fb�1 (or one
to two months of running for most energies
at the anticipated luminosities) and an as-
sumed operations e�ciency of 50%. A min-
imum Q2 of 1GeV2 was imposed, as well
as W 2 > 10GeV2, a depolarization factor

28
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scaling of the data with Q2 at large x in early DIS data from SLAC was termed “Bjorken
scaling” and motivated the parton model. Violations of this scaling are predicted by the
QCD evolution equations for parton densities. They are especially strong at small x. We
note that our experimental knowledge of F

L

is considerably less precise than that of F
2

.
Figure 2.4 (Right) shows the world data of the polarised structure function g

1

as a
function of Q2 for fixed values of x for scattering on a proton. The covered x�Q2 range is
significantly smaller than that for the unpolarized measurements, which is due to the fact
that there has been no collider with both polarized lepton- and hadron-beams.
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Мировые данные 

ЭИК
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Ключевые эксперименты: поляризация 
глюонов (3) 
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• Измерение структурной функции 
протона g1p(x,Q2) на ЭИК и извлечение 
Δg(x) из нарушения скейлинга: 

x=5.2×10-5 (+52)

8.2×10-5 (+43)

1.3×10-4 (+36)

2.1×10-4 (+31)

3.3×10-4 (+27)

5.2×10-4 (+24)

8.2×10-4 (+21)

1.3×10-3 (+19)

2.1×10-3 (+17)

3.3×10-3 (+15.5)

5.2×10-3 (+14)

8.2×10-3 (+13)
1.3×10-2 (+12)

2.1×10-2 (+11)
3.3×10-2 (+10)
5.2×10-2 (+9)

8.2×10-2 (+8)
1.3×10-1 (+7)

2.1×10-1 (+6)
3.3×10-1 (+5)

5.2×10-1 (+4)
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Figure 2.6: EIC pseudo-data on the inclusive spin structure function g
1

(x,Q2) versus Q2 at
fixed x for 5 GeV and 20 GeV electron beams colliding with 100 GeV and 250 GeV proton beam
energies at an EIC, as indicated. The error bars indicate the size of the statistical uncertainties.
The data set for each x is o↵set by a constant c(x) for better visibility. The bands indicate the
current uncertainty as estimated in the modern DSSV+ analysis.

To illustrate the tremendous impact of
EIC measurements of inclusive and semi-
inclusive polarized deep-inelastic scattering
on our knowledge of helicity parton distri-
butions, a series of perturbative QCD analy-
ses were performed [66] with realistic pseudo-
data for various center-of-mass energies. The
data simulations were based on the PEPSI

Monte Carlo generator [67]. The precision
of the data sets corresponds to an accumu-
lated integrated luminosity of 10 fb�1 (or one
to two months of running for most energies
at the anticipated luminosities) and an as-
sumed operations e�ciency of 50%. A min-
imum Q2 of 1GeV2 was imposed, as well
as W 2 > 10GeV2, a depolarization factor

28

dg

p
1(x,Q

2
)

d logQ

2
/ ��g(x,Q

2
)

The Spin and Flavor Structure of the
Nucleon
An intensive and worldwide experimental
program over the past two decades has shown
that the spin of quarks and antiquarks is only
responsible for ⇠ 30% of the proton spin.
Recent RHIC results indicate that the glu-
ons’ spin contribution in the currently ex-
plored kinematic region is non-zero, but not
yet su�cient to account for the missing 70%.
The partons’ total helicity contribution to
the proton spin is very sensitive to their min-
imum momentum fraction x accessible by
the experiments. With the unique capabil-
ity to reach two orders of magnitude lower in
x and to span a wider range of momentum
transfer Q than previously achieved, the EIC
would o↵er the most powerful tool to pre-
cisely quantify how the spin of gluons and
that of quarks of various flavors contribute
to the protons spin. The EIC would re-
alize 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.

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 stage of operation.
At the later stage, the kinematic range could
be further extended down to x ⇠ 0.0001 re-
ducing significantly the uncertainty on the
contributions from the unmeasured small-x
region. While the central values of the he-
licity contributions in Fig. 1.2 are derived
from existing data, they could change as new
data become available in the low- x region.
The uncertainties calculated here are based
on the state-of-the art theoretical treatment
of all available data related to the nucleon
spin puzzle. Clearly, the EIC will make
a huge impact on our knowledge of these
quantities, unmatched by any other existing
or anticipated facility. The reduced uncer-
tainties would definitively resolve the ques-
tion of whether parton spin preferences alone
can account for the overall proton spin, or
whether additional contributions are needed
from the orbital angular momentum of par-
tons in the nucleon.
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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 Q2 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.
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• Определение 3х-мерных партонных распределений 
требует наличие 2х масштабов: жесткого Q2 для 
локализации и мягкого (t, kT) для масштабов ~ фм. 

• Пример: жесткие эксклюзивные процессы, не 
разваливающие мишень, гибрид между упругим и 
инклюзивным рассеянием

Indeed, measurements at the EIC and
lattice calculations will have a high degree
of complementarity. For some quantities,
notably the x moments of unpolarized and
polarized quark distributions, a precise de-
termination will be possible both in experi-
ment and on the lattice. Using this to vali-
date the methods used in lattice calculations,
one will gain confidence in computing quan-
tities whose experimental determination is
very hard, such as generalized form factors.
Furthermore, one can gain insight into the
underlying dynamics by computing the same
quantities with values of the quark masses
that are not realized in nature, so as to reveal
the importance of these masses for specific
properties of the nucleon. On the other hand,
there are many aspects of hadron structure
beyond the reach of lattice computations, in
particular, the distribution and polarization
of quarks and gluons at small x, for which
collider measurements are our only source of
information.

y

xp

x
z

bΤ

Figure 2.1: Schematic view of a parton with
longitudinal momentum fraction x and trans-
verse position b

T

in the proton.

