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the high statistical precision, it will be critical to
constrain experimental systematic uncertainties
to below a few percent [19].

Figure 12 uses simulated data to clearly
demonstrate the EIC’s impact on the knowledge
of the integral of the proton’s quark and gluon
spin contributions for 10�6 < x < 10�3 versus the
contribution to the orbital angular momentum for

the range 10�3 < x < 1. A dramatic shrinkage
of the uncertainties in the parton helicities is seen
with the largest energy reach. The underlying rea-
son for this rapid shrinkage can be traced to the
very unstable behavior of g1(x,Q2) due to the lack
of data at small x shown in Fig. 10. Data obtained
in the small x region constrain this behavior.

3.2 Spatial Imaging of Quarks and Gluons

The parton structure of the proton changes
significantly across the QCD landscape sketched
in Fig. 1 of Section 2.2. We illustrate schemati-
cally in Fig. 13 how varying x from high values
(x ⇠ 1) to low values (x ⇠ 10�4) at a given res-
olution scale Q2 of a few GeV2 reveals the com-
plex many-body structure of quarks and gluons in-
side the proton. The structure revealed by dialing
down in x changes from the valence quark domi-
nated regime, to a regime where the proton’s con-
stituents are gluons and sea quark-antiquark pairs
generated through QCD radiation, and finally at
small x to an intrinsically nonlinear regime where
the gluon density is so large that the gluons radi-
ate and recombine at the same rate.

10-2 10-1 1

Valence Quark
Regime

Radiation Dominated 
Regime

Non-Linear Dynamics
Regime

10-310-4
x

Figure 13: The development of the internal quark and
gluon structure of the proton going from high to low
x. Decreasing x corresponds to increasing the center-
of-mass energy.

High luminosities at the EIC, combined with
a large kinematic reach, open up a unique oppor-
tunity to go far beyond our present largely one
dimensional picture of the proton. It will enable
parton “femtoscopy” by correlating information
on parton contributions to the proton’s spin with
their transverse momentum and spatial distribu-
tions inside the proton. Such three dimensional

images have the potential to radically impact our
understanding of the confining dynamics of quarks
and gluons in QCD. This is because one will be
able to probe, with fine resolution Q2, parton dy-
namics as a function of impact parameter in the
proton, out to length scales where their interac-
tions are no longer weakly coupled but become
increasingly strongly coupled generating the phe-
nomena of chiral symmetry breaking and confine-
ment.

The three dimensional parton structure of
hadrons is uncovered in DIS by measurements of
exclusive final states, wherein the proton remains
intact after scattering o↵ the lepton probe. The
transverse position of the scattered quark or gluon
is obtained by performing a Fourier transform of
the di↵erential cross-section d�/dt, where t is the
squared momentum transfer between the incom-
ing proton and the scattered proton. Examples
of exclusive processes are deeply virtual Compton
scattering (DVCS) and the exclusive production
of vector mesons. These are illustrated in Fig. 14.

The nonperturbative quantities that encode
such spatial tomographic information are often
referred to as Generalized Parton Distributions
(GPDs) and are defined at a nonperturbative fac-
torization scale that separates the nonperturba-
tive information encoded from perturbative dy-
namics at short distances. Powerful renormaliza-
tion group arguments, analogous to those of the
DGLAP equations for the one dimension parton
distributions, can be employed to understand how
the three dimensional dynamics encoded in the
GPDs changes as this factorization scale is var-
ied [22,23].

GPDs provide important insight into the three
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is obtained by performing a Fourier transform of
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ing proton and the scattered proton. Examples
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of vector mesons. These are illustrated in Fig. 14.
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of the uncertainties in the parton helicities is seen
with the largest energy reach. The underlying rea-
son for this rapid shrinkage can be traced to the
very unstable behavior of g1(x,Q2) due to the lack
of data at small x shown in Fig. 10. Data obtained
in the small x region constrain this behavior.

