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Abstract

This White Paper presents the science case of an Electron-Ion Collider (EIC), focused on
the structure and interactions of gluon-dominated matter, with the intent to articulate
it to the broader nuclear science community. It was commissioned by the managements
of Brookhaven National Laboratory (BNL) and Thomas Jefferson National Accelerator
Facility (JLab) with the objective of presenting a summary of scientific opportunities and
goals of the EIC as a follow-up to the 2007 NSAC Long Range plan. This document is a
culmination of a community-wide effort in nuclear science following a series of workshops on
EIC physics and, in particular, the focused ten-week program on ”Gluons and quark sea at
high energies” at the Institute for Nuclear Theory in Fall 2010. It contains a brief description
of a few golden physics measurements along with accelerator and detector concepts required
to achieve them, and it benefited from inputs from the users’ communities of BNL and
JLab. This White Paper offers the promise to propel the QCD science program in the U.S.,
established with the CEBAF accelerator at JLab and the RHIC collider at BNL, to the
next QCD frontier.
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Chapter 1

Executive Summary: Exploring the
Glue that Binds Us All

1.1 Introduction

Nuclear science is concerned with the ori-
gin and structure of the core of the atom, the
nucleus and the nucleons (protons and neu-
trons) within it, which account for essentially
all of the mass of the visible universe. Half a
century of investigations have revealed that
nucleons are themselves composed of more
basic constituents called quarks, bound to-
gether by the exchange of gluons, and have
led to the development of the fundamental
theory of strong interactions known as Quan-
tum Chromo-Dynamics (QCD). Understand-
ing these constituent interactions and the
emergence of nucleons and nuclei from the
properties and dynamics of quarks and glu-
ons in QCD is a fundamental and compelling
goal of nuclear science.

QCD attributes the forces among quarks
and gluons to their “color charge”. In
contrast to the quantum electromagnetism,
where the force carrying photons are electri-
cally neutral, gluons carry color charge. This
causes the gluons to interact with each other,
generating a significant fraction of the nu-
cleon mass and leading to a little-explored
regime of matter, where abundant gluons
dominate its behavior. Hints of this regime
become manifest when nucleons or nuclei col-
lide at nearly the speed of light, as they do in

colliders such as HERA, RHIC and the LHC.
The quantitative study of matter in this new
regime requires a new experimental facility:
an Electron Ion Collider (EIC).

In the last decade, nuclear physicists have
developed new phenomenological tools to en-
able remarkable tomographic images of the
quarks and gluons inside protons and neu-
trons. These tools will be further devel-
oped and utilized to study the valence quark
dominated region of the nucleon at the up-
graded 12 GeV CEBAF at JLab and COM-
PASS at CERN. Applying these new tools to
study the matter dominated by gluons and
sea quarks originating from gluons will re-
quire the higher energy of an EIC.

As one increases the energy of the
electron-nucleon collision, the process probes
regions of progressively higher gluon density.
However, the density of gluons inside a nu-
cleon must eventually saturate to avoid un-
tamed growth in the strength of the nucleon-
nucleon interaction, which would violate the
fundamental principle of unitarity. To date
this saturated gluon density regime has not
been clearly observed, but an EIC could en-
able detailed study of this remarkable aspect
of matter. This pursuit will be facilitated by
electron collisions with heavy nuclei, where



coherent contributions from many nucleons
effectively amplify the gluon density being
probed.

The EIC was designated in the 2007 Nu-
clear Physics Long Range Plan as “embody-
ing the vision for reaching the next QCD
frontier” [I]. It would extend the QCD sci-

ence programs in the U.S. established at both
the CEBAF accelerator at JLab and RHIC at
BNL in dramatic and fundamentally impor-
tant ways. The most intellectually pressing
questions that an EIC will address that relate
to our detailed and fundamental understand-
ing of QCD in this frontier environment are:

e How are the sea quarks and gluons, and their spins, distributed in space

and momentum inside the nucleon? How are these quark and gluon distributions
correlated with overall nucleon properties, such as spin direction? What is the role of
the orbital motion of sea quarks and gluons in building the nucleon spin?

Where does the saturation of gluon densities set in? Is there a simple boundary
that separates this region from that of more dilute quark-gluon matter? If so, how
do the distributions of quarks and gluons change as one crosses the boundary? Does
this saturation produce matter of universal properties in the nucleon and all nuclei
viewed at nearly the speed of light?

How does the nuclear environment affect the distribution of quarks and
gluons and their interactions in nuclei? How does the transverse spatial distri-
bution of gluons compare to that in the nucleon? How does nuclear matter respond
to a fast moving color charge passing through it? Is this response different for light

and heavy quarks?

Answers to these questions are essential for understanding the nature of visible matter.
An EIC is the ultimate machine to provide answers to these questions for the following

reasons:

e A collider is needed to provide kinematic reach well into the gluon-dominated regime;

e Electron beams are needed to bring to bear the unmatched precision of the electro-

magnetic interaction as a probe;

e Polarized nucleon beams are needed to determine the correlations of sea quark and
gluon distributions with the nucleon spin;

e Heavy ion beams are needed to provide precocious access to the regime of saturated
gluon densities and offer a precise dial in the study of propagation-length for color

charges in nuclear matter.

The EIC would be distinguished from
all past, current, and contemplated facili-
ties around the world by being at the inten-
sity frontier with a versatile range of kine-
matics and beam polarizations, as well as
beam species, allowing the above questions
to be tackled at one facility. In particu-
lar, the EIC design exceeds the capabilities
of HERA, the only electron-proton collider

to date, by adding a) polarized proton and
light-ion beams; b) a wide variety of heavy-
ion beams; c¢) two to three orders of mag-
nitude increase in luminosity to facilitate to-
mographic imaging; and d) wide energy vari-
ability to enhance the sensitivity to gluon
distributions. Achieving these challenging
technical improvements in a single facility
will extend U.S. leadership in accelerator sci-



ence and in nuclear science.

The scientific goals and the machine pa-
rameters of the EIC were delineated in delib-
erations at a community-wide program held
at the Institute for Nuclear Theory (INT)
[2]. The physics goals were set by identifying
critical questions in QCD that remain unan-

and theoretical progress made over the past
decade. This White Paper is prepared for
the broader nuclear science community, and
presents a summary of those scientific goals
with a brief description of the golden mea-
surements and accelerator and detector tech-
nology advances required to achieve them.

swered despite the significant experimental

1.2 Science Highlights of the Electron Ion Collider

1.2.1 Nucleon Spin and its 3D Structure and Tomography

Several decades of experiments on deep inelastic scattering (DIS) of electron or muon beams
off nucleons have taught us about how quarks and gluons (collectively called partons) share
the momentum of a fast-moving nucleon. They have not, however, resolved the question of
how partons share the nucleon’s spin and build up other nucleon intrinsic properties, such
as its mass and magnetic moment. The earlier studies were limited to providing the lon-
gitudinal momentum distribution of quarks and gluons, a one-dimensional view of nucleon
structure. The EIC is designed to yield much greater insight into the nucleon structure
(Fig. [T} from left to right), by facilitating multi-dimensional maps of the distributions of
partons in space, momentum (including momentum components transverse to the nucleon
momentum), spin, and flavor.

Figure 1.1:  Evolution of our understanding of nucleon spin structure. Left: In the 1980s,
a nucleon's spin was naively explained by the alignment of the spins of its constituent quarks.
Right: In the current picture, valence quarks, sea quarks and gluons, and their possible orbital
motion are expected to contribute to overall nucleon spin.

The 12 GeV upgrade of CEBAF at JLab will start on such studies in the kinematic
region of the valence quarks, and a similar program will be carried out by COMPASS at
CERN. However, these programs will be dramatically extended at the EIC to explore the
role of the gluons and sea quarks in determining the hadron structure and properties. This
will resolve crucial questions, such as whether a substantial “missing” portion of nucleon
spin resides in the gluons. By providing high-energy probes of partons’ transverse momenta,
the EIC should also illuminate the role of their orbital motion contributing to nucleon spin.



The Spin and Flavor Structure of the
Nucleon

An intensive and worldwide 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 sufficient 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 () than previously achieved, the EIC
would offer 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[[.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-z
region. While the central values of the he-
licity contributions in Fig. are derived
from existing data, they could change as new
data become available in the low- z 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 Q% accessible with the EIC in e+p collisions at two
different center-of-mass energies, compared to existing data. Right: The projected reduction
in the uncertainties of the gluon’s helicity contribution AG vs. the quark helicity contribution
AX/2 to the proton spin from the region of parton momentum fractions z > 0.001 that would
be achieved by the EIC for different center-of-mass energies.



The Confined Motion of Partons Inside
the Nucleon

Semi-inclusive DIS (SIDIS) measurements
have two natural momentum scales: the
large momentum transfer from the electron
beam needed to achieve the desired spatial
resolution, and the momentum of the pro-
duced hadrons perpendicular to the direction
of the momentum transfer, which prefers a
small value sensitive to the motion of con-
fined partons. Remarkable theoretical ad-
vances over the past decade have led to a
rigorous framework where information on the
confined motion of the partons inside a fast-
moving nucleon is matched to transverse-
momentum dependent parton distributions
(TMDs). In particular, TMDs are sensitive
to correlations between the motion of par-
tons and their spin, as well as the spin of the
parent nucleon. These correlations can arise
from spin-orbit coupling among the partons,
about which very little is known to date.
TMDs thus allow us to investigate the full
three-dimensional dynamics of the proton,
going well beyond the information about lon-
gitudional momentum contained in conven-
tional parton distributions. With both elec-

tron and nucleon beams polarized at collider
energies, the EIC will dramatically advance
our knowledge of the motion of confined glu-
ons and sea quarks in ways not achievable at
any existing or proposed facility.

Figure (Left) shows the transverse-
momentum distribution of up quarks inside
a proton moving in the z direction (out of the
page) with its spin polarized in the y direc-
tion. The color code indicates the probabil-
ity of finding the up quarks. The anisotropy
in transverse momentum is described by the
Sivers distribution function, which is induced
by the correlation between the proton’s spin
direction and the motion of its quarks and
gluons. While the figure is based on a pre-
liminary extraction of this distribution from
current experimental data, nothing is known
about the spin and momentum correlations
of the gluons and sea quarks. The achiev-
able statistical precision of the quark Sivers
function from EIC kinematics is also shown
in Fig. (Right). Currently no data exist
for extracting such a picture in the gluon-
dominated region in the proton. The EIC

will be crucial to initiate and realize such a
program.
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Left: The transverse-momentum distribution of an up quark with longitudinal

momentum fraction z = 0.1 in a transversely polarized proton moving in the z-direction, while
polarized in the y-direction. The color code indicates the probability of finding the up quarks.
Right: The transverse-momentum profile of the up quark Sivers function at five = values
accessible to the EIC, and corresponding statistical uncertainties.



The Tomography of the Nucleon - Spa-
tial Imaging of Gluons and Sea Quarks
By choosing particular final states in elec-
tron+proton scattering, the EIC will probe
the transverse spatial distribution of sea
quarks and gluons in the fast-moving pro-
ton as a function of the parton’s longitudinal
momentum fraction, x. This spatial distri-
bution yields a picture of the proton that is
complementary to the one obtained from the
transverse-momentum distribution of quarks
and gluons, revealing aspects of proton struc-
ture that are intimately connected with the
dynamics of QCD at large distances. With
its broad range of collision energies, its high
luminosity and nearly hermetic detectors,
the EIC could image the proton with un-
precedented detail and precision from small
to large transverse distances. The accessible
parton momentum fractions = extend from
a region dominated by sea quarks and glu-
ons to one where valence quarks become im-

0.16 <xy < 0.25

portant, allowing a connection to the precise
images expected from the 12 GeV upgrade
at JLab and COMPASS at CERN. This is
illustrated in Fig. L4 which shows the pre-
cision expected for the spatial distribution of
gluons as measured in the exclusive process:
electron 4+ proton — electron + proton +
J/U.

The tomographic images obtained from
cross-sections and polarization asymmetries
for exclusive processes are encoded in gen-
eralized parton distributions (GPDs) that
unify the concepts of parton densities and
of elastic form factors. They contain de-
tailed information about spin-orbit correla-
tions and the angular momentum carried by
partons, including their spin and their orbital
motion. The combined kinematic coverage
of the EIC and of the upgraded CEBAF as
well as COMPASS is essential for extracting
quark and gluon angular momentum contri-
butions to the proton’s spin.
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Figure 1.4: The projected precision of the transverse spatial distribution of gluons as obtained
from the cross-section of exclusive J/W¥ production. It includes statistical and systematic uncer-
tainties due to extrapolation into the unmeasured region of momentum transfer to the scattered
proton. The distance of the gluon from the center of the proton is by in femtometers, and the
kinematic quantity xy = zp (1 + ME/W/QQ) determines the gluon's momentum fraction. The

collision energies assumed for Stage-l and Stage-
respectively.

[I'are £, = 5,20 GeV and E, = 100,250 GeV,



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. (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, Q?, versus the parton momentum fraction z accessible to the EIC in e-A collisions at
two different 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, (Q5, 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 ()5 separates the condensed
and saturated soft gluonic matter from the
dilute, but confined, quarks and gluons in a
hadron, as shown in Fig. (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 Qs is sufficiently large. How-
ever, such a semi-hard @ is difficult 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



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 Al/3
with the atomic weight A, contribute to the

3
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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.

2] g +p(Au)— e’ + p’(Au’) +V
g 22- e +p(Au)— e+ p'(Au)
§ c o0 :' Coherent events only_1
L fe, stage-Il, fLdt = 10 fb™//A
2 F %2 0.01
g s 18r g"/)osa[ x<0.
£ ®
S5 6160 ooy,
O W r ®%e0.
== L %o
‘GQ 1.4: 0000000000600
< O F
= _"5 1.2
=0 L JI i
TS e 'y no saturation
o < £ i
3 G 08kt Jhy saturation (bSat) +
£ C
30 06 (DSaturaﬁon.(lblslaé)lllllllIIIIIII“.-
5 6 E-IIIIIIIIIII
8 = 041 Experimental Cuts:
= L M(Vaecay products)! < 4
§ 0.2 P(Vdecay products) > 1 GeV/c
O\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\

=TT

2 3 4 5 6 7 8 9 10
Q2(GeV2)

Left: The ratio of diffractive over total cross-section for DIS on gold normalized

to DIS on proton plotted for different values of M%, 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 diffractive cross-section in e+Au
to e+p collisions normalized by A%/3 and plotted as a function of Q? for both saturation and
non-saturation models. The 1/Q) is effectively the initial size of the quark-antiquark systems (¢

and J/¥) produced in the medium.

Figure illustrates some of the dra-
matic predicted effects of gluon density
saturation in electron+nucleus vs. elec-
tron—+proton collisions at an EIC. The left
frame considers coherent diffractive 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 diffrac-
tive events. An early measurement of co-
herent diffraction in e + A collisions at the
EIC would provide the first unambiguous ev-

idence for gluon saturation.

Figure[L.0] (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. (Right) will provide



a powerful probe to explore the properties of
saturated gluon matter.

Both the coherent diffractive and total
DIS cross-sections on nuclei are suppressed
compared to those on the proton in all sat-
uration models. But, the suppression of the
diffractive cross-section is weaker than that
of the total cross-section leading to a dra-
matic enhancement in the double ratio as
shown in Fig. (Left).

The Tomography of the Nucleus

With its capability to measure the diffrac-
tive and exclusive processes with a vari-
ety of ion beams, the EIC will also pro-
vide the first 3-dimensional images of sea
quarks and gluons in a fast-moving nucleus
with sub-femtometer resolution. For exam-
ple, the EIC could obtain the spatial distri-
bution of gluons in a nucleus by measuring
the coherent diffractive production of J/¥
in electron-nucleus scattering, similar to the
case of electron-proton scattering shown in

figure L4l

Propagation of a Color Charge in QCD
Matter

One of the key pieces of evidence for the
discovery of the quark gluon plasma (QGP)
at RHIC is jet quenching, manifested as a
strong suppression of fast-moving hadrons
produced in the very hot matter created in
relativistic heavy-ion collisions. The sup-
pression is believed to be due to the energy
loss of partons traversing the QGP. It has
been puzzling that the production is nearly
as much suppressed for heavy as for light
mesons, even though a heavy quark is much
less likely to lose its energy via medium-
induced radiation of gluons. Some of the
remaining mysteries surrounding heavy vs.
light quark interactions in hot matter can be
illuminated by EIC studies of related phe-
nomena in cold nuclear matter. For exam-
ple, the variety of ion beams available for
electron-nucleus collisions at the EIC would
provide a femtometer filter to test and to
help determine the correct mechanism by
which quarks and gluons lose energy and

hadronize in nuclear matter (see schematic
in Fig. [[7 (Left)).

Figure [L.7 (Right) shows the ratio of
the number of produced mesons in elec-
tronr+nucleus and electron+deuteron colli-
sions for pions (light mesons) and D°-mesons
(heavy mesons) at both low and high virtual
photon energy v, as a function of z — that is,
the momentum fraction of the virtual pho-
ton taken by the observed meson. The cal-
culation of the lines and blue circle symbols
assumes that the mesons are formed outside
of the nucleus, as shown in the top sketch of
Fig. [L.7] (Left), while the square symbols are
simulated according to a model where a color
neutral pre-hadron was formed inside the nu-
cleus, like in the bottom sketch of Fig. [T
(Left). The location of measurements within
the shaded area would provide the first di-
rect information on when the mesons are
formed. Unlike the suppression expected for
pion production at all z, the ratio of heavy
meson production could be larger than unity
due to very different hadronization proper-
ties of heavy mesons. The discovery of such a
dramatic difference in multiplicity ratios be-
tween light and heavy mesons at the EIC will
shed light on the hadronization process and
on what governs the transition from quarks
to hadrons.

The Distribution of Quarks and Glu-
ons in the Nucleus

The EMC experiment at CERN and exper-
iments in the following two decades clearly
revealed that the distribution of quarks in
a fast-moving nucleus is not a simple su-
perposition of their distributions within nu-
cleons. Instead, the ratio of nuclear over
nucleon structure functions follows a non-
trivial function of Bjorken x, deviating sig-
nificantly from unity, with a suppression as x
decreases (often referred to as nuclear shad-
owing). Amazingly, there is as of yet no
knowledge whether the same holds true for
gluons. With its much wider kinematic reach
in both x and @, the EIC could measure the
suppression of the structure functions to a
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Figure 1.7: Left: A schematic illustrating the interaction of a parton moving through cold
nuclear matter: the hadron is formed outside (top) or inside (bottom) the nucleus. Right: The
ratio of the semi-inclusive cross-section for producing a pion (red) composed of light quarks,
and a D® meson (blue) composed of heavy quarks in e+lead collisions to e4-deuteron collisions,
plotted as a function of z, the ratio of the momentum carried by the produced hadron to that
of the virtual photon (7*), as shown in the plots on the left.

much lower value of z, approaching the re- EIC could for the first time reliably quantify
gion of gluon saturation. In addition, the the nuclear gluon distribution over a wide
range of momentum fraction x.

1.2.3 Physics Possibilities at the Intensity Frontier

The subfield of Fundamental Symmetries in nuclear physics has an established history of
key discoveries, enabled by either the introduction of new technologies or the increase in
energy and luminosity of accelerator facilities. While the EIC is primarily being proposed for
exploring new frontiers in QCD, it offers a unique new combination of experimental probes
potentially interesting to the investigations in Fundamental Symmetries. For example,
the availability of polarized beams at high energy and high luminosity, combined with a
state-of-the-art hermetic detector, could extend Standard Model tests of the running of
the weak-coupling constant far beyond the reach of the JLab12 parity violation program,
namely toward the Z-pole scale previously probed at LEP and SLC.
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1.3 The Electron Ion Collider and its Realization

Two independent designs for a future EIC have evolved in the United States. Both use
the existing infrastructure and facilities available to the US nuclear science community.
At Brookhaven National Laboratory (BNL), the eRHIC design (Figure [LL8] top) utilizes
a new electron beam facility based on an Energy Recovery LINAC (ERL) to be built
inside the RHIC tunnel to collide with RHICs existing high-energy polarized proton and
nuclear beams. At Jefferson Laboratory (JLab), the ELectron Ion Collider (ELIC) design
(Figure .8 bottom) employs a new electron and ion collider ring complex together with the
12 GeV upgraded CEBAF, now under construction, to achieve similar collision parameters.
The EIC machine designs are aimed at achieving

Highly polarized (~ 70%) electron and nucleon beams
Ion beams from deuteron to the heaviest nuclei (uranium or lead)
Variable center of mass energies from ~ 20 — ~100 GeV, upgradable to ~150 GeV

High collision luminosity ~1033734 cm=2s~!

e Possibilities of having more than one interaction region

The EIC requirements will push acceler-
ator designs to the limits of current technol-
ogy, and will therefore need significant R&D.
Cooling of the hadron beam is essential to
attain the luminosities demanded by the sci-
ence. The development of coherent electron
cooling is now underway at BNL, while the
JLab design is based on conventional elec-
tron cooling techniques, but proposes to ex-
tend them to significantly higher energy and
to use bunched electron beams for the first
time.

An energy recovery linac at the highest
possible energy and intensity are key to the
realization of eRHIC at BNL, and this tech-
nology is also important for electron cooling
in ELIC at JLab. The eRHIC design at BNL
also requires a high intensity polarized elec-
tron source that would be an order of mag-
nitude higher in intensity than the current
state of the art, while the ELIC design at
JLab will utilize a novel figure-8 storage ring
design for both electrons and ions.

The physics-driven requirements on the

11

EIC accelerator parameters and extreme de-
mands on the kinematic coverage for mea-
surements makes integration of the detector
into the accelerator a particularly challeng-
ing feature of the design. Lessons learned
from past experience at HERA have been
considered while designing the EIC interac-
tion region. Driven by the demand for high
precision on particle detection and identifica-
tion of final state particles in both e+p and
e+A programs, modern particle detector sys-
tems will be at the heart of the EIC. In or-
der to keep the detector costs manageable,
R&D efforts are under way on various novel
ideas for: compact (fiber sampling and crys-
tal) calorimetry, tracking (Nal coated GEMs,
GEM size and geometries), particle identifi-
cation (compact DIRC, dual radiator RICH
and novel TPC) and high radiation tolerance
for electronics. Meeting these R&D chal-
lenges will keep the U.S. nuclear science com-
munity at the cutting edge in both accelera-
tor and detector technology.
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1.4 Physics Deliverables of the Stage 1 EIC

A staged realization of the EIC is being planned for both the eRHIC and ELIC designs.
The first stage is anticipated to have up to ~ 60 — 100 GeV in center-of-mass-energy, with
polarized nucleon and electron beams, a wide range of heavy ion beams for nuclear DIS, and
a luminosity for electron+proton collisions approaching 10%* cm™2s~!. With such a facility,
the EIC physics program would have an excellent start toward addressing the following
fundamental questions with key measurements:

e Proton spin: Within just a few months of operation, the EIC would be able to
deliver decisive measurements, which no other facility in the world could achieve, on
how much the intrinsic spin of quarks and gluons contribute to the proton spin as
shown in Fig. [L2 (Right).

e The motion of quarks and gluons in the proton: Semi-inclusive measurements
with polarized beams would enable us to selectively probe with precision the correla-
tion between the spin of a fast moving proton and the confined transverse motion of
both quarks and gluons within. Images in momentum space as shown in Fig. [[.3] are
simply unattainable without the polarized electron and proton beams of the proposed

EIC.

e The tomographic images of the proton: By measuring exclusive processes, the
EIC, with its unprecedented luminosity and detector coverage, would create detailed
images of the proton gluonic matter distribution, as shown in Fig. [[4l as well as
images of sea quarks. Such measurements would reveal aspects of proton structure
that are intimately connected with QCD dynamics at large distances.

¢ QCD matter at an extreme gluon density: By measuring the diffractive cross-
sections together with the total DIS cross-sections in electron+proton and electron+
nucleus collisions as shown in Fig. [L6] the EIC would provide the first unambiguous
evidence for the novel QCD matter of saturated gluons. The EIC is poised to explore
with precision the new field of the collective dynamics of saturated gluons at high
energies.

e Quark hadronization: By measuring pion and D° meson production in both elec-
tron+proton and electron+nucleus collisions, the EIC would provide the first mea-
surement of the quark mass dependence of the hadronization along with the response
of nuclear matter to a fast moving quark.

The Relativistic Heavy Ion Collider (RHIC) at BNL has revolutionized our understand-
ing of hot and dense QCD matter through its discovery of the strongly-coupled quark gluon
plasma that existed a few microseconds after the birth of the universe. Unprecedented
studies of the nucleon and nuclear structure — including the nucleon spin, and the nucleon’s
tomographic images in the valence quark region — have been and will be possible with the
high luminosity fixed target experiments at Jefferson Laboratory using the 6 and 12 GeV
CEBAF, respectively. The EIC promises to propel both programs to the next QCD fron-
tier, by unraveling the three-dimensional sea quark and gluon structure of visible matter.
Furthermore, the EIC will probe the existence of a universal state of saturated gluon matter
and has the capability to explore it in detail. The EIC will thus enable the US to continue its
leadership role in nuclear science research through the quest for understanding the unique
gluon-dominated nature of visible matter in the universe.

13



Chapter 2

Spin and Three-Dimensional
Structure of the Nucleon

2.1 Introduction

Among the most intriguing aspects of quantum chromodynamics (QCD) is the relation
between its basic degrees of freedom, quarks and gluons, and the observable physical states,
i.e. hadrons such as the proton. Parton distributions are the most prominent quantities
that describe this relationship. They are relevant in connection with several key issues of
the strong interaction:

e What is the dynamical origin of sea quarks and gluons inside the proton?

Parton distributions describe the proton as a system of many quarks, anti-quarks and
gluons. At high resolution, the presence of partons with small momentum fraction x
can largely be understood as the result of parton radiation, similar to the appearance
of electrons, positrons and photons generated from a single electron in an electromag-
netic cascade. This parton radiation can be computed using perturbation theory in
the small coupling (o) limit. However, comparison with experimental data shows
that even at low resolution, the proton does not only consist of quarks carrying about
a third of the proton momentum, as one might naively expect from the familiar con-
stituent quark picture, where the proton is made up of two u quarks and one d quark.
Instead, even at low resolution, the proton contains both gluons and low-momentum
quarks and anti-quarks (termed sea quarks) [3, 4] . These must be generated by
dynamics beyond the reach of perturbation theory, and their origin remains to be
understood. Note that calculations in lattice QCD tell us that even the proton mass
is largely due to the binding energy of the gluons that keep the quarks together.

e How does the proton spin originate at the microscopic level?

The fact that quarks have spin 1/2 and gluons spin 1 plays an essential role in their
interactions among themselves. An outstanding question is how the total spin of the
proton is built up from the polarization and the orbital angular momentum of quarks,
anti-quarks and gluons. Starting with the seminal results of the EMC experiment
[5], a series of increasingly precise measurements in the last decades revealed that
the polarization of the quarks and anti-quarks combined, only provides about 30% of
the nucleon spin. Present lattice calculations [6] suggest that the missing 70% is not
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provided by the orbital angular momentum of quarks alone, and recent results from
RHIC point towards a significant contribution from the polarization of gluons [7].
This highlights again the importance of gluons for the basic properties of the nucleon.

How is hadron structure influenced by chiral symmetry and its breaking?

QCD has an approximate chiral symmetry, which is dynamically broken. As a conse-
quence the strong interaction generates Goldstone bosons — the pions — whose mass
is remarkably small compared with that of other hadrons. These almost massless
bound-states propagate over distances significantly larger than the typical hadronic
scale. They are critical in generating the force that binds neutrons and protons within
nuclei, but also appear to greatly influence the properties of isolated nucleons. No un-
derstanding of matter is complete without a detailed explanation of the role of pions.
It is thus crucial to expose the role played by pions in nucleon structure.

How does confinement manifest itself in the structure of hadrons?

At distances around 1 femtometer (fm) the strong force becomes so strong that quarks
and gluons are confined in hadrons and cannot exist as free particles. As a con-
sequence, the structure of the proton differs profoundly from that of weakly bound
systems such as atoms (whose overall size is proportional to the inverse electron mass).
The spatial distribution of partons in the proton and their distribution in transverse
momentum is characterized by scales of the order of a fm or a few hundred MeV,
which are similar to the confinement scale and very different from the u and d quark
masses. Experimental mapping and theoretical computation of these distributions
should further our understanding of confinement.

The EIC will be unique in mapping out the quark-gluon structure of the proton in several
ways that will take our knowledge to a new level. Specifically, the EIC will enable us to
investigate:

the distribution of sea quarks and gluons in momentum and in position space, in order
to better understand their dynamical interplay,

their polarization and their orbital angular momentum, the latter being closely con-
nected with their transverse position and transverse motion since it is a cross product

-

(L =7x ),
correlations between polarization and the distribution of partons in momentum or

position space, which may be regarded as the QCD analog of spin-orbit correlations
in atomic or nuclear physics,

the change of distributions when going from small to large x, to compare the charac-
teristics of sea and valence quarks and to understand their relation to each other,

the dependence of the above characteristics on the quark flavor. This is of particular
interest when comparing distributions, i.e. 4 with d, 5 with (a+d)/2 or s with 5. Signif-
icant differences between those distributions are a direct imprint of non-perturbative
dynamics because perturbative parton radiation is not able to generate them. This
imparts special interest to the polarization carried by sea quarks of different flavors,
above and beyond its contribution to the overall spin of the proton.
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To quantify these properties and to connect them with experimental data, we have a pow-
erful formalism at our disposal, which has seen significant progress in the last one and a
half decades. Parton distributions come in different varieties, with an increasing level of
complexity:

e The familiar parton distribution functions (PDFs) f(x) give the number density of
partons with longitudinal momentum fraction = in a fast-moving proton, where the
longitudinal direction is given by the proton momentum. They are measured in inclu-
sive or semi-inclusive processes, the first and foremost being inclusive deep inelastic
lepton-proton scattering (DIS). PDFs form the backbone of our knowledge about
hadron structure, and for most cases their determination is an enterprise at the pre-
cision frontier.

A powerful tool for disentangling the distributions for different quark and anti-quark
flavors is semi-inclusive DIS (SIDIS), where a specified hadron is detected in the
final state. SIDIS involves fragmentation functions, which describe another key phe-
nomenon of the strong interaction, namely the fragmentation of a parton into a
hadron. Fragmentation functions and parton distributions provide two different set-
tings to investigate the consequences of confinement. The possibilities to study the
fragmentation process in nuclei will be discussed in Sec. 3.3l

e Transverse-momentum dependent parton densities (TMDs) f(x, k) describe the joint
distribution of partons in their longitudinal momentum fraction x and their momen-
tum kr transverse to the proton direction. To measure TMDs requires more detailed
information about the kinematics of a scattering process. In the appropriate kine-
matics of SIDIS, the transverse momentum of the detected final-state hadron can
be computed from a kp dependent parton density and from a kp dependent frag-
mentation function, which describes the transverse momentum transferred during the
hadronization process.

e Generalized parton distributions (GPDs) appear in exclusive scattering pro-
cesses such as deeply virtual Compton scattering (DVCS: v*p — ~p), in which all
final-state particles are detected. They depend on two longitudinal momentum frac-
tions x and £ (see the Sidebar on page [43]) and on the squared momentum transfer
t to the proton or equivalently, on its transverse component Ar. Setting & = 0 and
performing a Fourier transform with respect to A7 one obtains an impact parameter
distribution f(z,br), which describes the joint distribution of partons in their longi-
tudinal momentum and their transverse position br inside the proton, as sketched in

figure 211

Integrating the generalized quark distribution H (x,0,¢) over x and taking an appro-
priate sum over quark flavors, one obtains the electromagnetic Dirac form factor Fi(t)
of the proton. This provides a connection between parton distributions and form fac-
tors, which have played a major role in exploring the proton structure ever since the
seminal experiment of Hofstadter. More generally, the integral [ dz a1

gives generalized form factors for a large set of local operators that cannot be directly
measured but can be computed on the lattice. This provides a connection with one
of the main tools for calculations in the non-perturbative sector of QCD.
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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 z, for which
collider measurements are our only source of
information.
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Figure 2.1: Schematic view of a parton with
longitudinal momentum fraction = and trans-
verse position by in the proton.

Both impact parameter distributions
f(xz,by) and transverse-momentum distri-
butions f(z,k7) 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,br)
and f(x, kr) 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(z,br) and f(z, kr)
give complementary information about par-
tons, and both types of quantities can be
thought of as descendants of Wigner func-
tions W (z, by, kr) [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 an unifying theoreti-
cal framework for the different aspects of
hadron structure we have discussed. Fig-
ure shows the connection between these
different aspects and the experimental possi-
bilities 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 Q?
(see the Sidebar on page [[9). 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 k7 or bp. Informa-
tion about transverse degrees of freedom is
essential to access orbital angular momen-
tum, and specific TMDs and GPDs quan-
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Figure 2.2: Connections between different quantities describing the distribution of partons inside

the proton.
analogous relations hold for polarized quantities.

tify the orbital angular momentum carried
by partons in different ways.

The theoretical framework we have
sketched is valid over a wide range of mo-
mentum fractions x, connecting in particular
the region of valence quarks with the one of
gluons and the quark sea. While the present
chapter is focused on the nucleon, the con-
cept of parton distributions is well adapted
to study the dynamics of partons in nuclei, as
we will see in Sec.[3.3] For the regime of small
x, which is probed in collisions at the highest
energies, a different theoretical description is
at our disposal. Rather than parton distribu-
tions, a basic quantity in this approach is the
amplitude for the scattering of a color dipole
on a proton or a nucleus. The joint distri-
bution of gluons in x and in k7 or by can
be derived from this dipole amplitude. This
high-energy approach is essential for address-
ing the physics of high parton densities and
of parton saturation, as discussed in Sec.
On the other hand, in a regime of moder-
ate x, around 1073 for the proton and higher

18

The functions given here are for unpolarized partons in an unpolarized proton;

for heavy nuclei, the theoretical descriptions
based on either parton distributions or color
dipoles are both applicable and can be re-
lated to each other. This will provide us with
valuable flexibility for interpreting data in a
wide kinematic regime.

The following sections highlight the
physics opportunities in measuring PDFs,
TMDs and GPDs to map out the quark-
gluon structure of the proton at the EIC.
An essential feature throughout will be the
broad reach of the EIC in the kinematic
plane of the Bjorken variable x (see the Side-
bar on page[I9) and the invariant momentum
transfer Q2 to the electron. While 2 deter-
mines the momentum fraction of the partons
probed, ? specifies the scale at which the
partons are resolved. Wide coverage in x
is hence essential for going from the valence
quark regime deep into the region of gluons
and sea quarks, whereas a large lever arm in
@Q? is the key for unraveling the information
contained in the scale evolution of parton dis-
tributions.



Deep Inelastic Scattering: Kinematics

kl

Figure 2.3: A schematic diagram of the Deep
Inelastic Scattering (DIS) process.

Kinematic Variables:

In the following, we neglect the proton mass,
M, where appropriate, and the electron mass
throughout.

k, k' are the four-momenta of the incoming
and outgoing lepton
p is the four-momentum of a nucleon

Lorentz invariants:

e the squared e+p collision energy s =
(p + k)2 = 4EpEe

e the squared momentum transfer to the
lepton Q2 = —¢?> = —(k—k')?, equal to
the virtuality of the exchanged photon.
Large values of Q2 provide a hard scale
to the process, which allows one to re-
solve quarks and gluons in the proton.

e the Bjorken variable zp = Q%/(2p - q),
often simply denoted by . It deter-
mines the momentum fraction of the
parton on which the photon scatters.
Note that 0 < = < 1 for e+p-collisions.

e the inelasticity y = (¢ - p)/(k - p) is
limited to values 0 < y < 1 and de-
termines in particular the polarization
of the virtual photon. In the collider

Deep Inelastic Scattering,

e+ p — e+ X, proceeds through the ex-
change of a virtual photon between the elec-
tron and the proton. The kinematic descrip-
tion remains the same for the exchange of a
Z or W boson, which becomes important at
high momentum transfer. Depending on the
physics situation, the process is discussed in
different reference frames:

the collider frame, where a proton with en-
ergy F, and an electron with energy E, col-
lide head-on

the rest frame of the hadronic system X,
i.e. the center-of-mass of the y*p collision

the rest frame of the proton

frame, the energy of the scattered elec-
tron is B!, = E (1 —y) + Q*/(4E,); de-
tection of the scattered electron thus
typically requires a cut on ¥y < yYmaz-

These invariants are related by Q% = xys.
The available phase space is often repre-
sented in the plane of  and Q2. For a given
e+p collision energy, lines of constant y are
then lines with a slope of 45 degrees in a dou-
ble logarithmic z — Q%-plot.

Two more important variables:

W?2 = (p+q)? = Q*(1 —1/x) is the squared
invariant mass of the produced hadronic sys-
tem X.

DIS is characterized by the Bjorken limit,
where Q? and W? become large at a fixed
value of . Note: for a given @2, small z
corresponds to a high v*p collision energy.

v =gq-p/M = ys/(2M) is the energy lost by
the lepton (i.e. the energy carried away by
the virtual photon) in the proton rest frame.

For scattering on a nucleus of atomic number
A, replace the proton momentum p by P/A
in the definitions, where P is the momentum
of the nucleus. Note that for the Bjorken
variable one then has 0 < x < A.
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Deep Inelastic Scattering: Structure Functions

The cross-sections for neutral-current deep inelastic scattering (e + N — ¢ + X) on
unpolarized nucleons and nuclei can be written in the one photon exchange approximation
(neglecting electroweak effects) in terms of two structure functions Fs and FJ:

d?o 4o

2 2
G dQZ ~ 201 [(1 y+ >F2(33 Q )—%FL(JE,Qz) . (2.1)

For practical purposes, often the reduced cross-section, o, is used:

_( dPo zQ* B ) 2 ,
Or = <dgj dQ2> 271'0[2[1 + (1 . y)g] = F2($,Q ) - mFL(I’,Q ) (22)

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;:

2=y i(z,Q%, (2.3)

1 d2c® - 0= N 47 o
drdQ?  dzdQz| = Qtf 7

where the superscript arrows represent electron and proton longitudinal spin directions and
the terms suppressed by z2M?/Q? have been neglected.