Both impact parameter distributions
f(x, b

T

) and transverse-momentum distri-
butions f(x,k

T

) describe proton structure
in three dimensions, or more accurately in
2+ 1 dimensions (two transverse dimensions
in either configuration or momentum space,
along with one longitudinal dimension in mo-

mentum space). Note that in a fast-moving
proton, the transverse variables play very dif-
ferent roles than the longitudinal momen-
tum.

It is important to realize that f(x, b
T

)
and f(x,k

T

) are not related to each other by
a Fourier transform (nevertheless it is com-
mon to denote both functions by the same
symbol f). Instead, f(x, b

T

) and f(x,k
T

)
give complementary information about par-
tons, and both types of quantities can be
thought of as descendants of Wigner distri-
butions W (x, b

T

,k
T

) [8], which are used ex-
tensively in other branches of physics [9].
Although there is no known way to mea-
sure Wigner distributions for quarks and
gluons, they provide a unifying theoretical
framework for the di↵erent aspects of hadron
structure we have discussed. Figure 2.2
shows the connection between these di↵erent
aspects and the experimental possibilities to
explore them.

All parton distributions depend on a
scale which specifies the resolution at which
partons are resolved, and which in a given
scattering process is provided by a large mo-
mentum transfer. For many processes in
e+p collisions, the relevant hard scale is Q2

(see the Sidebar on page 19). The evolution
equations that describe the scale dependence
of parton distributions provide an essential
tool, both for the validation of the theory
and for the extraction of parton distributions
from cross section data. They also allow one
to convert the distributions seen at high res-
olution to lower resolution scales, where con-
tact can be made with non-perturbative de-
scriptions of the proton.

An essential property of any particle is its
spin, and parton distributions can depend on
the polarization of both the parton and the
parent proton. The spin structure is particu-
larly rich for TMDs and GPDs because they
single out a direction in the transverse plane,
thus opening the way for studying correla-
tions between spin and k

T

or b

T

. Informa-
tion about transverse degrees of freedom is
essential to access orbital angular momen-
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“Big” questions to be answered, … 

! How to probe the spatial distribution of  quarks and gluons? 
Need observables with two different momentum scales: 

Q1 � Q2 ⇠ 1/R ⇠ ⇤QCD

# Hard scale:           localizes the probe to see the 
                                      particle nature of  quarks/gluons  

Q1

#  “Soft” scale:         could be more sensitive to the  
                                      information at “fermi” scale 

Q2

# Observables with TWO very different scales – QCD collinear factorization  

!  Two-scale observables with the hadron unbroken: 

+ + 

GPD 

+ … 

J/�, �, … 

DVCS: Q2 >> |t| DVEM: Q2 >> |t| EHMP: Q2 >> |t| 

t=(p1-p2)2 

# GPDs:  Fourier Transform of  t-dependence gives spatial bT-dependence 

Глубоко виртуальное 
комптоновское рассеяние Глубоко виртуальное рождение векторных мезонов

• Преобразование Фурье t-зависимости дает bT-зависимость.
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• Сечения выражаются через обобщенные партонные распределения 
(GPDs), описывющими томографию мишени. 

• GPDs важны для понимания “спинового кризиса”:

• GPDs содержат информацию о касательных силах на партоны в 
нуклоне/ядре и возможных ненуклонных степенях свободы в ядрах.

Jq =
1

2

Z
dx x[Hq(x, ⇠, t = 0) + Eq(x, ⇠, t = 0)] =

1

2
�q + Lq

parton imaging, the longitudinal momentum
of the parton before and after the scattering
is in fact not the same. The generalized par-
ton distributions that describe the nucleon
structure in these processes thus depend on
two momentum fractions, x+ ⇠ and x� ⇠ as
shown in the Sidebar on page 43. Whereas ⇠
can be directly measured via the longitudinal
momentum transferred to the proton, x is in-
tegrated over in the expression of the scatter-
ing amplitude. However, one finds that the
typical values of x in this integral are of order
⇠. In the first instance, exclusive measure-
ments thus yield integrals over GPDs that
can be turned into the distribution of par-
tons with a transverse position b

T

in the pro-

ton and with momentum fractions smeared
around ⇠.

Information about the separate depen-
dence on x and ⇠ is contained in the de-
pendence of GPDs on the resolution scale
Q2, given that a change in resolution scale
changes their x dependence in a calculable
way while leaving ⇠ and �

T

untouched. To
reconstruct the x dependence of GPDs by
measuring the Q2 dependence of exclusive
processes at given ⇠ is challenging because
the relevant variation in Q2 is only logarith-
mic. To be successful, such a program re-
quires precise data in as wide a range of Q2

and ⇠ as possible.

Orbital Motion and Angular Momen-
tum Exclusive processes with polarized
beams open up unique possibilities to study
spin-orbit correlations of quarks and gluons
in the nucleon. A correlation of particular

interest is the shift in the transverse distri-
bution of partons induced by transverse po-
larization S

T

of the proton, which has the
form [84]

f*(x, b
T

) = f(x, b2
T

) +
(S

T

⇥ b

T

)z

M

@

@b2
T

e(x, b2
T

) , (2.15)

where M is the proton mass. The distri-
butions f(x, b2

T

) and e(x, b2
T

), which give
the impact parameter distribution of unpo-
larized partons and its polarization induced
shift, are respectively obtained by a two-
dimensional Fourier transform from the gen-
eralized parton distributions H(x, ⇠, t) and
E(x, ⇠, t) at ⇠ = 0 (see the Sidebar on
page 43). This shift is the position space ana-
log of the Sivers e↵ect discussed in Sec. 2.3,
where transverse proton polarization induces
an anisotropy in the transverse momentum
of a parton. The shifts in transverse posi-
tion and in transverse momentum give inde-
pendent information about spin-orbit corre-
lations at the parton level.