3.2 Spatial Imaging of Quarks and Gluons

The parton structure of the proton changes
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in Fig. 1 of Section 2.2. We illustrate schemati-
cally in Fig. 13 how varying x from high values
(x ⇠ 1) to low values (x ⇠ 10�4) at a given res-
olution scale Q2 of a few GeV2 reveals the com-
plex many-body structure of quarks and gluons in-
side the proton. The structure revealed by dialing
down in x changes from the valence quark domi-
nated regime, to a regime where the proton’s con-
stituents are gluons and sea quark-antiquark pairs
generated through QCD radiation, and finally at
small x to an intrinsically nonlinear regime where
the gluon density is so large that the gluons radi-
ate and recombine at the same rate.
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Figure 13: The development of the internal quark and
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High luminosities at the EIC, combined with
a large kinematic reach, open up a unique oppor-
tunity to go far beyond our present largely one
dimensional picture of the proton. It will enable
parton “femtoscopy” by correlating information
on parton contributions to the proton’s spin with
their transverse momentum and spatial distribu-
tions inside the proton. Such three dimensional

images have the potential to radically impact our
understanding of the confining dynamics of quarks
and gluons in QCD. This is because one will be
able to probe, with fine resolution Q2, parton dy-
namics as a function of impact parameter in the
proton, out to length scales where their interac-
tions are no longer weakly coupled but become
increasingly strongly coupled generating the phe-
nomena of chiral symmetry breaking and confine-
ment.

The three dimensional parton structure of
hadrons is uncovered in DIS by measurements of
exclusive final states, wherein the proton remains
intact after scattering o↵ the lepton probe. The
transverse position of the scattered quark or gluon
is obtained by performing a Fourier transform of
the di↵erential cross-section d�/dt, where t is the
squared momentum transfer between the incom-
ing proton and the scattered proton. Examples
of exclusive processes are deeply virtual Compton
scattering (DVCS) and the exclusive production
of vector mesons. These are illustrated in Fig. 14.

The nonperturbative quantities that encode
such spatial tomographic information are often
referred to as Generalized Parton Distributions
(GPDs) and are defined at a nonperturbative fac-
torization scale that separates the nonperturba-
tive information encoded from perturbative dy-
namics at short distances. Powerful renormaliza-
tion group arguments, analogous to those of the
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distributions, can be employed to understand how
the three dimensional dynamics encoded in the
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a large kinematic reach, open up a unique oppor-
tunity to go far beyond our present largely one
dimensional picture of the proton. It will enable
parton “femtoscopy” by correlating information
on parton contributions to the proton’s spin with
their transverse momentum and spatial distribu-
tions inside the proton. Such three dimensional

images have the potential to radically impact our
understanding of the confining dynamics of quarks
and gluons in QCD. This is because one will be
able to probe, with fine resolution Q2, parton dy-
namics as a function of impact parameter in the
proton, out to length scales where their interac-
tions are no longer weakly coupled but become
increasingly strongly coupled generating the phe-
nomena of chiral symmetry breaking and confine-
ment.

The three dimensional parton structure of
hadrons is uncovered in DIS by measurements of
exclusive final states, wherein the proton remains
intact after scattering o↵ the lepton probe. The
transverse position of the scattered quark or gluon
is obtained by performing a Fourier transform of
the di↵erential cross-section d�/dt, where t is the
squared momentum transfer between the incom-
ing proton and the scattered proton. Examples
of exclusive processes are deeply virtual Compton
scattering (DVCS) and the exclusive production
of vector mesons. These are illustrated in Fig. 14.

The nonperturbative quantities that encode
such spatial tomographic information are often
referred to as Generalized Parton Distributions
(GPDs) and are defined at a nonperturbative fac-
torization scale that separates the nonperturba-
tive information encoded from perturbative dy-
namics at short distances. Powerful renormaliza-
tion group arguments, analogous to those of the
DGLAP equations for the one dimension parton
distributions, can be employed to understand how
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on parton contributions to the proton’s spin with
their transverse momentum and spatial distribu-
tions inside the proton. Such three dimensional

images have the potential to radically impact our
understanding of the confining dynamics of quarks
and gluons in QCD. This is because one will be
able to probe, with fine resolution Q2, parton dy-
namics as a function of impact parameter in the
proton, out to length scales where their interac-
tions are no longer weakly coupled but become
increasingly strongly coupled generating the phe-
nomena of chiral symmetry breaking and confine-
ment.