Experimentally F,, F; and ¢g; can be At large Q? and to leading order (LO) in
measured in inclusive scattering, i.e., the fi- the strong coupling «g, the structure func-
nal hadronic state, X, does not need to be tions F» and g are respectively sensitive to
analyzed. The relevant kinematic variables the sum over unpolarized and longitudinally
x, @2, and y, can be reconstructed from the polarized quark and anti-quark distributions
measured scattered lepton alone. in the nucleon,

F,, F;, and ¢g; are proportional to the (z Q _ ZEZG +q(m Q )]
cross-section for the hadronic subprocess (2.4)
v* 4+ p — X, which gets contributions from
the different polarization states of the vir-
tual photon. Fy corresponds to the sum over a(z, Qz Z e Aq " Qz) + Ag(z, Qz)]
transverse and longitudinal polarizations and (2.5)
the structure function F7, to longitudinal po- , .
larization of the virtual photon (i.e., helicity where ¢, denotes a quark’s electric charge.

’ At large Q?, one has F;, = 0 at LO, i.e.,

=0). The ¢g; structure function is sensitive . . . .
. . this structure function receives its first con-
to the transverse polarization of the virtual |~ . . .
. .. tributions at order ay. It is thus particularly
photon (i.e., helicity ==+1). s .
sensitive to gluons, especially at low = where
Equation 2.2] shows that the longitudinal the gluon densitiy is much larger than the
structure function Fp, starts to contribute to densities for quarks and anti-quarks.
the cross-section at larger values of y but Figure [2.4] (Left) shows the world data
is negligible at very small values of y. To of the reduced cross-section, g, x Fb, as a
separate the structure functions Fy, and F, function of Q? for a wide range of fixed val-
for a given x and @2, one needs to measure ues of x for scattering on a proton. The ap-
the cross-section for different values of y and parent scaling of the data with Q2 at large
hence different e+p collision energies. z in early DIS data from SLAC was termed
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“Bjorken scaling” and motivated the parton
model. Violations of this scaling are pre-
dicted by the QCD evolution equations for
parton densities. They are especially strong
at small z. We note that our experimental
knowledge of Fp, is considerably less precise
than that of F5.
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Figure 2.4:

Figure [2.4] (Right) shows the world data
of the polarised structure function g; as a
function of Q? for fixed values of = for scat-
tering on a proton. The covered x —Q? range
is significantly smaller than that for the un-
polarized measurements, which is due to the
fact that there has been no collider with both
polarized lepton- and hadron-beams.
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Left: The ep reduced cross-section as measured at HERA and from fixed-target

experiments as a function of Q2 for fixed values of 2. The data are compared to a pQCD fit.
Right: The spin-dependent structure function g; (x, Q?) as a function of 2 and Q2. The world

data are compared to a pQCD fit.
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2.2 The Longitudinal Spin of the Nucleon

Conveners: Ernst Sichtermann and Werner Vogelsang

2.2.1 Introduction

Deep-inelastic processes, when carried out with longitudinally polarized nucleons, probe the
helicity parton distribution functions of the nucleon. For each flavor f = u,d,s,u,d, s, g
these are defined by

Af(.Z',Q2) = f+(x7Q2) - f_(x7Q2) ’ (26)

with f* (f7) denoting the number density of partons with the same (opposite) helicity as
the nucleons, as a function of the momentum fraction x and the resolution scale (). Similar
to the unpolarized quark and gluon densities, the Q?-dependences of Ag(x, Q?), Ag(z, Q?)
and the gluon helicity distribution Ag(x, Q?) are related by QCD radiative processes that
are calculable [10] 11} 12} 13| 14} [15] 16].

When integrated over all momentum fractions and appropriately summed over flavors,
the Af distributions give the quark and gluon spin contributions Sy, S, to the proton spin
which appear in the fundamental proton helicity sum rule [I7, [18] [19] 20] (see [2I] for a
brief review and additional references):

1
5:Sq+Lq+Sg+Lg. (2.7)
Here, we have
2 1t 2 _ 1 = 7 = 2
S.(Q%) = 5 AY(z,Q%)dx = 3 (Au+ At + Ad + Ad + As + A5) (z,Q%)dx
0 0
1
5/@) = | Age.@ir, 28)

where the factor 1/2 in the first equation is the spin of each quark and anti-quark. The A f
distributions are thus key ingredients to solving the proton spin problem.

As discussed in the Sidebar on page 20l experimental access to the Af in lepton-
scattering is obtained through the spin-dependent structure function g;(x, @?), which ap-
pears in the polarization difference of cross sections when the lepton and the nucleon collide
with their spins anti-aligned or aligned:

1 d2c ¢ B d20= N 47 o
2 |dzdQ? ~ dzdQ?| = orf Y

2-y) o(z,Q%). (2.9)

The expression above assumes photon exchange between the lepton and the nucleon. At
high energies, also W or Z exchange contribute and lead to additional structure functions.
These have thus far not been accessible in polarized deep-inelastic scattering experiments
and would be a unique opportunity at an EIC. We will briefly address them below.

In leading order in the strong coupling constant, the structure function g; (z, Q?) of the
proton can be written as (see the Sidebar on page 20)

015, Q%) = 5 €2 [Mae, Q%) + A, Q)] (2:10)
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where e, denotes a quark’s electric charge. Higher order expansions contain calculable QCD
coefficient functions [10, [IT], [12]. The structure function g;(x, Q?) is thus directly sensitive
to the nucleon spin structure in terms of the combined quark and anti-quark spin degrees
of freedom. The gluon distribution Ag enters the expression for g; only at higher order in
perturbation theory; however, it drives the scaling violations (i.e. the Q?-dependence) of
g1(x, Q?). Deep-inelastic measurements hence can also give insight into gluon polarization,

provided a large lever arm in Q2 is available at fixed z.

2.2.2 Status and Near Term Prospects

The EMC experiment [5] 22], using a lon-
gitudinally polarized muon beam and a sta-
tionary target that contained polarized pro-
tons, was the first experiment to explore
g1(x, Q%) down to momentum fractions = as
low as 0.01. When extrapolated over unmea-
sured z < 0.01 and combined with the cou-
plings in leptonic hyperon decays and the as-
sumption of SU(3) flavor symmetry [23] [24],
this led to the famous conclusion that the
quark and anti-quark spins constitute only a
small fraction of the proton spin. In addition,
with these assumptions, the polarization of
the strange quark sea in the polarized proton
is found to be negative. Significant progress
has been made since the EMC observations
on the proton’s spin composition. One main
focus has been on measurements with longi-
tudinally polarized lepton beams scattering
off longitudinally polarized nucleons in sta-
tionary targets. Inclusive data have been ob-
tained in experiments at CERN [25] [26], 27],
DESY [28, 29], Jefferson Laboratory [30, 31],
and SLAC [32, 33, 34, 35, B6] in scatter-
ing off targets with polarized protons and

g?(‘/Esz =

l\’)l)—t

q

depends on fragmentation  functions
Dg@(z, Q?), where z is the momentum frac-
tion that is transferred from the outgoing
quark or anti-quark to the observed hadron
h. The non-perturbative fragmentation func-
tions are at present determined primarily
from precision data on hadron production

=32 e [Ad(@, @)D} (2,Q%) + Aale, Q1D QY] |

neutrons. The kinematic reach and preci-
sion of the data on g;(x,Q?) so far is simi-
lar to that of the unpolarized structure func-
tion Fy(x, Q%) just prior to the experimen-
tal program at the HERA electron-proton
collider (cf. Sidebar on page 20). Fig-
ure provides a survey of the regions in z
and Q? covered by the world polarized-DIS
data, which is roughly 0.004 < z < 0.8 for
Q? > 1GeV?. For a representative value of
x ~ 0.03, the g1 (x, Q?) data are in the range
1GeV? < Q2 < 10GeV?2. This is to be com-
pared to 1 GeV? < Q% < 2000 GeV? for the
unpolarized data on Fy(z,Q?) at the same
x. The figure also shows the vast expansion
in z,Q? reach that an EIC would provide,
as will be discussed below. Over the past 15
years, an additional powerful line of exper-
imental study of nucleon spin structure has
emerged: semi-inclusive deep-inelastic scat-
tering. In these measurements, a charged or
identified hadron h is observed in addition
to the scattered lepton. The relevant spin-
dependent structure function,

(2.11)

in eTe™ annihilation through perturbative
QCD analysis [37, 38, 39, 40]. Forthcoming
data from the B-factories and the LHC are
expected to further improve their determi-
nation. Also measurements of hadron mul-
tiplicities at an EIC would contribute to a
better knowledge of fragmentation functions.
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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

Aq and Aq appear with different weights in
Eq. (ZII). 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 = p?p, where pr is the observed jet
(pion) transverse momentum, and an x value that is representative for the measurement at that
scale. The z-ranges probed at different scales are wide and have considerable overlap. The
shaded regions show the z, Q2 reach of an EIC for center-of-mass energy /s = 45 GeV and

/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 Ag(z, Q?)
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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] 46l 147, [48] and jets [49] [50] 511 52]
at large transverse momentum perpendicular
to the beam axis, which sets the hard scale
(Q in these reactions. Their reach in x and
@Q? is also indicated in Fig. Unlike DIS,
the processes used at RHIC do not probe the
partons locally in z, but rather sample over a
region in . RHIC will also provide comple-
mentary information on Au, A, Ad, Ad for



0.05 < x < 0.5, with a beautiful technique
that exploits the violation of parity (mir-
ror symmetry) in nature and does not rely
on knowledge of fragmentation. The carri-
ers of the charged-current weak interactions,
the W bosons, naturally select left-handed
quarks and right-handed anti-quarks, and
their production in p+p collisions at RHIC
and calculable leptonic decay hence provide
an elegant probe of nucleon helicity struc-

ture.

A combined next-to-leading order QCD
analysis [53 [54] of the data from inclusive
and semi-inclusive deep-inelastic scattering
and from p+p scattering at RHIC has been
performed, which provides the best presently
available information of the nucleon’s helic-
ity structure. The main results are displayed
in Fig. 28 here we describe the main quali-
tative features:

e The combination of the large body of inclusive deep-inelastic scattering data off targets

containing polarized protons and neutrons has established that the up quarks and anti-
quarks combine to have net polarization along the proton spin, whereas the down
quarks and anti-quarks combine to carry negative polarization. The “total” Au+ Au
and Ad + Ad helicity distributions are very well constrained by now at medium to
large x.

The light sea quark and anti-quark distributions still carry large uncertainties, even
though there are some constraints by the semi-inclusive data. The sea appears not to
be SU(2)-flavor symmetric: the A distribution has a tendency to be mainly positive,
while the Ad anti-quarks carry opposite polarization. This pattern has been predicted
at least qualitatively by a number of models of the nucleon (for a review, see [55]).
As mentioned above, independent insights in the light quark and anti-quark polar-
izations Au(z, Q?), Ad(z,Q?), Au(z,Q?) and Ad(x,Q?) are on the horizon from
measurements of spin-dependence in leptonic W decay in /s = 500 GeV polarized
proton—+proton collisions at RHIC. These measurements probe the helicity densities
for 0.05 < = < 0.5 with a scale set by the W-mass [56]. Proof-of-concept data have
been published [57, 58] and sensitive constraints are anticipated with sufficient inte-
grated luminosity [59]. The large luminosities and high resolution available at the
Jefferson Laboratory after an upgrade to 12 GeV electron beam energy will extend
the kinematic reach of the existing Jefferson Laboratory inclusive and semi-inclusive
deep-inelastic scattering data to twice smaller = as well as to larger x than have thus
far been measured.

Strange quarks appear to be deeply involved in nucleon spin structure. As we men-
tioned earlier, from the inclusive deep-inelastic data, along with SU(3) flavor sym-
metry considerations, one derives a strong negative value of the integrated strange
helicity distribution. Strange quarks and anti-quarks would thus be polarized oppo-
site to the nucleon. This would need to be viewed as part of the reason why the
total quark and anti-quark spin contribution S; is so much smaller than expected
in simple models. On the other hand, significant SU(3) flavor symmetry breaking
effects have been discussed in the literature [60, 61, 62, [63] 64]. The semi-inclusive
measurements with identified kaons [43] [44] are hence of particular interest since they
yield the most direct and best sensitivity thus far to the polarization of strange quarks
and anti-quarks, albeit with considerable dependence on the kaon fragmentation func-
tions [65]. No evidence for sizable As(z, Q%) or As(z, Q?) has been found in polarized
semi-inclusive measurements with fixed targets. As a consequence, As would need to
obtain its negative integral purely from the contribution from the thus far unmeasured
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small-z region. This exemplifies the need for simultaneous measurements of the kaon
production cross-sections and their spin-dependence in semi-inclusive deep-inelastic
scattering at smaller x.

e Constraints on the spin-dependent gluon distribution Ag predominantly come from
RHIC, with some information also entering from scaling violations of the deep-inelastic
structure function g;(x, @?). The production cross sections for inclusive hadrons and
jets at RHIC receive contributions from gluon-gluon and quark-gluon scattering and
probe Ag(z,Q?) over the range 0.02 < = < 0.4. Note that the z is not explicitly
resolved in measurements of inclusive pion and jet probes. The measured double-
spin asymmetries were found to be small, and the global analysis [563, 54] concludes
that there are no indications of a sizable contribution of gluon spins to the proton
spin. New preliminary data with considerably improved accuracy on jet production
at RHIC do suggest a non-vanishing polarization of gluons in the nucleon in the
RHIC kinematic regime. The limited z-range and unresolved z-dependence preclude
definitive conclusions on the total gluon spin contribution to the proton spin, S,.
Continued measurements at /s = 200 GeV will enhance the sensitivity primarily at
large = and measurements of correlated probes are anticipated to yield insights in x-
dependence. Forthcoming measurements at /s = 500 GeV are expected to extend the
small-z reach to 2 + 3 times smaller values and modest further gains may be possible
with new instruments at larger pseudorapidity. Extrapolation over the unmeasured
2 <0.01 region is precarious, and definitive resolution of the gluon spin contribution
to the nucleon spin thus relies on a new generation of experiments.

2.2.3 Open Questions and the Role of an EIC

The overarching scientific question — How is the spin of the proton distributed among
its quark and gluon constituents? — will remain only partially answered even after the
completion of the present programs and their upgrades. Concerning the helicity parton
distributions, the remaining key open issues will be:

o What is the gluon spin contribution to the proton spin? As we saw, there is now
initial knowledge about Ag in a relatively narrow region of x. Clearly, more extended
coverage is required to determine this intrinsic property of the proton and constrain
the integral of the distribution.

o What polarization is carried by the proton’s light sea? Previous and present experi-
ments give a hint at interesting flavor structure of sea quark polarization. Still, even
after the completion of the RHIC program with W bosons, we will likely have little
precision on, for example At — Ad, a quantity that features prominently in virtually
all models of the nucleon in ways that are complementary to the unpolarized light sea.
Exploring in detail the proton’s sea quark “landscape” would provide unprecedented
insight into non-perturbative QCD.

e What role do strange quarks play in nucleon spin structure? Strange quarks play a
special role for understanding QCD as their mass is of the order of Agcp and they
are hence to be considered neither light (as the up and down quarks), nor heavy (as
the charm and heavier quarks). Present experimental information on their role in
nucleon spin structure is quite puzzling, as we described above. There is clearly a
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strong need to determine As and As over a wide range in x. This will also probe
important aspects of SU(3) flavor symmetry and its breaking in QCD.

In order to fully solve the proton spin
problem one evidently also needs to obtain
information on quark and gluon orbital an-
gular momenta in the nucleon. This requires
a new suite of measurements, using exclusive
processes such as deeply-virtual Compton
scattering and transverse-spin asymmetries.
The associated physics and the prospects of
measurements at an EIC will be described in
Sections 2.3] and 2.4]

The envisioned polarized electron ion col-
lider brings unique capabilities to the study

of nucleon spin. Its high center-of-mass en-
ergy of up to /s = 173 GeV affords access
to a vast region in = and Q? that will probe
1 + 2 orders of magnitude smaller values in
x than the body of existing and forthcom-
ing data and comparably harder scales Q2,
as is clearly visible from Fig. The high
luminosity and polarization will allow one to
do so with precision using a suite of probes
(see Table 2.1)). In this way, the EIC aims
to provide answers to the questions raised
above.

Deliverables | Observables |

What we learn |

Requirements

polarized gluon
distribution Ag

scaling violations

in inclusive DIS

gluon contribution

to proton spin

coverage down to x ~ 1074,
L of about 10 fb~?

polarized quark and semi-incl. DIS for

antiquark densities pions and kaons

quark contr. to proton spin;
asym. like A — Ad; As

similar to DIS;
good particle ID

inclusive DIS
at high Q2

novel electroweak

spin structure functions

flavor separation

at medium z and large Q2

V/5>100GeV; L > 10!

Table 2.1: Key measurements to determine the quark and gluon helicity distributions in the

polarized nucleon.

We will now discuss the scientific high-
lights of an EIC, insofar as they pertain to
nucleon helicity structure.

Arguably the golden “flagship” measure-
ment of nucleon spin structure at the EIC
will be a precision study of the proton’s spin
structure function g (z,Q?) and its scaling
violations, over wide ranges in « and Q%. The
methods to measure g; (z, Q?) are well known
experimentally and g;(x,Q?) is also under-
stood very well theoretically. The small x re-
gion is key to determining and understanding
the role of sea quarks and gluons in the spin
decomposition of the nucleon. The structure
function g1 (x, Q?) presently is terra incognita
for z < 0.004 and Q? > 1 GeV? (see Fig.[25).
Low-z measurements of g; reduce the present
uncertainty associated with the required ex-

trapolation when computing the quark and
anti-quark spin contribution S, to the pro-
ton spin. The Q%dependence of g;(x,Q?)
will give unprecedented insight into gluon po-
larization. The EIC will also vastly expand
our knowledge of the quark flavor structure,
a key element in mapping out the proton
“landscape”. A powerful measurement avail-
able to achieve this is semi-inclusive deep-
inleastic scattering which at the EIC would
extend to much higher @2 than in fixed-
target scattering, where the interpretation
becomes significantly cleaner, less afHlicted
by corrections suppressed by 1/Q?, and bet-
ter tractable theoretically. The kinematic
coverage in x and Q2 will be similar to what
can be achieved in inclusive scattering.
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Figure 2.6: EIC pseudo-data on the inclusive spin structure function gi(z, Q?) versus Q? 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 z is offset by a constant ¢(z) for better visibility. The bands indicate the
current uncertainty as estimated in the modern DSSV+ analysis.

To illustrate the tremendous impact of Monte Carlo generator [67]. The precision

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
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of the data sets corresponds to an accumu-
lated integrated luminosity of 10fb™! (or one
to two months of running for most energies
at the anticipated luminosities) and an as-
sumed operations efficiency of 50%. A min-
imum Q2 of 1GeV? was imposed, as well
as W2 > 10GeV?, a depolarization factor



of the virtual photon of D(y) > 0.1, and
0.01 < y < 0.95. Figure shows the
pseudo-data for the inclusive structure func-
tion g1(z,Q?) of the proton versus Q2 at
fixed z.

Collisions at /s ~ 70GeV at an EIC
stage-1 are seen to provide access to x val-
ues down to about 2 x 10~*. The antic-
ipated size of the asymmetry Ai(z, Q%) ~
g1(x, Q%) /Fi(z,Q%) at these x values is
O(1073), which sets the scale for the required
data samples and control of experiment sys-

4 5 GeV on (100,250) GeV

tematics. These and other aspects are dis-
cussed further in Section [Bl Data from a
higher-energy stage-11 EIC, shown for elec-
tron beam energies up to 20 GeV, is seen to
provide access to significantly smaller z and
larger Q%. As demonstrated in Fig. 27 the
combination of measurements at the initial
stage-I and highest center-of-mass energies
will make it possible to directly determine
dgi(z,Q?)/dlog(Q?) with good sensitivity,
which directly probes the gluon distribution
Ag.
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Figure 2.7: The derivative of g (z,Q?) with log(Q?) for different x values for the same com-
bination of electron and proton beam energies as used in Fig. 2.6, together with the DSSV+

uncertainty bands.

The pseudo-data for ¢g; and for semi-
inclusive spin asymmetries were included [60]
in the global analysis of helicity-dependent
parton distribution functions based on the
DSSV framework [53, 54]. Figure 28] (left)
shows the results of this analysis in terms
of the sea quark and gluon helicity distri-
butions. For comparison, the present uncer-
tainty bands are also displayed. As one can
see, an impressive reduction in the width of
the bands would be expected from EIC data,
in particular, towards lower values of x. Ev-
idently, extractions of Ag from scaling vio-

lations, and of the light-flavor helicity distri-
butions Au, Ad and their anti-quark distri-
butions from semi-inclusive scattering will be
possible with exquisite precision. With dedi-
cated studies of kaon production, the strange
and anti-strange distributions will also be ac-
cessible. All this is anticipated to yield new
insights into the question of why it is that the
combined quark and anti-quark spin contri-
bution to the proton spin turns out to be so
small.

The right part of the figure shows
the x? profile of the truncated first mo-
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ment of the gluon helicity distribution,

09'000101 drAg(z,Q?), at Q* = 10 GeV?, again
compared to the present “DSSV+” estimate,
which is based on the analysis of Ref. [53] [54]
complemented with recent data [27, [43] from
CERN. Again, the impact of EIC data is ev-

ident. Ome also observes the importance of
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Figure 2.8: Left: Uncertainty bands on helicity
with EIC data (darker bands), using projected

high energies. For instance, running at the
highest energy clearly constrains the small-x
region much better. Overall, the EIC data
greatly improves the y? profile, even more
so when all data (stage-I and stage-II) in
Fig. are included.

15

5+100

DSSV+

-0.05 0 0.05
1,[0.0001-0.01
Ag"! ]

-0.1 0.1

parton distributions, presently (light bands) and
inclusive and semi-inclusive EIC data sets (see

text). Note that for this analysis only data with x > 10~3 were used, for which Q2 > 2.5 GeV2.
Right: x? profiles for the truncated z integral of Ag over the region 107* < z < 10~2 with
and without including the generated EIC pseudo-data in the fit. Results are shown for three

different EIC center-of-mass energies.

The light shaded area in Fig. 2.9 dis-
plays the present accuracies of the integrals
of AY and Ag over 0.001 < x < 1, along
with their correlations. The inner area rep-
resents the improvement to be obtained from
the EIC, based on the global analysis studies
with pseudo-data described above. The re-
sult clearly highlights the power of an EIC in
mapping out nucleon helicity structure. The
anticipated kinematic range and precision of
EIC data will give unprecedented insight into
the spin contributions S, and S;. Their mea-
surements, by subtracting from the total pro-
ton spin 1/2, will provide stringent and inde-
pendent constraints on the total contribution
of quark and gluon orbital momenta, L,+ L.

Besides polarized proton beams, the
EIC design envisions beams of polarized
deuterons or helium-3. The neutron’s
g1(x, Q?) can thus be determined, potentially
with a precision that is comparable to the
data on g;(x,Q?) of the proton. The differ-
ence of the moments of proton and neutron
g1(x,Q?) allows a test of the fundamental
sum rule by Bjorken [68]. The data from
polarized fixed target experiments have veri-
fied the sum rule to a precision of about 10%
of its value. The extended kinematic range
and improved precision of EIC data allow for
more stringent tests of this sum rule, as well
as its corrections, to an accuracy that is cur-
rently anticipated to be driven mostly by ad-
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Figure 2.9: Present (outer area) and projected (inner area) accuracies for the correlated trun-
cated integrals of AYX and Ag over 0.001 <z <1 [66].

vances in hadron beam polarimetry (cf. Sec-
tion [6.2.5]).

An additional, and unique, avenue for de-
lineating the flavor structure of the quark
and anti-quark spin contribution to the pro-
ton spin at the EIC is electroweak deep-
inelastic scattering. At high @2, the deep-
inelastic process also proceeds significantly

g (2,Q%) =
ggV_(x,Q2) =

where Ac denotes the proton’s polarized
charm quark distribution. The analysis
of these structure functions does not rely
on knowledge of fragmentation. Studies
show that both neutral-current and charged-
current interactions would be observable at
the EIC, even with relatively modest inte-
grated luminosities. To fully exploit the po-
tential of the EIC for such measurements,
positron beams are required, albeit not nec-
essarily polarized.  Besides the new in-
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[—Au+ Ad — Ac+ As] (z,Q?%)

via exchange of Z and W¥ bosons. This
gives rise to novel structure functions that
are sensitive to different combinations of the
proton’s helicity distributions. For instance,
in the case of charged-current interactions
through W~ the inclusive structure func-
tions contribute,

[Au + Ad+ Ac + AE] (z,Q%),

(2.12)

sights into nucleon structure this would pro-
vide, studies of spin-dependent electroweak
scattering at short distances with an EIC
would be beautiful physics in itself, much
in the line of past and ongoing electroweak
measurements at HERA, Jefferson Labora-
tory, RHIC, and the LHC. As an illustra-
tion of the EIC’s potential in this area,
Fig. shows production-level estimates
for charged-current interactions through W~
and W exchange at collision energy /s =
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Figure 2.10: Single-longitudinal spin asymmetries for W~ and W™ exchange at an EIC, using
polarized protons. A collision energy of /s = 141 GeV was assumed and cuts @ > 1 GeV?
and 0.1 < y < 0.9 were applied. The uncertainties shown are statistical, for 10 fb~! integrated

luminosity.

141 GeV. Cuts of Q% > 1 GeV? and 0.1 <
y < 0.9 have been applied. The figure shows
the parity-violating single-longitudinal spin
asymmetry (o(pr) —o(pr))/(o(pr)+0o(pL))
obtained from the cross sections for posi-
tive (pr) or negative (pr) proton helicity.
The figure also shows production-level sta-
tistical uncertainties for measurements at an
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EIC with 10 fb~! integrated luminosity. As
one can see, large asymmetries are expected
in the region of moderate to large x, where
the energies of the observed jet are typically
large. Their measurement provides unique
insights into the flavor composition of the
proton spin.



Semi-inclusive Deep Inelastic Scattering

Semi-inclusive hadron production in deep inelastic scattering (SIDIS) provides a power-
ful probe of the transverse momentum dependent (TMD) quark distributions of nucleons.
Common kinematic variables have been described in the DIS section (see the Sidebar on
page [[9). In SIDIS, the kinematics of the final state hadrons can be specified as follows

bn, ¢s Azimuthal angles of the final state
hadron and the transverse polarization
vector of the nucleon with respect to
the lepton plane.

Py Transverse momentum of the final state
hadron with respect to the virtual pho-
ton in the center-of-mass of the virtual
photon and the nucleon.

Figure 2.11: Semi-inclusive hadron production
in DIS processes: e + N — ¢/ + h + X, in the
target rest frame. Ppp and S| are the trans-
verse components of Py and S with respect to
the virtual photon momentum q = k — k.

z=PF,-P/q- P gives the momentum frac-
tion of the final state hadron with re-
spect to the virtual photon.

Leadlng TWlSt TM DS O» Nucleon Spin @ Quark Spin

ed L A N AR L Tl Figure 2.12: Leading twist

TMDs classified according

i} h1*=® - @ to the polarizations of the

- I @ Boermuiders | quark (f, g, h) and nucleon
(U, L, T). The distributions

L 91L=®:el;t O ht=(Pr = (¢ )| fi77 and hi? are called
4 naive-time-reversal-odd
h,= (b = d) TMDs. For gluons a similar
T fn*=® - @ gﬁ*=® - @ Transversity classification  of  TMDs
Sivers ht= _ exists.

1T

The differential SIDIS cross section can be written as a convolution of the transverse
momentum dependent quark distributions f(z, k7 ), fragmentation functions D(z, pr), and
a factor for a quark or antiquark to scatter off the photon. At the leading power of 1/Q,
we can probe eight different TMD quark distributions as listed in Fig. These distri-
butions represent various correlations between the transverse momentum of the quark k7,
the nucleon momentum P, the nucleon spin S, and the quark spin s,.
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2.3 Confined Motion of Partons in Nucleons: TMDs

Conveners: Haiyan Gao and Feng Yuan

2.3.1 Introduction

DIS is a powerful way to probe the in-
ternal structure of nucleons. After four
decades of experiments scattering high en-
ergy leptons off nucleons, our knowledge of
the nucleon structure has made impressive
progress. However, our understanding of the
nucleon structure from inclusive DIS exper-
iments is basically one-dimensional. From
inclusive DIS we “only” learn about the
longitudinal motion of partons in a fast
moving nucleon, whose transverse momenta
are not resolved. = Meanwhile, the past
decade has witnessed tremendous experi-
mental achievements which led to fascinat-
ing new insights into the structure of the nu-
cleon through semi-inclusive hadron produc-
tion in DIS (SIDIS) and hard exclusive pro-
cesses in DIS. These less inclusive methods

enable us to investigate the partonic struc-
ture of the nucleon beyond one-dimensional
space. As discussed at the beginning of this
chapter, these developments have stimulated
theoretical advances from a simple parton
model description of nucleon structure to
multi-dimensional distributions of partons,
including the generalized parton distribu-
tions (GPDs), the transverse momentum de-
pendent parton distributions (TMDs), and
the quantum phase space Wigner distribu-
tions. The focus of this section is on the
TMDs, their theoretical properties and phe-
nomenological implications, and the experi-
mental access to them. TMDs open a new
window to understand some of the most fun-
damental aspects of QCD. Several fascinat-
ing topics are related to the study of TMDs:

e 3D-imaging. The TMDs represent the intrinsic motion of partons inside the nucleon

(confined motion!) and allow reconstruction of the nucleon structure in momentum
space. Such information, when combined with the analogous information on the par-
ton spatial distribution from GPDs, leads to a 3-dimensional imaging of the nucleon.

Orbital motion. Most TMDs would vanish in the absence of parton orbital angular
momentum, and thus enable us to quantify the amount of orbital motion.

Spin-orbit correlations. Most TMDs and related observables are due to couplings of
the transverse momentum of quarks with the spin of the nucleon (or the quark). Spin-
orbit correlations in QCD, akin to those in hydrogen atoms and topological insulators,
can therefore be studied.

Gauge invariance and universality. The origin of some TMDs and related spin asym-
metries, at the partonic level, depend on fundamental properties of QCD, such as
its color gauge invariance. This leads to clear differences between TMDs in different
processes, which can be experimentally tested.

The “simplest” TMD is the unpolarized
function f{(z, kr), which describes, in a fast
moving nucleon, the probability of finding a
quark carrying the longitudinal momentum
fraction = of the nucleon momentum, and

a transverse momentum ky = |kp|. It is
related to the collinear (‘integrated’) PDF
by [dkp fH(x,kr) = fi(z). In addition
to fi(x,kr), there are two other TMDs:
g}, (x, kr) and hi(z, kr), whose integrals cor-
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respond to the collinear PDFs: the longitudi-
nal polarized structure function discussed in
the previous section and the quark transver-
sity distribution. The latter is related to the
tensor charge of the nucleon. These three
distributions can be regarded as a simple
transverse momentum extension of the asso-
ciated integrated quark distributions. More
importantly, the power and rich possibilities
of the TMD approach arise from the sim-
ple fact that kr is a vector, which allows
for various correlations with the other vec-
tors involved: the nucleon momentum P, the
nucleon spin S, and the parton spin (say a
quark, s;). Accordingly, there are eight inde-
pendent TMD quark distributions as shown
in Fig. Apart from the straightfor-
ward extension of the normal PDFs to the
TMDs, there are five TMD quark distribu-
tions, which are sensitive to the direction of
k7, and will vanish with a simple k7 integral.

Because of the correlations between the
quark transverse momentum and the nucleon
spin, the TMDs naturally provide impor-
tant information on the dynamics of par-
tons in the transverse plane in momentum
space, as compared to the GPDs which de-
scribe the dynamics of partons in the trans-
verse plane in position space. Measurements
of the TMD quark distributions provide in-
formation about the correlation between the
quark orbital angular momentum and the nu-
cleon/quark spin because they require wave
function components with nonzero orbital
angular momentum. Combining the wealth
of information from all of these functions
could thus be invaluable for disentangling
spin-orbit correlations in the nucleon wave
function, and providing important informa-
tion about the quark orbital angular momen-
tum.

x f1(x, kt, St)

-0.5 0
ky(GeV)

0.5

0.5

ky(GeV)

-0.5

-0.5 0
ky(GeV)

0.5

Figure 2.13: The density in the transverse-momentum plane for unpolarized quarks with x = 0.1
in a nucleon polarized along the ¢ direction. The anisotropy due to the proton polarization is
described by the Sivers function, for which the model of [69] is used. The deep red (blue)
indicates large negative (positive) values for the Sivers function.

One particular example is the quark
Sivers function flj:_pq which describes the
transverse momentum distribution corre-
lated with the transverse polarization vector
of the nucleon. As a result, the quark distri-

bution will be azimuthally asymmetric in the
transverse momentum space in a transversely
polarized nucleon. Figure 2.13] demonstrates
the deformations of the up and down quark
distributions. There is strong evidence of the
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Sivers effect in the DIS experiments observed
by the HERMES, COMPASS; and JLab Hall
A collaborations [70} [71} [72]. An important
aspect of the Sivers functions that has been
revealed theoretically in last few years is the
process dependence and the color gauge in-
variance [73, 74, [75, [76]. Together with the
Boer-Mulders function, they are denoted as
naive time-reversal odd (T-odd) functions.
In SIDIS, where a leading hadron is detected
in coincidence with the scattered lepton, the
quark Sivers function arises due to the ex-
change of (infinitely many) gluons between
the active struck quark and the remnants of

the target, which is referred to as final state
interaction effects in DIS. On the other hand,
for the Drell-Yan lepton pair production pro-
cess, it is due to the initial state interaction
effects. As a consequence, the quark Sivers
and Boer-Mulders functions differ by a sign
in these two processes. This non-universality
is a fundamental prediction from the gauge
invariance of QCD [74]. The experimental
check of this sign change is currently one of
the outstanding topics in hadronic physics,
and Sivers functions from the Drell-Yan pro-
cess can be measured at RHIC.

2.3.2 Opportunites for Measurements of TMDs at the EIC

To study the transverse momentum de-
pendent parton distributions in high-energy
hadronic processes, an additional hard mo-
mentum scale is essential, besides the trans-
verse momentum, for proper interpretation
of results. This hard momentum scale needs
to be much larger than the transverse mo-
mentum. At the EIC, DIS processes natu-
rally provide a hard momentum scale: @, the
virtuality of the photon. More importantly,
the wide range of Q2 values presents a unique
opportunity to systematically investigate the
strong interaction dynamics associated with
the TMDs. Although there has been tremen-
dous progress in understanding TMDs, with-
out a new lepton-hadron collider, many as-
pects of TMDs will remain unexplored —
or at best be explored only on a qualitative
level. Existing facilities either suffer from

a much too restricted kinematic coverage or
from low luminosity or from both.

The SIDIS measurement discussed below
is the necessary method to access TMDs. We
define two planes in SIDIS: the lepton plane
and the hadron plane, as shown in Fig. 2.11]
which allows us to study different angular
dependences in the hadron production cross
sections. These angular distributions are im-
portant to extract the TMDs since each of
them has a unique angular dependence. Pre-
cision measurements of the various angular
modulations are only possible with a compre-
hensive and hermetic detector. With such a
detector and the EIC’s ability to provide a
wide kinematic range and high luminosity,
we see the following opportunities for mea-
surements at an EIC that would be impossi-
ble in current experiments:

e High precision quantitative measurements of all the quark TMDs in the valence region,
with the ability to go to sufficiently large values of Q? in order to suppress potential

higher twist contaminations;

e First-ever measurements of the TMDs for anti-quarks and gluons;

e Multi-dimensional representations of the observables leading to TMDs;

e Systematic studies of perturbative QCD techniques (for polarization observables) and
studies of QCD evolution properties of TMDs;
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e The transition between the non-perturbative low transverse momentum region and
perturbative high transverse momentum region for both polarized and unpolarized
collisions due to a wide range of kinematic coverage.

The above discussions apply to all of
the eight TMD quark distributions listed in
Fig. (2.12)). The rich physics covered by the
TMD quark and gluon distribution functions
can be thoroughly investigated at the EIC
with a dedicated detector. In the follow-

Semi-inclusive Deep Inelastic Scattering

The TMDs are measured using SIDIS
processes. In such reactions, the hadron,
which results from the fragmentation of a
scattered quark, “remembers” the original
motion of the quark, including its transverse
momentum. SIDIS depends on six kinematic
variables. In addition to the variables for
inclusive DIS, z, y = (P -q)/(P - 1), and
the azimuthal angle ¢g describing the ori-
entation of the target spin vector for trans-
verse polarization, one has three variables
for the final state hadron, which we de-
note by z = (P - P,)/(P - q) (longitudinal

ing subsections, we will take semi-inclusive
DIS as an example for the quark Sivers func-
tion and di-hadron production for the gluon
Sivers function and highlight the impact the
EIC could have on these measurements.

hadron momentum fraction), Py (magni-
tude of transverse hadron momentum), and
the angle ¢, for the orientation of P (see
Fig. 211). In the one-photon exchange ap-
proximation, the SIDIS cross-section can be
decomposed in terms of structure functions.
Each of them is characterized by the unique
azimuthal angular modulation in the differ-
ential cross-sections. The extraction of these
structure functions will give access to all of
the leading TMD quark distributions listed

in Fig. (ZI2).

For example, for the spin-average and single-spin dependent contributions, we have

do
dx dy dos dz doy, dP,fT

where Fyy represents the spin-average struc-
ture function depending on the unpo-
larized quark distribution f{(z,kr), and
Fyr depends on the quark Sivers function
f#l(:n,k‘T). For TMD studies, one is in-
terested in the kinematic region defined by
Pyr <« @, for which the structure func-
tions can be written as certain convolutions
of TMDs. To extract the quark Sivers func-
tion, we measure the sin(¢, — ¢s) modula-
tion of the single transverse spin asymmetry
(SSA), which is defined by the ratio of the
two cross-section terms in Eq. (2.I3). This
asymmetry depends on four kinematics: Q?2,
B, 2h, Prr. A systematic and detailed study
of the Sivers function, and TMDs in gen-
eral, can only be performed on the basis of

x Fyyr + |S 1 |sin(¢y, — ¢S)F[S]i;%h—¢>s) Lo

(2.13)

precise spin- and azimuthal-asymmetry am-
plitude measurements in SIDIS over a wide
kinematic range. In Fig. (2.14]), we compare
the z-Q? coverage of the HERMES, COM-
PASS, and JLab 12 GeV upgrade with the
coverage of an EIC. The wide kinematic cov-
erage puts the EIC in the unique position of
accessing the valence region at much larger
Q2 than current and near-future experiments
while also accessing low-z down to values
of about 107, where sea quarks and gluons
could be studied in detail. The expected high
luminosity will also allow for a fully differen-
tial analysis over almost the entire kinematic
range of z, Q?, z and Py, which is vital for
phenomenological analyses.