A dynamical connection between the two
phenomena, called chromodynamic lensing,
has been formulated in [86]. As explained
in Sec. 2.3, the Sivers e↵ect arises from
the interaction of the scattered parton with

the proton remnant. The shift in the spa-
tial distribution of the parton described by
Eq. (2.15) goes along with a shift in the spa-
tial distribution of the remnant, which leads
to an anisotropy in the transverse momen-
tum of the scattered parton. This connec-
tion is explicitly seen in simple model calcu-
lations where the proton is represented as a
bound state of a quark and a diquark, with
their interaction via gluon exchange being
treated in perturbation theory [79, 87]. At
the EIC, it will be possible to measure both
the Sivers e↵ect and the GPDs H and E that
enter in Eq. (2.15). The comparison of their
size, sign and x dependence will yield infor-
mation about the non-perturbative interac-
tions between active and spectator partons
in the nucleon.

The spin-orbit correlation described by
Eq. (2.15) is intimately connected with the
orbital angular momentum carried by par-
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EIC pseudo data
20 GeV on 250 GeV

∫Ldt = 100 fb-1

0 1 2 3 4 5 6

0.5

0.0

0.5

φ (rad) φ (rad)
0 1 2 3 4 5 6

0.5

0.0

0.5

A
U

T
si

n
(φ

−
φ
s)

A
U

T
si

n
(φ

−
φ
s)

Q2 = 4.4 GeV2

xB = 8.2 10-4

t = -0.25 GeV2

Q2 = 13.9 GeV2

xB = 8.2 10-4

t = -0.25 GeV2

κ = +1.5
κ = 0
κ = -1.5

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
0.0

0.5

1.0

1.5

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
0.0

0.5

1.0

1.5

by (fm) by (fm)

xq
se

a
(x

,b→

,Q
2
) 

(f
m

-2
)

xq
⇑

se
a
(x

,b→

,Q
2
) 

(f
m

-2
)x = 10-3

bx = 0 fm

Q2
= 4 GeV2

x = 10-3

bx = 0 fm

Q2
= 4 GeV2

-1.5 -1 -0.5 0 0.5 1 1.5

-1.5

-1

-0.5

0

0.5

1

1.5

-1.5 -1 -0.5 0 0.5 1 1.5

[0.0, 0.01]

[0.0, 0.02]

[0.0, 0.05]

[0.0, 0.10]

[0.1, 0.20]

[0.2, 0.30]

[0.3, 0.40]

[0.4, 0.50]

[0.5, 0.60]

[0.6, 0.70]

[0.7, 0.80]

[0.8, 0.90]

[0.9, 0.94]

[0.9, 0.97]

[0.9, 0.99]

[0.9, 1.00]

b
y 

(f
m

)

bx (fm) bx (fm)

q⇑(x=10-3,b
→

,Q2 = 4 GeV2)q(x=10-3,b
→

,Q2 = 4 GeV2)

Figure 2.23: Top: The DVCS polarization asymmetry A sin(���S)
UT

for a transversely polarized
proton (see [115] for a precise definition). Middle: The spatial distribution of sea quarks in an
unpolarized proton (left) and in a proton polarized along the positive x axis (right) obtained
from a GPD fit to simulated data for d�DVCS/dt and A sin(���S)

UT

. The bands represent the
parametric errors of the fit and the uncertainty from extrapolating the t spectrum outside the
measured region. Bottom: The corresponding density of partons in the transverse plane.

55

• В случае поперечно-
поляризованной мишени                          
деформация bT-зависимости 
GPDs зависит от                                        
спин-орбитальных 
корреляций (как для Сиверса):  
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• Преобразование Фурье параметризации GPDs, описывающей данные 
HERA по 𝛾*p→𝛾p и 𝛾*p→Vp и псевдоданные ЭИК → радиус партонных 
распределений

dipole form to ⇠ 40%. To reach the 10% accuracy level, one must increase �t2 ⇠ 8GeV2,

which requires a big Q2 value to ensure the validity of DVCS kinematics. Fortunately, the

error, e.g., for 0.1 fm  b, gets already on the 10% level for �t2 ⇠ 3.5GeV2. Under these

circumstances, one may rely on extrapolation techniques, e.g., based on conformal mapping

or Padé approximation, to minimize the uncertainty. Note also that the uncertainty of

extrapolation into the {�t2,1] region may be also associated with a relative uncertainty

that grows fast with increasing b. In the following the uncertainty is calculated according to

(5.17) and estimate numerically by assuming two alternative hypotheses, namely, that the

t-dependence falls o↵ exponentially or with 1/t2, where for a given b value always the larger

uncertainty is taken. For simplicity we will neglect the uncertainty from the extrapolation

(interpolation) into the region {�t1, 0], which is entirely justified for b  1 fm and as it

would be hardly visible in the visualization of the parton densities for b  1.5 fm. Finally,

the uncertainty from the extrapolation into the large �t region was added in quadrature

to the one propagated from the (pseudo) data.
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Figure 17. Parton densities at x = 0.001 and Q2 = 4GeV2 versus impact parameter b were

obtained from a combined least-squares fit to the HERA collider and EIC pseudo data: relative

densities (lower row) and their values at b
x

= 0 for the unpolarized sea quark parton densities of

a unpolarized proton (left), a transversely polarized proton (middle), and the unpolarized gluon

parton density of a unpolarized proton (right), its value is rescaled by a factor 0.19.

In the left and right columns on Fig. 17 the sea quark and gluon parton densities (5.10)

at x = 10�3 and Q2 = 4GeV2 are shown as a relative density plot versus b
y

and b
x

(lower

panels) and for b
x

= 0 as function of b
y

(upper panels). Note, the gluon density is rescaled

– 51 –
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• Ядерное глюонное распределение gA(x,µ2) - плотность глюонов в ядре, 
необходимый элемент феноменологии жестких процессов с ядрами при 
высоких энергиях (РИК, БАК).