The three dimensional parton structure of
hadrons is uncovered in DIS by measurements of
exclusive final states, wherein the proton remains
intact after scattering o↵ the lepton probe. The
transverse position of the scattered quark or gluon
is obtained by performing a Fourier transform of
the di↵erential cross-section d�/dt, where t is the
squared momentum transfer between the incom-
ing proton and the scattered proton. Examples
of exclusive processes are deeply virtual Compton
scattering (DVCS) and the exclusive production
of vector mesons. These are illustrated in Fig. 14.

The nonperturbative quantities that encode
such spatial tomographic information are often
referred to as Generalized Parton Distributions
(GPDs) and are defined at a nonperturbative fac-
torization scale that separates the nonperturba-
tive information encoded from perturbative dy-
namics at short distances. Powerful renormaliza-
tion group arguments, analogous to those of the
DGLAP equations for the one dimension parton
distributions, can be employed to understand how
the three dimensional dynamics encoded in the
GPDs changes as this factorization scale is var-
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the high statistical precision, it will be critical to
constrain experimental systematic uncertainties
to below a few percent [19].

Figure 12 uses simulated data to clearly
demonstrate the EIC’s impact on the knowledge
of the integral of the proton’s quark and gluon
spin contributions for 10�6 < x < 10�3 versus the
contribution to the orbital angular momentum for

the range 10�3 < x < 1. A dramatic shrinkage
of the uncertainties in the parton helicities is seen
with the largest energy reach. The underlying rea-
son for this rapid shrinkage can be traced to the
very unstable behavior of g1(x,Q2) due to the lack
of data at small x shown in Fig. 10. Data obtained
in the small x region constrain this behavior.

3.2 Spatial Imaging of Quarks and Gluons

The parton structure of the proton changes
significantly across the QCD landscape sketched
in Fig. 1 of Section 2.2. We illustrate schemati-
cally in Fig. 13 how varying x from high values
(x ⇠ 1) to low values (x ⇠ 10�4) at a given res-
olution scale Q2 of a few GeV2 reveals the com-
plex many-body structure of quarks and gluons in-
side the proton. The structure revealed by dialing
down in x changes from the valence quark domi-
nated regime, to a regime where the proton’s con-
stituents are gluons and sea quark-antiquark pairs
generated through QCD radiation, and finally at
small x to an intrinsically nonlinear regime where
the gluon density is so large that the gluons radi-
ate and recombine at the same rate.
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Figure 13: The development of the internal quark and
gluon structure of the proton going from high to low
x. Decreasing x corresponds to increasing the center-
of-mass energy.

High luminosities at the EIC, combined with
a large kinematic reach, open up a unique oppor-
tunity to go far beyond our present largely one
dimensional picture of the proton. It will enable
parton “femtoscopy” by correlating information
on parton contributions to the proton’s spin with
their transverse momentum and spatial distribu-
tions inside the proton. Such three dimensional

images have the potential to radically impact our
understanding of the confining dynamics of quarks
and gluons in QCD. This is because one will be
able to probe, with fine resolution Q2, parton dy-
namics as a function of impact parameter in the
proton, out to length scales where their interac-
tions are no longer weakly coupled but become
increasingly strongly coupled generating the phe-
nomena of chiral symmetry breaking and confine-
ment.

The three dimensional parton structure of
hadrons is uncovered in DIS by measurements of
exclusive final states, wherein the proton remains
intact after scattering o↵ the lepton probe. The
transverse position of the scattered quark or gluon
is obtained by performing a Fourier transform of
the di↵erential cross-section d�/dt, where t is the
squared momentum transfer between the incom-
ing proton and the scattered proton. Examples
of exclusive processes are deeply virtual Compton
scattering (DVCS) and the exclusive production
of vector mesons. These are illustrated in Fig. 14.