In the following, we illustrate the ex-
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10 3L Current data for Sivers asymmetry:
F ® COMPASS h*P, <16GeV, z>0.1

0O HERMES

| Planned:
102 B Jlab 12

7% K" P <1GeV,02<2<07
B JLab Hall-A =* P.;<0.45GeV, 0.4<2<06

Figure 2.14: Kinematic coverage in z and Q2 for the EIC compared to the coverage of the
planned JLab12 experiment. The kinematics of the existing experimental measurements are

also shown for comparison.

pected impact of data from the EIC us-
ing the parameterization from Ref. [69] as
an arbitrarily chosen model of the Sivers
function. This parameterization, denoted
theor; = F(z, 2, Pip, Q% a9) with the M
parameters ag = {aJ, ...,a9,} fitted to exist-
ing data, serves to generate a set of pseudo-
data in each kinematic bin ¢. In each z;, Q?,
z; and P,Z'LT bin, the obtained values, value;,
for the Sivers function are distributed using
a Gaussian smearing with a width o; corre-
sponding to the simulated event rate at the
center-of-mass energy of /s = 45 GeV ob-
tained with an integrated luminosity of 10
fb=1. To illustrate the achievable statistical
precision, the event rate for the production
of 7% in semi-inclusive DIS was used, see, for
example, Fig.

This new set of pseudo-data was then
analysed like the real data in Ref. [69].
Fig. shows the result for the extraction
of the Sivers function for the valence and sea
up quarks. Similar results are obtained for
the down quarks as well. The central value
of fllT“, represented by the red line, follows

by construction the underlying model. The
2-sigma uncertainty of this extraction, valid
for the specifically chosen functional form, is
indicated by the purple band. This precision,
obtainable with an integrated luminosity of
10 fb~!, is compared with the uncertainty
of the extraction from existing data, repre-
sented by the light grey band. It should be
emphasized that our current knowledge is re-
stricted to only a qualitative picture of the
Sivers function and the above analysis did
not take into account the model dependence
and the associated theoretical uncertainties.
With the anticipated large amount of data
(see Fig. for a modest integrated lumi-
nosity 10 fb~1), we can clearly see that the
EIC will be a powerful facility enabling ac-
cess to TMDs with unprecedented precision,
and particularly in the currently unexplored
sea quark region. This precision is not only
crucial for the fundamental QCD test of the
sign change between the Sivers asymmetries
in the DIS and Drell-Yan processes, but also
important to investigate the QCD dynamics
in the hard processes in SIDIS, such as the
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Figure 2.15: Four-dimensional representation of the projected accuracy for 7+ production in
semi-inclusive DIS off the proton. Each panel corresponds to a specific z bin with increasing
value from left to right and a specific P, bin with increasing value from top to bottom, with
values given in the figure. The position of each point is according to its Q2 and z value, within
the range 0.05 < y < 0.9. The projected event rate, represented by the error bar, is scaled
to the (arbitrarily chosen) asymmetry value at the right axis. Blue squares, black triangles and
red dots represent the /s = 140 GeV, /s = 45 GeV and /s = 15 GeV EIC configurations,
respectively. Event counts correspond to an integrated luminosity of 10 fb~! for each of the

three configurations.

QCD evolution and resummation, matching
between the TMD factorization and collinear
factorization approaches, etc. Meanwhile, an
exploration of the sea quark Sivers function
will provide, for the first time, unique infor-
mation on the spin-orbital correlation in the
small-z region. The right panel of Fig. [.3]
in the Introduction (Section 1.2) showed the
kinematic reach of the EIC which would en-
able a measurement of the transverse mo-
mentum profile of the quark Sivers function
over a wide range in x, e.g. from the valence
to the sea quark region. Note that Fig. 3]

showed the total up quark Sivers function,
while Fig. 2.16l shows the valence and the sea
quarks separately.

The wide kinematic reach of the EIC
also allows the measurement of physical ob-
servables over a wide transverse momentum
range. This is particularly important to un-
derstand the underlying mechanism that re-
sults in single spin asymmetries. Recent
theoretical developments have revealed that
both the transverse-momentum-dependent
Sivers mechanism and the quark-gluon-quark
correlation collinear mechanism describe the
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Figure 2.16: Comparison of the precision (2-0 uncertainty) of extractions of the Sivers function
for the valence (left) u, = u — @ and sea (right) @ quarks from currently available data [69]
(grey band) and from pseudo-data generated for the EIC with energy setting of /s = 45 GeV
and an integrated luminosity of 10 fb~! (purple band with a red contour). The uncertainty
estimates are for the specifically chosen underlying functional form.

same physics in the kinematic regions where
both approaches apply [77, [78]. The only
way to distinguish between the two and un-
derstand the underlying physics is to mea-
sure them over wide pr ranges. The high
luminosities at the EIC machine could pro-
vide a golden opportunity to explore and un-
derstand the mechanism of the transverse
spin asymmetries. In addition, with pre-

Access to the Gluon TMDs

Beyond the gluon helicity measurements
described in Sec. 2.2] the gluonic orbital
angular momentum contribution would be
studied in hard exclusive meson production
processes at the EIC. The transverse mo-
mentum dependent gluon distribution can
provide complementary information on the
spin-orbital correlation for the gluons in the
nucleon. Just as there are eight TMDs
for quarks, there exist eight TMDs for glu-
ons [79]. Experimentally, the gluon TMDs
— in particular, the gluon Sivers function
— are completely unexplored so far and will
likely not be probed at existing facilities.
In addition, toward the small-x region, the
TMD gluon distributions have intimate con-

cision data in a large range of transverse
momentum, we shall be able to study the
strong interaction dynamics in the descrip-
tion of large transverse momentum observ-
ables and investigate the transition between
the non-perturbative low transverse momen-
tum region and the perturbative high trans-
verse momentum region.

nections to the saturation phenomena dis-
cussed in Sec[3.2] where the gluon distribu-
tions are fundamental objects as well. Ex-
plorations of the TMD gluon distributions
(experimentally and theoretically) shall offer
deep insight into the QCD dynamics evolving
from the valence region to the sea region.

Many processes in DIS can be used
to probe the transverse momentum depen-
dent gluon distributions, for example, di-
jet/di-hadron production, heavy quark, and
quarkonium production. We take one partic-
ular example: heavy meson pair (D-D) pro-
duction in DIS. In this process, D and D
are produced in the current fragmentation

region: Y*NT — D(k;) + D(k2) + X, where
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Figure 2.17: The single transverse spin asymmetry for v*NT — DYD? 4+ X, where ¢ is the
azimuthal angle between the total transverse momentum &/, of the D-D pair and the transverse
polarization vector S| of the nucleon. The asymmetries and the experimental projections are

calculated for two different k| = 0.75,1.5GeV
(W) = 60GeV, (Q?) = 4GeV2

N represents the transversely polarized nu-
cleon, D and D are the two mesons with mo-
menta kq and ko, respectively. Similar to the
Sivers effect in semi-inclusive hadron produc-
tion in DIS discussed above, the gluon Sivers
function will introduce an azimuthal asym-
metry correlating the total transverse mo-
mentum k| = kiy + ko) of the D-D pair
with the transverse polarization vector S| of
the nucleon. In experiment, this results in a
single spin azimuthal asymmetry depending
on the azimuthal angle between k', and S .
In Fig. 217 we show the sensitivity of the
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as examples. The kinematics are specified by

measurement of the asymmetry in a typical
kinematic configuration of the EIC machine
[80]. The two theory curves are based on a
model calculation from Ref. [2]. The esti-
mate of the projected error bars comes from
a simulation of the integrated luminosity of
100 fb~!. Since the gluon Sivers effects has
never been measured, this will be the first
measurement of such an effect. Beside the
D-D correlation, the di-hadron/di-jet corre-
lations in DIS can also give us an indepen-
dent handle on the study of the gluon Sivers
function.



2.3.3 Summary

The EIC will be a unique facility to systematically investigate the transverse momentum
dependent parton distributions comprehensively. While the measurements of quark TMDs
have begun in fixed target experiments, the gluon TMDs can only be studied at an EIC, and
such studies would be unprecedented. The QCD dynamics associated with the transverse
momentum dependence in hard processes can be rigorously studied at the EIC because
of its wide kinematic coverage. The comparison of the Sivers single spin asymmetry and
Boer-Mulders asymmetry between DIS and Drell-Yan processes can provide an important
test of the fundamental prediction of QCD. In summary, we list these important science

questions to be addressed at the EIC in Table

Deliverables Observables ‘ What we learn Stage I Stage 11
Sivers & SIDIS with Quantum 3D Imaging of | 3D Imaging of
unpolarized Transverse Interference & quarks quarks & gluon;
TMD quarks polarization; Spin-Orbital valencetsea | Q? (Pyr) range
and gluon di-hadron (di-jet) correlations QCD dynamics
Chiral-odd SIDIS with 3" basic quark | valencedsea | Q2 (P,r) range
functions: Transverse PDF; novel quarks for detailed
Transversity; polarization hadronization QCD dynamics
Boer-Mulders effects

Table 2.2: Science Matrix for TMD: 3D structure in transverse momentum space: (upper) the
golden measurements; (lower) the silver measurements.
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Fxclusive Processes and Generalized Parton Distributions

Generalized parton distributions (GPDs) can be extracted from suitable exclusive scat-
tering processes in e+p collisions. Examples are deeply virtual Compton scattering (DVCS:
v*+p — v+ p) and the production of a vector meson (y*+p — V +p). The virtual photon
is provided by the electron beam, as usual in deep inelastic scattering processes (see the
Sidebar on page [[9). GDPs depend on three kinematical variables and a resolution scale:

e r + ¢ and x — £ are longitudinal par- e The crucial kinematic variable for par-
ton momentum fractions with respect ton imaging is the transverse momen-
to the average proton momentum (p + tum transfer Ap = p/. — pr to the
p')/2 before and after the scattering, as proton. It is related to the invariant
shown in Figure 2.I8] square t = (p' — p)? of the momentum

transfer by t = —(AZ +4¢2M?)/(1 —

Whereas z is integrated over in the
£¢2), where M is the proton mass.

scattering amplitude, ¢ is fixed by the
process kinematics. For DVCS one has
¢ =xp/(2 —xp) in terms of the usual
Bjorken variable x5 = Q*/(2p - q). For e The resolution scale is given by Q2

the production of a meson with mass in DVCS and light meson production,
My one finds instead £ = xy /(2 — zv) whereas for the production of a heavy
with 2y = (Q* + MZ)/(2p - q). meson such as the J/W it is M}N + Q2.

Even for unpolarized partons, one has a nontrivial spin structure, parameterized by two
functions for each parton type. H(xz,§,t) is relevant for the case where the helicity of the
proton is the same before and after the scattering, whereas E(z,,t) describes a proton
helicity flip. For equal proton four-momenta, p = p/, the distributions H(z,0,0) reduce to
the familiar quark, anti-quark and gluon densities measured in inclusive processes, whereas
the forward limit E(x,0,0) is unknown.

Weighting with the fractional quark charges e, and integrating over x, one obtains a
relation with the electromagnetic Dirac and Pauli form factors of the proton:

Zeq/dw H(@, 1) = FP(2), Zeq/daj Bz, €,t) = F2(2) (2.14)

and an analogous relation to the neutron form factors. At small ¢ the Pauli form factors
of the proton and the neutron are both large, so that the distributions F for up and down
quarks cannot be small everywhere.

v* v v 7
x+§/ \x—% x+§/ \x—%
P ' ' )

Figure 2.18: Graphs for deeply virtual Compton scattering (left) and for exclusive vector meson
production (right) in terms of generalized parton distributions, which are represented by the
lower blobs. The upper filled oval in the right figure represents the meson wave function.

43



2.4 Spatial Imaging of Quarks and Gluons

Conveners: Markus Diehl and Franck Sabatié

2.4.1 Physics Motivations and Measurement Principle

Spatial imaging FElastic electron-nucleon
scattering has played a major role in our un-
derstanding of strong interactions ever since
the Hofstadter experiment showed that pro-
tons and neutrons are not point-like par-
ticles.  Measurements of the electromag-
netic nucleon form factors have become ever
more precise [81] and give detailed informa-
tion about the spatial distribution of elec-
tric charge and magnetization in the nu-
cleon. Further information (albeit with less
accuracy) can be obtained from neutral and
charged weak currents. However, elastic
scattering does not reveal the distribution of
gluons, which carry only color charge, and it
is not selectively sensitive to sea quarks.

Hard exclusive scattering processes bring
the idea of imaging to a new qualitative level
by probing the transverse distribution of
quarks, anti-quarks and gluons as a function
of their longitudinal momentum in the nu-
cleon. One may regard this as a tomography
of the nucleon, with two-dimensional spatial
images being taken for different “slices” of
the parton momentum fraction, z. In dif-
ferent terms, one maps out in this way the
2 + 1 dimensional structure of the nucleon,
with two dimensions in space and one in mo-
mentum.

Such spatial images of partons can pro-
vide insight into the fundamental questions
about QCD dynamics inside hadrons spelled
out in Sec. 211 In particular, quantifying
the difference in the distributions of quarks
and gluons will shed light on their dynamical
interplay, and the dependence of the trans-
verse distribution of quarks on x will reveal
to what extent sea and valence quarks have
different or similar characteristics. As the
size of effects that can be expected is not
huge, measurements with high precision are

crucial to uncover them.

We will show that with a suitable setup
of detectors and the interaction region, the
EIC will be able to probe partons at trans-
verse distances by up to about 1.5 fm or even
higher. In this region, there are definite pre-
dictions [82, [83] for the impact parameter
distribution f(z,br) of partons, namely an
exponential falloff in b7 (akin to the one pro-
duced by a Yukawa potential) with a charac-
teristic length that depends on x and is of
order 1/(2m,) ~ 0.7fm. This behavior re-
sults from quantum fluctuations with virtual
pions at large by, sometimes referred to as
the “pion cloud” of the nucleon. The char-
acteristics of these fluctuations are a direct
consequence of the breakdown of chiral sym-
metry in QCD and can be computed using
effective field theory methods. From a dif-
ferent point of view, one may hope that the
structure of the proton of distances on the
femtometer scale will eventually help us to
better understand the mechanism of confine-
ment.

Although the spatial imaging of partons
puts highest demands on experiment, the un-
derlying physical principle is quite simple.
In suitable exclusive processes one can mea-
sure the difference A7 between the trans-
verse momentum of the proton in the ini-
tial and the final state. A two-dimensional
Fourier transform converts the distribution
of A7 into the spatial distribution of par-
tons in the transverse plane [84], [85]. This
bears some similarity with X-ray diffraction,
where a spatial image of a crystal is obtained
by a Fourier transform from the deflection of
X-rays.

To reconstruct the longitudinal momen-
tum information in nucleon tomography is
less easy. In exclusive processes suitable for
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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 4+ £ and z — £ as
shown in the Sidebar on page [@3l 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 by in the pro-

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

(ST X bT)Z 0

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
Q?, given that a change in resolution scale
changes their x dependence in a calculable
way while leaving £ and A7 untouched. To
reconstruct the x dependence of GPDs by
measuring the Q? 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 Q>
and £ as possible.

interest is the shift in the transverse distri-
bution of partons induced by transverse po-
larization S7 of the proton, which has the
form [84]

fﬂ(‘ra bT) = f(l’, b%“) +

where M is the proton mass. The distri-
butions f(z,b%) and e(x,b%), 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(z,&,t) and
E(x,&,t) at € = 0 (see the Sidebar on
pagel43]). This shift is the position space ana-
log of the Sivers effect discussed in Sec. 23]
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. 23l the Sivers effect arises from
the interaction of the scattered parton with
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e(z,b%), (2.15)

M b2,
the proton remnant. The shift in the spa-
tial distribution of the parton described by
Eq. (ZTI5) 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 effect and the GPDs H and E that
enter in Eq. (ZI5). 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. (2I5) is intimately connected with the
orbital angular momentum carried by par-



tons in the nucleon and thus with the pro-
ton spin puzzle, i.e., with the question of
how the spin of the proton is distributed
at the microscopic level. Writing the densi-
ties in Eq. (2.1I5]) or the associated GPDs in
terms of nucleon wave functions, one indeed

Ji— %/dm [HY(z,&,t = 0) + E9(x,€,t = 0)]

which represents the total angular momen-
tum JY¢ (including both helicity and or-
bital contributions) carried by quarks and
anti-quarks of flavor ¢ as an integral over
GPDs. An analogous relation holds for glu-
ons. There is a close connection between
Ji’s sum rule and the shift in b-space (see
Eq. (215)) [90]. Let us mention that the very
definition of angular momentum for quarks
and gluons is non-trivial and involves several
conceptual aspects at the core of non-abelian
gauge theories, see e.g. [19,20] and references
therein.

J? is a generalized form factor at t = 0
that can be computed in lattice QCD [6], and
we foresee that such computations will have
reached maturity by the time the EIC is op-
erational. In turn, a precise determination of
Eq. (2I6]) with GPDs extracted from exclu-
sive scattering processes is extremely chal-

2.4.2 Processes and Observables

A large number of exclusive channels can
be experimentally investigated at the EIC,
and each of them will give specific physics
information. An overview of key measure-
ments is given in Table 2.3

For most processes, we have formal
proofs of factorization [91, [92], which pro-
vide a solid ground for their interpretation
in terms of GPDs (akin to the factorization
proofs that enable us to extract conventional
parton densities from inclusive processes, see
Sec. [2.2)). For these proofs to apply, the
photon virtuality @2 must be large, in par-

finds that E originates from the interference
of wave functions whose orbital angular mo-
mentum differs by one unit [88]. A different
way to quantify this connection is Ji’s sum
rule [I8] 89]

(2.16)

lenging, especially because it requires knowl-
edge of H and E for all x at fixed £&. A
reliable estimate of the associated theoreti-
cal uncertainties will only be possible when
high-precision data enable us to gain a better
understanding of the dependence of GPDs on
their different kinematic arguments. On the
other hand, exclusive scattering experiments
can investigate the dependence of H and E
on the longitudinal momentum fractions in
a wide kinematic range. Measurements at
the EIC will in particular probe the region of
sea quarks, whose contribution to the angu-
lar momentum sum rule is suppressed com-
pared to valence quarks because of the factor
x in the integral given in Eq. (2.16]). In this
sense, computations in lattice QCD and mea-
surements of exclusive reactions are highly
complementary.

ticular much larger than the invariant mo-
mentum transfer ¢ to the hadron. In terms
of imaging, the precision ~ 1/@Q with which
partons are resolved is then much finer than
the precision ~ 1 /\/m with which their po-
sition in the hadron is determined [85]. This
permits a clean separation between the ob-
ject that is being imaged and the probe used
to obtain the image. Deeply virtual Comp-
ton scattering (DVCS) is measured in the re-
action ep — epy and plays a privileged role
in several respects:
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Its theoretical description is most advanced, with radiative corrections being available
up to order o? [93] and corrections of order 1/Q to the limit of large Q2 being well
understood in their structure [94]. Recently, results have even been obtained for
corrections of order 1/Q? due to the finite target mass and to nonzero ¢ [95].

It has a large number of angular and polarization observables that can be calculated
using the factorization theorem and thus constrain GPDs [96]. With longitudinal
electron polarization and both longitudinal and transverse polarization of the proton,
one has enough observables to disentangle the distributions H and E discussed above,
as well as their counterparts H and E for longitudinally polarized partons.

Several contributions that are suppressed by 1/@Q can be extracted from suitable
observables and be calculated in terms of twist-three distributions, which are closely
connected to those accessible in semi-inclusive processes at high transverse momentum

(see Sec. [2.3.2).

Compton scattering interferes with the Bethe-Heitler process, which is calculable in
QED. This allows one to extract the complex phase of the Compton scattering am-
plitude, which in turn gives more detailed information about GPDs.

Further information about the phase of the Compton amplitude can be extracted if
both e~ and e beams are available (even if the latter are unpolarized). In the absence
of a positron beam, some of this information may be obtained by running at different
beam energies (using a Rosenbluth-type separation of different contributions to the
cross-section).

Deliverables ‘ Observables What we learn Requirements
GPDs of DVCS and J/V, p°, ¢ transverse spatial distrib. [dt L ~ 10 to 100 fb~*;
sea quarks | production cross-section | of sea quarks and gluons; leading proton detection;

and gluons and polarization total angular momentum | polarized e~ and p beams;

asymmetries and spin-orbit correlations | wide range of x and Q?;

GPDs of electro-production of dependence on range of beam energies;

valence and 7T, K and pT, K* quark flavor and et beam

sea quarks polarization valuable for DVCS

Table 2.3: Key measurements for imaging partons in the transverse plane. With energies in
stage |, one can in particular investigate the transition from the valence to the sea quark regime
and measure the processes in the lower block, whereas stage Il provides access to a wide region

dominated by sea quarks and gluons.

Closely related to DVCS is time-like
Compton scattering, yp — £T£"p, i.e. photo-
production of a lepton pair with large invari-
ant mass [97]. An advantage of this pro-
cess is that the analog of the DVCS beam
charge asymmetry is an asymmetry in the

angular distribution of the produced lep-
ton pair, which can be measured without
positron beams.

Compton scattering thus has the poten-
tial to yield detailed and precise informa-
tion about GPDs for different polarizations
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of the partons and the proton. A limitation it
shares with inclusive DIS is that it is sensitive
only to the sum of quark and anti-quark dis-
tributions in a particular flavor combination
and that it involves gluon distributions only
via a logarithmic dependence on Q2. Exclu-
sive meson production offers substantial help
in the separation of different quark and anti-
quark flavors and of gluons, which is of spe-
cial interest as discussed in Sec. 21 The
theoretical description of these processes is
more involved: it requires knowledge of the

relevant meson wave functions, and theoreti-
cal progress is still needed to achieve control
over radiative corrections [98] 99] and over
corrections to the large Q? limit [I00]. Mea-
suring at Q2 well above 10 GeV? can substan-
tially decrease the theoretical uncertainties.
This holds in particular for parton imaging,
given that at lower Q? the measured ¢ depen-
dence receives contributions from the finite
meson size as well as from the structure of
the proton target. Let us highlight specific
features of different production channels.

e J/W production provides selective access to unpolarized gluons. In this case, the hard
scale of the process is Q% + Mf/q, rather than @2, so that both photo- and electro-
production can be used to probe GPDs. Electro-production has smaller rates but
reduced theoretical uncertainties. Furthermore, the cross-sections oy, and o7 for lon-
gitudinal and transverse photon polarization, which can be separated experimentally
from the angular distribution in the decay J/¥ — ¢T¢~, provide two independent
observables to validate the theory description.

e The production of the neutral vector mesons p°, ¢, w involves unpolarized gluons and
sea quarks in particular flavor combinations. p™ production provides direct informa-
tion about the difference of u and d distributions, whereas the production of K*(829)
is sensitive to strange quarks in the proton [101].

The factorization theorem allows us to compute the cross-section o, for longitudinal
photon polarization and the associated transverse proton spin asymmetry, whereas
other observables require a model for effects suppressed by 1/Q [L02]. An experimen-
tal separation of o7, and op can be performed using the vector meson decay, i.e., a
Rosenbluth separation with different beam energies is not required.

e Production of the pseudoscalar mesons 7, K, n and 1’ provides information about
different flavor combinations for longitudinally polarized quarks and anti-quarks, en-
coded in distributions H and E. Again, only oy, can be computed from the factoriza-
tion theorem. To separate oy and or one has to apply the Rosenbluth method and
hence needs data for different beam energies.

The calculations of 1/Q suppressed terms in [103] 104] found that op can be of sub-
stantial size due to contributions from GPDs for transversely polarized quarks, which
are closely related to the transversity distribution hj(x) introduced in the Sidebar on

page 331

e The production of 777~ pairs in the continuum or on the f»(1270) resonance is one of
the very few processes sensitive to the difference of quark and anti-quark distributions
[105], thus providing access to the x dependence of the distributions whose integrals
over x give the electromagnetic nucleon form factors.

e The production of two mesons with a large rapidity gap between them is again sensitive
to GPDs for transversely polarized quarks [106].
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Finally there is the possibility to study
the generalized parton distributions in the
pion using DVCS or meson production on a
virtual pion emitted from the proton beam
[82] 83l [107]. The experimental signature is
a recoil neutron as well as a recoil 7+ in the
final state. For a clear theoretical interpre-

tation of such a measurement, the emitted
pion must have only a small virtuality, i.e.,
it must be almost real. As shown in [107],
this requires both high energy and high lu-
minosity, which will be available at the EIC
for the first time.

2.4.3 Parton Imaging Now and in the Next Decade

Pioneering measurements for imaging
low-x partons have been performed in the
last decade at the HERA collider, where
the experiments H1 and ZEUS measured
DVCS and exclusive vector meson produc-
tion with up to 28 GeV electrons or positrons
scattering on 920 GeV unpolarized protons.
Most precise information about the spatial
gluon distribution comes from .J/¥ photo-
production (with the smallest statistical er-
rors among all relevant final states), and
DVCS has provided us with first information
about sea quarks at momentum fractions
x around 1073. These measurements pro-
vide evidence for differences between the spa-
tial distribution of small-z gluons, small-z
quarks and the distribution of valence quarks
one can infer from the electromagnetic nu-
cleon form factors. For gluons they also show
a weak dependence of the average impact pa-
rameter on z. With an integrated luminos-
ity of 500pb~! many of the HERA results
on imaging are however limited by statistical
errors and leave open many important ques-
tions, in particular regarding sea quarks and
the dependence of impact parameter distri-
butions on the resolution scale Q2.

Possibilities to extend the HERA mea-
surements of yp — J/¥p and yp — YTp to
higher energies are offered by ultraperipheral
proton-proton or proton-nucleus collisions at
the LHC. The quasi-real incident photon is
radiated off a beam proton or nucleus in this
case, the beam particle being scattered with
a very low momentum transfer.

Groundbreaking measurements in the re-
gion of moderate- to large-x have been made

by fixed-target experiments with 28 GeV
electrons and positrons at HERMES and
with up to 6 GeV electrons at JLab, prov-
ing in particular that angular and polariza-
tion asymmetries can be measured in DVCS
and interpreted in terms of GPDs. However,
most of these measurements are at rather
small Q2% or have sizeable statistical uncer-
tainties, which puts serious limitations on the
precision of extracted GPDs and precludes
the use of Q2 evolution as a tool.

The precise measurements of electromag-
netic nucleon form factors, as well as the cal-
culation of generalized form factors in lattice
QCD [6], are already providing valuable in-
formation about the spatial distribution of
partons in regions of z typically above 0.1
or so. Both research areas are anticipated to
make significant progress in the future and
will constitute an important complement of
imaging through exclusive processes, as dis-
cussed in Sec. 211

First measurements for imaging partons
with z between 10~ and 1072, i.e., in the
transition region between valence and sea
quarks, will be possible with the COMPASS
experiment at CERN, which will have the
benefit of both u™ and p~ beams to measure
the charge asymmetry in DVCS. The antici-
pated integrated luminosity around 100 pb~*
will, however, limit the accuracy of measure-
ments at Q2 above 5GeV? and the possi-
bilities to explore simultaneously the depen-
dence on z, Q% and t. At present it is not
clear whether polarized protons will be avail-
able.
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Figure 2.19: An overview of existing and planned measurements of DVCS in the z, Q? plane.

A first era of precise parton imaging will
begin with the 12 GeV upgrade at JLab, with
very high statistics and sufficiently high Q2
to probe partons at high-z, including the ef-
fects of polarization. Figure gives an
overview of existing and anticipated mea-
surements of DVCS in the z, @? plane.

To realize the full physics potential of
parton imaging that we have discussed in the
previous section will require the EIC. Such
a machine will, for the first time, make it
possible to image partons with high statis-
tics and with polarization in a wide range
of small- to moderate-z. At high-z it will
complement the JLab 12 program with mea-
surements at large-Q?, thus opening up the
possibility to extract physics from scaling vi-
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olations for high-momentum partons.

Let us finally mention that it is very dif-
ficult to obtain information on GPDs from
exclusive processes in p+p collisions. This is
due to the effect of soft gluon exchange be-
tween spectator partons in the two protons,
which precludes a simple theoretical inter-
pretation of such reactions. Lepton-proton
scattering thus provides a privileged way to
quantify the spatial structure of the pro-
ton via GPDs. On the other hand, the in-
formation gained in lepton-proton scattering
can help to better understand important fea-
tures of proton-proton collisions, in particu-
lar the dynamics of multi-parton interactions

[108, 109].



2.4.4 Accelerator and Detector Requirements

The experimental study of DVCS and
meson electro-production requires high lumi-
nosity: cross-sections are at best a few per-
cent of the inclusive DIS cross-section, and
the data need to be kinematically binned in
up to five variables (z,Q?,t, ¢, ¢s), where ¢
(¢s) is the angle between the hadron produc-
tion (proton beam polarization) plane and
the electron scattering plane. Luminosities
as high as 103*cm~=2s7! are crucial for the
measurement of DVCS spin asymmetries and
for the exploration of the high-t region, as
well as for certain meson production chan-
nels, especially at low-z. A large lever arm
in Q? at fixed x is required for testing the
power behavior predicted by factorization
theorems, and beyond this for the use of
evolution effects to disentangle gluons from
quarks in Compton scattering. If several col-
lision energies and hence several beam con-
figurations are needed to achieve this, one
needs accurate measurements of integrated
luminosities in order to cross-normalize data
sets. A significant lever arm in y at fixed
2 and Q? is mandatory for the separation
of o7, and op, which is essential for pseu-
doscalar mesons and helpful for DVCS in
case a positron beam is not available, as ex-
plained in Sec.

To measure truly exclusive processes, it
is essential to detect all final state particles.
Hermeticity of the EIC detector is therefore
a crucial requirement. The most critical as-
pect is the ability to detect the recoil baryon,
which in the region of interest has a trans-
verse momentum up to a few GeV. This cor-
responds to very small scattering angles with
respect to the proton beam. At large pro-
ton beam energies, the detection of the recoil
proton may require Roman Pots integrated
in the machine lattice, whereas at lower pro-
ton beam energies, or high proton transverse
momenta, it should be possible to detect the
proton in the main EIC detector. Note that
the transverse momentum acceptance is di-
rectly related to the region in by space where
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reliable images can be obtained. The emit-
tance of the proton beam at the location of
the detectors needs to be kept reasonably low
so that the detectors can be placed as close
to the proton beam as possible. Near per-
fect hermeticity is also essential in the case
of low-y events, which are needed to explore
high  at a given Q2. Indeed, in this case, y
is measured using a hadronic method and de-
pends on the sum over the energy minus the
longitudinal momentum of all the hadronic
final-state particles.

Specifically for DVCS, but also for 7°
production, the photon detection coverage is
particularly important over the full rapidity
range. Note that for DVCS, both the photon
and the electron tend to be emitted backward
in the same hemisphere when the electron en-
ergy increases.

As far as particle identification is con-
cerned, the situation varies depending on the
beam energies. In the most general case,
the separation of electrons and pions requires
particular care in the momentum range be-
tween about 4 and 10 GeV. For the identifi-
cation of light mesons, mostly in the barrel
section, the same care will be necessary in
the same momentum range. A ring imaging
Cherenkov counter (RICH) or a DIRC com-
plementing a time-of-flight system will likely
be needed in the barrel section of the de-
tector (see Sec. [6.3). Note that in addition
to standard particle identification, the miss-
ing mass method might be used at low colli-
sion energies to discriminate between particle
types, depending on the kinematics and the
resolution that can be achieved.

To measure J/¥ production, one would
use ideally both the decays into puTp~ and
eTe”. In both cases, the momentum reso-
lution needs to be sufficiently good to avoid
contamination from the non-resonant back-
ground as well as from the exclusive and
semi-inclusive (2S) production channels,
which have the same decay modes.

As pointed out in Sec. 24.2] polarization



is critically important in order to disentan-
gle the different GPDs entering DVCS and
other processes. Specifically, transverse pro-
ton polarization is essential to access the in-
formation about orbital angular momentum
encoded in the distribution E. High values

2.4.5 Parton Imaging with the EIC

Let us show the potential of an EIC for
imaging partons using the DVCS process,
which plays a privileged role as we discussed
in Sec. The following projections are
based on events simulated according to GPD
models that give a good description of the ex-
isting DVCS data [93] [110]. Acceptance cuts
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Figure 2.20: Expected distribution of

DVCS events in bins of z and Q2.

of electron and especially proton polarization
are ideal for precise measurements. The elec-
tron and proton polarizations should be mea-
sured with sufficient accuracy, so as not to
become significant sources of systematic er-
TOr.

for the detected electron, photon and pro-
ton corresponding to the detector layout in
Sec. and Sec. have been applied. Fig-
ure 2.20] shows that a fine binning of DVCS
events in both z and (? is possible in a wide
kinematic range.
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correspond to Compton scattering, i.e. the contribution of the Bethe-Heitler process to the

process ep — epy has been subtracted.

With the lower set of beam energies,
which would be achieved at stage I, one finds
ample statistics in bins with large Q2 for z
as high as 0.2. The combination of such data
with fixed-target results will give a substan-
tial lever arm in Q? and permit the study
of evolution effects in the kinematic regime
where valence quarks are important.

The top panels of Figure 2.21] show the
t dependence of the DVCS cross-section in
two bins of = and @Q?, accessible with E, =
5GeV, B, = 100 GeV and with F, = 20 GeV
E, = 250GeV, respectively. The simu-
lated data have been smeared for resolu-

tion, and the error bars include both statis-
tics and an estimate of systematic uncer-
tainties. The scattered proton is assumed
to be detected in Roman pots for |t| above
(175MeV)?, see Sec. [6.2.3]and chapter 7.3 of
[2]. More detail on the simulation is given
elsewhere [111], [112]. From the DVCS cross-
section, one can reconstruct the scattering
amplitude, which can then be Fourier trans-
formed into by space. The resulting images
correspond to the particular combination of
quarks, anti-quarks and gluons “observed”
in Compton scattering. We explained ear-
lier that the momentum fraction of those
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Figure 2.21: Top: The DVCS cross-section in two bins of 2 and Q?. The error bars reflect
statistical and assumed systematic uncertainties, but not the overall normalization uncertainty
from the luminosity measurement. For the left panels the assumed luminosity is 10fb~! for
lt| < 1GeV? and 100fb~" for |t| > 1 GeV?2. Bottom: The distribution of partons in impact
parameter by obtained from the DVCS cross-section. The bands represent the parametric errors
in the fit of dopycg/dt and the uncertainty from different extrapolations to the regions of
unmeasured (very low and very high) ¢, as specified in Sec. 3.6 of [2].

partons is “smeared” around the measured
value of £ = z/(2 — ), whereas the vari-
able by is legitimately interpreted as a trans-
verse parton position [85]. The bottom pan-
els of Figure 2.21] show that precise images
are obtained in a wide range of bp, includ-
ing the large by region where a characteris-
tic dependence on by and z due to virtual

pion fluctuations is predicted as discussed in
Sec.[2.4.11 We emphasize that a broad accep-
tance in t is essential to achieve this accuracy.
If, for instance, the measured region of [¢|
starts at (300 MeV)? instead of (175 MeV)?,
the associated extrapolation uncertainty ex-
ceeds 50% for by > 1.5fm with the model
used here.
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The simulations presented here assume
an exponential ¢ dependence of the GPDs
and hence of the DVCS cross-section. As
shown in Sec. 3.6 of [2], GPDs that have
a dipole form in ¢ lead to larger uncertainty
bands in by space, with uncertainties becom-
ing significant below 0.2fm. This reflects a
larger uncertainty from the extrapolation of
the cross-section to the unmeasured large-t
region, where a dipole form decreases much
less quickly than an exponential law. In such
a scenario, measurement up to the largest
possible t values is crucial for the accuracy
of imaging at small impact parameters.
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Figure 2.22: Average values of b?p obtained
from the DVCS cross-section in different bins
of  and Q2. The assumed luminosity is as for
the left panels of figure@2.2Il The lines indicate
linear fits of (b2) vs. log z at fixed Q2. Within
errors, the fit for Q2 = 12.9 GeV? is consistent
with a vanishing or a small negative slope.

Figure shows that the quality of
EIC measurements allows one to resolve the
correlation of the average impact parameter
(b2) with z and with Q2. The change of (b%)
with Q2 reflects the dynamics of perturbative
parton radiation embodied in evolution equa-
tions. By contrast, the logarithmic broaden-
ing of (b%) with decreasing z (taken as an
input in the GPD model used for the sim-
ulation) reflects non-perturbative dynamics,
which has been linked to the physics of con-
finement [113]. To exhibit and separate these
effects requires simultaneous binning in Q?2,
x and t and high precision, which will only
be possible at the EIC.

The unpolarized DVCS cross-section is
mainly sensitive to the distribution H, i.e. to
unpolarized partons in an unpolarized pro-
ton. Information about the phase of the cor-
responding amplitude can be extracted from
the longitudinal spin asymmetry of the elec-
tron beam (not shown here). Sizeable val-
ues of this asymmetry are expected for y not
too small and not too large (say between 0.2
and 0.8). This method can in particular give
good constraints in regions where dopycs/dt
has large uncertainties due to the subtraction
of the Bethe-Heitler cross-section.

Information about the other distribu-
tions, E, H and E, can be extracted from
a number of polarization asymmetries. For
the sake of simplicity, we focus in the follow-
ing on the region of small z, where H and
E are expected to be small and can be ne-
glected in a first approximation. Access to
FE, and thus to orbital angular momentum,
can then be obtained from a particular an-
gular asymmetry measurable with transverse
proton polarization. The top panel of Fig-
ure 223 shows simulated data for this asym-
metry calculated with a specific model of E
and H. The curves have been obtained for
different values of k = E(x,£,0)/H(z,&,0),
which determines the size of the transverse
shift in the density (see Eq. (2.I3)), and
the data points correspond to x = +1.5 for
sea quarks. Since the asymmetry receives
contributions from both H and E it would
be nonzero even for vanishing E. The pro-
jected errors are for a polarization of 80%
and include estimated systematic uncertain-
ties. We see that the EIC could clearly dis-
tinguish between different scenarios.