RA
uV

(x,Q2
0) = RA

dV
(x,Q2

0) was made as only one type of data sensitive to the large-x valence quarks
was included in these fits. Indeed, at large x, one can approximate

dσℓ+A
DIS ∝

!
4

9

"

uAV +

!
1

9

"

dAV ∝ upV

#

RA
uV

+RA
dV

dpV
upV

Z + 4N

N + 4Z

$

≈ upV

#

RA
uV

+
1

2
RA

dV

$

, (4)

which underscores the fact that these data can constrain only a certain linear combination of RA
uV

and RA
dV

. Despite the lack of other type of data sensitive to the valence quarks, the assumption

RA
uV

(x,Q2
0) = RA

dV
(x,Q2

0) was released in a recent nCTEQ work leading to mutually wildly different

RA
uV

and RA
dV

(see Fig.1 in Ref.[18]). Other type of data sensitive to the valence quarks would
obviously be required to pin down them separately in a more realistic manner. Despite the fact
that some neutrino data (also sensitive to the valence quarks) was included in the dssz fit, the
authors did not investigate the possible difference between RA

uV
and RA

dV
in the paper.

In the case of RA
u , which here generally represents the sea quark modification, all parametriza-

tions are in a fair agreement in the data-constrained region. This is also true if the nCTEQ results
are considered (Fig.1 in Ref.[18]). Above the parametrization scale Q2 > Q2

0, the sea quark modi-
fications are also significantly affected, especially at large x (x ! 0.2), by the corresponding gluon
modification RA

g via the DGLAP evolution.
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Figure 3: Comparison of the gluon nuclear modification factors for the lead nucleus at Q2 = 10GeV2 (left), and the
nuclear modification for inclusive pion production in d+Au collisions at midrapidity.

The largest differences among eps09, hkn07, and dssz are in the nuclear effects for the gluon
PDFs, shown in Fig. 3. The origins of the large differences are more or less known: The DIS and
Drell-Yan data are mainly sensitive to the quarks, and thus leave RA

g quite unconstrained. To
improve on this, eps09 and dssz make use of the nuclear modification observed in the inclusive
pion production at RHIC [26, 27]. An example of these data are shown in Fig. 3. Although the
pion data included in eps09 and dssz are not exactly the same, it may still look surprising how
different the resulting RA

g are. The reason lies (as noted also e.g. in [28]) in the use of different

parton-to-pion fragmentation functions (FFs) Dk→π+X(z,Q2) in the calculation of the inclusive
pion production cross sections

dσd+Au→π+X =
%

i,j,k

fd
i ⊗ dσ̂ij→k ⊗ fAu

j ⊗Dk→π+X . (5)

4

• gA(x,µ2) известно с большой 
неопределенностью из данных 
(DIS на фикс. мишенях, dA@РИК, 
pA@БАК) из-за: 
- ограниченной энергии 
- непрямому определению их 
нарушения скейлинга 
F2A(x,Q2) 

Rg(x,Q
2) =

gA(x,Q2)

Agp(x,Q2)
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• Высокая и варьируемая энергия ЭИК позволит измерить ядерные 
структурные функции F2A(x,Q2) и FLA(x,Q2) в широкой области x, Q2 - 
“измерение первого дня” 

• Продольная FLA(x,Q2) напрямую мерит gA(x,µ2).
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Figure 3.21: The ratio of nuclear over nucleon F
2

structure function, R
2

, as a function of
Bjorken x, with data from existing fixed target DIS experiments at Q2 > 1 GeV2, along with
the QCD global fit from EPS09 [153]. Also shown are the respective coverage and resolution
of the same measurements at the EIC at Stage-I and Stage-II. The purple error band is the
expected systematic uncertainty at the EIC assuming a ±2% (a total of 4%) systematic error,
while the statistical uncertainty is expected to be much smaller.

suppressed by the small perturbative probing
size, they can be enhanced by the number of
nucleons at the same impact parameter in a
nucleus and large number of soft gluons in
nucleons. Coherent multiple scattering nat-
urally leads to the observed phenomena of
nuclear shadowing: more suppression when
x decreases, Q decreases, and A increases.
But, none of these dependences could have
been predicted by the very successful lead-
ing power DGLAP-based QCD formulation.

When the gluon density is so large at
small-x and the coherent multi-parton inter-
actions are so strong that their contributions
are equally important as that from single-
parton scattering, measurements of the DIS
cross-section could probe the new QCD phe-
nomenon - the saturation of gluons discussed
in the last section. In this new regime, which
is referred to as a Color Glass Condensate
(CGC) [137, 134], the standard fixed order
perturbative QCD approach to the coherent

multiple scattering would be completely in-
e↵ective. The resummation of all powers of
coherent multi-parton interactions or new ef-
fective field theory approaches are needed.
The RHIC data [171, 172] on the correla-
tion in deuteron-gold collisions indicate that
the saturation phenomena might take place
at x . 0.001 [171, 172]. Therefore, the re-
gion of 0.001 < x < 0.1, at a su�ciently
large probing scale Q, could be the most
interesting place to see the transition of a
large nucleus from a diluted partonic sys-
tem — whose response to the resolution of
the hard probe (the Q2-dependence) follows
linear DGLAP evolution — to matter com-
posed of condensed and saturated gluons.

This very important transition region
with Bjorken x 2 (0.001, 0.1) could be best
explored by the EIC, as shown in Fig. 3.21.
At stage-I, the EIC will not only explore this
transition region, but will also have a wide
overlap with regions that have been and will
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5.1.6. Predictions for nuclear PDFs
We present the results of our calculations of nuclear PDFs in terms of the following ratios:

Rj = fj/A(x,Q 2)

Afj/N(x,Q 2)
,

RF2 = F2A(x,Q 2)

AF2N(x,Q 2)
, (121)

where Afj/N ⌘ Zfj/p +Nfj/n; AF2N ⌘ ZF2p +NF2n; the subscripts p and n refer to the proton and neutron, respectively. For the
PDFs and structure functions of the neutron, we used the charge symmetry, e.g., fu/n(x,Q 2) = fd/p(x,Q 2).