The nonperturbative quantities that encode
such spatial tomographic information are often
referred to as Generalized Parton Distributions
(GPDs) and are defined at a nonperturbative fac-
torization scale that separates the nonperturba-
tive information encoded from perturbative dy-
namics at short distances. Powerful renormaliza-
tion group arguments, analogous to those of the
DGLAP equations for the one dimension parton
distributions, can be employed to understand how
the three dimensional dynamics encoded in the
GPDs changes as this factorization scale is var-
ied [22,23].

GPDs provide important insight into the three
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side the proton. The structure revealed by dialing
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generated through QCD radiation, and finally at
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Figure 13: The development of the internal quark and
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x. Decreasing x corresponds to increasing the center-
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tunity to go far beyond our present largely one
dimensional picture of the proton. It will enable
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on parton contributions to the proton’s spin with
their transverse momentum and spatial distribu-
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and gluons in QCD. This is because one will be
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proton, out to length scales where their interac-
tions are no longer weakly coupled but become
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is obtained by performing a Fourier transform of
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and gluons in QCD. This is because one will be
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namics as a function of impact parameter in the
proton, out to length scales where their interac-
tions are no longer weakly coupled but become
increasingly strongly coupled generating the phe-
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ment.
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hadrons is uncovered in DIS by measurements of
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is obtained by performing a Fourier transform of
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tive information encoded from perturbative dy-
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Figure 25: EPPS16 ratio of gluon PDF in a Pb nucleus relative to that of the proton (RPb
g ), and its uncertainty

band at Q2 = 1.69 and 10 GeV2 [57]. The plot for Q2 = 1.69 GeV2 is indicative for processes that produce more
than 90% of all final state particles in a heavy-ion collision at mid-rapidity. The bands on the top of each panel
reflect the referring kinematic acceptance of the typical RHIC and LHC experiment. For details, see text. The
vertical red and blue lines indicate the kinematic limits for di↵erent EIC center-of-mass energies.

evolution of the plasma. The final observables are
sensitive to both, the initial state and the final
state, whose transport parameters one ultimately
seeks to extract. Therefore, information on the ini-
tial state needs to be extracted from experiments
on p+A and ultimately e+A with small and well
understood final state e↵ects.

It was demonstrated in [75] how e+p data can
be successfully used to understand shape fluctu-
ations of the proton. Here, the authors studied
measurements of coherent and incoherent di↵rac-
tive vector meson production at HERA to con-
strain the density profile of the proton and the
magnitude of event-by-event fluctuations. Work-
ing within the CGC picture, they found that the
gluon density of the proton has large geometric
fluctuations. No such data for e+A collisions ex-
ists. Assumptions on initial state fluctuations and
anisotropies that govern many aspects of the ob-
served collective flow phenomena are rather spec-
ulative at present.

Data from an EIC can therefore have a pro-
found impact on our understanding of the prop-
erties of the initial state in heavy-ion collisions,
such as the momentum and spatial distributions

of gluons and sea quarks. Nuclear e↵ects, such
as shadowing and saturation, can be studied. By
varying the scale and energy of the collision the in-
terplay between the soft non-perturbative and the
hard perturbative regimes can be addressed.

In order to illustrate how the EIC energy maps
onto the kinematic range in A+A collisions we fo-
cus on the longitudinal momentum distributions
in the nucleus, the nPDFs described earlier in this
section. Figure 25 shows the EPPS16 [57] nuclear
PDF and it’s uncertainty band at Q2 = 1.69 and
10 GeV2. The plot for Q2 = 1.69 GeV2 is indica-
tive for processes that produce more than 90% of
all final state particles. The bands on the top of
each panel reflect the referring kinematic accep-
tance of the typical RHIC and LHC experiments.
We used x ⇡ pT /

p
s exp(±⌘) where pT ⇡ Q; we

chose for the pseudo-rapidity window ⌘ = ±1, typ-
ical for the central barrel acceptance of heavy-ion
experiments. The horizontal red and blue lines in-
dicate the EIC kinematic limits for two di↵erent
center-of-mass energies

p
s= 40 and 90 GeV, re-

spectively. While data from
p
s=40 GeV will pro-

vide an important constraint on the RHIC A+A
data, it will not reach into the regime where the
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the high statistical precision, it will be critical to
constrain experimental systematic uncertainties
to below a few percent [19].