Assuming a functional form of the GPDs,
one can extract both H and F in a fit
to the DVCS cross-section and the trans-
verse proton spin asymmetry. The middle
and lower panels of Figure 223 show the
br space densities obtained from a fit to
simulated data for 20 GeV electrons scatter-
ing on 250 GeV protons in the kinematic re-
gion with 3.2GeV? < @Q? < 17.8GeV? and
107% < 2 < 1072, Details of this study are
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Figure 2.23: Top: The DVCS polarization asymmetry A(S}%(‘f’_‘z’S) 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 dopycs/dt and A[S]il_}(¢_¢3). The bands represent the
parametric errors of the fit and the uncertainty from extrapolating the ¢ spectrum outside the
measured region. Bottom: The corresponding density of partons in the transverse plane.

given in [I11,[114]. We see that the paramet- ric uncertainty of the results is very small and
allows one to resolve the transverse shift of
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the distribution in a polarized proton (about
0.15fm in the example). Given its lever arm
in @2, the fit also permits a determination
of the distribution H for gluons from evolu-
tion effects, with the resulting density profile
shown in Figure

8.
I
T ol
&
G 4
rQ
X
2 2f
0. N N N N B
-15 -10 -05 0.0 0.5 1.0 1.5
by (fm)

Figure 2.24: The by space density for gluons
obtained in the same fit as the densities in Fig-

ure 2.231

As discussed in Sec. [24.2] exclusive J/¥
production offers direct access to the dis-
tribution of unpolarized gluons. The scal-
ing variable for this process is xy and the

hard scale is Q? + ML%/\I, (see the Side-
bar on page [@3)). The expected distribu-
tion of events in zy and @Q? in Figure
shows that high-statistics studies will be
possible not only for photo- but also for
electro-production, with the additional ben-
efits mentioned earlier.

Examples for the expected spectrum in ¢
are shown in Fig. 2.26] with details given in
[111]. Also shown are the by space images
obtained from the v*p — J/Up scattering
amplitude by a Fourier transform. The dis-
tributions thus contain a contribution from
the small but finite size of the J/¥ meson,
which needs to be disentangled in a full GPD
analysis. We see from the Figure that with
data from stages I and II, this process will
enable us to accurately probe the spatial dis-
tribution of gluons over two orders of magni-
tude in x, up to the region where the domi-
nant partons are valence quarks. The trans-
verse proton spin asymmetry [116] will in
addition give constraints on the distribution
E for gluons and thus strongly complement
what can be achieved with DVCS.
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Figure 2.25: Expected number of events for exclusive .J/¥ production in bins of zy and Q2.

2.4.6 Opportunities with Nuclei

Although the focus of this section is on
imaging the proton, let us briefly point out
that exclusive reactions with nuclear beams
offer a variety of physics opportunities. Light

nuclei such as 3He or the deuteron can pro-
vide an effective neutron target, which can
be used for disentangling v and d distribu-
tions, just as for the usual parton densities
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Figure 2.26: Top: cross-section for v*p — J/Up in two bins of 2y and Q2. Bottom: the
distribution of gluons in impact parameter by obtained from the J/W¥ production cross section.
The bands have the same meaning as in Figure 2211

measured in inclusive processes. Such mea-
surements are even more powerful if the nu-
clei can be polarized.

Coherent exclusive processes, in which
the nucleus stays intact, give new handles
for the understanding of collective dynam-
ics such as shadowing, anti-shadowing or the
EMC effect. An overview and references can
be found in Sec. 5.9.1 of [2]. Coherent ex-
clusive reactions such as J/¥ production on
heavy nuclear targets have the potential to
map out the geometry of the nucleus in high-
energy processes and thus to quantify the ini-
tial conditions of heavy-ion collisions. As dis-

cussed in Sec. 3.2.2] they may offer detailed
information about parton saturation by ex-
hibiting the by dependence of the amplitude
N(z,rp,br) for scattering a color dipole of
size rp at a transverse distance by from the
center of the nucleus.

Scattering processes at high @? in which
two or more nucleons are simultaneously
knocked out of a nucleus provide an oppor-
tunity to study short-range correlations be-
tween nucleons in a nucleus. Fixed-target ex-
periments [I17),T18] have obtained intriguing
results, which not only provide detailed in-
sight into the nucleon-nucleon interaction at
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short distances but also have astrophysical knockout nucleons, see Sec. 5.12 of [2]. Such
implications [119]. At the EIC, one will have studies have the potential to greatly increase
the unique opportunity to study the role of our understanding of nuclear forces in the
gluon degrees of freedom in these short-range transition region between hadronic and par-
correlations. For instance, in exclusive J/¥ tonic degrees of freedom.

production off light nuclei accompanied by
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Chapter 3

The Nucleus: A Laboratory for

QCD

3.1 Introduction

QCD, the accepted theory of strong inter-
actions, is in general very successful in de-
scribing a broad range of hadronic and nu-
clear phenomena. One of the main achieve-
ments in our understanding of QCD is the
variation of the strong coupling constant and
asymptotic freedom, which is the name for
the theoretically predicted and experimen-
tally established fact that quarks and gluons
are almost free at very short (asymptotic)
distances inside the hadrons [120, [121]. QCD
is often studied in deep inelastic scattering
(DIS) experiments, in which one probes the
inner structure of the proton or nucleus by
scattering a small probe (a lepton) on it.
The lepton probes the quark distribution in
the proton or nucleus by exchanging a pho-
ton with it. Past DIS experiments were very
successful in determining the quark struc-
ture of the proton and of some light and
intermediate-size nuclei.

Despite the many successes in our un-
derstanding of QCD, some profound myster-
ies remain. One of them is quark confine-
ment: quarks can not be free (for a long

time) in nature and are always confined in-
side bound states — the hadrons. Another
one is the mass of the proton (and other
hadrons), which, at 938 MeV, is much larger
than the sum of the valence quark masses
(about 10 MeV). Both of these problems at
the moment can only be tackled by numerical
QCD simulations on the lattice. The current
consensus is that the gluons are responsible
for both the quark confinement and much of
the hadronic mass. The gluons, which bind
quarks together into mesons (bound states
of a quark and an anti-quark) and baryons
(bound states of three quarks), significantly
contribute to the masses of hadrons. At the
same time, gluons are significantly less well-
understood than quarks. Unlike photons, the
carriers of the electromagnetic force, gluons
interact with each other. The underlying
non-linear dynamics of this self-interaction is
hard to put under theoretical control. Glu-
ons are quite little-studied for particles pro-
viding over 98% of the proton and neutron
masses, generating much of the visible mat-
ter mass in the Universe In addition, it is

1One may compare the gluons to the Higgs boson, the search for which received a lot of attention in
recent decades. While the recently discovered Standard Model Higgs accounts for the masses of all the
known quarks along with the W* and Z bosons, this would still add up to only about 5% of the mass in

the visible Universe.
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known that gluons play a dominant role in
high energy DIS, hadronic and nuclear colli-
sions, being responsible for much of the par-
ticle production and total cross-sections in
these processes. In high-energy heavy-ion
collisions it is the gluons that are likely to be
responsible for production and thermaliza-
tion of the medium made out of deconfined
quarks and gluons, known as the quark-gluon
plasma (QGP). Clearly any progress in our
understanding of gluon dynamics would pro-
foundly improve our knowledge of the strong
force, allowing us to better control and more
deeply understand this fundamental interac-
tion.

In this chapter, we illustrate that DIS
experiments on large nuclei (heavy ions) at
high energies are the best way to study
gluon dynamics. We show that a large num-
ber of nucleons in a heavy ion likely results
in strong gluon fields in its wave function
probed at high energy, possibly leading to
the phenomenon of parton (gluon) satura-
tion, also known as the Color Glass Conden-
sate (CGC). The transition to this non-linear
regime is characterized by the saturation mo-
mentum g, which can be large for heavy
ions. Our current theoretical understanding
suggests that this strong gluon field combines
complex non-linear QCD dynamics with a
perturbatively large momentum scale ()4, al-
lowing one to perform small-coupling the-
oretical calculations due to the asymptotic
freedom property of QCD. An electron-ion
collider (EIC) would allow us to probe the
wave functions of high energy nuclei with an
energetic electron: by studying these interac-
tions one may probe the strong gluon fields
of the CGC. While experiments at HERA,
RHIC, and LHC found evidence consistent

with saturation, an EIC would have the po-
tential to seal the case, completing the dis-
covery process started at those accelerators.

Nuclei are made out of nucleons, which
in turn, are bound states of the fundamental
constituents probed in high energy scatter-
ing or at short distance, namely quarks and
gluons. The binding of nucleons into a nu-
cleus must be sensitive to how these quarks
and gluons are confined into nucleons, and
must influence how they distribute inside the
bound nucleons. The European Muon Col-
laboration (EMC) discovery at CERN that
revealed a peculiar pattern of nuclear modi-
fication of the DIS cross-section as a function
of Bjorken x, confirmed by measurements at
several facilities in the following two decades,
shows clear evidence that the momentum dis-
tributions of quarks in a fast-moving nucleus
are strongly affected by the binding and the
nuclear environment. With much wider kine-
matic reach in both z and @, and unprece-
dented high luminosity, the EIC not only can
explore the influence of the binding on the
momentum distribution of sea quarks and
gluons, but also, for the first time, determine
the spatial distribution of quarks and glu-
ons in a nucleus by diffractive or exclusive
processes. In addition, the wealth of semi-
inclusive probes at the EIC provides direct
and clean access to the fluctuations of color
or density of quarks and gluons in nuclei.

The EIC would be the world’s first ded-
icated electron-nucleus (e+A) collider. It
would be an excellent laboratory for explor-
ing QCD dynamics. The experimental pro-
gram of the machine is targeted to answer the
following fundamental questions concerning
the dynamics of quarks and gluons in nuclei:

e What is the role of strong gluon fields, parton saturation effects, and col-
lective gluon excitations in nuclei? Can we complete the discovery of the gluon
saturation/CGC regime, tantalizing hints of which may have been seen at HERA,
RHIC, and LHC? Accomplishing the discovery of a new regime of QCD would have
a profound impact on our understanding of strong interactions.
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e Can we experimentally find evidence of nonlinear QCD dynamics in the
high-energy scattering off nuclei? One of the main predictions of saturation
physics is that the z-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.

e 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-z, 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-z the transverse momentum distribution
may allow us to identify the saturation scale Q.

e 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 affected by the nuclear environment, giving us a
chance at a better understanding of the process.
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Figure 3.1: The kinematic acceptance in 2 and Q? of completed lepton-nucleus (DIS) and
Drell-Yan (DY) experiments (all fixed target) compared to EIC energies. The acceptance bands
for the EIC are defined by Q2 = z y s with 0.01 < y < 0.95 and values of s shown.
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The big questions listed above can be
answered by performing a set of measure-
ments using DIS on heavy ions at the EIC.
The measurements relevant for the small-
x e+A physics are described in Sec. [3.2]
while those pertaining to the large-z e+A
physics are discussed in Sec. 3331 Some of
these measurements have analogs in e+p col-
lisions but have never been performed in
nuclei; for these, e+p collisions will allow
us to understand universal features of the
physics of the nucleon and the physics of nu-
clei. Other measurements have no analog
in e+p collisions and nuclei provide a com-
pletely unique environment to explore these.
The EIC would have a capability of colliding
many ion species at a wide range of collision
energies. With its high luminosity and detec-
tor coverage, as well as its high collision en-
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ergies, the EIC could probe the confined mo-
tion as well as spatial distributions of quarks
and gluons inside a nucleus at unprecedented
resolution — one tenth of a femtometer or
better — and could detect soft gluons whose
energy in the rest frame of the nucleus is less
than one tenth of the averaged binding en-
ergy needed to hold the nucleons together
to form the nucleus. With large nuclei, the
EIC could reach the saturation regime that
may only be reached by electron-proton col-
lisions with a multi-TeV proton beam. The
kinematic acceptance of an EIC compared to
all other data collected in DIS on nuclei and
in Drell-Yan (DY) experiments is shown in
Fig. BIl Clearly an EIC would greatly ex-
tend our knowledge of strong interactions in
a nuclear environment.



Diffractive Scattering

Diffractive scattering has made a spectacular comeback with the observation of an unex-
pectedly large cross-section for diffractive events at the HERA e+p collider. At HERA,
hard diffractive events, e(k) + N(p) — €' (k') + N(p) + 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 ¢-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 diffractive event is shown in Fig.

K’ t = (p —p')? is the square of the momentum
transfer at the hadronic vertex. The
variable t here is identical to the one

k Z used in exclusive processes and gen-
eralised parton distributions (see the
Sidebar on page [43]).

M2 =(p—p +k—k)?is the squared
mass of the diffractive final state.

n = —In(tan(#/2)) is the pseudorapidity of
a particle whose momentum has a rel-
ative angle 6 to the proton beam axis.
For ultra-relativistic particles the pseu-

The kinematic variables are similar to dorapidity is equal to the rapidity, n ~
those for DIS with the following additions: y=1/2In((E+pr)/(E +pL)).

Figure 3.2: Kinematic quantities for the de-
scription of a diffractive event.

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 diffractive events with invariant
masses My > 3GeV. The remarkable nature of this result is transparent in the proton
rest frame: a 50 TeV electron slams into the proton and ~ 15% of the time, the proton is
unaffected, even though the virtual photon imparts a high momentum transfer on a quark
or antiquark in the target. A crucial question in diffraction 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 diffrac-
tive structure functions Ff and FP as

d'o 4o’ v*\ D4 y* D
= l—y+Z | Fy 2 M%,t) — = F;” 2 M%,t
d$BdQ2dM)2(dt Q6 |:< y+ 9 2 ($7Q7 X ) 9 L ($7Q7 X )

In practice, detector specifics may limit the measurements of diffractive events to those
where the outgoing proton (nucleus) is not tagged, requiring instead a large rapidity gap
An in the detector. ¢ can then only be measured for particular final states X, e.g. for J/W¥
mesons, whose momentum can be reconstructed very precisely.
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3.2 Physics of High Gluon Densities in Nuclei
Conveners: Yuri Kovchegov and Thomas Ullrich

In this section we present a description of the physics one would like to access with the
small-xz EIC program, along with the measurements needed to answer the related funda-
mental questions from the beginning of this chapter. One needs to measure the nuclear
structure functions F and F7, (see the Sidebar on page 20]) as functions of the Bjorken-x
variable and photon virtuality Q2 (see the Sidebar on page [J)), which allows us to extract
quark and gluon distribution functions of the nuclei, along with the experimental evidence
for the non-linear QCD effects. One needs to determine the saturation scale Qs charac-
terizing the CGC wave function by measuring two-particle correlations. The distribution
of gluons, both in position and momentum spaces, can be pinpointed by the measurement
of the cross-section of elastic vector meson production. The cross-sections for diffractive

(quasi-elastic) events are most sensitive to the onset of the non-linear QCD dynamics.

3.2.1 Gluon Saturation: a New Regime of QCD

Non-linear Evolution

The proton is a bound state of three “va-
lence” quarks: two up quarks and one down
quark. The simplest view of a proton reveals
three quarks interacting via the exchanges
of gluons, which “glue” the quarks together.
But experiments probing proton structure at
the HERA collider at Germany’s DESY lab-
oratory, and the increasing body of evidence
from RHIC and the LHC, suggest that this
picture is far too simple. Countless other glu-
ons and a “sea” of quarks and anti-quarks
pop in and out of existence within each
hadron. These fluctuations can be probed
in high-energy scattering experiments. Due
to Lorentz time dilation, the more we accel-
erate a proton and the closer it gets to the
speed of light, the longer are the lifetimes of
the gluons that arise from the quantum fluc-
tuations. An outside “observer” viewing a
fast moving proton would see the cascading
of gluons last longer and longer, the larger
the velocity of the proton. So, in effect, by
speeding the proton up, one can slow down
the gluon fluctuations enough to “take snap-
shots” of them with a probe particle sent to
interact with the high-energy proton.

In DIS experiments, one probes the pro-
ton wave-function with a lepton, which inter-

acts with the proton by exchanging a (vir-
tual) photon with it (see the Sidebar on
page [T). The virtuality of the photon, Q2
determines the size of the region in the plane
transverse to the beam axis probed by the
photon. By the uncertainty principle, the re-
gion’s width is Arp ~ 1/Q. Another relevant
variable is Bjorken x, which is the fraction of
the proton momentum carried by the struck
quark. At high energy, = ~ Q?/W? is small
(W? is the center-of-mass energy squared of
the photon-proton system). Therefore, small
x corresponds to high-energy scattering.

The proton wave-function depends on
both x and Q?. An example of such a depen-
dence is shown in Fig. B3] extracted from the
data measured at HERA for DIS on a pro-
ton. Here we plot the z-dependence of the
parton (quark or gluon) distribution func-
tions (PDFs). At the leading order PDFs
can be interpreted as providing the number
of quarks and gluons with a certain fraction
x of the proton’s momentum. In Fig. B3]
one can see the PDFs of the valence quarks
in the proton, zu, and xd, which decrease
with decreasing x. The PDFs of the “sea”
quarks and gluons, denoted by zG and z.S5
in Fig. B3l appear to grow very strongly to-
wards the low z. In fact, they had to be
scaled down by a factor of 20 to even fit into
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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-z.

the figure. Omne can also observe that the
gluon distribution dominates over those of
the valence and “sea” quarks at a moderate
z 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-xz 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. B4 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. 33l This dense small-z 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 (z, Q?) if they are initially known at
some other (7o, Q@3). The most widely used
evolution equation is the Dokshitzer-Gribov-
Lipatov-Altarelli-Parisi (DGLAP) equation
[11, 12, [10]. If the PDF's are specified at some
initial virtuality Q3, the DGLAP equation
allows one to find the parton distributions at
Q?* > Q% at all x where DGLAP evolution
is applicable. The evolution equation that
allows one to construct the parton distribu-
tions at low-z, given the value of it at some
xzo > « and all Q?, 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. The wave-
function of a high-energy proton or nucleus
containing many small-x partons is shown on
the left of Fig. 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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Figure 3.4: The proton wave-function at small-z (shown on the right) contains a large number
of gluons (and quarks) as compared to the same wave-function at a larger z = xg (shown on
the left). The figure is a projection on the plane transverse to the beam axis (the latter is shown
by arrows coming “out of the page,” with the length of the arrows reflecting the momentum of

the proton).

split into two partons, leading to an increase
in the number of partons proportional to the
number of partons N at the previous step,

ON(x,rr)
0ln(1/x)

with Kprkr, an integral kernel and «g the
strong coupling constant. In DIS at high en-
ergy, the virtual photon splits into a quark-
antiquark dipole which interacts with the
proton. The dipole scattering amplitude
N(z,rr) probes the gluon distribution in the
proton at the transverse distance 7 ~ 1/Q
Note that a Fourier transform of N (z,r7) is
related to the gluon transverse momentum
distribution (TMD) f(z, kr) from Chap. 2.
The BFKL evolution leads to the power-law
growth of the parton distributions with de-
creasing x, such that N ~ (1/x)* with \ a
positive number [123]. This behavior may
account for the increase of the gluon density
at small-x in the HERA data of Fig. B3l
The question arises whether the gluon
and quark densities can grow without limit
at small-x. While there is no strict bound

= a5 Kprkr ® N(z,rr), (3.1)

on the number density of gluons in QCD,
there is a bound on the scattering cross-
sections stemming from unitarity. Indeed,
a proton (or nucleus) with a lot of “sea”
gluons is more likely to interact in high en-
ergy scattering, which leads to larger scat-
tering cross-sections. Therefore, the bound
on cross-sections should have implications for
the gluon density. The cross-section bound
arises due to the black disk limit known from
quantum mechanics. The high-energy total
scattering cross section of a particle on a
sphere of radius R is bounded by

Oror < 27 R2 (3.2)

In QCD, the black disk limit translates into
the Froissart—Martin unitarity bound, which
states that the total hadronic cross-section
can not grow faster than In?s at very high
energies with s the center-of-mass energy
squared [125]. The cross section resulting
from the BFKL growth of the gluon den-
sity in the proton or nucleus wave-function
grows as a power of energy, oyt ~ $, and
clearly violates both the black disk limit and

%In general, the dipole amplitude also depends on the impact parameter by of the dipole (cf. Sec. ZZ.6):
for simplicity we suppress this dependence in N(z,rr).
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Figure 3.5: The non-linear small-x evolution of a hadronic or nuclear wave functions. All partons
(quarks and gluons) are denoted by straight solid lines for simplicity.

the Froissart—-Martin bound at very high en-
ergy.

We see that something has to modify the
BFKL evolution at high energy to prevent
it from becoming unphysically large. The
modification is illustrated on the far right of
Fig. At very high energies (leading to

ON(z,r7)
0ln(1/x)

This is the Balitsky-Kovchegov (BK) evolu-
tion equation [126], 127, 128], which is valid
for QCD in the limit of the large number
of colors N.J A generalization of Eq. (33)
beyond the large-N. limit is accomplished
by the Jalilian-Marian—Iancu—McLerran—
Weigert—Leonidov—Kovner (JIMWLK) [122,
131, 132, 133 134] evolution equation, which
is a functional differential equation.

The physical impact of the quadratic
term on the right of Eq. (B3] is clear: it
slows down the small-z evolution, leading to
parton saturation, when the number density
of partons stops growing with decreasing x.
The corresponding total cross-sections sat-
isfy the black disk limit of Eq. (32). The
effect of gluon mergers becomes important
when the quadratic term in Eq. (B3] be-
comes comparable to the linear term on the
right-hand-side. This gives rise to the satu-
ration scale Q, which grows as Q2 ~ (1/z)*
with decreasing x [129, [135] 136].

= o5 Kprkr, ® N(%TT) — Qg [N(%TT)]Q'

high gluon densities), partons may start to
recombine with each other on top of the split-
ting. The recombination of two partons into
one is proportional to the number of pairs
of partons, which in turn scales as N2. We
end up with the following non-linear evolu-
tion equation:

(3.3)

Classical Gluon Fields and the Nuclear
“Oomph” Factor

We have argued above that parton satura-
tion is a universal phenomenon, valid both
for scattering on a proton or a nucleus. Here
we demonstrate that nuclei provide an extra
enhancement of the saturation phenomenon,
making it easier to observe and study exper-
imentally.

Imagine a large nucleus (a heavy ion),
which was boosted to some ultra-relativistic
velocity, as shown in Fig. We are inter-
ested in the dynamics of small-z gluons in
the wave-function of this relativistic nucleus.
One can show that due to the Heisenberg
uncertainty principle, the small-x gluons in-
teract with the whole nucleus coherently in
the longitudinal (beam) direction, Therefore,
only the transverse plane distribution of nu-
cleons is important for the small-xz wave-
function. As one can see from Fig. B0l af-
ter the boost, the nucleons, as “seen” by the
small-z gluons with large longitudinal wave-

3 An equation of this type was originally suggested by Gribov, Levin and Ryskin in [129] and by Mueller
and Qiu in [I30], though at the time it was assumed that the quadratic term was only the first non-linear
correction with higher order terms expected to be present as well. In [126] [127], the exact form of the
equation was found, and it was shown that in the large- N, limit Eq. (83) does not have any higher-order

terms in N.
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Figure 3.6: A large nucleus before and after an ultra-relativistic boost.

length, appear to overlap with each other in
the transverse plane, leading to high parton
density. A large occupation number of color
charges (partons) leads to a classical gluon
field dominating the small-z wave-function
of the nucleus. This is the essence of the
McLerran-Venugopalan (MV) model [137].
According to the MV model, the dominant
gluon field is given by the solution of the
classical Yang-Mills equations, which are the
QCD analogue of Maxwell equations of elec-
trodynamics.

The Yang-Mills equations were solved for
a single nucleus exactly [138] [139]; their so-
lution was used to construct an unintegrated
gluon distribution (gluon TMD) ¢(x, k2)
shown in Fig. B.7 (multiplied by the phase
space factor of the gluon’s transverse mo-
mentum k7) as a function of kTH Fig. B.1
demonstrates the emergence of the satu-
ration scale Qs. The majority of gluons
in this classical distribution have transverse
momentum kr = Q5. Note that the gluon
distribution slows down its growth with de-
creasing kr for k7 < Qs (from a power-law
of kr to a logarithm, as can be shown by
explicit calculations). The distribution sat-
urates, justifying the name of the saturation
scale.

The gluon field arises from all the nucle-
ons in the nucleus at a given location in the
transverse plane (impact parameter). Away

from the edges, the nucleon density in the
nucleus is approximately constant. There-
fore, the number of nucleons at a fixed im-
pact parameter is simply proportional to the
thickness of the nucleus in the longitudinal
(beam) direction.

A .

)
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T

kr o(x, k
max. density

know how to
do physics here

|
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Figure 3.7: The unintegrated gluon distribu-
tion (gluon TMD) ¢(z, k%) of a large nucleus
due to classical gluon fields (solid line). The
dashed curve denotes the lowest-order pertur-
bative result.

For a large nucleus, that thickness, in
turn, is proportional to the nuclear radius
R ~ A3 with the nuclear mass number A.
The transverse momentum of the gluon can
be thought of as arising from many trans-
verse momentum “kicks” acquired from in-
teractions with the partons in all the nucle-
ons at a given impact parameter. Neglect-

“Note that in the MV model ¢(z, k%) is independent of Bjorken-z. Its z-dependence comes in though
the BK/JIMWLK evolution equations described above.
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ing the correlations between nucleons, which
is justified for a large nucleus in the leading
power of A approximation, once can think
of the “kicks” as being random. Just like
in the random walk problem, after A'/3 ran-
dom kicks the typical transverse momentum
— and hence the saturation scale — becomes
Qs ~ VA3, such that Q2,~ AY3. We
see that the saturation scale for heavy ions,
Q2 is much larger than the saturation scale
of the proton, Q%, (at the same z), since
(QMH? ~ AY3(Q)? [129, 130, 137, 140)].
This enhancement factor A3 of the satura-
tion scale squared is often referred to as the
nuclear “oomph” factor, since it reflects the
enhancement of saturation effects in the nu-
cleus as compared to the proton. For the gold
nucleus with A = 197, the nuclear “oomph”
factor is AY/3 ~ 6.

Map of High Energy QCD and the Sat-

uration Scale

We summarize our theoretical knowledge of
high energy QCD discussed above in Fig. B.8]
in which different regimes are plotted in the
(Q%Y = Inl/x) plane. On the left of
Fig. B.8 we see the region with Q? < AéCD
in which the strong coupling is large, as ~ 1,
and small-coupling approaches do not work
(Agep is the QCD confinement scale). In
the perturbative region, Q2% > A%C D> Where
the coupling is small, oy < 1, we see the
standard DGLAP evolution and the linear
small-z BFKL evolution, denoted by the hor-
izontal and vertical arrows correspondingly.
The BFKL equation evolves the gluon dis-
tribution towards small-z, where the parton
density becomes large and parton saturation
sets in. The transition to saturation is de-
scribed by the non-linear BK and JIMWLK
evolution equations. Most importantly, this
transition happens at Q2 > Aéc p Where the
small-coupling approach is valid.
Saturation/CGC physics provides a new
way of tackling the problem of calculat-
ing hadronic and nuclear scattering cross-
sections. It is based on the theoretical ob-

servation that small-z hadronic and nuclear
wave-functions — and, therefore, the scatter-
ing cross-sections — are described by an in-
ternal momentum scale, the saturation scale
Qs [129]. As we argued above, the satura-
tion scale grows with decreasing z (and, con-
versely, with the increasing center-of-mass
energy /s) and with the increasing mass
number of a nucleus A (in the case of a nu-
clear wave function) approximately as

Q) ~ AV (3>A
X

where the best current theoretical estimates
of A give A = 0.2 — 0.3 [I4I], in agree-
ment with the experimental data collected
at HERA [142] 143] [144], [145] and at RHIC
[141]. Therefore, for hadronic collisions at
high energy and/or for collisions of large
ultra-relativistic nuclei, the saturation scale
becomes large, Q2 > AéCD. For the total
(and particle production) cross-sections, @
is usually the largest momentum scale in the
problem. We therefore expect it to be the
scale determining the value of the running
QCD coupling constant, making it small,

(3.4)

a,(Q3F) < 1, (3.5)

and allowing for first-principles calculations
of total hadronic and nuclear cross-sections,
along with extending our ability to calculate
particle production and to describe diffrac-
tion in a small-coupling framework. For de-
tailed descriptions of the physics of parton
saturation and the CGC, we refer the reader
to the review articles [146] 147, [148] [149] and
to an upcoming book [I50].

Eq. (34) can be written in the following
simple pocket formula if one puts A = 1/3,
which is close to the range of A quoted above.

One has
Q) ~ <é>1/3. (3.6)

x
From the pocket formula (3.6]), we see that
the saturation scale of the gold nucleus (A =
197) is as large as that for a proton at the
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Figure 3.8: The map of high energy QCD in the (Q?,Y =1n1/z) plane.

197-times smaller value of x! Since lower val-
ues of x can only be achieved by increas-
ing the center-of-mass energy, which could
be prohibitively expensive, we conclude that
at the energies available at the modern-day
colliders one is more likely to complete the
discovery of saturation/CGC physics started
at HERA, RHIC, and the LHC by perform-
ing DIS experiments on nuclei.

This point is further illustrated in
Fig. B9l which shows our expectations for
the saturation scale as a function of z coming
from the saturation-inspired Model-I [I51]
and from the prediction of the BK evo-
lution equation (with higher order pertur-
bative corrections included in its kernel)
dubbed Model-IT [142], 143]. One can clearly
see from the left panel that the saturation
scale for Au is larger than the saturation
scale for Ca, which, in turn, is much larger
than the saturation scale for the proton: the
“oomph” factor of large nuclei is seen to be
quite significant.

As we argued above, the saturation scale
squared is proportional to the thickness of
the nucleus at a given impact parameter b.
Therefore, the saturation scale depends on
the impact parameter, becoming larger for

small b =~ 0 (for scattering through the cen-
ter of the nucleus, see Fig. B.6]) and smaller
for large b &~ R (for scattering on the nuclear
periphery, see Fig. [B.6]). This can be seen in
the left panel of Fig. where most values
of Qs are plotted for median b by solid lines,
while, for comparison, the Q)5 of gold is also
plotted for b = 0 by the dashed line: one
can see that the saturation scale at b = 0 is
larger than at median b. The curves in the
right panel of Fig. are plotted for b = 0:
this is why they give higher values of Q)5 than
the median-b curves shown in the left panel
for the same nuclei.

This A-dependence of the saturation
scale, including a realistic impact parame-
ter dependence, is the raison d’étre for an
electron-ion collider. Collisions with nuclei
probe the same universal physics as seen with
protons at values of = at least two orders
of magnitude lower (or equivalently an or-
der of magnitude larger /s). Thus, the nu-
cleus is an efficient amplifier of the universal
physics of high gluon densities allowing us to
study the saturation regime in e4+A at sig-
nificantly lower energy than would be pos-
sible in e+p. For example, as can be seen
from Fig. B9 Q? ~ 7 GeV? is reached at
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Figure 3.9: Theoretical expectations for the saturation scale as a function of Bjorken x for the

proton along with Ca and Au nuclei.

x = 107° in e+p collisions requiring a col-
lider providing a center-of-mass energy of al-
most /s & \/Q2/x ~ 1 TeV, while in e+Au
collisions, only /s ~ 60 GeV is required
to achieve comparable gluon density and the
same saturation scale.

To illustrate the conclusion that Qs is an
increasing function of both A and 1/x, we
show a plot of its dependence on both vari-
ables in Fig. using Model-I of Fig.
One can see again from Fig. B.10] that larger
Qs can be obtained by increasing the energy
or by increasing mass number A.

Measurements extracting the x, b and
A dependence of the saturation scale pro-
vide very useful information on the momen-
tum distribution and space-time structure of
strong color fields in QCD at high energies.
The saturation scale defines the transverse
momentum of the majority of gluons in the
small-z wave-function, as shown in Fig. B.7]
thus being instrumental to our understand-
ing of the momentum distributions of glu-
ons. The impact parameter dependence of
the saturation scale tells us how the gluons
are distributed in the transverse coordinate
plane, clarifying the spatial distribution of
the small-z gluons in the proton or nucleus.
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Nuclear Structure Functions

The plots in Figs. B.8] and B.I0 sug-
gest a straightforward way of finding satu-
ration/CGC physics: if we perform the DIS
experiment on a proton, or, better yet, on
a nucleus, and measure the DIS scattering
cross-section as a function of z and 2, then,
at sufficiently low z and Q?, one may be
able to see the effects of saturation. As ex-
plained in the Sidebar on page 20, the total
DIS cross-section is related to the structure
functions F»(z, Q%) and Fi(z, @?) by a linear
relation. One finds that the structure func-
tion F5 is more sensitive to the quark dis-
tribution zq(x, Q%) of the proton or nucleus,
while the structure function F, measures the
gluon distribution zG(x, Q%) [10, 152]. Sat-
uration effects can thus be seen in both Iy
and Fy, at low = and Q?, although, since sat-
uration is gluon-driven, one would expect FT,
to manifest them stronger.

The nuclear effects on the structure func-
tions can be quantified by the ratios

FA 2
FA 2
R = THECE @)



Figure 3.10: The theoretical expectations for the saturation scale at medium impact parameter
from Model-l as a function of Bjorken-z and the nuclear mass number A.

for the two structure functions, where the su-
perscripts p and A label the structure func-
tions for the protons and nuclei correspond-
ingly. Ratios like those in Eq. (B.7) can be
constructed for the quark and gluon nuclear
PDF's too. The ratio for the gluon distribu-
tion compares the number of gluons per nu-
cleon in the nucleus to the number of gluons
in a single free proton. Since the structure
function F7, measures the gluon distribution
2G(x, Q%) [10, 152], the ratio Ry (z,Q?) is
close to the ratio Rg(z,Q?) of the gluon
PDFs in the nucleus and the proton normal-
ized the same way,

G a(z, Q%)

Role: @) = 106y e,y

(3.8)

A sample of theoretical predictions for
the ratio Rg(w,Q?) for the gluon PDFs
is plotted in Fig. BIIl comprising sev-
eral DGLAP-based models along with the
saturation-based prediction. Note that the
DGLAP equation, describing evolution in
Q?, can not predict the z dependence of
distribution functions at low-x without the
data at comparable values of z and at lower
Q?: hence the DGLAP-based “predictions”

in Fig. B.11] strongly suffer from the uncer-
tainty in various ad hoc parameterizations
of the initial conditions for DGLAP evolu-
tion. Conversely, the saturation prediction
is based on the BK equation (3.3]), which
is an evolution equation in x, generating a
very specific z-dependence of the distribu-
tion functions that follows from QCD: this
leads to a narrow error band for the satura-
tion prediction.

All existing approaches predict that the
ratio R would be below one at small-z: this
is the nuclear shadowing phenomenon [161],
indicating that the number of small-x glu-
ons per nucleon in a nucleus is lower than
that in a free proton. In the DGLAP-based
description of nuclear PDF's, shadowing is in-
cluded in the parameterizations of the initial
conditions for DGLAP evolution. In the sat-
uration/CGC approach, gluon mergers and
interactions dynamically lead to the decrease
in the number of gluons (and other partons)
per nucleon as compared to that in a sin-
gle proton: this results in the shadowing of
PDF's and reduction of structure functions as
well.

One can clearly see from Fig. BI1] that
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Figure 3.11: Theoretical predictions for Rg(z, Q?) plotted at Q% = 1.69 GeV? for a Pb nucleus:
the models corresponding to different curves are explained in the plot legend. The models are:
EPS09 [153], EKS 98 [154] (based on the leading-order (LO) global DGLAP analysis), HKN
07 [155], nDS [156] (next-to-leading-order (NLO) DGLAP analysis), and rcBK [142], plotted
for Q% = 1.85 GeV? (based on BK non-linear evolution with the running-coupling corrections
(reBK) [157, [158), (159, [160], referred to as Model-Il in Sec. 3.2.1]). The light-gray shaded area
depicts the uncertainty band of EPSQ09, while the blue shaded area indicates the uncertainty

band of the rcBK approach.

new data is desperately needed to constrain
the DGLAP-based prediction and/or to test
the prediction of saturation physics. It is also
clear that such data would eliminate some of
the predictions shown in Fig. B11] allowing
us to get closer to finding the model describ-
ing the correct physics. Still, as one can infer
from Fig. B.I1], due to the multitude of theo-
retical predictions, the Rg (or Ry ) measure-
ment alone may only rule out some of them,
leaving several predictions in agreement with
the data within the experimental error bars.
As we detail further in Sec. B.2.2] one would
need other measurements, like measurements
of Ry, Fi', Ff, along with those described
below in Sec. B.2.2] to uniquely determine
the physics involved in high-energy DIS on
the nucleus.

Nuclear effects in the structure functions
can also be quantified using their expansion
in powers of 1/Q? [162]. The standard linear
perturbative QCD approaches calculate the
leading term in 1/Q? expansion of structure
functions, the order-1 contribution, referred
to as the ‘leading twist’ term. The multi-

ple re-scatterings of Sec. B.2.T]along with the
gluon mergers of Sec. B.2.1] contribute to all
orders in the 1/Q? expansion. Of particu-
lar interest is their contribution to the non-
leading powers of 1/Q?, known as ‘higher
twists” the main parts of those corrections
are enhanced by the nuclear “oomph” factor
A'/3 and by a power of (1/x)*, coming in as

Adyep AV <1>A
Q? x)

We see that the telltale sign of satura-
tion physics are the higher twist corrections,
which are enhanced in DIS on a nucleus, and
at smaller—a:ﬁ

To illustrate the effect of higher twist cor-
rections on the nuclear structure function we
plot their relative contribution to F, defined
by

~

(3.9)

Fr, — Fr(leading twist)

Fr,
in Fig. as a function of z and
QQ? as expected in the framework of the

saturation-inspired Golec-Biernat—Wusthoff
(GBW) model [164], 145], which has been

(3.10)

®In fact, equating the correction in Eq. 33) to the leading-twist order-1 term gives the saturation scale
of Eq. (B4 as the value of Q? at which the higher-twist corrections become important.
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Figure 3.12: Plots of the ratio from Eq. (3.10]) for e4+p and e4Au scattering from [163], demon-
strating the sensitivity of nuclear structure function F7, to the higher-twist effects. The plots go
down to x = 1075 as the smallest-= reachable at an EIC (see Fig. B.I)).

quite successful in describing the HERA e+p
data. The left panel of Fig. B.12 is for e+p
scattering, while the right one is for e+Au.
Note that the ratio is negative in both plots,
indicating that higher twists tend to decrease
the structure function. It is also clear from
both plots that the effect of higher twists
becomes stronger at smaller-z, as expected
from Eq. (39). Comparing the two panels
in Fig. BI12] we see that the higher twist
effects are also stronger in e+Au scatter-
ing due to nuclear enhancement. Fig.
demonstrates that the structure function Ff,
is rather sensitive to parton saturation. Ex-
perimentally, it is impossible to single out
the higher-twist contribution if the Q? of in-
terest is too high, making it difficult to plot
the ratio from Eq. (8I0) to verify the predic-
tion in Fig. At lower QQ?, experimental
separation of the leading twist contribution
from the higher-twist terms may also become
a problem. Theoretical work is currently un-
der way to enable the separation of higher
twist terms in F7, (and F), which is likely
to make the ratio (8.10]) an observable which
could be measured at an EIC.