Figs. 31–34 present our predictions for Rj and RF2 for the nuclei of 40Ca and 208Pb.
In Figs. 31 and 32, we compare predictions made using the two models for the effective cross section �

j
soft that we

discussed in Section 5.1.2. The curves labeled ‘‘FGS10_H’’ correspond to the calculation with �
j(H)
soft (x,Q 2

0 ) given by Eq. (106);
the curves labeled ‘‘FGS10_L’’ correspond to the calculation with �

j(L)
soft (x,Q

2
0 ) of Eq. (115). (The effective cross sections

�
j(H)
soft (x,Q 2

0 ) and �
j(L)
soft (x,Q

2
0 ) are compared in Fig. 29.) The curves in Fig. 31 correspond to the input scale Q 2

0 = 4 GeV2;
the curves in Fig. 32 correspond to Q 2 = 100 GeV2. The four upper panels are for 40Ca; the four lower panels are for 208Pb.
One can see from Fig. 31 that the difference in the predictions of nuclear shadowing in the two models is not large (it is
smaller that the uncertainty associated with the diffractive slope Bdiff). Moreover, as one can see from Fig. 32, the difference
between the two models decreases with increasing Q 2.

In Figs. 33 and 34,Rj andRF2 are given as functions of Bjorken x forQ 2 = 4GeV2 (input) andQ 2 = 10, 100 and 10,000GeV2

(after the QCD evolution). For the Rj ratio, the predictions are given for the ū and c quarks and gluons. For RF2 , next-to-leading
(NLO) nuclear and nucleon structure functions are used.

Several features of our predictions need to be pointed out. First, at the input scale, Q 2
0 = 4 GeV2, and also after the

evolution to not very large Q 2, nuclear shadowing in the gluon channel is larger than in the quark channel. This is a natural
consequence of the fact that the gluon diffractive PDF is much larger than the quark ones, see Fig. 19. As one increases Q 2,
nuclear shadowing in the gluon channel decreases faster than in the quark channel and rapidly becomes compatible to that
in the quark channel. This is the effect of antishadowing for the gluon nPDF, which feeds into the QCD evolution equations
and reduces nuclear shadowing in the gluon channel for Q 2 > Q 2

0 .
Second, the Q 2 evolution of Rj and RF2 is slow. This is a manifestation of the leading twist nature of nuclear shadowing in

our approach.
Third, nuclear shadowing is larger for heavier nuclei.
Figs. 33 and 34 give just several examples of our predictions for nuclear PDFs and nuclear structure functions. The

complete set of predictions, which involve the nuclei of 12C, 40Ca, 110Pd, 197Au and 208Pb and cover the wide kinematics
range of 10�5  x  0.95 and 4  Q 2  10, 000 GeV2, can be found at http://www.jlab.org/~vguzey. In addition, these
predictions and the predictions of all groups performing global fits to nuclear PDFs can be conveniently and easily obtained
using the online generator of nuclear PDFs at http://lapth.in2p3.fr/npdfgenerator.

5.2. Nuclear shadowing in the longitudinal structure function FA
L (x,Q 2)

The longitudinal structure function FL(x,Q 2) is sensitive to the gluon distribution at small x. To the leading order in the
strong coupling constant ↵s, it reads [58]:

FL(x,Q 2) = 2↵s(Q 2)

⇡

Z 1

x

dy
y

✓
x
y

◆2 nfX

q
e2q

"✓
1 � x

y

◆
yg(y,Q 2) + 2

3
�
q(x,Q 2) + q̄(x,Q 2)

�
#

, (122)

where the sum runs over quark flavors; nf is the number of active flavors at given Q 2.
Fig. 35 presents our predictions for the ratio of the nuclear to nucleon longitudinal structure functions,

FA
L (x,Q 2)/[AFN

L (x,Q 2)], as a function of Bjorken x at different values of Q 2. The upper row of panels corresponds to 40Ca; the
lower row is for 208Pb. The two sets of curves correspond to models FGS10_H and FGS10_L. As one can see from the figure,
the amount of nuclear shadowing for FA

L (x,Q 2) is compatible with that of the nuclear gluon PDF, see Figs. 33 and 34.
As we explained in the Introduction, the measurement of the longitudinal structure function in inclusive DIS with nuclei

presents a new and promising opportunity to determine the nuclear gluon parton distribution.
Large nuclear shadowing effects in the nuclear longitudinal structure function, which are similar in magnitude to the

large nuclear shadowing in the nuclear gluon distribution, were also predicted in the approach based on nPDFs extracted
from the global QCD fits to the available data for x � 10�2 and various guesses about the behavior of nPDFs at smaller
x [173].

Deep Inelastic Scattering: Structure Functions

The cross-sections for neutral-current deep inelastic scattering (e + N �! e0 + X) on
unpolarized nucleons and nuclei can be written in the one photon exchange approximation
(neglecting electroweak e↵ects) in terms of two structure functions F

2

and F
L

:

d2�

dx dQ2

=
4⇡↵2

xQ4

✓
1� y +

y2

2

◆
F
2

(x,Q2)� y2

2
F
L

(x,Q2)

�
. (2.1)

For practical purposes, often the reduced cross-section, �
r

, is used:

�
r

=

✓
d2�

dx dQ2

◆
xQ4

2⇡↵2[1 + (1� y)2]
= F

2

(x,Q2)� y2

1 + (1� y)2
F
L

(x,Q2) . (2.2)

For longitudinally polarized proton and electron beams, the neutral current cross-section
for deep inelastic scattering can be written in terms of one structure function g

1

:

1

2


d2�

! 

dx dQ2

� d2�
!!

dx dQ2

�
' 4⇡ ↵2

Q4

y (2� y) g
1

(x,Q2) , (2.3)

where the superscript arrows represent electron and proton longitudinal spin directions and
the terms suppressed by x2M2/Q2 have been neglected.