Figure 12 uses simulated data to clearly
demonstrate the EIC’s impact on the knowledge
of the integral of the proton’s quark and gluon
spin contributions for 10�6 < x < 10�3 versus the
contribution to the orbital angular momentum for

the range 10�3 < x < 1. A dramatic shrinkage
of the uncertainties in the parton helicities is seen
with the largest energy reach. The underlying rea-
son for this rapid shrinkage can be traced to the
very unstable behavior of g1(x,Q2) due to the lack
of data at small x shown in Fig. 10. Data obtained
in the small x region constrain this behavior.

3.2 Spatial Imaging of Quarks and Gluons

The parton structure of the proton changes
significantly across the QCD landscape sketched
in Fig. 1 of Section 2.2. We illustrate schemati-
cally in Fig. 13 how varying x from high values
(x ⇠ 1) to low values (x ⇠ 10�4) at a given res-
olution scale Q2 of a few GeV2 reveals the com-
plex many-body structure of quarks and gluons in-
side the proton. The structure revealed by dialing
down in x changes from the valence quark domi-
nated regime, to a regime where the proton’s con-
stituents are gluons and sea quark-antiquark pairs
generated through QCD radiation, and finally at
small x to an intrinsically nonlinear regime where
the gluon density is so large that the gluons radi-
ate and recombine at the same rate.
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Figure 13: The development of the internal quark and
gluon structure of the proton going from high to low
x. Decreasing x corresponds to increasing the center-
of-mass energy.

High luminosities at the EIC, combined with
a large kinematic reach, open up a unique oppor-
tunity to go far beyond our present largely one
dimensional picture of the proton. It will enable
parton “femtoscopy” by correlating information
on parton contributions to the proton’s spin with
their transverse momentum and spatial distribu-
tions inside the proton. Such three dimensional

images have the potential to radically impact our
understanding of the confining dynamics of quarks
and gluons in QCD. This is because one will be
able to probe, with fine resolution Q2, parton dy-
namics as a function of impact parameter in the
proton, out to length scales where their interac-
tions are no longer weakly coupled but become
increasingly strongly coupled generating the phe-
nomena of chiral symmetry breaking and confine-
ment.

The three dimensional parton structure of
hadrons is uncovered in DIS by measurements of
exclusive final states, wherein the proton remains
intact after scattering o↵ the lepton probe. The
transverse position of the scattered quark or gluon
is obtained by performing a Fourier transform of
the di↵erential cross-section d�/dt, where t is the
squared momentum transfer between the incom-
ing proton and the scattered proton. Examples
of exclusive processes are deeply virtual Compton
scattering (DVCS) and the exclusive production
of vector mesons. These are illustrated in Fig. 14.

The nonperturbative quantities that encode
such spatial tomographic information are often
referred to as Generalized Parton Distributions
(GPDs) and are defined at a nonperturbative fac-
torization scale that separates the nonperturba-
tive information encoded from perturbative dy-
namics at short distances. Powerful renormaliza-
tion group arguments, analogous to those of the
DGLAP equations for the one dimension parton
distributions, can be employed to understand how
the three dimensional dynamics encoded in the
GPDs changes as this factorization scale is var-
ied [22,23].

GPDs provide important insight into the three
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transverse position of the scattered quark or gluon
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of vector mesons. These are illustrated in Fig. 14.