Diffractive Physics

The phenomenon of diffraction is familiar to
us from many areas of physics and is gen-
erally understood to arise from the construc-
tive or destructive interference of waves. Per-
haps the best analogy of diffraction in high-
energy QCD comes from optics: imagine a
standard example of a plane monochromatic
wave with the wave number k incident on
a circular screen of radius R (an obstacle).
The diffractive pattern of the light intensity
on a plane screen behind the circular obsta-
cle is shown in the left panel of Fig. B.I3] as
a function of the deflection angle 6, and fea-
tures the well-known diffractive maxima and
minima. The positions of the diffractive min-
ima are related to the size of the obstacle by
0; ~ 1/(k R) for small-angle diffraction.

Elastic scattering in QCD has a similar
structure. Imagine a hadron (a projectile)
scattering on a target nucleus. If the scat-
tering is elastic, both the hadron and the nu-
cleus will be intact after the collision. The
elastic process is described by the differen-
tial scattering cross-section dog;/dt with the
Mandelstam variable ¢ describing the mo-
mentum transfer between the target and the
projectile. A typical dog;/dt is sketched by
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of light on a circular obstacle in wave optics.
energy scattering. The elastic cross-section in

the right panel is analogous to the diffractive pattern in the left panel if we identify |t| ~ k2 62

the solid line in the right panel of Fig. B.13]
as a function of ¢t. Identifying the projectile
hadron with the incident plane wave in the
wave optics example, the target nucleus with
the obstacle, and writing [¢| ~ k% #? valid for
small angles, we can see that the two pan-
els of Fig. B.I3] exhibit analogous diffractive
patterns and, therefore, describe very simi-
lar physics! The minima (and maxima) of
the cross-section dog;/dt in the right panel
of Fig. B.I3] are also related to the inverse
size of the target squared, |t;| ~ 1/R2. This
is exactly the same principle as employed for
spatial imaging of the nucleons as described
in Sec. 2.3

The essential difference between QCD
and wave optics is summarized by two facts:
(i) The proton/nuclear target is not always
an opaque “black disk” obstacle of geomet-
ric optics. A smaller projectile, which in-
teracts more weakly due to color-screening
and asymptotic freedom, is likely to pro-
duce a different diffractive pattern from the
larger, more strongly interacting, projectile.
(ii) The scattering in QCD does not have to
be completely elastic: the projectile or tar-
get may break up. The event is still called
diffractive if there is a rapidity gap, as de-
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scribed in the Sidebar on page[63l The cross-
section for the target breakup (leaving the
projectile intact) is plotted by the dotted line
in the right panel of Fig. B.13] and does not
exhibit the diffractive minima and maxima.

The property (i) is very important for
diffraction in DIS in relation to satura-
tion/CGC physics. As we have seen above,
owing to the uncertainty principle, at higher
Q)?, the virtual photon probes shorter trans-
verse distances, and is less sensitive to sat-
uration effects. Conversely, the virtual pho-
ton in DIS with the lower Q? is likely to be
more sensitive to saturation physics. Due to
the presence of a rapidity gap, the diffrac-
tive cross-section can be thought of as aris-
ing from an exchange of several partons with
zero net color between the target and the
projectile (see the Sidebar on page [63). In
high-energy scattering, which is dominated
by gluons, this color neutral exchange (at
the lowest order) consists of at least two ex-
changed gluons. We see that compared to the
total DIS cross-section, which can be medi-
ated by a single gluon or quark exchange, the
diffractive cross-section includes more inter-
actions, and, therefore, is likely to be more
sensitive to saturation phenomena, which, at



least in the MV model, are dominated by
multiple re-scatterings. In fact, some diffrac-
tive processes are related to the square of the
gluon distribution zG. We conclude that the
diffractive cross-section is likely to be a very
sensitive test of saturation physics.

Of particular interest is the process of
elastic vector meson (V') production, e+ A —
e +V + A. The cross-section do/dt for such
processes at lower Q2 is sensitive to the ef-
fects of parton saturation [165], as we will
explicitly demonstrate below. For a vector
meson with a sufficiently spread-out wave-
function (a large meson, like ¢ or p), varying
Q? would allow one to detect the onset of the
saturation phenomenon [165].

Diffraction can serve as a trigger of the
onset of the black disk limit of Eq. (B.2]).
In that regime, the total diffractive cross-
section ogig (including all the events with

3.2.2 Key Measurements

The main goal of the e+A program at
an EIC is to unveil the collective behav-
ior of densely packed gluons under condi-
tions where their self-interactions dominate,
a regime where non-linear QCD supersedes
“conventional” linear QQCD. The plain fact
that there is no data from this realm of the
nuclear wave-function available is a already a
compelling enough reason to build an EIC. It
is truly terra incognita. However, our goal is
not only to observe the onset of saturation,
but to explore its properties and reveal its
dynamical behavior. As explained above, the
saturation scale squared for nuclei includes
an “oomph” factor of AY3 making it larger
than in the proton (cf. Eq. (3:0)); Fig. B14]
demonstrates that. While at an EIC, a direct
study of the saturation region in the proton
is impossible (while remaining in the pertur-
bative QCD region where the coupling ay is
small, i.e., above the horizontal dashed line
in the figure), this A'/3 enhancement may al-
low us to study the saturation region of large
nuclei, such as gold (Au). The borders of

rapidity gaps), would constitute 50% of the
total cross-section,

odig 1
=—. 3.11
Otot 2 ( )
This may sound counter-intuitive: indeed,

the naive expectation in QCD is that events
with gaps in rapidity are exponentially sup-
pressed. It was therefore surprising to see
that a large fraction (approximately 15%) of
all events reported by HERA experiments
are rapidity gap events [166]. This corre-
sponds to a situation where the projectile
electron slams into the proton at rest with
an energy 50,000 times the proton rest en-
ergy and in about 1 in 7 such scatterings,
nothing happens to the proton. In the black
disk regime this ratio should increase to 1 in
2 events.

the kinematic reach of the EIC are shown by
the diagonal black lines in Fig. 3.14] labeled
by the energies of the electron beam + per
nucleon energies of the nuclear beam, corre-
sponding to different stages of the machine:
the actual kinematic reach regions are to the
right of the border lines.

A wide range of measurements with an
EIC can distinguish between predictions in
the CGC, or other novel frameworks, and
those following from the established DGLAP
evolution equations. However, these compar-
isons have to be made with care. Non-linear
models are valid only at or below the sat-
uration scale, Q?, while perturbative QCD
(pQCD) based on the linear DGLAP evolu-
tion equation is strictly only applicable at
large Q. In the range Q> < @2, solely
non-linear theories such as the CGC can pro-
vide quantitative calculations. It is only in a
small window of approximately 1 < Q? < 4
GeV? where a comparison between the two
approaches can be made (see Fig.[3.14]). Due
to the complexity of high energy nuclear
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Figure 3.14: The kinematic reach in = and Q? of the EIC for different electron beam energies,
given by the regions to the right of the diagonal black lines, compared with predictions of the
saturation scale, Qg, in p, Ca, and Au from Model-I (see Sec. B.2T]). Electron beam energies up
to 5 GeV can be achieved in the first EIC stage, stage-l, while higher energies (up to 30 GeV)
will only be achieved in stage-ll. (Note that x < 0.01 in the figure.)

physics, at the end, the final insight will
come from the thorough comparison of mod-
els calculations with a multitude of measure-
ments, each investigating different aspects of
the low-x regime. We will learn from varying
the ion species, A, from light to heavy nuclei,
studying the Q?, z, and t dependence of the
cross-section in inclusive, semi-inclusive, and
exclusive measurements in DIS and diffrac-
tive events.

In what follows we discuss a small set
of key measurements whose ability to ex-
tract novel physics is beyond question. They
serve primarily to exemplify the very rich
physics program available at an EIC. These
“golden” measurements are summarized in
Tab. Bl where also their feasibility in stage-
I (medium energy) and stage-II (full EIC en-
ergy) is indicated. These measurements are
discussed in further detail in the remainder
of this section. It should be stressed that
the low-z physics program will only reach

its full potential when the beam energies are
large enough to reach sufficiently deep into
the saturation regime. Ultimately this will
only be possible in stage-II where z ~ 1074
can be reached at Q2 values of 1-2 GeV? as
indicated in Fig.B.14l Only the highest ener-
gies will give us enough of a lever arm in Q?
to study the crossing into the saturation re-
gion allowing us to, at the same time, make
the comparison with DGLAP-based pQCD
and CGC predictions. The statistical er-
ror bars depicted in the figures described in
this section are derived by assuming an inte-
grated luminosity of [ Ldt = 10 fb=1/A for
each species and include experimental cuts
(acceptance and momentum). Systematical
uncertainties were estimated in a few cases
based on experience from HERA. Ultimately
they will depend on the details of detectors
and machine and hence cannot be fully ad-
dressed at this time.
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Deliverables Observables What we learn Stage-1 Stage-11
Integrated gluon o r Nuclear wave Gluons at Exploration
momentum function; 103<2<1 of the saturation
distributions Ga(z, Q%) saturation regime
kr-dependent Di-hadron Non-linear QCD Onset of Non-linear
gluons f(x, kr); correlations evolution/universality; saturation; small-x
gluon correlations saturation scale Qs ()s measurement evolution
Spatial gluon Diffractive dissociation Non-linear small-z saturation Spatial
distributions f(z,br); Oadif/ Ttot evolution; vs. non-saturation gluon
gluon correlations vector mesons & DVCS | saturation dynamics; models distribution;

do/dt, do/dQ*

black disk limit

Qs vs centrality

Table 3.1: Key measurements in e+A collisions at an EIC addressing the physics of high gluon densities.

Structure Functions

As we mentioned above in Sec. 3.2.1 the
differential unpolarized cross-section for DIS
is fully described by a set of basic kine-
matic variables and two structure functions,
Fy(z,Q%) and Fp(z,Q?), that encapsulate
the rich structure of quarks, anti-quarks (F3)
and gluons (Fp). The structure function Fp,
is directly proportional to the gluon distri-
bution function, Fy(z,Q?) x as2G(z,Q?),
at low z and not-very-small Q2 [10, 152]. A
precise knowledge of F, is mandatory for the
study of gluons and their dynamics in nucle-
ons and nuclei (see the Sidebar on page 20]).

As demonstrated in Sec. B.2.1] and shown
in Fig. BTl various models have different
predictions for the gluon distribution ratio
Rg(z,Q?%). The same is true for the ra-
tios Ro(x, Q%) and Ry (z,Q?), along with the
nuclear structure functions Fi(z,Q?) and
FA(z,Q?). These observables can be mea-
sured in stage-I of the EIC as functions of x,
Q?, and A. (For the A-dependence one will
need to perform machine runs with different
types of nuclei, while to extract F7, one needs
to vary the center-of-mass energy.) The mul-
titude of theoretical predictions should be
counter-balanced by the multitude of possi-
ble data points for the four observables in the
3-dimensional (z, Q?, A) parameter space. It
is possible that the abundance of data ob-
tained with sufficient statistics would allow
one to rule out many models, hopefully pin-

pointing the one that best describes all the
data to be obtained. Note, however, that
DGLAP-based models can not predict the
A-dependence of PDFs and structure func-
tions without making additional data-driven
assumptions: this is the origin of the broad
error bars of the EPS09 model in Fig. 3111
However, this broad error band may also be
indicative of the ability of such models to in-
discriminately describe a broad range of Fj
and Iy, data: in such cases, further exper-
imental tests of DGLAP-based approaches
can be carried out using other observables
described in the sections below.

To further illustrate this point, we show
in Fig. two theoretical predictions for
the ratio Ry (Rp), i.e., the ratio of the Fj
(F1) structure function in a nucleus over that
of the proton scaled by mass number A. The
calculations are shown as a function of Al/3
at Q2 = 2.7 GeV? and = = 1073, In the
absence of any nuclear effects, both ratios
Ry and Ry should be unity. Due to the
lack of precise e4+A data, the models are not
strongly constrained and we use error bands
to indicate the range of the referring predic-
tions. In Fig. B.I5] we depict two calculations
for Ry (left) and Ry (right): the calculation
shown in blue is based on the CGC frame-
work (rcBK) [142] and therefore features an
approximate A'/3 scaling of the saturation
scale squared (see Sec.3.2.1]), which allows us
to make reasonably precise predictions for Ry
and Rp; the second calculation (gray band)
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Figure 3.15: Left: The ratio Ry of the F5 structure function in a nucleus over that of the proton
scaled by mass number A as a function of Al/3. The predictions from a CGC based calculation
(rcBK) [142] and from a linear evolution using the latest nuclear PDFs (EPS09) and CTEQ6
for the proton are shown [167] [153]. Right: The same for the longitudinal structure function

Fr, (see text for details).

uses the linear NLO DGLAP evolution in
pPQCD resulting in the nuclear parton dis-
tribution set EPS09 [167, [153]: it exhibits a
broader error band, similar to the case of Rg
in Fig. BI1Il Even in linear DGLAP evolu-
tion, non-linear effects may be absorbed into
the non-perturbative initial conditions for
the nuclear PDFs, where the A-dependence
is obtained through a fit to available data,
resulting in the ability of DGLAP-based ap-
proaches to indiscriminately describe a broad
range of nuclear data. This leads to the
wide error bands of EPS09, especially for
Fy, clearly demonstrating the lack of exist-
ing nuclear structure function data. Due to
these large theoretical error bars, the mea-
surements of Ry and Ry, as functions of Al/3
may not allow one to directly distinguish be-
tween a non-linear (saturation) and linear
(DGLAP) evolution approaches at a stage-
I EIC.

Shown along the line at unity by vertical
notches in Fig. are the statistical error
bars for an EIC stage-I measurement calcu-
lated using the Rosenbluth separation tech-
nique. The statistical error bars were gen-
erated from a total of 10 fb~1/A of Monte
Carlo data, spread over three beam energies
(see plot legend for details). The statistical

error bars are scaled up by a factor of 50 for
Ry and a factor of 5 for Ry ; as the statistical
errors are clearly small, the experimental er-
rors will be dominated by the systematic un-
certainties shown by the orange bars drawn
to scale in the two panels of Fig. As the
exact EIC detector design has not been de-
termined yet, the systematic errors were esti-
mated based on normalization uncertainties
achieved by HERA. These measurements at
an EIC (both stage-I and stage-II) will have
a profound impact on our knowledge of nu-
clear structure functions (especially Fr, and
the gluon distribution) as can be easily seen
from the size of the statistical and system-
atic errors bars for stage-1 shown in Fig.
This measurement, together with the ones
described below, will constrain models to
such an extent that the “true” underlying
evolution scheme can be clearly identified. It
is also possible that stage-I data would de-
crease the error band of DGLAP-based pre-
dictions, allowing for the Ry and Rj; mea-
surement in stage-II at a smaller x to dis-
criminate between saturation and DGLAP
approaches. However it is also possible that,
on its own, the Ry and R; measurements
may turn out to be insufficient to uniquely
differentiate between DGLAP-based models
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with nuclear “shadowing” in the initial con-
ditions from the saturation/CGC effects; in
such a case, the measurements presented be-
low will be instrumental in making the dis-
tinction. Note also that heavy quark flavors
starting with the charm quarks, whose con-
tribution can be measured by the structure
functions F5"™™ and F¢he™™ may also be
very helpful in distinguishing between differ-

ent approaches.

Di-Hadron Correlations

One of the experimentally easiest and com-
pelling measurement in e+A is that of di-
hadron azimuthal correlations in e + A —
€ + hi + hy + X processes. These corre-
lations are not only sensitive to the trans-
verse momentum dependence of the gluon
distribution, but also to that of gluon corre-
lations for which first principles CGC com-
putations are only now becoming available.
The precise measurements of these di-hadron
correlations at an EIC would allow one to
extract the spatial multi-gluon correlations
and study their non-linear evolution. Satu-
ration effects in this channel correspond to
a progressive disappearance of the back-to-
back correlations of hadrons with increas-
ing atomic number A. These correlations are
usually measured in the plane transverse to
the beam axis (the ‘transverse plane’), and
are plotted as a function of the azimuthal
angle Ay between the momenta of the pro-
duced hadrons in that plane. Back-to-back
correlations are manifested by a peak at
Ap = 7 (see Fig. B10). In the conventional
pQCD picture, one expects from momentum
conservation that the back-to-back peak will
persist as one goes from e + p to e + A.
In the saturation framework, due to multi-
ple re-scatterings and multiple gluon emis-
sions, the large transverse momentum of one
hadron is balanced by the momenta of sev-
eral other hadrons (instead of just one back-
to-back hadron), effectively washing out the
correlation at Ap = 7 [168]. A comparison
of the heights and widths of the di-hadron

azimuthal distributions in e + A and e + p
collisions respectively would clearly mark out
experimentally such an effect.

An analogous phenomenon has already
been observed for di-hadrons produced at
forward rapidity in comparing d+Au with
p+p collisions at RHIC (see Sec. B.41]). In
that case, di-hadron production is believed to
proceed from valence quarks in the deuteron
(proton) scattering on small-x gluons in the
target Au nucleons (proton). Lacking di-
rect experimental control over x, the onset of
the saturation regime is controlled by chang-
ing the centrality of the collision, the di-
hadron rapidity and the transverse momenta
of the produced particles. (Note that the
gluon density and, consequently, the satu-
ration scale Qs depend on the impact pa-
rameter and on rapidity /Bjorken-z.) Exper-
imentally, a striking flattening of the Ay =
m peak in d4+Au collisions as compared to
p+p collisions is observed in central collisions
[I71, [172], but the peak re-appears in periph-
eral collisions, in qualitative agreement with
the CGC predictions, since saturation effects
are stronger in central collisions.

There are several advantages to studying
di-hadron correlations in e+A collisions ver-
sus d+Au. Directly using a point-like elec-
tron probe, as opposed to a quark bound in
a proton or deuteron, is extremely beneficial.
It is experimentally much cleaner as there is
no “spectator” background to subtract from
the correlation function. The access to the
exact kinematics of the DIS process at an
EIC would allow for more accurate extrac-
tion of the physics than is possible at RHIC
or the LHC. Because there is such a clear
correspondence between the physics of this
particular final state in e+ A collisions to the
same in p+A collisions, this measurement is
an excellent testing ground for universality
of multi-gluon correlations.

The left plot in Fig. shows predic-
tion in the CGC framework for di-hadron
A correlations in deep inelastic e+p, e+Ca,
and e-+Au collisions at stage-II energies [169]
I70]. The calculations are made for Q% = 1
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Figure 3.16: Left: A saturation model prediction of the coincidence signal versus azimuthal
angle difference Ay between two hadrons in e+p, e+Ca, and e+A collisions [169] 170]. Right:
A comparison of saturation model prediction for e+A collisions with calculations from conven-
tional non-saturated model for EIC stage-ll energies. Statistical error bars correspond to 10

fb~! /A integrated luminosity.

GeV?2. The highest transverse momentum
hadron in the di-hadron correlation func-
tion is called the “trigger” hadron, while
the other hadron is referred to as the “asso-
ciate” hadron. The “trigger” hadrons have
transverse momenta of ptT”g > 2GeV/c and
the “associate” hadrons were selected with
1GeV/c < pgsoc < pii*. The CGC based
calculations show a dramatic “melting” of
the back-to-back correlation peak with in-
creasing ion mass. The right plot in Fig.
compares the prediction for e+A with a con-
ventional non-saturated correlation function.
The latter was generated by a hybrid Monte
Carlo generator, consisting of PYTHIA-6
[173] for parton generation, showering and
fragmentation and DPMJet-I11 [174] for the
nuclear geometry. The EPS09 [153] nuclear
parton distributions were used to include
leading twist shadowing. The shaded re-
gion reflects uncertainties in the CGC predic-
tions due to uncertainties in the knowledge
of the saturation scale, @)s. This compar-
ison nicely demonstrates the discrimination

power of these measurements. In fact, al-
ready with a fraction of the statistics used
here one will be able to exclude one of the
scenarios conclusively.

The left panel of Fig. 317 depicts the pre-
dicted suppression through J.ay, the relative
yield of correlated back-to-back hadron pairs
in e+Au collisions compared to e+p colli-
sions scaled down by A3 (the number of
nucleons at a fixed impact parameter)

1 oy /oea

Jen A3 aé’,‘f"’“/aep' (3.12)
Here, o and oP*" are the total inelastic and
the di-hadron pair production cross-sections
(or normalized yields). The absence of col-
lective nuclear effects in the pair produc-
tion cross section, 24", would correspond
to Jea = 1@ while J.4 < 1 would signify
suppression of di-hadron correlations. In the
left panel of Fig. BI7, Jeau is plotted as a
function of the longitudinal momentum frac-
tion of the probed gluon x,. Compared to
the measurement shown in the right panel of

SWithout collective nuclear effects the hadron pairs are produced in independent electron-nucleon scat-
terings, such that ¢?%"" = AoZ}*". The cross-section for inelastic e+A collisions, oea, is related to the
probability for the incoming electron (or, more precisely, v* — ¢g) to get the first inelastic collision, which

usually takes place on the nuclear surface: hence gea = A

[175].

2/3 Oep. Combining these results we get Jea =1
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rough approximation of the average momentum fraction of the struck parton in the Au nucleus.
The curves depict calculations in the CGC framework.

Fig. this study requires the additional
e+p baseline measurement but has the ad-
vantage of several experimental uncertainties
canceling out. It is instructive to compare
this plot with the equivalent measurement
in d4+Au collisions at RHIC [I71] shown in
the right panel of Fig. B.I7 In d+Au colli-
sions Jyay is defined by analogy to Eq. (3:12])
with A'/3 in the denominator replaced by
the number of the binary nucleon—nucleon
collisions N at a fixed impact parame-
ter [I71]. Unlike DIS, where Bjorken z is
known precisely, the exact momentum frac-
tion of the struck parton cannot be measured
in hadron-hadron collisions. Instead, Jga, in
Fig. BI7 is plotted against a:imc, which is
only a rough approximation of the average
momentum fraction of the struck parton in
the Au nucleus, derived from the kinemat-
ics of the measured hadrons assuming they
carry the full parton energy. The two curves
in the right panel of Fig. B.I7] represent the
CGC calculations from [169, 170] and appear
to describe the data rather well. This ex-
ample nicely demonstrates on the one hand
the correspondence between the physics in
p(d)+A and e+A collisions but on the other
hand the lack of precise control in p+A that
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is essential for precision studies of saturation
phenomena.

Measurements of Diffractive Events

Diffractive interactions result when the elec-
tron probe in DIS interacts with a proton or
nucleus by exchanging several partons with
zero net color. This exchange, which in QCD
may be visualized as a colorless combina-
tion of two or more gluons, is commonly re-
ferred to as the “Pomeron” (see the Sidebar
on page [63]).

The HERA physics program of e+p col-
lisions surprisingly showed a large fraction
of diffractive events contributing about 15%
to the total DIS cross-section [166]. One of
the key signatures of these events is an in-
tact proton traveling at near-to beam en-
ergies, together with a gap in rapidity be-
fore some final-state particles are produced
at mid-rapidity (i.e., at 90° angle to the
beam axis). While linear pQCD is able to
describe some aspects of diffraction, it fails
to describe other major features without in-
troducing new types of structure functions,
the diffractive structure functions (see the
Sidebar on page [63]), which describe the ra-



pidity gap. A striking example is the fact
that the ratio of the diffractive to the total
cross-section is constant with energy, an ob-
servation not easily reconciled in a conven-
tional pQCD scenario without introducing
the diffractive structure functions [166]. As
may therefore be anticipated, and as we have
argued above, the strongest hints for a man-
ifestations of new, non-linear effects in e+A
collisions are likely to come from diffractive
measurements.

What makes the diffractive processes so
interesting is that they are most sensitive to
the underlying gluon distribution, and that
they are the only known class of events that
allows us to gain insight into the spatial dis-
tribution of gluons in nuclei. The reason for
this sensitivity is that the diffractive struc-
ture functions depend, in a wide kinematic
range, quadratically on the gluon momentum
distribution and not linearly as in DIS. How-
ever, while the physics goals are golden, the
technical challenges are formidable but not
insurmountable, and require careful plan-
ning of the detector and interaction region.
Diffractive events are characterized by a ra-
pidity gap, i.e. an angular region in the direc-
tion of the scattered proton or nucleus with-
out particle flow. Detecting events with ra-
pidity gaps requires a largely hermetic detec-
tor.

As discussed earlier (see Sec. B.2.1]) we
distinguish two kinds of diffractive events:
coherent (nucleus stays intact) and incoher-
ent (nucleus excites and breaks up). Both
contain a rich set of information. Coherent
diffraction is sensitive to the space-time dis-
tribution of the partons in the nucleus, while
incoherent diffraction (dominating at larger
t and thus small impact parameter bp) is
most sensitive to high parton densities where
saturation effects are stronger. In e+p col-
lisions, the scattered intact protons can be
detected in a forward spectrometer placed
many meters down the beam line. This is
not possible for nuclei which, due to their
large mass, stay too close to the ion beam.
However, studies showed that the nuclear

breakup in incoherent diffraction can be de-
tected with close to 100% efficiency by mea-
suring the emitted neutrons in a zero degree
calorimeter placed after the first dipole mag-
net that bends the hadron beam. This tag-
ging scheme could be further improved by us-
ing a forward spectrometer to detect charged
nuclear fragments. A rapidity gap and the
absence of any break-up fragments was found
sufficient to identify coherent events with
very high efficiency.

In the following, we present several mea-
surements focusing on the discrimination
power between non-linear saturation mod-
els and a prediction from conventional linear
QCD DGLAP evolution. Saturation models
incorporate the effects of linear small-z evo-
lution for ) > @, and saturation non-linear
evolution effects for QQ < Q5.

Ratio of diffractive and total cross-sections.
Fig. BI8 depicts predictions for one of
the simplest inclusive measurements that
can be performed with diffractive events:
the measurement of the ratio of the co-
herent diffractive cross-section over the to-
tal cross-section in e+p and e+A collisions
is shown at the top of each panel. It is
plotted here as a function of the diffrac-
tive mass of the produced final state par-
ticles, M% (see the Sidebar on page [3),
for various fixed x and Q? values. The red
curves represent the predictions of the sat-
uration model [176], [I77] based on Model-I
of Sec. 321l combined with the theoretical
developments of [145, [I78, [179], while the
blue curves represent the leading-twist shad-
owing (LTS) model [180, 181]. The bottom
part of each panel depicts the double ratio
[(do-diff/dM_?{)/O-tot]eA/[(dO'difT/dM?{)/Utot]ep-
The curves in Fig. [3.18] are plotted for the
range of z and Q? values which will be acces-
sible in stage-I at an EIC. The e+p curves in
both approaches are in a reasonable agree-
ment with the available HERA data [2] [176].
The statistical error bars, shown in the bot-
tom parts of the panels in Fig. B8 are very
small, and had to be scaled up by a factor of
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Figure 3.18: Top of each panel: the ratio of diffractive over total cross-sections, plotted as a
function of the invariant mass of the produced particles, M)% for stage-l EIC kinematics. The
bottom of each panel contains the double ratio [(doai/dM%)/otot)ea/[(doai/dM%)/Ttot)ep
plotted as a function of M)2< for the same kinematics as used at the top of each panel. The
statistical error bars for the integrated luminosity of 10 fb~!/A are shown as well, multiplied by
a factor of 10 for increased visibility. The non-monotonicity of the saturation curve in the lower
panels is due to crossing the c¢ threshold; this threshold is not included in the LTS prediction.

10 to become visible. We conclude that the
errors of the actual measurement would be
dominated by the systematic uncertainties
dependent on the quality of the detector and
of the luminosity measurements. The size of
the error bars shows that the two scenarios
can be clearly distinguished over a wide x
and @Q? range, allowing for a clear stage-I
measurement aimed at finding evidence of
parton saturation.

Note that in the saturation predictions
plotted in Fig. BI8, the nuclear effects,
responsible for the difference between the
e+Au and e+p curves, are stronger at large
Q?: the effect of saturation is to weaken the
A-dependence in the ogig/otor ratio at low
Q?. Also, in agreement with the expectation
that diffraction would be a large fraction of
the total cross-section with the onset of the
black disk limit (see Eq. [BI1)), the ratio
(dogig/dM%) /oo plotted in Fig. BI8 both
for e4-p and e4Au grows with decreasing Q2,
getting larger as one enters the saturation re-
gion. (This last property is true for the non-
saturation LTS scenario plotted in Fig. 318
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as well, since the black disk limit physics is
incorporated in that model too.)

Diffractive  vector =~ meson  production.
Diffractive vector meson production, e+A —
e +A"+V where V. = J/i, ¢, p, or 7, is
a unique process, for it allows the measure-
ment of the momentum transfer, ¢, at the
hadronic vertex even in e+A collisions where
the 4-momentum of the outgoing nuclei can-
not be measured. Since only one new final
state particle is generated, the process is
experimentally clean and can be unambigu-
ously identified by the presence of a rapidity
gap. The study of various vector mesons
in the final state allows a systematic explo-
ration of the saturation regime [165]. The
J/1¢ is the vector meson least sensitive to
saturation effects due to the small size of its
wave-function. Larger mesons such as ¢ or p
are considerably more sensitive to saturation
effects [182].

The two panels in Fig. show the
ratios [do(eAu)/dQ?)/[do(ep)/dQ?] (scaled
down by A*/3) of the cross-sections o(e+ Au)
and o(e + p) for exclusive J/1 (left panel)
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sive J/1) (left panel) and ¢ (right panel) meson

production in coherent diffractive e+A and e+p collisions as a function of Q2. Prediction for
saturation and non-saturation models are presented. The ratios are scaled by 1/A%/3.

and ¢ (right panel) production in coherent
diffractive events for e+Au and e+p col-
lisions respectively. The ratios are plot-
ted as functions of Q2 for saturation and
non-saturation models. The parameters of
both models were tuned to describe the e+p
HERA data [I51], [I82]. Beam energies cor-
respond to stage-II of an EIC. All curves
were generated with the Sartre event genera-
tor [183], an e+A event generator specialized
for diffractive exclusive vector meson produc-
tion based on the bSat [I82] dipole model.
We limit the calculation to 1 < Q% < 10
GeV? and = < 0.01 to stay within the va-
lidity range of saturation and non-saturation
models. The produced events were passed
through an experimental filter and scaled to
reflect an integrated luminosity of 10 fb=!/A.
The basic experimental cuts are listed in the
legends of the panels in Fig. B9 As ex-
pected, the difference between the satura-
tion and non-saturation curves is small for
the smaller-sized J/1¢ (< 20%), which is less
sensitive to saturation effects, but is substan-
tial for the larger ¢, which is more sensitive
to the saturation region. In both cases, the
difference is larger than the statistical errors.
In fact, the small errors for diffractive ¢ pro-
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duction indicate that this measurement can
already provide substantial insight into the
saturation mechanism after a few weeks of
EIC running. (This measurement could al-
ready be feasible at a stage-I EIC: however,
since in stage-1 the typical values of x would
be larger, the saturation effects would be less
pronounced.) For large Q?, the two ratios
asymptotically approach unity.

As explained earlier in Sec. 3.2.1] coher-
ent diffractive events allow one to learn about
the shape and the degree of “blackness” of
the black disk: this enables one to study the
spatial distribution of gluons in the nucleus.
Exclusive vector meson production in diffrac-
tive e+A collisions is the cleanest such pro-
cess, due to the low number of particles in the
final state. This would not only provide us
with further insight into saturation physics
but also constitute a highly important con-
tribution to heavy-ion physics by providing a
quantitative understanding of the initial con-
ditions of a heavy ion collision as described
in Sec. It might even shed some light
on the role of glue and thus QCD in the nu-
clear structure of light nuclei (see Sec. B.3]).
As described above, in diffractive DIS, the
virtual photon interacts with the nucleus via
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Figure 3.20: do/dt distributions for exclusive J /1 (left) and ¢ (right) production in coherent and
incoherent events in diffractive e+Au collisions. Predictions from saturation and non-saturation

models are shown.

a color-neutral exchange, which is dominated
by two gluons at the lowest order. It is pre-
cisely this two gluon exchange which yields a
diffractive measurement of the gluon density
in a nucleus.

Experimentally the key to the spatial
gluon distribution is the measurement of the
do/dt distribution. As follows from the op-
tical analogy presented in Sec. 321l the
Fourier-transform of (the square root of) this
distribution is the source distribution of the
object probed, i.e., the dipole scattering am-
plitude N (z, rp, br) on the nucleus with 7’% ~
1/(Q* + M), where My is the mass of the
vector meson [165] (see also the Sidebar on
page [43)).

Figure 3.201 shows the do /dt distribution
for J/1 on the left and ¢ mesons on the
right. The coherent distribution depends on
the shape of the source while the incoher-
ent distribution provides valuable informa-
tion on the fluctuations or “lumpiness” of
the source [I76]. As discussed above, we
are able to distinguish both by detecting the

neutrons emitted by the nuclear breakup in
the incoherent case. Again, we compare to
predictions of saturation and non-saturation
models. Just as for the previous figures, the
curves were generated with the Sartre event
generator and had to pass through an ex-
perimental filter. The experimental cuts are
listed in the figures.

As the J/t is smaller than the ¢, one
sees little difference between the saturation
and no-saturation scenarios for exclusive J/v
production but a pronounced effect for the
¢, as expected. For the former, the statisti-
cal errors after the 3% minimum become ex-
cessively large requiring substantially more
than the simulated integrated luminosity of
10 fb~1/A. The situation is more favorable
for the ¢, where enough statistics up to the
4™ minimum are available. The p meson has
even higher rates and is also quite sensitive
to saturation effects. However, it suffers cur-
rently from large theoretical uncertainties in
the knowledge of its wave-function, making
calculations less reliable.
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3.3 Quarks and Gluons in the Nucleus
Conveners: William Brooks and Jianwei Qiu

In this section we present a few key measurements that will allow us to answer the
fundamental questions from the beginning of this chapter and to explore the properties of
quarks and gluons and their interactions in a nuclear environment. In Table B.2], we list
the key measurements to be carried out at an EIC. The measurement of nuclear structure
functions with various ion beams at intermediate-z will allow us to see the first glimpses of
collective nuclear effects at the partonic level and the onset of the breakdown of DGLAP
evolution. The semi-inclusive production of energetic hadrons will allow us to study nuclear
matter’s response to a fast moving color charge as well as the mass of the particle carrying
the charge. With the unique and well-determined leptonic and hadronic planes of semi-
inclusive DIS scattering, as shown in the Sidebar on page B3] the azimuthal angle ¢ between
these planes determines the path of the produced hadron. The nuclear modification to
the angular ¢ modulation of the production rate, as well as the transverse momentum
broadening of the produced hadrons, provides a sensitive probe to the color and parton
density fluctuations inside the nucleus [184], which is very important for understanding the
initial condition of relativistic heavy ion collisions.

Deliverables | Observables | What we learn | Stage-1 | Stage-11
Collective Ratios R» Q? evolution, Shadowing, Q? evolution

nuclear effects from inclusive DIS Initial conditions Onset of beyond

at intermediate-z for small-z evolution | DGLAP violation DGLAP

Medium effect of

heavy quarkonium

Transport Production of light
and heavy hadrons,

and jets in SIDIS

Hadronization, Mass dependence

coefficients in multiple scattering, of hadronization

nuclear matter energy loss mechanism and energy loss production

Fluctuations Color fluctuations; ¢-modulation
of light hadron

production

¢-modulation of ¢-modulation

of the nuclear hadron production connection to

in SIDIS

of heavy

mesons

density heavy ion physics

Table 3.2: Key measurements in e+A collisions at an EIC to explore the dynamics of quarks
and gluons in a nucleus in the non-saturation regime.

3.3.1 The Distributions of Quarks and Gluons in a Nucleus

The momentum distribution of quarks
and gluons inside a fast moving proton was
best measured by lepton DIS on a proton
beam at HERA. Although the scattering
could take place between the lepton and a
single quark (or gluon) state as well as a
multiple quark-gluon state of the proton, the
large momentum transfer of the scattering,
Q, localizes the scattering, suppresses the
contribution from multiple scattering, and
allows us to express the complex DIS cross-

sections in terms of a set of momentum dis-
tributions of quarks and gluons. These are
probability density distributions to find a
parton (quark, anti-quark or gluon) to carry
the momentum fraction x of a fast moving
hadron. Actually, it is a triumph of QCD
that one set of universal parton distributions,
extracted from HERA data, plus calculable
scatterings between quarks and gluons, can
successfully interpret all existing data of high
energy proton collisions with a momentum
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transfer larger than 2 GeV (corresponding to
hard scatterings taking place at a distance
less than one tenth of a femtometer).

Are the quarks and gluons in a nucleus
confined within the individual nucleons? or
does the nuclear environment significantly
affect their distributions? The EMC experi-
ment at CERN [I85] and experiments in the
following two decades clearly revealed that
the momentum distribution of quarks in a
fast moving nucleus is not a simple super-
position of their distributions within nucle-
ons. Instead, the measured ratio of nuclear
over nucleon structure functions, as defined
in Eq. (37), follows a non-trivial function of
Bjorken x, significantly different from unity,
and shows the suppression as = decreases, as
shown in Fig. B2Il The observed suppres-
sion at x ~ 0.01, which is often referred to
as the phenomenon of nuclear shadowing, is
much stronger than what the Fermi motion
of nucleons inside a nucleus could account
for. This discovery sparked a worldwide ef-
fort to study the properties of quarks and
gluons and their dynamics in the nuclear en-
vironment both experimentally and theoret-
ically.