Experimentally F
2

, F
L

and g
1

can be measured in inclusive scattering, i.e., the final
hadronic state, X, does not need to be analyzed. The relevant kinematic variables x, Q2,
and y, can be reconstructed from the measured scattered lepton alone.

F
2

, F
L

and g
1

are proportional to the cross-section for the hadronic subprocess �⇤+p !
X, which gets contributions from the di↵erent polarization states of the virtual photon.
F
2

corresponds to the sum over transverse and longitudinal polarizations and the structure
function F

L

to longitudinal polarization of the virtual photon (i.e., helicity =0). The g
1

structure function is sensitive to the transverse polarization of the virtual photon (i.e.,
helicity =±1).

Equation 2.2 shows that the longitudinal structure function F
L

starts to contribute
to the cross-section at larger values of y but is negligible at very small values of y. To
separate the structure functions F

L

and F
2

for a given x and Q2, one needs to measure the
cross-section for di↵erent values of y and hence di↵erent e+p collision energies.

At large Q2 and to leading order (LO) in the strong coupling ↵
s

, the structure functions
F
2

and g
1

are respectively sensitive to the sum over unpolarized and longitudinally polarized
quark and anti-quark distributions in the nucleon,

F
2

(x,Q2) = x
X

e2
q

⇥
q(x,Q2) + q̄(x,Q2)

⇤
, (2.4)

g
1

(x,Q2) =
1

2

X
e2
q

⇥
�q(x,Q2) +�q̄(x,Q2)

⇤
, (2.5)

where e
q

denotes a quark’s electric charge.
At large Q2, one has F

L

= 0 at LO, i.e., this structure function receives its first con-
tributions at order ↵

s

. It is thus particularly sensitive to gluons, especially at low x where
the gluon densitiy is much larger than the densities for quarks and anti-quarks.

Figure 2.4 (Left) shows the world data of the reduced cross-section, �
r

/ F
2

, as a
function of Q2 for a wide range of fixed values of x for scattering on a proton. The apparent
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Ядерные глюонные распределения из 
фоторождения J/𝜓 на ядрах на БАК  

19

• До начала работы ЭИК, новые ограничения на gA(x,µ2) при малых х 
можно получить из анализа данных по когерентному фоторождению J/𝜓 
на ядрах в Pb-Pb УПС, Гузей, Жалов, Крышень, Стрикман, 2012-2017  
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• Сечение пропорционально глюонной плотности мишени в квадрате. 
Отношение сечений на ядре и нуклоне, масштабированному фактором 
ядерной когерентности (как RAA): 
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Ключевые эксперименты: насыщение 
ядерной глюонной плотности

20

• При увеличении энергии (уменьшении х) 
глюонная плотность растет за счет излучения 
(DGLAP, BFKL): 

What causes the low-x rise? 
    gluon radiation   
    – non-linear gluon interaction 
 
What tames the low-x rise? 
   gluon recombination  
    – non-linear gluon interaction 

“Big” questions to be answered, … 

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 
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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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!  Particle vs. wave feature: 
Key Topic in eA: Gluon Saturation (I)

6

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

strong interaction time 
scales  

‣ Long lived gluons can 
radiate further small x 
gluons! 

‣ Explosion of gluon density 
! violates unitarity
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pQCD  
evolution  
equation

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

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

Leading to a collective gluonic system? 
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• Возникает динамическая шкала насыщения Qs из оценки ρ×σgg→g ~1   

Saturation scale

• Ядерное усиление Qs - ключевое для ЭИК!   
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Figure 3.3: Proton parton distribution functions plotted as functions of Bjorken x. Note that
the gluon and sea quark distributions are scaled down by a factor of 20. Clearly gluons dominate
at small-x.

the figure. One can also observe that the
gluon distribution dominates over those of
the valence and “sea” quarks at a moderate
x below x = 0.1. Remembering that low-
x means high energy, we conclude that the
part of the proton wave-function responsible
for the interactions in high energy scattering
consists mainly of gluons.

The small-x proton wave-function is
dominated by gluons, which are likely to
populate the transverse area of the proton,
creating a high density of gluons. This is
shown in Fig. 3.4, which illustrates how at
lower x (right panel), the partons (mainly
gluons) are much more numerous inside the
proton than at larger-x (left panel), in agree-
ment with Fig. 3.3. This dense small-x wave-
function of an ultra-relativistic proton or nu-
cleus is referred to as the Color Glass Con-
densate (CGC) [122].

To understand the onset of the dense
regime, one usually employs QCD evolution

equations. The main principle is as follows:
While the current state of the QCD theory
does not allow for a first-principles calcula-

tion of the quark and gluon distributions, the
evolution equations, loosely-speaking, allow
one to determine these distributions at some
values of (x,Q2) if they are initially known at
some other (x

0

, Q2

0

). The most widely used
evolution equation is the Dokshitzer-Gribov-
Lipatov-Altarelli-Parisi (DGLAP) equation
[11, 12, 10]. If the PDFs are specified at some
initial virtuality Q2

0

, the DGLAP equation
allows one to find the parton distributions at
Q2 > Q2

0

at all x where DGLAP evolution
is applicable. The evolution equation that
allows one to construct the parton distribu-
tions at low-x, given the value of it at some
x
0