The nonperturbative quantities that encode
such spatial tomographic information are often
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torization scale that separates the nonperturba-
tive information encoded from perturbative dy-
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evolution of the plasma. The final observables are
sensitive to both, the initial state and the final
state, whose transport parameters one ultimately
seeks to extract. Therefore, information on the ini-
tial state needs to be extracted from experiments
on p+A and ultimately e+A with small and well
understood final state e↵ects.

It was demonstrated in [75] how e+p data can
be successfully used to understand shape fluctu-
ations of the proton. Here, the authors studied
measurements of coherent and incoherent di↵rac-
tive vector meson production at HERA to con-
strain the density profile of the proton and the
magnitude of event-by-event fluctuations. Work-
ing within the CGC picture, they found that the
gluon density of the proton has large geometric
fluctuations. No such data for e+A collisions ex-
ists. Assumptions on initial state fluctuations and
anisotropies that govern many aspects of the ob-
served collective flow phenomena are rather spec-
ulative at present.

Data from an EIC can therefore have a pro-
found impact on our understanding of the prop-
erties of the initial state in heavy-ion collisions,
such as the momentum and spatial distributions

of gluons and sea quarks. Nuclear e↵ects, such
as shadowing and saturation, can be studied. By
varying the scale and energy of the collision the in-
terplay between the soft non-perturbative and the
hard perturbative regimes can be addressed.

In order to illustrate how the EIC energy maps
onto the kinematic range in A+A collisions we fo-
cus on the longitudinal momentum distributions
in the nucleus, the nPDFs described earlier in this
section. Figure 25 shows the EPPS16 [57] nuclear
PDF and it’s uncertainty band at Q2 = 1.69 and
10 GeV2. The plot for Q2 = 1.69 GeV2 is indica-
tive for processes that produce more than 90% of
all final state particles. The bands on the top of
each panel reflect the referring kinematic accep-
tance of the typical RHIC and LHC experiments.
We used x ⇡ pT /

p
s exp(±⌘) where pT ⇡ Q; we

chose for the pseudo-rapidity window ⌘ = ±1, typ-
ical for the central barrel acceptance of heavy-ion
experiments. The horizontal red and blue lines in-
dicate the EIC kinematic limits for two di↵erent
center-of-mass energies

p
s= 40 and 90 GeV, re-

spectively. While data from
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s=40 GeV will pro-

vide an important constraint on the RHIC A+A
data, it will not reach into the regime where the
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the high statistical precision, it will be critical to
constrain experimental systematic uncertainties
to below a few percent [19].

Figure 12 uses simulated data to clearly
demonstrate the EIC’s impact on the knowledge
of the integral of the proton’s quark and gluon
spin contributions for 10�6 < x < 10�3 versus the
contribution to the orbital angular momentum for

the range 10�3 < x < 1. A dramatic shrinkage
of the uncertainties in the parton helicities is seen
with the largest energy reach. The underlying rea-
son for this rapid shrinkage can be traced to the
very unstable behavior of g1(x,Q2) due to the lack
of data at small x shown in Fig. 10. Data obtained
in the small x region constrain this behavior.

3.2 Spatial Imaging of Quarks and Gluons

The parton structure of the proton changes
significantly across the QCD landscape sketched
in Fig. 1 of Section 2.2. We illustrate schemati-
cally in Fig. 13 how varying x from high values
(x ⇠ 1) to low values (x ⇠ 10�4) at a given res-
olution scale Q2 of a few GeV2 reveals the com-
plex many-body structure of quarks and gluons in-
side the proton. The structure revealed by dialing
down in x changes from the valence quark domi-
nated regime, to a regime where the proton’s con-
stituents are gluons and sea quark-antiquark pairs
generated through QCD radiation, and finally at
small x to an intrinsically nonlinear regime where
the gluon density is so large that the gluons radi-
ate and recombine at the same rate.
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Figure 13: The development of the internal quark and
gluon structure of the proton going from high to low
x. Decreasing x corresponds to increasing the center-
of-mass energy.