Using the same very successful QCD for-
mulation at the leading power in @) for pro-
ton scattering, and using the DGLAP evolu-
tion for the scale dependence of parton mo-
mentum distributions, several QCD global
analyses have been able to fit the observed
non-trivial nuclear dependence of existing
data, attributing all observed nuclear depen-
dences — including its x-dependence and nu-
clear atomic weight A-dependence — to a set
of nucleus-dependent quark and gluon dis-
tributions at an input scale Qg = 1 GeV
[153] 1506, [155]. As an example, the fitting
result of Eskola et al is plotted along with
the data on the ratio of the F5 structure
function of calcium divided by that of deu-
terium in Fig. B.21], where the dark blue band
indicates the uncertainty of the EPS09 fit
[153]. The success of the QCD global anal-
yses clearly indicates that the response of
the nuclear cross-section to the variation of

the probing momentum scale @ 2 Qg is in-
sensitive to the nuclear structure, since the
DGLAP evolution itself does not introduce
any nuclear dependence. However, it does
not answer the fundamental questions: Why
are the parton distributions in a nucleus so
different from those in a free nucleon at the
probing scale Q¢? How do the nuclear struc-
ture and QCD dynamics determine the dis-
tributions of quarks and gluons in a nucleus?

The nucleus is a “molecule” in QCD,
made of nucleons — which, in turn, are
bound states of quarks and gluons. Unlike
the molecule in QED, nucleons in the nu-
cleus are packed next to each other, and
there are many soft gluons inside nucleons
when probed at small z. The DIS probe has
a high resolution in transverse size ~ 1/Q.
But its resolution in the longitudinal direc-
tion, which is proportional to 1/xp ~ 1/Q,
is not necessarily sharp in comparison with
the Lorentz contracted size of a light-speed
nucleus, ~ 2R 4(m/p), with nuclear radius
R4 o AY3 and the Lorentz contraction fac-
tor m/p and nucleon mass m. That is,
when 1/xzp > 2Rs(m/p), or at a small
x ~ 1/2mR4 ~ 0.01, the DIS probe could
interact coherently with quarks and gluons
of all nucleons at the same impact param-
eter of the largest nucleus moving nearly
at the speed of light, p > m. The de-
structive interference of the coherent multi-
ple scattering could lead to a reduction of
the DIS cross-section [129] [I81]. Such co-
herent multi-parton interactions at small =
could take place non-perturbatively to gen-
erate nuclear dependence of parton distribu-
tions at the input scale )¢, including shad-
owing [I81] and anti-shadowing [I86], which
could be systematically extracted by using
the DGLAP-based leading power QCD for-
malism. In addition, coherent multiple scat-
tering could also take place at a perturbative
scale ) > g, and its contribution to the in-
clusive DIS cross-section could be systemati-
cally investigated in QCD in terms of correc-
tions to the DGLAP-based QCD formulation
[187, [188]. Although such corrections are
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Figure 3.21: The ratio of nuclear over nucleon Fy structure function, Ry, as a function of
Bjorken z, with data from existing fixed target DIS experiments at Q% > 1 GeV?, 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-l and Stage-Il. 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, () 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-
effective. The resummation of all powers of
coherent multi-parton interactions or new ef-
fective field theory approaches are needed.
The RHIC data [I71} 172] on the correla-
tion in deuteron-gold collisions indicate that
the saturation phenomena might take place
at © < 0.001 [I71, [I72]. Therefore, the re-
gion of 0.001 < z < 0.1, at a sufficiently
large probing scale ), 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 Q%-dependence) follows
linear DGLAP evolution — to matter com-
posed of condensed and saturated gluons.

This very important transition region
with Bjorken x € (0.001,0.1) could be best
explored by the EIC, as shown in Fig. B.21]
At stage-1, 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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be measured by fixed target experiments, as
indicated by the yellow box in Fig. B.2Il At
later stages of EIC operation, the coverage in
x could be extended down to 1074, as shown
by the blue box in Fig. B.21] while maintain-
ing a sufficiently large (). The EIC will have
ideal kinematic coverage for the systematic
study of QCD dynamics in this very rich
transition region, as well as the new regime
of saturated gluons.

If the nuclear effect on the DIS cross-
section, as shown in Fig. [3.21] is mainly due
to the abundance of nucleons at the same im-
pact parameter of the nucleus (proportional
to AY 3), while the elementary scattering is
still relatively weak, one would expect the
ratio of nuclear over nucleon structure func-
tions to saturate when x goes below 0.01, or
equivalently, the nuclear structure function
to be proportional to the nucleon structure
functions, as shown, for example, by the up-
per line of the blue area extrapolated from
the current data in Fig. B.2Il In this case,
there is no saturation in nuclear structure
functions since the proton structure function
is not saturated at this intermediate-x re-
gion, and the ratio could have a second drop
at a smaller x when nuclear structure func-
tions enter the saturation region. On the
other hand, if the soft gluons are a prop-
erty of the whole nucleus and the coherence
is strong, one would expect the ratio of the
nuclear to nucleon structure function to fall

continuously as x decreases, as sketched by
the lower line of the blue band, and even-
tually, reach a constant when both nuclear
and nucleon structure functions are in the
saturation region. From the size of the pur-
ple error band in Fig. B.2I] which is the
expected systematic uncertainty at the EIC
(while the statistical uncertainty is expected
to be much smaller), the EIC could easily
distinguish these two extreme possibilities to
explore the nature of sea quarks and soft glu-
ons in a nuclear environment.

With the unprecedented energy and lu-
minosity of lepton-nucleus collisions at the
EIC, the precision measurements of the Q
dependence of the nuclear structure func-
tions could extract nuclear gluon distribu-
tions at small x that are currently effectively
unknown, and identify the momentum scale
o, below which the DGLAP-based QCD
formulation fails, to discover the onset of
the new regime of non-linear QCD dynamics.
With its variety of nuclear species, and the
precise measurements of the z and () depen-
dence in this transition region, the EIC is an
ideal machine to explore the transition region
and to provide immediate access to the first
glimpses of collective nuclear effects caused
by coherent multi-parton dynamics in QCD.
Inclusive DIS measurements at the EIC pro-
vide an excellent and unique testing ground
to study the transition to new and novel sat-
uration physics.

3.3.2 The Propagation of a Fast Moving Color Charge in QCD Matter

The discovery of the quark-gluon plasma
(QGP) in the collision of two heavy-ions at
the Relativistic Heavy Ion Collider (RHIC)
at Brookhaven National Laboratory made it
possible to study in a laboratory the proper-
ties of quark-gluon matter at extremely high
temperatures and densities, which were be-
lieved to exist only a few microseconds after
the Big Bang. One key piece of evidence of
the discovery was the strong suppression of
fast moving hadrons produced in relativistic

heavy-ion collisions [I89], which is often re-
ferred to as jet quenching [190]. It was found
that the production rate of the fast moving
hadrons in a central gold-gold collision could
be suppressed by as much as a factor of five
of that in a proton-proton collision at the
same energy, and the same phenomenon was
confirmed by the heavy ion program at the
LHC.

Fast moving hadrons at RHIC are dom-
inantly produced by the fragmentation of
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colored fast moving quarks or gluons that
are produced during hard collisions at short
distances.  Fragmentation (or in general,
Hadronization) — the transition of a col-
ored and energetic parton to a colorless
hadron — is a rich and dynamical process in
QCD quantified by the fragmentation func-
tion Dparton—shadron(2), With z the momen-
tum fraction of the fast moving parton to
be carried by the produced hadron in the
DGLAP based QCD formulation. Although
QCD calculations are consistent with hadron
production in high-energy collisions, knowl-
edge about the dynamics of the hadroniza-
tion process remains limited and model de-
pendent. It is clear that color is ultimately
confined in these dynamical processes. The
color of an energetic quark or a gluon pro-
duced in high-energy collisions has to be neu-
tralized so that it can transmute itself into
hadrons. Even the determination of a char-
acteristic time scale for the color neutraliza-
tion would shed some light on the properties
of color confinement and help to answer the
question of what governs the transitions of
quarks and gluons to hadrons.

The collision of a fast moving parton with
the QGP could induce gluon radiation to re-
duce the parton’s forward momentum and
energy, while the parton-to-hadron fragmen-
tation functions might not be affected since
the energetic hadrons are likely to be formed
outside the QGP due to time dilation, as in-
dicated by the cartoon in Fig. (Left -
upper plot). The energy loss of the active
parton would require a fragmentation func-
tion of a larger z in order to produce a hadron
with the same observed momentum as that
produced in proton-proton collisions without
energy loss [191]. However, it has been puz-
zling [192] that heavy meson production in
the same experiments at RHIC seems to be
suppressed as much as the production of light
mesons, although a heavy quark is much less
likely to lose its energy via medium induced
radiation. It is critically important to have
new and clean measurements, as well as inde-
pendent tests of the energy-loss mechanisms,
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in order to have the full confidence in jet
quenching as a hard probe of QGP proper-
ties.

Semi-inclusive DIS in e+A collisions pro-
vides a known and stable nuclear medium
(“cold QCD matter”), well-controlled kine-
matics of hard scattering, and a final state
particle with well-known properties. The
time for the produced quark (or gluon) to
neutralize its color depends on its momen-
tum and virtuality when it was produced.
The process could take place entirely inside
the nuclear medium, or outside the medium,
or somewhere in-between, as indicated by
the cartoon in Fig. (Left) [194] [195].
Cold QCD matter could be an excellent
femtometer-scale detector of the hadroniza-
tion process from its controllable interac-
tion with the produced quark (or gluon).
By facilitating studies on how struck par-
tons propagate through cold nuclear mat-
ter and evolve into hadrons, as sketched in
Fig. (Left), the EIC would provide in-
dependent and complementary information
essential for understanding the response of
the nuclear medium to a colored fast moving
(heavy or light) quark. With its collider en-
ergies and thus the much larger range of v,
the energy of the exchanged virtual photon,
the EIC is unique for providing clean mea-
surements of medium induced energy loss
when the hadrons are formed outside the nu-
clear medium, while it is also capable of ex-
ploring the interplay between hadronization
and medium-induced energy loss when the
hadronization takes place inside the medium.
In the latter case, color transparency may
also play a role [194] 196, 197, 198], and
this is yet another important topic that can
be independently explored with various tech-
niques and measurements at the EIC [199].

The amount of the medium-induced en-
ergy loss and the functional form of the frag-
mentation functions should be the most im-
portant cause for the difference of multi-
plicity ratio of hadrons produced in a large
nucleus and that produced in a proton, if
the hadrons are formed outside the nuclear
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Figure 3.22: Left: A cartoon for the interactions of the parton moving through cold nuclear
matter when the produced hadron is formed outside (upper) and inside (lower) the nucleus.
Right: Fragmentation functions as a function of z: from the charm quark to the D° meson
(solid) [193] and from up quark to 7° meson (dashed) [40].

medium. It was evident from hadron pro-
duction in e~ + eTcollisions that the frag-
mentation functions for light mesons, such as
pions, have a very different functional form
with z from that of heavy mesons, such as
D-mesons. As shown in Fig. (Right),
the heavy D’-meson fragmentation function
has a peak while the pion fragmentation
function is a monotonically decreasing func-
tion of z. The fact that the energy loss
matches the active parton to the fragmen-
tation function at a larger value of z leads to
two dramatically different phenomena in the
semi-inclusive production of light and heavy
mesons at the EIC, as shown in Fig. .23l
[200]. The ratio of light meson () produc-
tion in e+Pb collisions over that in e+d col-
lisions (red square symbols) is always below
unity, while the ratio of heavy meson (DY)
production can be less than as well as larger
than unity due to the difference in hadroniza-
tion.

In Fig. B:223] simulation results were plot-
ted for the multiplicity ratio of semi-inclusive
DIS cross-sections for producing a single pion

(Left) and a single D (Right) in e+Pb colli-
sions to the same produced in the e+d as
a function of z at the EIC with two dif-
ferent photon energies: 35 GeV at
Q? = 10 GeV? (solid line and square sym-
bols) and v = 145 GeV at Q? = 35 GeV?
(dashed line and open symbols). The pr of
the observed hadrons is integrated. The ra-
tio for pions (red square symbols) was taken
from the calculation of [194], extended to
lower z, and extrapolated from a copper nu-
cleus to a lead nucleus using the prescription
of [195]. In this model approach, pions are
suppressed in e+ Acollisions due to a combi-
nation of the attenuation of pre-hadrons as
well as medium-induced energy loss. In this
figure, the solid lines (red - v = 145 GeV, and
blue - v = 35 GeV) are predictions of pure
energy loss calculations using the energy loss
parameters of [201]. The large differences in
the suppression between the square symbols
and solid lines are immediate consequences
of the characteristic time scale for the color
neutralization and the details of the atten-
uation of pre-hadrons, as well as the model

vV =
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Figure 3.23: The ratio of semi-inclusive cross-sections for producing a single pion (Left) and a
single D° (Right) in electron-lead collisions to the same produced in electron-deuteron collisions
as a function of z at the EIC with two different photon energies ¥ = 35 GeV at Q% = 10 GeV?
(solid symbols) and v = 145 GeV at Q> = 35 GeV? (open symbols) (pr of the hadron is
integrated). The solid lines are predictions of pure energy loss calculations for pion production

(see the text).

for energy loss. With the size of the sys-
tematic errors shown by the yellow bar on
the left of the unity ratio, the multiplicity
ratio of pion production at the EIC will pro-
vide an excellent and unique opportunity to
study hadronization by using the nucleus as
a femtometer detector.

The dramatic difference between the mul-
tiplicity ratios of DY meson production and
that of pions, as shown in Fig.[B.23] is an im-
mediate consequence of the difference in the
fragmentation functions shown in Fig.
(Right). The enhancement of the ratio is
caused by the peak in the D"’s fragmenta-
tion function. The slope of the enhancement
is sensitive to the amount of energy loss, or
equivalently, the transport coefficient, ¢ of
cold nuclear matter, and the shape of the
fragmentation function [200]. The energy
loss used in the simulation is a factor of
0.35 less than that of light quarks as derived
in [202] by taking into account the limited

cone for gluon radiation caused by the larger
charm quark mass. The solid symbols are for
z = 0.1 and Q? = 10 GeV?. The dashed line
shows the effect of reducing the charm quark
energy loss by 10% to show the sensitivity
of the energy loss at fixed v and Q2. In the
same figure we also show the same type of
plot but for v = 145 GeV and Q? = 35 GeV?.
The expected reduction in the level of pion
suppression relative to v = 35 GeV is visible
and the shape of the DY data is quite differ-
ent from that for v = 35 GeV. This strong
sensitivity of the shape to the value of v will
be a unique and powerful tool in the under-
standing of energy loss of heavy quarks in
cold nuclear systems. The discovery of such
a dramatic difference in multiplicity ratios
between light and heavy meson production
in Fig. B.23 at the EIC would shed light on
the hadronization process and on what gov-
erns the transition from quarks and gluons
to hadrons.
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3.3.3 Strong Color Fluctuations Inside a Large Nucleus

The transverse flow of particles is one
key piece of evidence for the formation of
a strongly interacting QGP in relativistic
heavy-ion collision. It was recognized that
fluctuations in the geometry of the initial
overlap zone of heavy-ion collisions lead to
the fluctuations of v, the coefficients of the
Fourier expansion of the particle multiplicity
with respect to the reaction plane. There-
fore, the v, fluctuation, in particular, the
vy fluctuation leads to very interesting fea-
tures of two particle correlations observed in
relativistic heavy ion collisions. The initial-
state density fluctuations seem to influence
the formation and expansion of the QGP.
An independent measurement of the fluctu-
ations of quarks and gluons, or in general,
the color inside a large nucleus, is very inter-
esting and important for understanding the
nuclear structure and QCD dynamics.

Multiple scattering between the pro-

(Ap7(9))an = (p7(¢)) 4 — (P7(¢)) N

duced parton and the nuclear medium can
change the momentum spectrum of the pro-
duced hadron. It can lead to a shift in the
longitudinal momentum (‘“energy loss”) as
well as a broadening in averaged transverse
momentum of the hadron. The nuclear mod-
ification of the spectrum will be sensitive
to the density of partonic scattering centers
along the path where the produced parton
was passing through.

In semi-inclusive DIS, one can uniquely
define the angle between the leptonic and
hadronic scattering planes, as shown in the
Sidebar on page [33l If the nuclear density or
the density of partonic scattering centers is
not spherically symmetric in the transverse
plane, the strength of the multiple scatter-
ing and the broadening will be sensitive to
the path or the angle between the two planes.
Defining the azimuthal angle dependence of
the broadening as

(3.13)

with the averaged transverse momentum squared,

doea doeca

(D7 (dpg))a = / dp7 p -

The broadening could have a significant an-
gular dependence in ¢, - the angle between
the two planes - if there is strong enough fluc-
tuation in the density of partonic scattering
centers, as observed by the CLAS collabora-
tion at Jefferson Lab [184].

With the higher energy and collider con-
figuration, the EIC can measure the semi-
inclusive production of various hadrons with

dQde%dqb/ drpdQ? (3:.14)
a much larger range of momenta. It would
be of great interest to evaluate the nuclear
dependence of the ¢ modulation of trans-
verse momentum distributions as well as the
broadening, and, further, to see the connec-
tion to the fluctuations believed to be respon-
sible for the observed higher-order flow terms
in heavy-ion collisions.
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3.4 Connections to p+A, A+A and Cosmic Ray Physics

Conveners: Yuri Kovchegov and Thomas Ullrich
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Figure 3.24: Fractional contributions from gg, qg, and qq scattering processes to pion production
at mid-rapidity p+p collisions at RHIC (black) and LHC (blue).

3.4.1 Connections to p+A Physics

Both p+A and e+A collisions can pro-
vide excellent information on the proper-
ties of gluons in the nuclear wave-functions.
It is therefore only logical to compare the
strengths and weaknesses of the two different
programs in exploring the saturation regime.

In the beginning of the RHIC era, the
d+Au program was perceived as merely a
useful baseline reference for the heavy-ion
program. It very soon turned out that,
due to a wise choice of colliding energy,
RHIC probes the transition region to a new
QCD regime of gluon saturation. While only
marginal hints of non-linear effects were ob-
served in DIS experiments at HERA [203],
it is fair to say that very tantalizing hints
for gluon saturation were observed in d+Au
collisions at RHIC [I71] 172} 204, 205} 206].
In the upcoming p+A program at the LHC,
these effects will be even more pronounced.

While p+A and p+p colliders provide supe-
rior access to the low-x region, they also have
some severe disadvantages that impede sys-
tematic studies of the saturation phenomena
that we will describe below.

As shown in Fig. B.24] in p+p collisions
at mid-rapidity at RHIC and the LHC, the
bulk of particles produced originate from
processes involving gluons. This is a sim-
ple manifestation of the dominance of gluons
at low-z in hadrons (see Fig. [3.3). While
it is unlikely that saturation phenomena are
observed at RHIC energies in p+p collisions
due to the small values of Qs even at the
lowest accessible x, the amplified ()5 scale
in p+A collisions opens the experimentally
accessible range where saturation effects be-
come detectable. The relation between ra-
pidity y and transverse momentum pr of
the final state partons/particles with mass
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m and their fractional longitudinal momenta

T19is 119 = €TV \/ (p% +m?)/s. Hence, at

mid-rapidity (y = 0) at RHIC, only parti-
cle production with very small pr will be
sensitive to the saturation region in parton
densities while at the LHC the region of
transverse momenta will be much larger. At
RHIC, saturation effects are largely absent
at central rapidities but become measurable
at large forward rapidities (that is, for parti-
cles coming out close to the incoming proton
or deuteron direction with y = 2 — 4 corre-
sponding to small z9).
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Figure 3.25: The nuclear modification factor
(Rgay) versus pp for minimum bias d+Au col-
lisions measured at RHIC. The solid circles
are for 7 mesons [206], the open circles and
boxes are for negative hadrons [204]. The er-
ror bars are statistical, the shaded boxes are
point-to-point systematic errors. (Inset) Rja,
for 70 mesons compared with pQCD calcula-
tions based on collinear factorization. Note
that none of the curves can describe the data.

First hints for the onset of saturation
in d+Au collisions at RHIC have been ini-
tially observed by studying the rapidity de-
pendence of the nuclear modification factor,
Rgaw, as a function of pp for charged hadrons
[204] and 7° mesons [206], and more recently

through forward-forward hadron-hadron cor-
relations [172] [I71].

The nuclear modification factor for a
p+Au collision is defined by

1 deA/dsz dy
Neow dNpp/d?pr dy’

Rop = (3.15)

where dN/d*pr dy is the produced hadron
multiplicity in a given region of phase space
while N,y is the number of binary nucleon—
nucleon collisions. The nuclear modification
factor R, is equal to 1 in the absence of
collective nuclear effects.

Figure shows Rg4, versus pr for
minimum bias d4+Au collisions for charged
hadrons measured by the BRAHMS ex-
periment [204] and 7° mesons by STAR
[206]. While the inclusive yields of hadrons
(7% mesons) at /5=200 GeV in p+p colli-
sions generally agree with pQCD calculations
based on DGLAP evolution and collinear fac-
torization, in d4+Au collisions, the yield per
binary collision is suppressed with increas-
ing 7, decreasing to ~30% of the p+p yield
at (n) = 4, well below shadowing and multi-
ple scattering expectations. The pr depen-
dence of the d+Au yield is found to be consis-
tent with the gluon saturation picture of the
Au nucleus (e.g., CGC model calculations
[207, 208, 2091 210, 21T], 212]) although other
interpretations cannot be ruled out based on
this observable alone [188| 213], 214].

A more powerful technique than single
inclusive measurements is the use of two-
particle azimuthal correlations, as discussed
in Section In collinear factorization-
based pQCD at leading order, particle pro-
duction in high-energy hadronic interactions
results from the elastic scattering of two par-
tons (2 — 2 scattering) leading to back-to-
back jets. When high-pyr hadrons are used
as jet surrogates, we expect the azimuthal
correlations of hadron pairs to show a peak
at A¢p = 0, and a ‘back-to-back’ peak at .
When the gluon density increases, the basic
dynamics for the particle production is ex-
pected to change. Instead of elastic 2 — 2
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Figure 3.26: Di-hadron correlations measured at forward rapidities at RHIC: the uncorrected
coincidence signal plotted versus the azimuthal angle difference between two forward neutral pi-
ons in p+p collisions (left) compared to peripheral (center) and central d+Au collisions (right)
[172]. Data are shown with statistical errors and fit with a constant plus two Gaussian functions

(in red).

scattering, particle production can proceed
by the interaction of a probe parton from the
proton (deuteron) beam with multiple glu-
ons from the heavy-ion beam. At sufficiently
high gluon densities, the transverse momen-
tum from the fragments of the probing par-
ton may be compensated by several gluons
with lower pr. Two particle azimuthal cor-
relations are expected to show a broaden-
ing of the back-to-back peak (loss of corre-
lation: 2 — many processes) and eventually
to disappear. In the CGC framework, the
hadronic wave-function is saturated as a con-
sequence of gluon recombination. At very
low values of the x of the probed gluons, the
occupation numbers become large and the
probe scatters coherently off the dense gluon
field of the target, which recoils collectively,
leading to a modification in A¢ [168].

Figure [3:26] shows the (efficiency uncor—
rected) probablhty to find an associated 7°
given a trigger 7°, both in the forward region
measured by the STAR detector. The coin-
cidence signal versus azimuthal angle differ-
ence between the two pions in p+p collisions
(left) compared to peripheral (middle) and
central d4+Au collisions (right) is shown [172]
(see also Fig. BIT7 and the related discus-

sion, along with [I71]). All the distribu-
tions present two signal components, sur-
mounting a constant background represent-
ing the underlying event contribution (larger
in d+Au). The near-side peak represents
the contribution from pairs of pions belong-
ing to the same jet. It is not expected
to be affected by saturation effects. The
away-side peak represents the back-to-back
contribution to the coincidence probability,
which should disappear in going from p+p
to d+Au if saturation sets in [168]. The
data show that the width of the near-side
peak remains nearly unchanged from p+p to
d+Au, and particularly from peripheral to
central d+Au collisions. Central d4+Au colli-
sions show a substantially reduced away side
peak that is significantly broadened. Again,
pPQCD calculations based on linear DGLAP
evolution without coherent multiple scatter-
ing fail to describe this observation, while
those including non-linear effects describe
the data considerably well [208, 215 216].
This measurement represents the strongest
hint yet for saturation phenomena and also
indicates that the kinematic range of the EIC
is well suited to explore saturation physics
with great precision.
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Although the results of the d4+Au pro-
gram at RHIC show tantalizing evidence of
saturation phenomena, alternative explana-
tions for each of the individual observations
exist. The unambiguous ultimate proof of
existence of saturation can only come from
an e-+A collider. While in e+A collisions the
probe (the electron) is point-like and struc-
tureless, in p+A collisions, one has to deal
with a probe whose structure is almost as
complex as that of the target nucleus to be
studied. The EIC’s usefulness as a gluon
“microscope” is somewhat counterintuitive
since electrons do not directly interact with
gluons. However, the presence and dynam-
ics of the gluons in the ion will modify the
precisely understood electromagnetic inter-
action of the electron with quarks in ways
that allow us to infer the gluon properties.
Deeply inelastic e+A collisions are domi-
nated by one photon exchange (see the Side-
bar on page [[9). The photon could interact
with one parton to probe parton distribu-
tions, as well as multiple partons coherently
to probe multi-parton quantum correlations.
One of the major advantages of DIS is that
it allows for the direct, model-independent,
determination of the momentum fraction x
carried by the struck parton before the scat-
tering and Q?, the momentum transferred to
the parton in the scattering process. Only

the control of these variables ultimately will
allow us a precise mapping of the gluon dis-
tributions and their dynamics.

One may wonder whether physics simi-
lar to what one can probe at an EIC could
be studied in the Drell-Yan process in a
p+A collider. Due to crossing symmetry, the
Drell-Yan process can be related to DIS [217]
with the invariant mass of the di-lepton pair
M? playing the role of Q?. Owing to the
very broad reach in z and M?, p+A col-
lisions at RHIC and even more so at the
LHC clearly have significant discovery po-
tential for the physics of strong color fields
in QCD. However, the di-lepton signal in
p+A is contaminated by the leptons resulting
from decays of heavy-flavor hadrons, such as
J/¥, up to a rather large invariant masses
of M? = 16 GeV? and even beyond [218].
This contamination does not allow one to
cleanly probe the saturation region of M? <
16 GeV2. To avoid hadronic decay back-
ground one may study large values of the net
transverse momentum pp of the pair. How-
ever, this would also push one away from the
lower-pr saturation region.

Ultimately it will be the combination of
strong p+A and e+A programs, each provid-
ing complementary measurements, that will
answer the questions raised above in full.

3.4.2 Connections to Ultra-relativistic Heavy-Ion Physics

Measurements over the last decade in
heavy-ion collision experiments at RHIC in-
dicate the formation of a strongly coupled
plasma of quarks and gluons (sQGP). Strik-
ing results include: (i) the strong collective
flow of all mesons and baryons, and espe-
cially that of heavy charm quarks, and (ii)
the opaqueness of the hot and dense medium
to hadron jets up to p; ~ 20 GeV.

This sQGP appears to behave like a
“near-perfect fluid” with a ratio of the shear
viscosity to entropy density, 1/s, approach-
ing zero [219, 220, 221, 222 223]. Re-

cent experiments at the LHC, with substan-
tially higher energies and thus a hotter and
longer lived plasma phase, confirm this pic-
ture [224].

Despite the significant insight that the
QGP is a strongly correlated nearly perfect
fluid, little is understood about how the QGP
is created and what its properties are. Qual-
itative questions that the heavy ion com-
munity would like to answer include how
the dynamics of gluons in the nuclear wave-
functions generates entropy after the colli-
sion, what the properties and dynamics of
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the pre-equilibrium state are, why the ther-
malization of the system occurs rapidly, and
whether the system is fully or only partially
thermalized during its evolution. Further-
more, though it is widely accepted that the
QGP medium is a strongly correlated one, it
is less clear whether the coupling is weak or
strong. In the weak-coupling scenario, the
strongly correlated dynamics are generated
by the scales that characterize the electric
and magnetic sectors of the hot fluid. In
the strongly-coupled scenario, progress has
been made by exploiting the Anti-de Sitter
space/Conformal Field Theory (AdS/CFT)
correspondence [225] 226] of weakly coupled
gravity (which is calculable) to strongly cou-
pled supersymmetric Yang-Mills theory with
many features in common with QCD.

Quantitative questions the heavy-ion
community would like to answer include de-
termining the shear viscosity of the medium
averaged over its evolution, measuring the
values of other transport coefficients such as
the bulk viscosity and the heavy quark dif-
fusion coefficient, and perhaps most impor-
tantly, identifying the equation of state of
finite-temperature QCD medium. Some of
these questions can be addressed in numer-
ical lattice QCD computations. It is still
not entirely clear how these results can be
cross-checked and improved upon in the en-
vironment of a rapidly evolving and incredi-
bly complex heavy ion event.

Despite the significant progress achieved
in the qualitative understanding of several
aspects of this matter, there is still no com-
prehensive quantitative framework to under-
stand all the stages in the creation and ex-
pansion of the hot and dense QGP medium.
In the following we outline how an EIC can
contribute to a better understanding of the
dynamics of heavy ion collisions, from the
initial formation of bulk partonic matter to
jet quenching and hadronization that probe
the properties of the sQGP.

Initial Conditions in A+ A collisions

Understanding the dynamical mechanisms
that generate the large flow in heavy ion col-
lisions is one of the outstanding issues in
the RHIC program. Hydrodynamic model-
ing of RHIC data is consistent with the sys-
tem rapidly thermalizing at times of around
1 -2 fm/c after the initial impact of the two
nuclei [227, 228, 229]. These hydrodynamic
models are very sensitive to the initial pre-
equilibrium properties of the matter formed
immediately after the collision of the two nu-
clei.

Our current understanding, based on the
CGC framework, suggests that the wave-
functions of the nuclei, due to their large oc-
cupancy, can be described as classical fields,
as was explained above. Therefore, at the
leading order, the collision can be approx-
imated by the collision of “shock waves”
of classical gluon fields [230, 231] result-
ing in the production of non-equilibrium glu-
onic matter. It is generally believed that
the instability and consequent exponential
growth of these intense gluon fields would be
the origin of early thermalization [232], 233],
though the exact mechanism for the process
is not completely understood. Alternatively,
within the strong coupling paradigm, ther-
malization in heavy ion collisions is achieved
very rapidly, and there has been considerable
recent work in this direction [234] 235].

The properties of the nuclear wave-
functions will be studied in great detail in
e+A collisions. They promise a better un-
derstanding of the initial state and its evo-
lution into the sQGP. Specifically, the satu-
ration scale (Qs, which can be independently
extracted in e+A collisions, sets the scale for
the formation and thermalization of strong
gluon fields. Saturation effects of these low-
x gluon fields affect the early evolution of
the pre-QGP system in heavy-ion collisions.
Their spatial distribution governs the eccen-
tricity of the collision volume and this af-
fects our understanding of collective flow and
its interpretation profoundly. However, the
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features of these gluon fields — their mo-
mentum and spatial distributions at ener-
gies relevant for RHIC — are only vaguely
known. More detailed information of rele-
vance to the properties of the initial state
(such as the spatial distributions of gluons
and sea quarks) and thereby improved quan-
titative comparisons to heavy ion data, can
be attained with an EIC.

Figure 3.27: The spatial distribution of gluon
fields of the incoming nuclei for a collision of
lead ions at /s = 2760 GeV. The colors —
from blue to red — denote increasing strength
of gluon correlations.

The high-energy wave-functions of nuclei
can be viewed as coherent superpositions of
quantum states that are “frozen” configura-
tions of large numbers of primarily gluons.
How these states decohere, produce entropy
and subsequently interact is clearly essen-
tial to a deep understanding of high-energy
heavy ion collisions. Remarkably, models
based on the CGC framework manage to de-
scribe particle production in A+A collisions
over a broad range of energies and central-
ities extraordinary well. These models are
constrained by HERA inclusive and diffrac-
tive DIS data on ep collisions, and the limited
fixed target e+A DIS data available. One
such model is the IP-Sat model [236], 151]
(Model-I from Sec. B22ZT]) Another satura-
tion model (Model-II from Sec. B21] ) is
based on BK nonlinear evolution includ-
ing the running-coupling corrections (rcBK)
[157], 158 159, [160] and the impact parame-
ter independence [237].

The TP-Sat model can be used to con-
struct nucleon color charge distributions

event-by-event. Convoluting this with
Woods-Saxon distributions of nucleons en-
ables one to construct Lorentz contracted
two dimensional nuclear color charge dis-
tributions of the incoming nuclei event-by-
event. Such a nuclear color charge den-
sity profile is shown in Fig. for a
heavy ion collision. The scale of transverse
event-by-event fluctuations in Fig. B.27 is
1/Qs, not the nucleon size. The result-
ing model [24T], 240] employs the fluctuating
gluon fields generated by the IP-Sat model to
study the event-by-event evolution of gluon
fields. Here, the corresponding energy den-
sity distributions vary on the scale 1/Q5 and
are therefore highly localized (as shown in
the left panel of Fig. B.28)).

The right panel in Fig. shows data
for the centrality dependence of charged par-
ticle production for heavy-ion collisions at
V3xy = 200 GeV and 2760 GeV com-
pared to both Model-I (IP-Sat with fluctu-
ations) and Model-IT (based on rcBK evolu-
tion). Both models do an excellent job of
describing the data (note that Model-IT is a
prediction). The pale bands shown in this
figure are the event-by-event fluctuations of
the multiplicity in the Model-I. The success-
ful descriptions of the energy and central-
ity dependence of multiplicity distributions
at RHIC and the LHC are strong indica-
tions that the CGC provides the right frame-
work for entropy production. Therefore, a
fuller understanding of the small z formalism
promises to enable us to separate these initial
state effects from final state entropy produc-
tion during the thermalization process and
thereby constrain mechanisms (by their cen-
trality and energy dependence) that accom-
plish this.

The other bulk quantity very sensitive to
the properties of the initial state is the col-
lective flow generated in heavy ion collisions.
A useful way to characterize flow [242] is
through measured harmonic flow coefficients
Up, defined through the expansion of the az-
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Figure 3.28: Left panel: The spatial variation of the energy density in a single heavy ion event

(based on IP-Sat model with fluctuations).

The variations occur on distance scales 1/Q);,

much smaller than the nucleon size. Right panel: The centrality dependence of the multiplicity
at \/syy = 200GeV and 2760 GeV. (AuAu [238] data from RHIC, PbPb data [239] from
LHC.). The experimental data are compared to results from two model realizations in the CGC
framework. Solid curves represent the results from kp-factorization with running-coupling BK
unintegrated gluon distributions [237] (Model-Il from before) while dashed curves represent the
result in the IP-Sat model with fluctuations [240] (Model-1). The pale blue (LHC) and pink bands
(RHIC) denote the referring range of event-by-event values of the single inclusive multiplicity.

imuthal particle distribution as

(1 + Z 2y, cos(n&)) , (3.16)

where v, (pr) = (cos(nd)), with (---) denot-
ing an average over particles in a given pp
window and over events in a given central-
ity class, and ¢ = ¢ — 1, with the event
plane angle v, = %arctan gzg;((z(z))é Spatial
eccentricities, extant at the instant a hydro-
dynamic flow description becomes applica-
ble, are defined e.g. for the second harmonic
as g9 = (y2—22)/(y*+x?), where now (---)
is the energy density-weighted average in the
transverse x-y plane. These are in turn con-
verted to momentum space anisotropies by
hydrodynamic flow. How efficiently this is
done is a measure of the transport proper-
ties of the strongly coupled QCD matter such
as the shear and bulk viscosities. Early flow
studies focused on the second flow harmonic
coefficient v9, which is very large at RHIC
and the LHC, and particularly sensitive to
the ratio of the shear viscosity to entropy
density ratio n/s. In Fig. B29 we show

AN N

%_27('

vg for a Glauber model used in hydrody-
namic simulations (left) and the Kharzeev-
Levin-Nardi CGC (KLN-CGC) model [243]
(right). The eccentricity e in the Glauber
model has a weaker dependence on collision
centrality relative to the KLN-CGC model,
and therefore requires a lower n/s to fit the
data. The value of /s for the Glauber eccen-
tricity in this model study is equal to 1/47 in
natural units [244] 245] conjectured to be a
universal bound for strongly-coupled liquids
based on applications of the Anti-de Sitter
space/Conformal Field Theory (AdS/CFT)
correspondence [225, 226]. The KLN-CGC
value on the other hand gives a number
that’s twice as large as this prediction.

Experimental and theoretical develop-
ments can help settle what is the true value
of /s, and in particular, potentially provide
essential information on its temperature de-
pendence. Interestingly, the effect of 1/s on
each of the v,, harmonics is different. This
is shown strikingly in comparisons of results
for the v,, moments from event-by-event vis-
cous hydrodynamic simulations relative to
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Figure 3.29: A comparison of data and theoretical predictions using viscous relativistic hydrody-
namics for v% (pr) (right) with Glauber-like initial conditions (left) or a simplified implementation
of CGC physics (KLN) model (right). Figures adapted from [229].

equivalent ideal hydrodynamic simulations
in Fig.

The figure shows the ratio of viscous to
ideal moments [246] for n = 2,---,5 for
the previously discussed values of n/s. The
damping of the higher moments v,, is quite
dramatic with increasing 7/s.
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Figure 3.30: The ratio of charged hadron flow
vy, harmonics from viscous hydrodynamic sim-
ulations and from ideal hydrodynamics [246]
(lines only to guide the eye). The ratio is shown
for two different values of n7/s. Higher harmon-
ics are substantially more affected by shear vis-
cosity than vs.

The results shown are for the Glauber model,
and the values for vy 34 are in good agree-
ment with available RHIC data [247] for

n/s = 0.08. In contrast, the CGC-KLN
model, which we saw fits data for the larger
n/s = 0.16, does poorly with vs because
of the damping effect noted. The poor
agreement of the CGC-KLN model with the
higher v, moments can be traced primarily
to the absence of event-by-event color charge
fluctuations we discussed previously. The
IP-Sat model with fluctuations [240], 241] in-
cludes these and the results for the moments
are closer to the Glauber model that is tuned
to fit the data.