> x and all Q2, is the Balitsky-Fadin-
Kuraev-Lipatov (BFKL) evolution equation
[123, 124]. This is a linear evolution equa-
tion, which is illustrated by the first term on
the right hand side of Fig. 3.5. The wave-
function of a high-energy proton or nucleus
containing many small-x partons is shown on
the left of Fig. 3.5. As we make one step of
evolution by boosting the nucleus/proton to
higher energy in order to probe its smaller-x
wave function, either one of the partons can
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Ключевые эксперименты: насыщение 
ядерной глюонной плотности (2)
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• Режим насыщения теоретически предсказан в рамках эффективной 
теории конденсата цветового стекла (Color Glass Condensate) 

• Экспериментальное обнаружение - под вопросом/неоднозначно  
• На ЭИК предлагается исследовать насыщение в инклюзивном, 
дифракционном и эксклюзивном DIS.  

probes matter coherently over a character-
istic length proportional to 1/x, which can
exceed the diameter of a Lorentz-contracted
nucleus. Then, all gluons at the same im-
pact parameter of the nucleus, enhanced by
the nuclear diameter proportional to A1/3

with the atomic weight A, contribute to the

probed density, reaching saturation at far
lower energies than would be needed in elec-
tron+proton collisions. While HERA, RHIC
and the LHC have only found hints of sat-
urated gluonic matter, the EIC would be in
a position to seal the case, completing the
process started at those facilities.
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Figure 1.6: Left: The ratio of di↵ractive over total cross-section for DIS on gold normalized
to DIS on proton plotted for di↵erent values of M2

X

, the mass squared of hadrons produced in
the collisions for models assuming saturation and non-saturation. The grey bars are projected
systematic uncertainties. Right: The ratio of the coherent di↵ractive cross-section in e+Au
to e+p collisions normalized by A4/3 and plotted as a function of Q2 for both saturation and
non-saturation models. The 1/Q is e↵ectively the initial size of the quark-antiquark systems (�
and J/ ) produced in the medium.

Figure 1.6 illustrates some of the dra-
matic predicted e↵ects of gluon density
saturation in electron+nucleus vs. elec-
tron+proton collisions at an EIC. The left
frame considers coherent di↵ractive pro-
cesses, defined to include all events in which
the beam nucleus remains intact and there is
a rapidity gap containing no produced par-
ticles. As shown in the figure, gluon satura-
tion greatly enhances the fraction of the total
cross-section accounted for by such di↵rac-
tive events. An early measurement of co-
herent di↵raction in e + A collisions at the
EIC would provide the first unambiguous ev-

idence for gluon saturation.
Figure 1.6 (Right) shows that gluon satu-

ration is predicted to suppress vector meson
production in e + A relative to e + p colli-
sions at the EIC. The vector mesons result
from quark-antiquark pair fluctuations of the
virtual photon, which hadronize upon the ex-
change of gluons with the beam proton or nu-
cleus. The magnitude of the suppression de-
pends on the size (or color dipole moment) of
the quark-antiquark pair, being significantly
larger for produced � (red points) than for
J/ (blue) mesons. An EIC measurement of
the processes in Fig. 1.6 (Right) will provide

8

Di↵ractive Scattering

Di↵ractive scattering has made a spectacular comeback with the observation of an unex-
pectedly large cross-section for di↵ractive events at the HERA e+p collider. At HERA,
hard di↵ractive events, e(k) +N(p) ! e0(k0) +N(p0) +X, were observed where the proton
remained intact and the highly virtual photon fragmented into a final state X that was sep-
arated from the scattered proton by a large rapidity gap without any particles. These events
are indicative of a color neutral exchange in the t-channel between the virtual photon and
the proton over several units in rapidity. This color singlet exchange has historically been
called the pomeron, which had a specific interpretation in Regge theory. An illustration of
a hard di↵ractive event is shown in Fig. 3.2.

k

k'

p'
p

q

gap

Mx

Figure 3.2: Kinematic quantities for the de-
scription of a di↵ractive event.

The kinematic variables are similar to
those for DIS with the following additions:

t = (p� p0)2 is the square of the momentum
transfer at the hadronic vertex. The
variable t here is identical to the one
used in exclusive processes and gen-
eralised parton distributions (see the
Sidebar on page 43).

M

2
X = (p� p0 + k � k0)2 is the squared

mass of the di↵ractive final state.

⌘ = � ln(tan(✓/2)) is the pseudorapidity of
a particle whose momentum has a rel-
ative angle ✓ to the proton beam axis.
For ultra-relativistic particles the pseu-
dorapidity is equal to the rapidity, ⌘ ⇠
y = 1/2 ln((E + p

L

)/(E + p
L

)).

At HERA, gaps of several units in rapidity have been observed. One finds that roughly
15% of the deep inelastic cross-section corresponds to hard di↵ractive events with invariant
masses M

X

> 3GeV. The remarkable nature of this result is transparent in the proton
rest frame: a 50TeV electron slams into the proton and ⇡ 15% of the time, the proton is
una↵ected, even though the virtual photon imparts a high momentum transfer on a quark
or antiquark in the target. A crucial question in di↵raction is the nature of the color neutral
exchange between the proton and the virtual photon. This interaction probes, in a novel
fashion, the nature of confining interactions within hadrons.

The cross-section can be formulated analogously to inclusive DIS by defining the di↵rac-
tive structure functions FD

2

and FD

L

as

d4�

dx
B

dQ2 dM2

X

dt
=

4⇡↵2

Q6

✓
1� y +

y2

2

◆
FD,4

2

(x,Q2,M2

X

, t)� y2

2
FD,4

L

(x,Q2,M2

X

, t)

�
.