It is here that we see that the EIC might
have significant additional impact on bulk
observables in A+A collisions. This is, of
course, in addition to the absolutely crucial
input of establishing the saturation paradigm
of entropy production, extracting informa-
tion on the energy and centrality dependence
of Qs and providing information on gluon
correlations that may influence thermaliza-
tion and long range rapidity correlations.
The measurement of do /dt in diffractive e+A
collisions (see Sec. and Fig. B.20) al-
lows for a clean determination of the spa-
tial gluon density on average and will help
constrain the scale and magnitude of event-
by-event fluctuations of color charge densi-
ties. Inelastic vector meson production can
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further constrain the spatial extent of these
event-by-event fluctuations [248]. Hadronic
multiplicity fluctuations, along with the di-
hadron correlation, would also allow one to
pinpoint the dynamical origin of the energy
density fluctuations in heavy ion collisions.
Such direct access to spatial information is
unique to e+A collisions (in contrast to p+A
collisions) and therefore can only be provided
by an EIC.

Energy Loss and Hadronization

The dramatic suppression of high transverse
momentum (high-pr) hadrons discovered at
RHIC is important evidence for the produc-
tion of a dense medium in nuclear collisions.
It is commonly accepted that partonic en-
ergy loss could be the main cause of the
observed suppression of hadrons at a suffi-
ciently high py (much larger than the hadron
mass) assuming that the hadronization of a
high-pr hadron is taking place outside the
medium. However, if color neutralization of
the hadronization process starts inside the
medium, partonic energy loss might not be
the only mechanism contributing to the ob-
served suppression, and additional forms of
suppression could be relevant. Furthermore,
the experimental evidence for suppression of
hadrons composed of heavy quarks is quite
complex. So far, the observed suppression
could not be explained with the pure par-
tonic energy loss treatment, even though
a description of heavy quarks should be a
straightforward extension of the approach for
light quarks, taking into account the more
important role of collisional losses. These ob-
servations strongly imply that there are, at
the very least, missing elements in our under-
standing of what needs to be included in de-
scribing the observed suppression of high-pp
hadrons, and require us to better understand
the partonic energy loss and time-evolution
of hadronization, and to explore other in-
dependent measurements which can test the
suppression mechanism.

If energy loss of a colored fast moving

parton is the sole suppression mechanism,
the inclusive hadron suppression at high pr
in A+A collisions could be represented by
a single parameter — the jet transport coeffi-
cient ¢ of the medium, defined as the average
transverse momentum squared acquired by a
parton traversing a medium per unit distance
traveled. However, the extraction of ¢ from
the A+A data hardly provides a clean test
of the energy loss mechanism because of the
complexity of the created medium’s dynam-
ics, which includes, in particular, the first 1-
2 fm/c after the collision where the medium
is in a non-equilibrium stage proceeding to-
wards thermalization. Furthermore, because
of the complexity of partonic kinematics in
hadronic and nuclear collisions, the suppres-
sion of inclusive hadron production does not
provide a simple connection of the momen-
tum fractions z1 and 9 of colliding partons
and the fraction z;, of the fragmenting parton
momentum carried by the produced hadron;
these parameters are crucial in determining
the medium-induced partonic energy loss.

High energy hadron production in
electron-ion collisions could offer an al-
ternative and cleaner way to study the
mechanisms of energy loss and in-medium
hadronization of energetic virtual partons
moving through nuclear medium. Semi-
inclusive deep-inelastic processes (SIDIS, see
Chap. 2) can be used as a testing ground
for the suppression mechanism of high-pp
hadron production seen in the nuclear col-
lisions, as illustrated in Fig. B3Il where the
similarity of the kinematics and geometry in
hadron production in SIDIS and A+A colli-
sions was presented.

The transverse momentum pp of the de-
tected hadrons in A+A collisions varies up to
10 GeV and higher at RHIC and up to about
100 GeV at the LHC. Available data from
SIDIS in fixed target experiments, such as
HERMES [249] and CLAS [250], cover only
a small part of the hadron momentum range
observed at RHIC and the LHC. As demon-
strated in Sec. B3.2] the coverage could
be significantly extended by SIDIS measure-
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Figure 3.31:
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Cartoon showing a similarity of the kinematics and geometry in production of

hadrons in a hot matter created in A+A collisions and in SIDIS on nuclei.

ments at a future EIC. The path lengths in
the cold nuclear matter and hot medium are
similar, of the order of the nuclear radius.
However, SIDIS on nuclear targets allows to
test suppression models in much more spe-
cific and controlled conditions. The nuclear
density does not vary with time, its value and
spatial distribution are well known, while the
probe is characterized by the virtual photon’s
energy v and the photon’s four-momentum
squared Q? are also uniquely determined (see
the Sidebar on page [[9). At the leading or-
der of the strong interaction, the momentum
of the hadronizing quark, as well as the frac-
tional energy z, of the detected hadron, are
effectively measured.

Accurate measurements of different ob-
servables, like the magnitude of suppression
and broadening at different v, 2, and Q2
with different nuclei should provide a strin-
gent test for the models of energy loss and in-
medium hadronization. If the suppression is
dominated by the partonic energy loss, these
measurements would help constrain the value
of the jet quenching parameter ¢ of a known
medium. This parameter is central to the en-
ergy loss studies in A+A collisions: its value
for hot nuclear matter in the early stages of
the collision is presently narrowed down to
the range of 2 GeV?2/fm to 10 GeV?/fm. The

cold nuclear matter experiments at an EIC
would help further pinpoint the value of this
important parameter.

Furthermore, at an EIC, for the first time
one will be able to study open charm and
open bottom meson production in e+A col-
lisions, as well as the in-medium propaga-
tion of the associated heavy quarks: these
measurements would allow one to fundamen-
tally test high-energy QCD predictions for
partonic energy loss, and confront puzzling
measurements of heavy flavor suppression in

the QGP at RHIC (see Sec. 3.3.2]).

With a wide energy coverage, the EIC
could be an excellent machine to study
the space-time development of hadroniza-
tion by varying the energy and virtuality
of the probe — the exchanging virtual pho-
ton in SIDIS. As discussed in Sec. B.32]
the color neutralization of the fragmenting
quark could take place inside the nuclear
medium to form the so-called “pre-hadron”
state, which is a name for a state of partons
with zero net color but with the same quan-
tum numbers of a hadron that the state is
about to transmute into. The “pre-hadron”
state represents an intermediate stage of the
hadronization process from an energetic sin-
gle parton produced in a hard collision to
the hadron observed in the detector. This
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stage is expected to exist from general the-
oretical considerations, but it is likely non-
perturbative. If it does exist, the interac-
tion of the “pre-hadron” state with nuclear
medium should certainly be different from

that of a colored and fast moving single par-
ton. As indicated in Fig. [3.23] the EIC is ca-
pable to distinguish the suppression caused
by a purely partonic energy loss from that
involving a “pre-hadron” stage.

3.4.3 Connections to Cosmic Ray Physics
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Figure 3.32: Predictions of several models

with (red) and without (black) parton satura-
tion (CGC) physics for the cross-sections for
neutrino—nucleon scattering at high energies as
calculated in [251] 252] 253]. The KKT satu-
ration model is defined in [212]. Saturation
effects appear to lower the neutrino—nucleon
cross-section at very high energies in agreement
with general expectations of saturation taming
the growth of the gluon numbers.

Decisive evidence in favor of parton satu-
ration, which could be uncovered at an EIC,
would also have a profound impact on the
physics of Cosmic Rays.

The sources of the observed ultra-high
energy cosmic rays must also generate ultra—
high energy neutrinos. Deep inelastic scat-
tering of these neutrinos with nucleons on
Earth is very sensitive to the strong interac-
tion dynamics. This is shown in Fig.
for the cross sections for neutrino—nucleon
scattering plotted as a function of the inci-
dent neutrino energy for several models. As

we argued above, the experiments at an EIC
would be able to rule out many of the models
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Figure 3.33:  The data on the atmospheric

depth of the cosmic ray shower maximum
Xmaz (upper panel) and on its RMS (lower
panel) as a function of the cosmic ray energy
E reported by the Pierre Auger Observatory
[254]. The error bars reflect the statistical un-
certainty, while the bands depict the systematic
uncertainty. The numbers next to the data
points indicate the number of events in each
data bin. The solid lines represent predictions
of various Monte-Carlo simulations for the cos-
mic ray being a proton (p) and an iron nucleus
(Fe).
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of high energy strong interactions, resulting
in a more precise prediction for the neutrino—
nucleon cross-section, thus significantly im-
proving the precision of the theoretical pre-
dictions for the cosmic ray interactions. The
improved precision in our understanding of
strong interactions will enhance the ability
of the cosmic ray experiments to interpret
their measurements accurately and will thus
allow them to uncover new physics beyond
the Standard Model of particle physics.

Saturation physics that is likely to be dis-
covered and studied at an EIC has other im-
portant connections with cosmic-ray physics.
One key question concerns the nuclear com-
position of ultra-high energy cosmic rays: are
they made out of protons or out of heavier
nuclei? At energies above about 106 eV,
the low cosmic ray flux forces us to rely on
indirect measurements of the composition.
These indirect measurements necessarily de-
pend on the modeling of the hadronic show-
ers that the cosmic-rays produce. Variables
such as the depth of the shower maximum
(Ximaz) in the atmosphere and the muon con-
tent of the showers depend strongly on the
hadronic modeling.

The Pierre Auger collaboration has mea-
sured the depth of shower maxima in air
showers with energies above 10%® eV [254]
shown here in Fig. B33l At energies be-
low 10'84 eV, they see a composition with a
constant elongation rate (the slope of X4z

plotted versus the cosmic ray energy FE..,
dXmaz/dE.) at a position that is consis-
tent with a composition that is largely pro-
tons. However, as one can see from the upper
panel of Fig. B33l at higher energies, there
is a significant shift in elongation rate, and,
by an energy of 1094 eV, the depth X4z
is more consistent with an all-iron compo-
sition [254]. At the same time, the root
mean square (RMS) variation in the posi-
tion of X4, (plotted in the lower panel of
Fig. B.33)) drops by a factor of two, also con-
sistent with a change in composition. This is
a rather abrupt change of composition in one
decade of energy; an alternate possibility is
that there is a shift in hadronic physics, such
as the onset of saturation. The EIC could
shed light on this possibility.

At somewhat lower energies, the IceCube
collaboration has measured the production of
high-energy (= 1 TeV) and high-pp (roughly
pr > 2 GeV/c) muons in cosmic-ray air
showers [255], and needs to interpret the data
using modern pQCD, again with a view to
probing the cosmic ray composition. These
forward muons come from the collision of a
high-z parton in the incident cosmic ray with
a low-z parton in the nitrogen/oxygen tar-
get in the atmosphere. Saturation will alter
the distribution of low-x partons in the tar-
get, and so must be considered in the calcu-
lations. EIC data is needed to pin down this
possible saturation effect.
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Chapter 4

Possibilities at the Luminosity
Frontier: Physics Beyond the

Standard Model

Conveners: Krishna Kumar and Michael Ramsey-Musolf

4.1 Introduction

It is natural to ask whether the envi-
sioned machine parameters of the EIC could
enable new discoveries in the broad subfield
of Fundamental Symmetries (FS), which ad-
dresses one of the overarching goals of nu-
clear physics, namely, the exploration of the
origin and evolution of visible matter in the
early universe. The theoretical and exper-
imental studies in this subfield are comple-
mentary to those of particle physics and cos-
mology. Indeed, a broader categorization
of the full range of initiatives that encom-
pass the FS goals falls under the titles “En-
ergy Frontier”, “Cosmic Frontier” and “In-
tensity /Precision Frontier”.

The FS subfield of nuclear physics is
part of the intensity/precision frontier, the
specific primary goal of which is the study
of electroweak interactions of leptons and
hadrons with progressively higher sensitivity.
By comparing the measured interaction am-
plitudes with theoretical predictions within
the framework of the Standard Model (SM)
of strong, weak and electromagnetic interac-
tions, insights are gained into the symmetries

and interactions of matter in the universe at
its earliest moments of existence, indirectly
accessing energy scales similar to, and some-
times beyond the reach of, the highest energy
accelerators.

The EIC offers a unique new combination
of experimental probes given the high center-
of-mass energy, high luminosity and the
ability to polarize the electron and hadron
beams. Electron-hadron collisions would be
analyzed by a state-of-the-art hermetic de-
tector package with high efficiency and res-
olution. In this section, we explore new
FS measurements that become possible with
these capabilities, the physics impact of po-
tential measurements, and the experimental
requirements to enable the measurements.

Electroweak interaction studies at the
EIC can also be used to probe novel as-
pects of nucleon structure via measurements
of spin observables constructed from weak in-
teraction amplitudes mediated by the W and
Z bosons. Indeed, some parity-violating ob-
servables become accessible that have never
before been measured. These measurements
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are considered in detail in Chapter 2.2] along
with other fundamental observables that
probe the longitudinal spin structure of the

nucleon.

4.2 Specific Opportunities in Electroweak Physics

4.2.1 Charged Lepton Flavor Violation

With the discovery of neutrino oscilla-
tions, we now know that lepton flavor is not
a conserved quantity in fundamental inter-
actions. It is natural to ask whether lepton
flavor non-conservation can be observed in
charged lepton interactions. In addition, the
implication that neutrinos have mass leads
to the fundamental question of whether neu-
trinos are their own anti-particles (Majo-
rana neutrinos) which could have profound
implications for the origin of the matter-
antimatter asymmetry in the universe. Spec-
ulative new theories of the early universe
that predict Majorana neutrinos often also
predict observable rates of charged lepton fla-
vor violation (CLFV). Searches for CLFV are
thus one of the most sensitive accelerator-
based low-energy probes of the dynamics of
the early universe and the physics of the
smallest length scales, in a manner comple-
mentary to searches for new physics at the
energy frontier at the Large Hadron Collider.

The most sensitive CLFV searches to
date have come from searches for the neutri-
noless conversion of stopped muons to elec-
trons in nuclei, searches for the rare decay
of a free muon to an electron and photon,
and searches for the rare decay of a kaon
to an electron and muon. The limits from
these processes, though extremely sensitive,
all involve the e <» p transition. Speculative
CLFV theories can predict enhanced rates
for e +» 7 transitions. Existing limits for the
e <> T transition come from searches for rare
7 decays at the high luminosity eTe™ collid-
ers at a center of mass energy of 5 to 10 GeV,
the so-called B-factories.

In lepton-hadron interactions, one could
search for the rare cases where an electron

converts to a muon or tau lepton, or a muon
converts to a tau lepton. However, this is
impossible to observe due to large and ir-
reducible background in fixed target exper-
iments. The only successful such searches
for e — 7 transitions have been carried out
at the HERA electron-hadron collider ex-
periments ZEUS and H1. In a collider en-
vironment, the event topology for rare sig-
nal events can be differentiated from conven-
tional electroweak deep inelastic scattering
(DIS) events [256, 257, 258)]

The CLFV process could be mediated by
a hypothesized new heavy boson known as
a leptoquark, which carries both lepton and
baryon quantum numbers and appears natu-
rally in many SM extensions such as Grand
Unified Theories, supersymmetry, and com-
positeness and technicolor models (for a con-
cise review, see [259]). Figure 4.1 shows the
Feynman diagrams that could be responsible
for the CLFV transition that might be ob-
served at an EIC. The most recent published
search by H1 finds no evidence for CLFV
e — 7 transitions [I83], which can in turn
be converted to a limit on the mass and the
couplings of leptoquarks in specific SM ex-
tensions [260].

A high energy, high luminosity EIC, with
100 to 1000 times the accumulated lumi-
nosity of HERA experiments would allow
a large increase in sensitivity. A recent
study has shown that an EIC, with 90 GeV
center-of-mass energy, could surpass the cur-
rent limits with an integrated luminosity of
10fb~1 [261]. The study also showed that
the EIC could compete or surpass the up-
dated leptoquark limits from rare CLFV tau
decays for a subset of quark flavor-diagonal
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Figure 4.1: Feynman diagrams for e — 7 scattering processes via leptoquarks, which carry
fermion number F' = 3B + L equal to 0 or £2 [261]

couplings. A follow-up study beyond this, in-
cluding knowledge of inefficiencies from the
H1 and ZEUS collaborations for 7 recon-
struction, indicates that these estimates are
too optimistic by a factors of 10-20, thus re-
quiring 100 — 200 fb~! luminosity integrated
over the EIC lifetime [2]. At the high-
est possible luminosities envisioned for the
EIC, these luminosities are deemed achiev-
able. Over the lifetime of the EIC, the e — 7
reach would thus be comparable to the reach

of rare 7 decays at future high-luminosity
super-B factories.

It must be emphasized that the un-
ambiguous observation of a CLFV process
would be a paradigm-shifting discovery in
subatomic physics, with wide-ranging impli-
cations for nuclear physics, particle physics
and cosmology. It is quite possible that fu-
ture potential discoveries at the energy and
cosmic frontiers could make CLFV searches
at the EIC even more compelling.

4.2.2 Precision Measurements of Weak Neutral Current Couplings

A comprehensive strategy to indirectly
probe for new high energy dynamics via sen-
sitive tests of electroweak interactions at the
intensity frontier must also include preci-
sion measurements of flavor-diagonal weak
neutral current interactions mediated by the
Z boson. For electron-hadron interactions
at Q% < M%, weak neutral current ampli-
tudes are accessed via parity violation since

ﬁPV:@

with additional terms as required for the
heavy quarks. Here Cy; (Cy;) gives the vec-
tor (axial-vector) coupling to the j** quark.

Within the SM context, each coupling
constant is precisely predicted since they
are all functions of the weak mixing angle
sin? Oy7. Over the past two decades, the Cy;

pseudoscalar observables, sensitive to weak-
electromagnetic interference terms, can be
constructed from the product of vector and
axial-vector electron and quark electroweak
currents. The parity-violating part of the
electron-hadron interaction at Q% < M% can
be given in terms of phenomenological cou-
plings Cj;

NG [y se(Craiyu + Cradyud) + ey e(CouTiyuysu 4+ Cogdy,ysd)]

couplings have been measured with steadily
improving precision in tabletop atomic par-
ity violation experiments and in fixed tar-
get parity-violating electron scattering ex-
periments, most recently at Jefferson Lab-
oratory (JLab). Comparing these measure-
ments to SM predictions has produced strong
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constraints on new high energy dynamics,
such as limits on TeV-scale heavy Z’ bosons
and certain classes of interactions in super-
symmetric theories, in a manner complemen-
tary to direct searches at colliders [262] 263].

At the EIC, the availability of high lumi-
nosity collisions of polarized electrons with
polarized 'H and ?H would allow the con-
struction of parity-violating observables that
are sensitive to all four semi-leptonic cou-
pling constants introduced above. The ob-
servable with the best sensitivity to cleanly
measure coupling constants without signifi-
cant theoretical uncertainty is Apy in e—2H
collisions. Apy is constructed by averaging
over the hadron polarization and measuring
the fractional difference in the deep inelas-
tic scattering (DIS) rate for right-handed vs
left-handed electron bunches.

The collider environment and the her-
metic detector package at high luminosity
will allow precision measurements of Apy
over a wide kinematic range. In particu-
lar, the EIC will provide the opportunity to
make highly precise measurements of Apy at
high values of the 4-momentum transfer Q2,
and in the range 0.2 Sz 0.5 for the frac-
tion of the nucleon momentum carried by the
struck quark, such that hadronic uncertain-
ties from limited knowledge of parton distri-
bution functions and higher-twist effects are
expected to be negligible.

By mapping Apy as a function of Q2
and the inelasticity of the scattered electron
y (something that is very challenging to do
in fixed target experiments), a clean separa-
tion of two linear combination of couplings
namely 2C7, — Ci4 and 2Cy, — Csy will be-
come feasible as a function of Q2. Thus, at
the highest luminosities and center-of-mass
energies envisioned at the EIC, very precise
measurements of these combinations can be
achieved at a series of Q2 values, providing
an important and complementary validation
of the electroweak theory at the quantum
loop level. Figure shows a first estimate
of projected uncertainties on the weak mix-
ing angle extracted from such a dataset [2],

for a center-of-mass energy of 140 GeV and
an integrated luminosity of 200 fb~!. The
effects of radiative corrections and detector
effects need to be considered in the future to
further refine this study.

A unique feature of DIS Apy measure-
ments is the sensitivity to the Co; coupling
constants that involve the amplitudes with
axial-vector quark currents. While the cou-
plings are kinematically accessible at large
scattering angle measurements in fixed tar-
get elastic electron scattering, axial-hadronic
radiative correction uncertainties cloud the
interpretation of the measurements in terms
of fundamental electroweak physics. Parity-
violating DIS using 2H is the only practical
way to measure one combination accurately,
namely 2C5, — Cyq. New experiments have
been proposed at JLab to constrain this com-
bination to better than 10%. At the highest
envisioned luminosities, the EIC would offer
the opportunity to further improve on this
constraint by a factor of 2 to 3.

One example of the importance of achiev-
ing sensitive constraints on the Cy; couplings
is depicted in Fig. {3, which shows how a
heavy Z' boson (predicted in many SM ex-
tensions) could introduce an additional am-
plitude and induce a deviation in the mea-
sured Cy; couplings [264]. A remarkable fea-
ture of this amplitude is the fact it is sensi-
tive to the Z’ boson even in the case that it
might not couple to leptons (so-called lepto-
phobic Z'). The limits on the existence of
such bosons from other precision weak neu-
tral current measurements as well as from
colliders is very weak because all signatures
require non-zero lepton-Z’ couplings. Note
that this amplitude cannot contribute to any
tree-level amplitudes nor amplitudes involv-
ing the C1; couplings at the quantum loop
level. The projected uncertainty from the
JLab measurements will be sensitive to a
lepto-phobic Z’ with a mass <150 GeV, sig-
nificantly better than the current limit from
indirect searches when there is no significant
Z-7' mixing.

110



02427

0.240r
[ I Moller (Jlab)
—~  0.238f
Q, I l EIC
] > 0.236F APV (Cs) QWEAK (Jiab) (statistical errors only) -
o I SOLID (JIab)
'C  0.234f ]
%] L
0.232r i
[ [}
0.2301 SLAC i
-3 -2 -1 0 1 2 3

log4,(Q [GeV])

Figure 4.2: Projected statistical uncertainties on the sin @y in a series of Q2 bins (y/s = 140
GeV, 200 fb=!.) The black points are published results while the blue points are projections

from the JLab program.
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Figure 4.3: A Feynman diagram for an ampli-
tude with a vector electron current and axial-
vector hadron current which would be sensitive
to a heavy new vector boson that couples to
quarks and has no couplings to leptons. [264]

The JLab extraction will rely on a simul-
taneous fit of electroweak couplings, higher-
twist effects and violation of charge symme-
try to a series of Apy measurements in nar-
row = and Q2 bins. It is highly motivated
to find ways to improve the sensitivity to the
(C; couplings further, given its unique sen-
sitivity for TeV-scale dynamics such as the
aforementioned Z’ bosons. The kinematical
range for the Apy measurement at the EIC
would enable a significantly improved statis-
tical sensitivity in the extraction of the Cy;

couplings. Apart from statistical reach, the
EIC measurements will have the added ad-
vantage of being at significantly higher Q2
so that higher-twist effects should be totally
negligible.

A study of the statistical reach shows
that an EIC measurement can match the sta-
tistical sensitivity of the 12 GeV JLab mea-
surement with ~ 75fb~!. It is also worth
noting that the EIC measurements will be
statistics-limited, unlike the JLab measure-
ment. The need for precision polarimetry,
the limiting factor in fixed target measure-
ments, will be significantly less important at
the corresponding EIC measurement because
2C%, — Cyq would be extracted by studying
the variation of Apy as a function of the frac-
tional energy loss parameter, y. Thus, with
an integrated luminosity of several 100 fb~!
in Stage II of the EIC, the precision could be
improved by a further factor of 2 to 3. De-
pending on the discoveries at the LHC over
the next decade, it is quite possible that such
sensitivity to C9; couplings, which is quite
unique, would prove to be critical to unravel
the nature of TeV-scale dynamics.
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4.3 EIC Requirements for Electroweak Physics Measurements

For the CLFV e — 7 transition search,
it was pointed out that the collider envi-
ronment facilitates separating potential sig-
nal events from conventional DIS events,
as demonstrated by successful searches car-
ried out at modest integrated luminosity at
HERA. This is because the lepton in the fi-
nal state tends to be isolated at low Q2 from
the hadron jet. The detector will have to be
suitably designed so as to allow high-energy
electron identification at high Q? where it
might be buried in the jet fragment.

In addition, compared to HERA, it is rea-
sonable to expect that the EIC detector will
have significant technological enhancements
that will allow increased sensitivity, and im-
proved background rejection. The momen-
tum resolution for tracks and the granularity
of the calorimeter will be improved. Detector
coverage will extend down to much smaller
angles. Most importantly, we envision a ver-
tex detector that will greatly improve the ro-

bustness of the search. Since the lifetime of
the 7 lepton is 290 fs, for the typical energies
expected for signal events, the decay length
will be between a few 100 pym to several mm,
which will allow displaced vertices to be eas-
ily identified.

For the flavor-diagonal precision elec-
troweak measurements, the apparatus be-
ing designed will be adequate to select the
events required to make the precision asym-
metry measurements. The challenge will be
in controlling normalization errors, particu-
larly the electron beam polarization. For the
anticipated precision of the Apy measure-
ments, the electron beam polarization must
be monitored to significantly better than 1%.
At the completion of the JLab12 program, it
is expected that techniques will be developed
to monitor the beam polarization at the level
of 0.5%. It will be necessary to transfer this
technology to the collider environment.
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Chapter 5

The Accelerator Designs and

Challenges

Conveners: Andrew Hutton and Thomas Roser

5.1 eRHIC

eRHIC is a future Electron-Ion Collider
(EIC) based on the existing Relativistic
Heavy Ion Collider (RHIC) hadron facil-
ity with its two intersecting superconducting
rings, each 3.8 km in circumference. The re-
placement cost of the RHIC facility is about
two billion US dollars, and eRHIC will take
full advantage of, and build on, this invest-
ment.

A polarized electron beam with an en-
ergy up to 30 GeV would collide with a num-
ber of ion species accelerated in the exist-
ing RHIC accelerator complex, from polar-
ized protons with a top energy of 250 GeV
to fully-stripped uranium ions with energies
up to 100 GeV/u covering a center-of-mass
energy range from 45 to 175 GeV for polar-
ized e+p, and from 32 to 110 GeV for e+A
(for large A). Using the present significant
margin of the RHIC superconducting mag-
nets, the maximum beam energy could be
increased by 10 or more percent.

The eRHIC design is based on using one
of the two RHIC hadron rings and a multi-
pass Energy Recovery Linac (ERL). Using
an ERL as the electron accelerator assures
high luminosity in the 1033 — 103 cm™2
s~! range (Fig. B.1). Locating the ERL in-
side the RHIC tunnel allows for a natural

staging: The energy can be increased from
the initial 5 - 10 GeV of the first stage to
the final 30 GeV by incrementally adding
additional accelerating cavities to the two
main linacs. eRHIC will be able to provide
electron-hadron collisions in up to three in-
teraction regions.

Cost effective ways to increase the elec-
tron beam energy of the first stage to about
10 GeV are under investigation. These in-
clude optimizing the number of passes for
the energy of the first stage, using optics with
very high momentum acceptance to allow for
multiple passes in the same ring and also the
possible use of low-cost permanent magnets.

To reach the required performance, eR-
HIC will employ several novel technologies
such as a polarized electron gun delivering a
current of 50 mA, strong hadron beam cool-
ing using Coherent electron Cooling (CeC),
a high current multi-pass Energy Recovery
Linac (ERL), and acceleration of polarized
He-3 to high energy. BNL, in collaboration
with JLab and MIT, is pursuing a vigor-
ous R&D program to address these techni-
cal challenges. Projected performance val-
ues for the first stage of eRHIC are shown in

Tab. .11
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Figure 5.1: The layout of the ERL-based, 30 GeV x 250 GeV high-energy high-luminosity eRHIC
(upper) and the location of eRHICs six recirculation arcs in the RHIC tunnel (lower).
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electron | proton | Au
Max. beam energy [GeV /n] 10 250 100
Bunch frequency [MHz] 9.34 9.34 | 9.34
Bunch intensity (nucleons/electrons) [10%] 0.36 4 6
Beam current [mA] 50 556 | 335
Polarization [%] 80 70
RMS bunch length [mm] 2 50 50
RMS norm. emittance (e-p/e-Au) [um] 16/40 0.2 0.2
B* [cm] 5 5 5
Luminosity [103* cm=2s7!] 2.7 1.6

Table 5.1: Projected parameters and luminosities for the first stage of eRHIC.

5.1.1 eRHIC Design

The eRHIC design was guided by beam
dynamics limitations experimentally ob-
served at existing colliders such as the bunch
intensity of hadron beams (< 4 x 10 for
protons, < 2 x 10° for heavy ions), beam-
beam tune spread of less than 0.015 and ac-
celerator technology limits such as the focus-
ing required to reach §* = 5 cm for hadron
beams. The incoherent space charge tune
spread of the 250 GeV proton beam is lim-
ited to about 0.035 to support an adequate
beam lifetime. For lower proton energies, the
space charge will be compensated with local-
ized low energy electron beams. For practi-
cal and cost considerations, we limited the
maximum electron beam power loss due to
synchrotron radiation to about 9 MW, which
corresponds to a 50 mA electron beam cur-
rent at 20 GeV and about 14 mA at 30 GeV.
This means that the luminosity of eRHIC op-
erating with 30 GeV electrons will be about
30% of the luminosity at lower electron en-
ergy. The luminosity reachable with eRHIC
is shown in Fig. as a function of electron
and proton beam energy.

Since the ERL provides fresh electron
bunches for every collision, the electron beam
can be strongly distorted during the collision
with the much stiffer hadron beam. This al-
lows for greatly exceeding the beam-beam in-

teraction limit that would apply for an elec-
tron beam in a storage ring. The electrons
are strongly focused during the collision with
the hadron beam (pinch effect), and the elec-
tron beam emittance grows by about a fac-
tor of two during the collision as shown in
Fig. This increased beam emittance can
still be easily accommodated by the beam
transport during deceleration in the ERL.
The only known effect of concern is the so-
called kink instability. However, the ways of
suppressing this instability within the range
of parameters accessible by eRHIC are well
understood. To achieve the very high lu-
minosity without requiring an even larger
electron beam current and consequently un-
acceptable large beam power loss due to
synchrotron radiation, the emittance of the
hadron beam has to be very small - about
ten times smaller than presently available in
hadron machines. This requires a level of
beam cooling that can only be achieved us-
ing Coherent electron Cooling (CeC), a novel
form of beam cooling that promises to cool
ion and proton beams by a factor of 10, both
transversely and longitudinally, in less than
30 minutes. Traditional stochastic or elec-
tron cooling techniques could not satisfy this
demand. CeC will be tested in a proof-of-
principle experiment at RHIC by a collab-
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Figure 5.2: eRHIC luminosity as a function of electron and proton beam energy. The outlined
area in the plot corresponds to the first stage of eRHIC.
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Figure 5.3: The evolution of size and emittance of the e-beam during the collision (left) and
distribution of electrons after collision with the hadron beam in eRHIC (right).

oration of scientists from BNL, JLab, and
TechX.

Unlike ring-ring colliders, the ERL al-
lows for easy synchronization of the electron
beam with the hadron beam in RHIC over
a wide energy range from 20 to 250 GeV/n
by using various sub-harmonics of the ERL
RF frequency for the electron bunches, plus
fine-tuning of the ERL’s circumference at an
eRHIC bypass by up to 15 cm. The ERL
concept also allows for full electron beam

polarization with an arbitrary direction at
the interaction point (IP) over the whole en-
ergy range. The electron polarization from
the polarized electron gun, with the sign se-
lectable for each bunch, is precessing in the
horizontal plane during acceleration over the
six passes in the ERL and is fully preserved
for the expected beam energy spread. To se-
lect a longitudinal polarization direction at
the IP the electron beam energy will have to
be selected in 72 MeV steps.

116



5.1.2 eRHIC Interaction Region

In the high-luminosity eRHIC IR design,
the hadrons traverse the detector at a 10
mrad horizontal angle, while electrons go
straight through as shown in Fig. 5.4 The
hadron beam is focused to * = 5 ¢cm by a
special triplet wherein the first magnet is a
combined function magnet with a 200 T/m
gradient to both focus the hadron beam as
well as bend it by 4 mrad. The very high gra-
dient magnets which are required can only be
built with modern superconducting technol-
ogy. With the triplet located close to the IP,
the maximum beta function is less than 2 km
with easily correctable chromaticity.

Head-on collisions of the electron and
hadron bunches are restored with crab cavi-
ties located on either side of the interaction
region. With a hadron ring lattice that pro-
vides large beta functions at the location of

60.0559 m

the crab cavities, an integral transverse RF
field of 75 MV on either side will provide the
required 5 mrad bunch rotation. The crab
cavities for the electron ring are much more
modest requiring only about 2 MV trans-
verse RF field.

All three magnets of the final focusing
triplet for the hadron beam provide zero
magnetic field along the electron beam tra-
jectory. This configuration guarantees the
absence of harmful high-energy X-ray syn-
chrotron radiation. Furthermore, the elec-
tron beam is brought into the collision via
a 130-meter long merging system, of which
the last 60 meters use only soft bends with a
magnet strengths of less than 10 mT and less
than 3 mT for the final bend. Only 1.9 W
of soft radiation from these magnets would
propagate through the detector.
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Figure 5.4: The layout of the right side of the eRHIC IR from the IP to the RHIC arc. The spin
rotator is the first element of existing RHIC lattice remaining in place in this IR design.

5.1.3 eRHIC R&D

R&D for eRHIC is focusing on three main
areas. To study the behavior of an ERL at
very high beam intensity, an R&D ERL that
can accommodate up to 500 mA electron cur-
rent is being assembled at BNL using a spe-
cially optimized 5-cell SRF cavity operating

at the eRHIC frequency of 704 MHz. The
second project is the demonstration of Co-
herent electron Cooling (CeC) in RHIC us-
ing a 20 MeV high brightness electron bunch
to cool a 40 GeV/n gold bunch. Figure
shows a possible layout of CeC for RHIC.
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Figure 5.5: A possible layout of RHIC CeC system cooling for both the yellow and blue beams.

Finally, two efforts are underway to demon-
strate the feasibility of producing a 50 mA
polarized electron beam. One is based on a
single large GaAs cathode and the other em-

ployes multiple GaAs cathodes that are used
one at a time and the electron bunches are
then combined with a rotating dipole field
into a continuous electron beam.

5.2 MEIC: The Jefferson Lab Implementation

5.2.1 Jefferson Lab Staged Approach

The Jefferson Lab (JLab) response to
U.S. scientific user demand for an Electron-
Ion Collider (EIC) is to propose a polar-
ized Medium-energy Electron-Ion Collider
(MEIC). It would be based on the 12 GeV
upgrade now underway for JLab’s Continu-
ous Electron Beam Accelerator Facility (CE-
BAF), the superconducting radio-frequency
(SRF) linear accelerator used in JLab’s fixed-
target nuclear physics program. This first
stage of the JLab MEIC program aims to
cover a medium CM energy range up to 65
GeV while meeting all the other specified
machine requirements. This optimized bal-
ance among the science program, accelerator
technologies and project cost, maintains the
capability for future energy upgrading with
maximum flexibility for changes in science
goals and for cost-saving facility equipment
reuse. A future energy upgrade would pro-
vide full coverage of the desired CM energy
range up to 150 GeV or above, as requested

by the nuclear physics user community, and
also likely would boost the peak luminosity
of the collider close to 10%® cm™2s™! per in-
teraction point.

The MEIC proposal takes advantage of
several unique design features for delivering
the ultra-high collider performance called for
in the common EIC machine requirements:
a high repetition (up to 1.5 GHz) CW elec-
tron beam from the upgraded CEBAF recir-
culating SRF linac, a new hadron injector
facility specially designed for delivering ion
beams that match the time and phase-space
structures of the colliding electron beam, and
two new collider rings for leptons and ions.
All of these pave the way for adopting an
advanced high-luminosity concept based on
high-bunch-repetition CW colliding beams.
All ion rings for multi-stage boosters and for
the collider are in a unique figure-8 shape (as
discussed and illustrated below), which is an
optimization for preserving ion polarization

118



during acceleration as well as the only prac-
tical way for accelerating and storing a po-
larized deuteron beam. A staged electron-
cooling scheme will provide cooling of ion

5.2.2 Baseline Design

The center part of the MEIC facility is
two collider rings stacked vertically as shown
in Fig. The electron ring stores 3 to 11
GeV electrons or positrons injected at full en-
ergy from CEBAF, while the superconduct-
ing ion ring stores 20 to 100 GeV protons
or up to 40 GeV/u fully stripped ions up to
lead. The large figure-8 rings of grey color
represent a future upgrade for reaching up
to 20 GeV electrons and 250 GeV protons
or 100 GeV/u ions. In the first-stage design,
the ion beams execute a vertical excursion to
the plane of the electron ring for collision at
two interaction points (IPs), as illustrated.
An optional third detector may be placed
at another IP for collisions of electrons with
low-energy ions stored in a ring yet to be de-

beams not only in their formation stage but
also in continuous collision mode during col-
lider operation.

signed.

Table presents the MEIC nominal
parameters at a design point of 60 x 5
GeV? e+p collision. The luminosity reaches
5.6x10%3 cm2s7! for a full-acceptance de-
tector. To reach this exceptionally large ac-
ceptance, the detector space, i.e., the dis-
tance from an IP to the front face of the first
final-focusing quad, must be at least 7 m for
ions; however, it can be shortened to 3.5 m
for electrons. For a secondary detector opti-
mized for higher luminosity while still retain-
ing a fairly large detector acceptance (down
to 1 degree), the detector space can be re-
duced to 4.5 m so the luminosity is doubled
to above 10%* cm =251

In deriving this parameter set, certain limits were imposed on several machine or beam
parameters in order to reduce accelerator R&D challenges and to improve the robustness of
the design. These limits, based largely on previous lepton and hadron collider experience
and the present state of the art of accelerator technologies, are:

e The stored beam currents are up to 0.5 A for protons or ions and 3 A for electrons.

e Electron synchrotron radiation power density should not exceed 20 kW /m.

e Maximum bending field of ion SC dipoles is 6 T.

e Maximum betatron function at a beam extension area near an IP is 2.5 km.