In practice, detector specifics may limit the measurements of di↵ractive events to those
where the outgoing proton (nucleus) is not tagged, requiring instead a large rapidity gap
�⌘ in the detector. t can then only be measured for particular final states X, e.g. for J/ 
mesons, whose momentum can be reconstructed very precisely.
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Figure 1.8: Top: The schematic of eRHIC at BNL, which would require construction of an
electron beam facility (red) to collide with the RHIC blue beam at up to three interaction points.
Botton: The schematic of ELIC at JLab, which would require construction of the ELIC complex
(red, black/grey) and its injector (green on the top) around the 12 GeV CEBAF.
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• На базе РИК: добавить energy-recovering linac (Linar-Ring) или Ring-Ring, 
разработать coherent electron cooling, конверсия существующих 
детекторов  
• Упор на максимально высокую инвариантную энергию, светимость ~1033 
см-2с-1
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• На базе JLab: добавить ионный комплекс, детекторы.  Дороже, чем 
eRHIC, но технологии менее рискованные.   

• Упор на высокую светимость  > 1034 см-2с-1, энергия в среднем меньше, 
чем на eRHIC.  

3-10	GeV	

8-100	GeV	

8	GeV	

2015 
arXiv:1504.07961 

energy	range:	
e-:	 	3-10	GeV	
p	:	 	20-100	GeV	
√s: 	up	to	65	GeV	
	
Range	to		to	√s=100	GeV	
and	√s=140	GeV	possible	

1	

January	2017	Update:		documentation	coming	soon	
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¡  5-10	GeV	electron	ring	
(upgradable	to	20-30	GeV)	

¡  50-250	GeV	proton/ion	

NSAC	long	range	plan	(2015)	

¡  3-10	GeV	electron	ring	
10-100	GeV	proton/ion	

BNL	design	 JLab		design	

		Q
2 = x. y.s

Various	CM	energies	possible.	
Example:	10	GeV	e	on	100	GeV	p	-	CM	
energy	of	~60		GeV		

Упор на максимально 
высокую энергию.

Упор на максимально 
высокую светимость.
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Notional schedule for RHIC and eRHIC

✦ Low Energy RHIC electron Cooling installation in 2018 for RHIC Beam Energy Scan II 
✦ sPHENIX construction complete in 2021 
✦ Low risk design (pCDR) complete by 2018 
✦ High priority eRHIC R&D items complete by 2019 
✦ eRHIC: Mission need (CD-0 in 2018?), alternative selection (CD-1 in 2019?), project 

baseline (CD-2 in 2020?), construction start (CD-3 in 2022?), installation (2024 – 
2026?) and start of operation (CD-4 in 2027?)

21
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   Activity Name                                                               2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 

12 GeV Operations 
12 GeV Upgrade 

FRIB 

EIC Physics Case 

NSAC LRP 

NAS	Study	

CD0 

EIC Design,  R&D 
Pre-CDR, CDR 
 CD1(Down-select) 

CD2/CD3 

EIC Construction 

CD0	=	DOE	“Mission	Need”	statement;			CD1	=	design	choice	and	site	selection		
CD2/CD3	=	establish	project	baseline	cost	and	schedule	

pre-project	 on-project	

Pre-CDR	 CDR	

10	

   Activity Name                                                               2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 

12 GeV Operations 
12 GeV Upgrade 

FRIB 

EIC Physics Case 

NSAC LRP 
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CD0 

EIC Design,  R&D 
Pre-CDR, CDR 
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CD2/CD3 

EIC Construction 

CD0	=	DOE	“Mission	Need”	statement;			CD1	=	design	choice	and	site	selection		
CD2/CD3	=	establish	project	baseline	cost	and	schedule	

pre-project	 on-project	

Pre-CDR	 CDR	

10	
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Electron Ion Collider:
The Next QCD Frontier

Understanding the glue
that binds us all
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• 2007 NSAC Long Range Plan: рекомендация RHIC и 
JLab разработать концептуальный дизайн ускорителя, 
детектора на основе физической программы   

• 2010: 10-недельная программа в INT, Seattle “Gluons 
and quark see at high energies”, arXiv:1108.1713 

• 2013: EIC White Paper, arXiv:1212.1701, EPJ A52 (2016) 268  

• 2015 NSAC Long Range Plan:

EIC Timeline and Status
• NSAC Long Range Plan 2007
 - Recommendation: $6M/year for 5 years for
   machine and detector R&D

• Goals for Next Long Range Plan 2012
  - high-level recommendation for construction 

• EIC Roadmap
  - finalize detector requirements from physics    2008
  - conceptual detector designs                             2010
  - EIC design decision                                         2011

The 2015  
LONG RANGE PLAN  

for NUCLEAR SCIENCE

 REACHING FOR THE HORIZON

The Site of the Wright Brothers’ First Airplane Flight

“Мы рекомендуем строительство поляризованного 
ЭИК при высокой энергии и светимости как новую 
установку самого высокого приоритета после 
строительства FRIB.”

• 2017: обзор проекта ЭИК национальной академией 
наук США.   



ЭИК: организация  
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•  Рабочая группа в BNL, постоянные позиции в BNL и RIKEN@BNL, 
https://wiki.bnl.gov/eic/ 

• Рабочая группа в JLab, ЭИК позиции, https://eic.jlab.org/wiki/index.php/
Main_Page 

• 2016: Международная группа пользователей ЭИК (Electron-Ion Collider 
User Group): 600 ученых из 100 институтов, http://www.eicug.org/web/ 

• Ежегодная конференция POETIC (Physics Opportunities at an Electron-Ion 
Collider). Последняя из серии в 2016 г.  в Филадельфии. https://
phys.cst.temple.edu/poetic-cteq-2016/
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l Поляризованный ЭИК, обладающий большой энергией столкновений и 
светимостью, рассматривается как ключевая установка для изучения 
фундаментальных вопросов КХД. 

l Основу физической программы ЭИК составляет попытка понять 
микроскопическую природу видимой материи на языке кварков и 
глюонов.  

l В частности, планируется изучать спиновую и трехмерную структуру 
протона, влияние ядерной среды на распределения партонов и 
распостранение цветных зарядов (адронизация), а также режим 
сверхплотной глюонной материи. 
  

Заключение