The luminosity for e+p collisions with different proton energy is shown in Fig. 57 Table
(.3l shows the luminosity for e+ A collisions for several ion species.

Ion Complex

The schematic layout of the MEIC ion
complex, shown in Fig. 5.8 characterizes the
scheme of formation and acceleration of ion
beams. The ions, coming out from the po-
larized or un-polarized sources, will be ac-
celerated step-by-step to the colliding energy

in the following machine components: a 285
MeV pulsed SRF linac, a 3 GeV pre-booster,
a 20 GeV large booster and finally a medium-
energy collider ring of 20 to 100 GeV. All
rings are in figure-8 shape for benefit of ion
polarization.

119



Proton Electron
Beam energy GeV 60 )
Collision frequency GHz 0.75
Particles per bunch 10%0 0.416 2.5
Beam current A 0.5 3
Polarization % >70 ~80
RMS bunch length mm 10 7.5
Normalized emit. (e, / ey) mm 0.35/0.07 53.5/10.7
Horizontal beta-star cm 10 (4)
Vertical beta-star cm 2 (0.8)
Vert. beam-beam tune-shift 0.015 0.03
Laslett tune-shift 0.06 Small
Detector space m +7 (4.5) +3.5
Luminosity per IP (1033) em 2571 5.6 (14.2)

Table 5.2: MEIC Parameters for a full-acceptance detector (values for a high-luminosity detector

are given in parentheses).

Ion Sources: The MEIC ion sources will
rely on existing and mature technologies: an
Atomic Beam Polarized Ion Source (ABPIS)
with Resonant Charge Exchange lonization
for producing polarized light ions H™ /D~
and 3Hett, and an Electron-Beam Ion
Source (EBIS) currently in operation at BNL
for producing unpolarized light to heavy
ions. Alternatively, an Electron Cyclotron
Resonance Source (ECR) can generate ions
with 10 or more times charge per pulse than
an EBIS source.

Ion Linac: The technical design of a pulsed
SRF ion linac, originally developed at ANL
as a heavy-ion driver accelerator for FRIB,
has been adopted for the MEIC proposal.
This 150 m linac is very effective in accel-

erating a wide variety of ions from H™ to
208Pb30+.

Pre-Booster/Accumulator Ring: The
pre-booster accepts pulses of any ion species
from the linac and, after accumulation and
acceleration, transfers them to the large

booster for further acceleration. The circum-
ference of the pre-booster is about one-fourth
that of the large booster. The mechanisms
of pre-booster operation depend on the ion
species, relying on either the combined lon-
gitudinal and transverse paint technique for
H~ /D~ or conventional DC electron cooling
for lead or other heavy ions during multi-turn
injection from the linac. One design consid-
eration is sufficiently high transition gamma
such that the ions never cross the transition
energy during acceleration in order to pre-
vent particle loss associated with such cross-
ing.

Large Booster: The large booster is cur-
rently designed to share the same tunnel with
the collider rings, and will be responsible for
accelerating protons from 3 to 20 GeV or ions
from 1.8 to 12 GeV/u before transporting
them to the medium-energy collider ring. A
key design requirement is that a crossing of
the transition energy must be avoided for all
ion species.
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Figure 5.6: Schematic layout of MEIC.
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Proton | Deuteron | Helium | Carbon | Calcium Lead
Ton species P d SHet+ | 1206+ | 400a20+ | 208pp,82+
Ton energy GeV/u 100 50 66.7 50 50 40
Ton current A 0.5
Tons per bunch 10° 4.2 42 | 21 | o7 | 02 0.05
Ton 5* (x/y) 6/2 (2.4/0.8)

Ton beam-beam tune

) . 0.014 0.008 0.01 0.008 0.008 0.006
shift (vertical)

Energy: 6 GeV; Current: 3 A; Electrons per bunch: 2.5 x 10'°;
Electron Beam Vertical 8*: 1.55 to 2.8 cm (0.61 to 1.1 cm)
Vertical beam-beam tune shift: 0.022 to 0.029

7.9 5.5 7.3 5.5 5.5 4.4

Luminosity/IP (10%%) | cm™?s™" (19.8) | (13.8) (18.6) | (13.8) | (13.8) (11.0)

Table 5.3: MEIC luminosities for different ion species (Values for a high-luminosity detector
with a 4.5 m ion detector space are given in parentheses.)

20
= ———Full Acceptance Detector
[0}
~ e — =] arge Acceptance Detector
£ 15 — \L
(%)
g 10
@ 5
o
3 O T T T T T T T 1

30 35 40 45 50 55 60 65 70
CMenergy (GeV)
Figure 5.7: MEIC e-p collision luminosity.
Collider Rings utility accelerator components such as injec-

tion and ejection, RF systems and electron
cooling. There are two short (20 m) straights
in the middle of the two arcs of the ion ring
for two Siberian snakes, and a 60 m Universal
Spin Rotator consisting of two SC solenoids
and two sets of arc bending dipoles on each
end of two electron arcs. It should be pointed
out that a transition from a low bunch fre-
quency associated with the ion linac to the
750 MHz repetition rate of the ion collid-
ing beam takes place after injection into the
collider ring through a procedure of RF de-
bunching and re-bunching.

The MEIC electron and ion collider rings
have nearly identical footprints, and circum-
ferences are approximately 1340 m. The
figure-8 crossing angle is 60°, partitioning the
ring roughly equally on two arcs and two
long straights. The two rings intersect at
two symmetric points in two long straights
for medium energy collisions. There can
possibly be a third interaction point in the
electron ring for collisions of electrons with
low-energy ions stored either in the large
booster or in a dedicated small ring. The
long straights also accommodate necessary
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Figure 5.8: Schematic layout of MEIC ion complex.

Interaction Regions

The MEIC primary detector is unique in its
ability to provide almost full acceptance for
the produced particles of collisions. An in-
tegration of the detector with the final fo-
cusing magnets has been achieved in the IR,
as shown in Fig. 5.9 to support the detector
acceptance.

The bunch spacing of the MEIC collid-
ing beams is about 40 cm. A crab crossing
of 50 mrad provides a simple way to separate
the two colliding beams quickly near an IP
to avoid undesired parasitic collisions. Cur-
rently, two ways are under evaluation for tilt
orientation of the colliding electron and ion
bunches by a half crab crossing angle in or-

approach is placing crab cavities on each side
of an IP. Such an approach has been proved
at KEK and led to a record-high luminosity.
An alternative approach is dispersive crab-
bing, in which tilting of the bunch is achieved
through purposely leaking dispersion into ac-
celerating RF cavities.

For the MEIC IR design with a 2 cm or
less 5*, chromatic aberration of the final fo-
cusing quads is an important issue requiring
special attention. A dedicated chromaticity
compensation block including a set of sex-
tupoles is inserted in the beam extension area
on both sides of an IR to mitigate this aber-
ration. Initial studies indicated the natural
chromaticity can be reduced dramatically to
single digits. Particle tracking simulations

der to restore head-on collisions. The first for dynamic aperture are underway.
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75 - // -]
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Figure 5.9: The MEIC full acceptance IR layout.
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Figure 5.10: A schematic of electron cooling for MEIC.

Electron Cooling

Cooling of ion beams is essential to
achieve high luminosity in any EIC design.
In MEIC, we rely on a concept of staged
cooling of bunched ion beams of medium
energies. Electron cooling is called for at
the injection energy of the collider ring and
also after acceleration to the collision energy.
Most importantly, electron cooling will be
continued during collisions to suppress IBS-
induced beam emittance growth. Shortening
the bunch length (1 cm or less) that results
from electron cooling of the ion beam cap-
tured in a high-voltage SRF field is critical
for high luminosity in the MEIC since it fa-
cilitates an extreme focusing of the colliding
beams and also an implementation of crab

crossing at the IPs for achieving an ultra-
high bunch collision rate.

Figure [5.10]is a schematic drawing of the
MEIC electron cooler. Two technologies—an
energy-recovering linac (ERL) and a circu-
lator ring—play critical roles in the success
of this facility by providing perfect solutions
to two bottlenecks of the facility: the high
current and high power of the cooling elec-
tron beam. For example, a 1.5 A, 50 MV
(75 MW of power) cooling beam can effec-
tively be provided by a 15 mA, 2 MV (30
kW of active beam power) beam from the
injector/ERL if the cooling beam goes 100
rounds in the circulator cooler ring.
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Chapter 6

The EIC Detector Requirements
and Design Ideas

Conveners: Elke C. Aschenauer and Tanja Horn

6.1 Introduction

The physics program of an EIC imposes several challenges on the design of a detector,
and more globally the extended interaction region, as it spans a wide range in center-of-
mass energy, different combinations of both beam energy and particle species, and several
distinct physics processes. The various physics processes encompass inclusive measurements
(ep/A — € + X), which require the detection of the scattered lepton and/or the hadrons of
the full scattered hadronic debris for which E — p9? is different from zero; semi-inclusive
processes (ep/A — € + h + X), which require detection in coincidence with the scattered
lepton of at least one (current or target region) hadron; and exclusive processes (ep/A —
e/ + N'JA" + ~/m), which require the detection of all particles in the reaction with high
precision. The figures in Sec. demonstrate the differences in particle kinematics of
some representative examples of these reaction types, as well as differing beam energy
combinations. The directions of the beams are defined as for HERA at DESY: the hadron
beam is in the positive z direction (0°) and the lepton beam is in the negative z-direction
(1807).

6.2 Kinematic Coverage

6.2.1 1y Coverage

Figure shows the x-Q? plane for two
different center-of-mass energies. In general,
the correlation between z and Q2 for a col-
lider environment is weaker than for fixed
target experiments. However, an important
consideration is the extreme range of values
of the inelasticity y. At large y, radiative cor-
rections become large, as illustrated in Fig.
7.25 in Ref. [2]. There are two ways to ad-

dress this: one is to calculate radiative cor-
rections and correct for them; the other is
utilize the hadronic activity in the detector
together with cuts on the invariant mass of
the hadronic final state.

The x-Q? correlations become stronger
for small scattering angles or correspond-
ingly small inelasticity. Here, radiative cor-
rections are small, but the momentum and
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scattering angle resolution for the scattered
lepton deteriorates. This problem is ad-
dressed by reconstructing the lepton kine-
matics from the hadronic final state using
the Jacquet-Blondel method [265, 266]. At
HERA, this method was successfully used
down to y of 0.005. The main reason this
hadronic method renders better resolution
at low y follows from the equation y;p =
E — PM4)2F, where E — P! is the sum
over the energy minus the longitudinal mo-
mentum of all hadronic final-state particles
and FE. is the electron beam energy. This
quantity has no degradation of resolution for
y < 0.1 as compared to the electron method,
where y. =1 — (1 — cosb.)E. /2FE..
Typically, one can obtain for a given
center-of-mass energy squared, roughly a
decade of Q? reach at fixed x when using
only an electron method to determine lepton

10°
fLdt =10 fb™!
5 GeV on 100 GeV

10

kinematics, and roughly two decades when
including the hadronic method. If only us-
ing the electron method, one can increase the
range in accessible Q? by lowering the center-
of-mass energy, as can be seen from compar-
ing the two panels of Fig. This may be-
come relevant for some semi-inclusive and ex-
clusive processes. The coverage of each set-
ting is given by the product of y x s. With
a low Ymin cut, one thus needs fewer settings
in s. However, this is an important consid-
eration for any measurement, which needs to
separate the cross-section components due to
longitudinal and transverse photon polariza-
tion, i.e. the measurement of F;, where one
needs to have full y-coverage at all energies.
The advantages and disadvantages of this
solution are discussed in the two machine-
specific detector sections of this chapter.

10°E
F fLdt=101fb" 10°
[ 20 GeV on 250 GeV
&‘102; 107
> F
8 [
= | 10°
o 10
F 10°

Figure 6.1: The x — Q? plane for center-of-mass energy 45 GeV (left) and 140 GeV (right).
The black lines indicate different y-cuts placed on the scattered lepton kinematics.

6.2.2 Angle and Momentum Distributions

Figure shows the momentum versus
rapidity distributions in the laboratory frame
for pions originating from semi-inclusive re-
actions for different lepton and proton beam
energy combinations. For lower lepton en-
ergies, pions are scattered more in the for-
ward (ion) direction. With increasing lep-
ton beam energy, the hadrons increasingly
populate the central region of the detector.

At the highest lepton energies, hadrons are
even largely produced going backward (i.e.
in the lepton beam direction). The kine-
matic distributions for kaons and additional
protons/anti-protons are essentially identical
to those of the pions. The distributions for
semi-inclusive events in electron-nucleus col-
lisions may be slightly altered due to nuclear
modification effects, but the global features
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Figure 6.2: Momentum vs. rapidity in the laboratory frame for pions from non-exclusive reac-
tions. The following cuts have been applied: Q% > 1 GeV?, 0.01 <y < 0.95, 0.1 < zand -5 <

rapidity < 5

will remain.

Figure [6.2] also indicates the momentum
range of pions in the central detector region
(-1 < rapidity < 1) of typically 0.3 GeV/c
to 4 GeV/c with a maximum of about 10
GeV/c. A combination of high resolution
time-of-flight (ToF) detectors (with timing
resolutions dt ~ 10ps), a DIRC or a prox-
imity focusing Aerogel RICH may be consid-
ered for particle identification in this region.
Hadrons with higher momenta go typically
in the forward (ion) direction for low lepton
beam energies, and in the backward direction
for higher lepton beam energies. The most
viable detector technology for this region of
the detector is a Ring-Imaging Cherenkov
(RICH) detector with dual-radiators.

Figure[6.3]shows the momentum distribu-
tion for the scattered lepton for different ra-
pidity bins and three different lepton-proton

beam energy combinations. The Q% < 10
GeV? events typically correspond to negative
rapidities (7 < —3) and Q2 > 10 GeV? cor-
respond to rapidities n > —2 for 5 GeV x 50
GeV and n > —3 30 GeV x 50 GeV. Depend-
ing on the center-of-mass energy the rapid-
ity distributions for hadrons (both charged
and neutral) and the scattered lepton over-
lap and need to be disentangled. The kine-
matic region in rapidity over which hadrons
and photons need to be suppressed with re-
spect to electrons depends on the center-of-
mass energy. For lower center-of-mass en-
ergies, electron, photon and charged hadron
rates are roughly comparable at 1 GeV /c to-
tal momentum and rapidity = -3. For the
higher center-of-mass energy, electron rates
are a factor of 10-100 smaller than photon
and charged hadron rates, and comparable
again at a 10 GeV/c total momentum (see
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Figure 6.3: The momentum distribution for the scattered lepton for different center-of-mass en-
ergies and different rapidity bins in the laboratory frame. The following cuts have been applied:
Q% > 0.1 GeV?, 0.01 <y < 0.95 and -5 < rapidity < 5

Fig. 7.18 in Ref. [2]). This adds another
requirement to the detector: good electron
identification. The kinematic region in ra-
pidity over which hadrons and also photons
need to be suppressed, typically by a factor
of 10 - 100, shifts to more negative rapidity
with increasing center-of-mass energy.

Measuring the ratio of the energy and
momentum of the scattered lepton, typically
gives a reduction factor of ~100 for hadrons.
This requires the availability of both track-
ing detectors (to determine momentum) and
electromagnetic calorimetry (to determine
energy) over the same rapidity coverage. By
combining information from these two de-
tectors, one also immediately suppresses the
misidentification of photons in the lepton
sample by requiring that a track must point
to the electromagnetic cluster. Having good
tracking detectors over similar coverage as
electromagnetic calorimetry similarly aids in
y resolution at low y from a lepton method
only (as explained earlier), as the angular as
well as the momentum resolution for track-

ers are much better than for electromagnetic
calorimeters. The hadron suppression can be
further improved by adding a Cherenkov de-
tector to the electromagnetic calorimetry or
having tracking detectors, (e.g., a Time Pro-
jection Chamber) to provide good dFE/dx.
Combining the responses from the electro-
magnetic calorimeter and the Cherenkov de-
tectors or dF/dx may especially help in the
region of low-momentum scattered leptons,
about 1 GeV/c. Other detector technolo-
gies, such as transition radiation detectors,
may provide hadron rejection by a factor
of 100 for leptons with v > 1000 (y =
17/ = ?/2)

There is specific interest in extracting
structure functions with heavy quarks from
semi-inclusive reactions for mesons, which
contain charm or bottom quarks. To mea-
sure such structure functions as F§, Fg, and
FZ it is sufficient to tag the charm and
the bottom quark content via the detection
of additional leptons (electrons, positrons,
muons) in addition to the scattered (beam)
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lepton. The leptons from charmed mesons
can be identified via a displaced vertex of the
second lepton (< 7 >~ 150um). This can
be achieved by integrating a high-resolution
vertex detector into the detector design. For
measurements of the charmed (bottom) frag-
mentation functions, or to study medium
modifications of heavy quarks in the nuclear
environment, at least one of the charmed
(bottom) mesons must be completely recon-
structed to have access to the kinematics of
the parton. This requires, in addition to
measuring the displaced vertex, good par-
ticle identification to reconstruct the meson
via its hadronic decay products, e.g. DY —
K* 4+ 77,

Figure shows the energy vs. rapidity
distributions for photons from deeply virtual
Compton scattering (DVCS), and the cor-

relation between the scattering angle of the
DVCS photon and the scattered lepton in the
laboratory frame for different beam energy
combinations. The general patterns are as
in Fig. [6.2] but even at the low lepton beam
energies the DVCS photons go more into the
backward direction. However, for imaging
studies through exclusive reactions involving
light mesons, a Q2 cut must be applied for a
valid partonic interpretation. Since exclusive
low-Q? hadrons are produced in the forward
direction, a @? > 10 GeV? cut changes the
kinematic patterns from Fig.

The most challenging constraints on the
detector design for exclusive reactions com-
pared to semi-inclusive reactions is, however,
not given by the final state particle (m, K,
P, 0, J/1b,7), but to ensure the exclusivity of
the event.

6.2.3 Recoil Baryon Angles and ¢ Resolution

For exclusive reactions, it is extremely
important to ensure that the nucleon (or the
nucleus) remains intact during the scatter-
ing process. Hence, one has to ensure ex-
clusivity by measuring all products. In gen-
eral, for exclusive reactions, one wishes to
map the four-momentum transfer (or Man-
delstam variable) ¢ of the hadronic system,
and then obtain an image by a Fourier trans-
form, for ¢ close to its kinematic limit ¢,
up to about 1-2 GeV (for details see Chap.
3.6 in Ref. [2]).

Figure shows one of the most chal-
lenging constraints on the detector and in-
teraction region design from exclusive reac-
tions, the need to detect the full hadronic

6.2.4 Luminosity Measurement

The Bethe-Heitler bremsstrahlung pro-
cess ep — epy was successfully used to mea-
sure luminosity by the experiments at the
HERA e+p collider. It has a large cross-

final state. The figure shows the correlation
between proton scattering angle and its mo-
mentum, and illustrates that the remaining
baryonic states go in the very forward ion di-
rection. Even at a proton energy of 50 GeV,
the proton scattering angles only range to
about 2°. At proton energies of 250 GeV,
this number is reduced to one/fifth. In all
cases, the scattering angles are small. Be-
cause of this, the detection of these protons,
or more general recoil baryons, is extremely
dependent on the exact interaction region de-
sign and will therefore be discussed in more
detail in the machine-dependent part of this
chapter.

section, allowing rapid measurements with
negligible statistical uncertainty. The cross
section of this process can be calculated en-
tirely within QED, and is known to a preci-
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Figure 6.4: The energy vs. rapidity in the laboratory frame for photons from DVCS for different
center-of-mass energies (top) and the correlation between the scattering angle of the DVCS
photon and the scattered lepton for three different center-of-mass energies. The following cuts
have been applied: Q% > 1.0 GeV?, 0.01 <y < 0.95, E, > 1 GeV and -5 < rapidity < 5.
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Figure 6.5: The scattered proton momentum vs. scattering angle in the laboratory frames for
DVCS events with different beam energy combinations. The following cuts have been applied:
1 GeV? < Q2% < 100 GeV?, 0.00001 < z < 0.7 and 0 < t < 2 GeV2. The angle of the recoiling
hadronic system is directly and inversely correlated with the proton energy. It thus decreases

with increasing proton energy.

sion of ~ 0.2%. The luminosity measurement
was typically carried out by detecting the
final state photons; the final state electron
was also measured in some cases for exper-
imental cross checks. Limitations in deter-
mining the geometric acceptance of the very-
forward photons resulted in a systematic un-
certainty of 1-2% on the HERA luminosity
measurements. For a polarized e+p collider,
the bremsstrahlung cross-section has a de-
pendence on the beam polarizations, which

may be expressed as 0 = o0o(1 + aP.Pp).
Preliminary estimates indicate that the co-
efficient a is small, but detailed studies are
currently underway to understand the size
of a relative to the magnitude of the dou-
ble spin asymmetries Ay at small zg. The
theoretical uncertainty on a, and the exper-
imental uncertainties on the measured beam
polarizations P, and P,, will limit the preci-
sion of the absolute and relative luminosity
measurements.

6.2.5 Hadron and Lepton Polarimetry

Compton back-scattering is the estab-
lished method to measure lepton beam po-
larization in e+p colliders. At HERA, there
were two Compton back-scattering polarime-
ters [267]: one measuring the transverse po-
larization (TPOL) of the beam through a po-
sition asymmetry and one measuring the lon-
gitudinal polarization (LPOL) of the beam

through an energy asymmetry in Compton
back-scattered photons. The TPOL and
LPOL systematic uncertainties of RUN-I
were 3.5% and 1.6% and of Run-II 1.9% and
2.0%, respectively. In spite of the expected
high luminosity at the EIC, these system-
atic uncertainties could be reduced to ~1%
if special care is taken to reduce the impact
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of beam orbit instabilities and laser light po-
larization on the measurement. The detec-
tion of the lepton and the Compton photon
in coincidence will provide an energy self-
calibration of the polarimeter. To have min-
imal impact from potential bunch-to-bunch
polarization fluctuations on the luminosity
measurement, it is important to have po-
larimeters that can provide high statistics
polarization measurements for each bunch.
To measure the hadron beam polariza-
tion is very difficult as, contrary to the lep-
ton case, there is no process that can be cal-
culated from first principles. Therefore, a
two tier measurement is needed: one pro-
viding the absolute polarization, which has
low statistical power and a high statistical
power measurement, which measures the rel-
ative polarization. At RHIC [268], the single
spin asymmetry Ay of the elastically scat-
tered polarized proton beam on a polarized
hydrogen jet is used to determine the ab-
solute polarization. This measurement pro-
vides the average polarization per fill and

beam with a statistical uncertainty on the or-
der of ~ 5% and a systematic uncertainty of
3.2%. High-statistics bunch-by-bunch rela-
tive polarization measurements are provided,
measuring the single spin asymmetry Ay for
scattering the polarized proton beam of a
carbon fiber target. To obtain absolute mea-
surements, the pC-measurements are cross
normalized to the absolute polarization mea-
surements from the hydrogen-jet polarime-
ter. The pC-measurements provide the po-
larization lifetime and the polarization pro-
file per fill with high statistical precision.
The achieved total systematic uncertainty
for single spin asymmetries is 3.4%. The
systematic uncertainties could be further re-
duced by monitoring continuously the molec-
ular hydrogen contamination in the jet, im-
proving the operational stability of the car-
bon fiber targets, and by developing meth-
ods to monitor the silicon detector energy
calibration at the recoil carbon energy. All
are under development for the polarized p+p
program at RHIC.

6.3 Detector and Interaction Region (IR) Layout

6.3.1

Combining all the requirements de-
scribed in Sec. and in the preceding
physics chapters, a schematic view of the
emerging dedicated eRHIC detector is shown
in Fig.

It is important to have equal rapidity
coverage for tracking and electromagnetic
calorimetry. This will provide good electron
identification and give better momentum and
angular resolutions at low inelasticity, v,
than with an electromagnetic calorimeter
alone.

Significant progress in the last decade in
the development of Monolithic Active Pixel
Sensors (MAPS) in which the active detec-
tor, analog signal shaping, and digital con-
version take place in a single silicon chip (i.e.,
on a single substrate; see [269] and references

eRHIC Detector & IR Considerations and Technologies

therein) provides for a unique opportunity
for a p-vertex detector for an eRHIC detec-
tor. As a result, CMOS pixel detectors can
be built with high segmentation, limited pri-
marily by the space required for additional
shaping and digital conversion elements. The
key advantage of CMOS MAPS detectors is
the reduced material required for the detec-
tor and the (on substrate) on-detector elec-
tronics. Such detectors have been fabricated
and extensively tested (see e.g. [270]) with
thicknesses of about 50 pm, corresponding
to 0.05% of a radiation length.

For tracking at larger radii, there are
several possibilities, which need to be in-
vestigated first through Monte Carlo studies
for position resolution and material budget,
and later through R&D and building proto-
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Figure 6.6: A schematic view of a dedicated EIC detector.

types. The two most prominent options for
the barrel tracker are a TPC and a cylindri-
cal GEM-Tracker. For large radii, forward
tracking GEM-Trackers are the most likely
option. The projected rates for a luminosity
in the 103 cm™2 s~! range, depending on
the center-of-mass energy, between 300 and
600 kHz, with an average of 6 to 8 charged
tracks per event. These numbers do not im-
pose strong constraints on the technology for
a tracker.

Due to the momentum range to be cov-
ered the only solution for PID in the forward
direction is a dual radiator RICH, combining
either Aerogel with a gas radiator like C4F g
or C4Fg0 if C4Fq¢ is no longer available, or
combining the gas radiator with a liquid ra-
diator like 06F14.

In the barrel part of the detector, several
solutions are possible as the momenta of the
majority of the hadrons to be identified are
between 0.5 GeV and 5 GeV. The technolo-
gies available in this momentum range are
high resolution ToF detectors (t ~ 10ps), a
DIRC or a proximity focusing Aerogel RICH.

For the electromagnetic calorimetry in
the forward and backward direction, a so-
lution based on PbWOQO, crystals would be
optimal. The advantages of such a calorime-
ter would be a small Moliére radius of 2 cm

and a factor of two better energy resolution
and higher radiation hardness than, for ex-
ample, lead-glass. To increase the separation
of photons and 7% to high momenta and to
improve the matching of charged tracks to
the electromagnetic cluster, it would be an
advantage to add, in front of all calorimetry,
a high-resolution pre-shower. We follow for
the barrel part of the detector the concept
of very compact electromagnetic calorime-
try (CEMCal). A key feature is to have
at least one pre-shower layer with 1-2 ra-
diation lengths of tungsten and silicon strip
layers (possibly with two spatial projections)
to allow separation of single photons from
79 to up pr ~ 50GeV, as well as enhanced
electron-identification. A straw-man design
could have silicon strips with An = 0.0005
and A¢ = 0.1. The back section for full elec-
tromagnetic energy capture could be, for cost
effectiveness and good uniformity, an accor-
dion Lead-Scintillator Design, which would
provide gain uniformity and the ability to
calibrate the device. A tungsten- and silicon-
strip-based pre-shower would also be a good
solution for the forward and backward elec-
tromagnetic calorimetry.

To achieve the physics program as de-
scribed in earlier sections, it is extremely
important to integrate the detector design
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into the interaction region design of the col-
lider. Particularly challenging is the detec-
tion of forward-going scattered protons from
exclusive reactions, as well as of decay neu-
trons from the breakup of heavy ions in
non-diffractive reactions. The eRHIC design
features a 10 mrad crossing angle between
the protons or heavy ions during collisions
with electrons. This choice removes potential
problems for the detector induced by syn-
chrotron radiation. To obtain luminosities
higher than 103 ecm~2 s~!, very strong fo-
cusing close to the IR is required to have
the smallest beam sizes at the interaction
point. A small beam size is only possible if
the beam emittance is also very small. The
focusing triplets are 4.5 meters away from
the interaction point (IP). The strong focus-
ing quadrupoles induce very large chromatic-
ities. The current eRHIC design has its high-
est values of the amplitude betatron func-
tions of the same size as the present operat-
ing conditions of the RHIC collider. In ad-
dition, the design allows a correction of the
first, second and third order chromaticities
by using sextupoles at the triplets as well
as 180 degrees away from the quadrupoles’
source.

While the above accomplishes a small-
emittance electron beam, the ions and pro-
tons need to be cooled by coherent electron
cooling to have small emittance. The eR-
HIC interaction region design relies on the
existence of small emittance beams with a
longitudinal RMS of ~5 cm, resulting in a
B8* = 5 cm. Strong focusing is obtained by
three high-gradient quadrupole magnets us-
ing recent results from the LHC quadrupole
magnet upgrade program (reaching gradients
of 200 T/m at 120 mm aperture). To en-

sure the previously described requirements
from physics are met, four major require-
ments need to be fulfilled: high luminosity
(> 100 times that of HERA); the ability to
detect neutrons; measurement of the scat-
tered proton from exclusive reactions (i.e.
DVCS); and the detection of low-momentum
protons (p~pg/2.5) from heavy-ion breakup.
The eRHIC IR design fulfills all these re-
quirements. The first magnet in the high fo-
cusing quadrupole triplet is a combined func-
tion magnet producing a 4 mrad bending an-
gle of the ion/proton beam. The 120 mm di-
ameter aperture of the last quadrupole mag-
net allows detection of neutrons with a solid
angle of + 4 mrad, as well as the scattered
proton from exclusive reactions, i.e. DVCS,
up to a solid angle of ~ 9 mrad. The de-
tection of the scattered proton from exclu-
sive reactions is realized by integrating “Ro-
man Pots” into the IR-design. For a hadron
beam energy of 250 GeV, one Roman Pot
station ~ 20 m after the IP provides cov-
erage in t from 0.2 GeV? to 1.5 GeV?. To
obtain the same coverage for a hadron beam
energy of 100 GeV, additional Roman Pot
stations closer to the IR are needed. The
electrons are transported to the interaction
point through the heavy-ion/proton triplets,
seeing zero magnetic field.

Figure (.4] shows the current eRHIC in-
teraction region design in the direction of the
outgoing hadron beam. The other side of
the IR is mirror symmetric for the incoming
hadron beam. A low scattering-angle lepton
tagger for events with Q2 < 0.1 GeV? is inte-
grated in the machine design at the location
where the lepton beam is bent upward before
the arcs.

6.3.2 Detector Design for MEIC/ELIC

A global outline of the fully integrated
MEIC detector and interaction region (IR)
is given in Fig. Since a ring-ring collider
configuration can support multiple detectors

without time sharing, the full-acceptance de-
tector could be complemented by, for in-
stance, a high-luminosity detector at another
interaction point. A detailed description of
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the central detector shown in Fig. 6.7 as
well as the extended interaction region strat-
egy for achieving a full-acceptance detec-
tor can be found in Ref. [2]. The subse-
quent sections will focus only on the main
aspects. To achieve full-acceptance, small-
angle detection is required on either side of
the central detector. The low-Q? electron
detection is relatively simple to incorporate,
while measuring forward and ultra-forward
going hadronic or nuclear fragments along
the ion direction is more challenging. Here,
we make critical use of various ingredients
of the MEIC detector/interaction region de-
sign: i) the 50 mrad crossing angle (see, e.g.,

section 5.2.5); ii) the range of proton ener-
gies (see, e.g., section 5.2.2); iii) a small 2
Tm dipole magnet before the ion final focus-
ing magnets to allow high-resolution track-
ing of particles that do not enter the ion fi-
nal focusing quadrupole (FFQ) magnets; iv)
FFQs with apertures sufficient for particles
scattered at initial angles of 10-15 mrad in
each direction for all ion fragment rigidities;
and v) a 20 Tm large-acceptance dipole mag-
net a few meters downstream of the FFQs
to peel off spectator particles and allow for
very small-angle detection with high resolu-
tion (essentially only limited by the intrinsic
momentum spread of the beam).

No other magnets or apertures between IP and FP!

central detector

with endcaps small angle. ultra forward
low-Q2 hadron detection hadron detection n,y
electron detection |?r9te aPEFtU(fje ion quads 60 mr:ad bend =
. eleci ro.n quads - _ '-__T N P p
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p — " | electron quads
50 mrad beam Tracking detectors
(crab) crossing angle
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Figure 6.7: The interaction region and central detector layout, and its placement in the general
integrated detector and interaction region. The central detector includes endcaps in both the

electron and ion direction.

Detectors will be placed in front of the
FFQs, between the FFQs and the 20 Tm
dipole, and in an extended, magnet-free drift
space downstream of the latter. The aper-

tures of the FFQs provide full neutron ac-
ceptance over 25 mrad (total), centered close
to zero. The neutrons (and boosted nu-
clear photons) will be detected in a zero-
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degree calorimeter (ZDC) on the outside of
the ring. In this configuration, any desired
angular resolution can be achieved simply by
adjusting the distance of the ZDC (as well as
its size). This then results in an essentially
100% full-acceptance detector.

To minimize synchrotron radiation and
improve the small-angle hadron acceptance
and resolution, the electron beam travels
along the center of the central solenoid, while
the proton/ion beam traverses it at the crab
crossing angle.

To fulfill the requirement of hermeticity,
the central detector will be built around a
solenoid magnet (with a length of about 5
m). Due to the asymmetric beam energies,
the interaction point (IP) will be slightly off-
set towards the electron side (2 m + 3 m).
This will allow more distance for the track-
ing of high-momentum hadrons produced at
small angles, and a larger bore angle for effi-
cient detection of the scattered beam leptons.

The central detector would contain a
tracker (three-layers including a vertex de-
tector), particle identification, and calorime-
try. Particle identification in the central de-
tector would be provided by a TOF, and
a radially compact detector providing e/,
w/K, and K/p identification. The cur-
rent baseline design includes a DIRC sup-
plemented by a Low-Threshold Cherenkov
Counter (LTCC) with C4F1p or C4FsO gas.
The LTCC would provide e/7 separation be-
tween 1 and 3 GeV/c, and 7/K separation
from 4 to 9 GeV/c, but would require 60-70
cm of radial space. Optimizations and alter-
natives to this baseline design are discussed
in more detail in Ref. [2].

Small-angle tracking in the central de-
tector could be an extension of the ver-
tex tracker, using semiconductor detectors,
while larger angles could be covered by pla-
nar micro-pattern detectors (GEMs). On the
electron side, where the particle momenta
are generally lower, one could even consider
drift chambers with a small cell size, in par-
ticular for a final tracking region that could
be added outside of the solenoid itself. Lep-

ton identification in the end-cap will be per-
formed using an electromagnetic calorimeter
and a High-Threshold Cherenkov Counter
(HTCC) with CF4 gas or equivalent. The
details of hadron identification in the elec-
tron end cap can be found in Ref. [2].

The ion-side end-cap would have to deal
with hadrons with a wide range of momenta,
some approaching that of the ion beam.
While the small-angle tracking resolution on
this side is greatly enhanced by the 50 mrad
crossing angle (particles scattered at zero de-
grees are not moving parallel to the B-field)
and dipole in front of the FFQs, the forward
tracking would nevertheless greatly benefit
from good position resolution, making this
a priority. To identify particles of various
species over the full momentum range, one
would ideally want to use a RICH with sev-
eral radiators, such as aerogel, C4F19, and
CF4. Possible implementations are detailed
in Ref. [2].

On the ion side, the detection will be per-
formed in three stages. The first stage is
the endcap, which will cover all angles down
to the acceptance of the forward spectrom-
eter (several degrees around the ion beam
line). This in turn has two stages: one up-
stream of the ion Final Focus Quadrupoles
(FFQs), and one downstream of them. As
shown by GEANT4 tracking studies illus-
trated in Fig.[6.8] the acceptance of all stages
is matched so that there are minimal gaps in
the coverage. The last stage will cover angles
up to 10-15 mrad on either side of the beam
(more vertically) for all ion fragments with
different charge-to-mass ratios and fractions
of the beam momentum, with reasonable re-
quirements on magnet peak fields (only two
quadrupoles need 9 T). Using the magnet pa-
rameters assumed for the BNL IP, the aper-
tures could be further increased by 30%.

The intermediate stage will use a 2 Tm
dipole to augment the solenoid at small an-
gles where the tracking resolution otherwise
would be poor. The magnet will be about
1 m long and its aperture will cover the dis-
tance to the electron beam (corresponding
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Figure 6.8: Forward ion detection in GEANT4 with a 50 mrad crossing angle used for tracking
simulations of the full-acceptance detector. Note that the final focusing quadrupoles are located
7 m from the IP, and the ZDC is on the outside of the ring.

to the horizontal crossing angle of 50 mrad),
while the acceptance in the other three di-
rections is not restricted and can be larger.
An important feature of the magnet design
is to ensure that the electron beam line stays
field free. The dipole will have trackers at the
entrance and exit, followed by a calorimeter
covering the ring-shaped area in front of the
first ion FFQ. The intermediate stage is es-
sential for providing a wide coverage in —t,
and to investigate target fragmentation.
The last, small-angle stage provides the
ultra-forward detection that is crucial for de-
tecting recoil baryons and tagging of specta-
tor protons in deuterium, as well as other
nuclear fragments. The design is heavily in-
tegrated with the accelerator, and the 3.5 m
long, 20 Tm downstream dipole serves not
only as a spectrometer, but also “corrects”
the 50 mrad crossing angle, and allows the
neutrons to escape on a tangent to the ring,
separating cleanly from the beam area be-
fore detection. This makes the electron and
ion beam lines parallel in the ~15 m long
drift space after the dipole, with separation
of more than 1 m, providing ample space
for detectors. With only relatively weak fo-

cusing for the small-angle detection (and a
beam-stay-clear of 100), even the prelimi-
nary optics give full angular acceptance for
charged particles with rigidities (momenta)
of up to 99.5% of the beam momentum (or
more than 100.5%) down to zero degrees, and
full momentum acceptance for particles scat-
tered at more than about 2-3 mrad with re-
spect to the central beam. The dipole aper-
ture can also be made sufficiently large to
accept all off-angle and off-momentum par-
ticles that exit the FFQs with the exception
of some “spectator” protons from deuterium
scattered at very large angles. These can,
however, easily be detected in between the
FFQs and the dipole. Tracking studies show
that the momentum resolution for particles
up to the beam momentum will only be lim-
ited by the intrinsic momentum spread of the
beam (a few x107%), and the angular res-
olution will also be excellent. This is very
important since the four-momentum trans-
fer of the hadronic system is proportional to
t ~ HIZ,EE,, and the t-resolution for instance
determines the quality of the 3-D imaging
that can be achieved (see Sec. [6.2.3)).
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