High luminosities at the EIC, combined with
a large kinematic reach, open up a unique oppor-
tunity to go far beyond our present largely one
dimensional picture of the proton. It will enable
parton “femtoscopy” by correlating information
on parton contributions to the proton’s spin with
their transverse momentum and spatial distribu-
tions inside the proton. Such three dimensional

images have the potential to radically impact our
understanding of the confining dynamics of quarks
and gluons in QCD. This is because one will be
able to probe, with fine resolution Q2, parton dy-
namics as a function of impact parameter in the
proton, out to length scales where their interac-
tions are no longer weakly coupled but become
increasingly strongly coupled generating the phe-
nomena of chiral symmetry breaking and confine-
ment.

The three dimensional parton structure of
hadrons is uncovered in DIS by measurements of
exclusive final states, wherein the proton remains
intact after scattering o↵ the lepton probe. The
transverse position of the scattered quark or gluon
is obtained by performing a Fourier transform of
the di↵erential cross-section d�/dt, where t is the
squared momentum transfer between the incom-
ing proton and the scattered proton. Examples
of exclusive processes are deeply virtual Compton
scattering (DVCS) and the exclusive production
of vector mesons. These are illustrated in Fig. 14.

The nonperturbative quantities that encode
such spatial tomographic information are often
referred to as Generalized Parton Distributions
(GPDs) and are defined at a nonperturbative fac-
torization scale that separates the nonperturba-
tive information encoded from perturbative dy-
namics at short distances. Powerful renormaliza-
tion group arguments, analogous to those of the
DGLAP equations for the one dimension parton
distributions, can be employed to understand how
the three dimensional dynamics encoded in the
GPDs changes as this factorization scale is var-
ied [22,23].

GPDs provide important insight into the three
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Figure 13: The development of the internal quark and
gluon structure of the proton going from high to low
x. Decreasing x corresponds to increasing the center-
of-mass energy.
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of vector mesons. These are illustrated in Fig. 14.
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Figure 2.8: Left: Uncertainty bands on helicity parton distributions, in the first DSSV anal-
ysis [60, 61] (light bands) and with EIC data (darker bands), using projected inclusive and
semi-inclusive EIC data sets (see text). Note that for this analysis only data with x � 10�3

were used, for which Q
2
� 2.5 GeV2. Right: �2 profiles for the truncated x integral of �g over

the region 10�4
 x  10�2 with and without including the generated EIC pseudo-data in the

fit. Results are shown for three di↵erent EIC center-of-mass energies.

The right part of the figure shows
the �

2 profile of the truncated first mo-
ment of the gluon helicity distribution,R 0.01
0.0001 dx�g(x,Q2), at Q2 = 10 GeV2, again
compared to the “DSSV+” estimate. Also
here, the impact of EIC data is evident. One
also observes the importance of high ener-
gies. For instance, running at the highest
energy clearly constrains the small-x region
much better. Overall, the EIC data greatly
improves the �

2 profile, even more so when
all data in Fig. 2.6 are included.

The light shaded area in Fig. 2.9 displays
the present accuracies of the integrals of �⌃
and �g over 0.001  x  1, along with their
correlations. The inner areas represent the
improvement to be obtained from the EIC,
based on the global analysis studies with
pseudo-data described above. We stress that
similar relative improvements would occur
for any other benchmark set of polarized par-
ton distribution functions, such as the latest
DSSV [62] set. The results shown in the fig-
ure clearly highlight 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 Sq and Sg. 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, Lq+Lg.

Besides polarized proton beams, the
EIC design envisions beams of polarized
deuterons or helium-3. The neutron’s
g1(x,Q2) can thus be determined, potentially
with a precision that is comparable to the
data on g1(x,Q2) of the proton. The di↵er-
ence of the moments of proton and neutron
g1(x,Q2) allows a test of the fundamental
sum rule by Bjorken [75]. 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-
vances in hadron beam polarimetry (cf. Sec-
tion 6.2.5).
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Figure 2.6: EIC pseudo-data on the inclusive spin structure function g1(x,Q2) versus Q
2 at

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

To illustrate the tremendous impact of
EIC measurements of inclusive and semi-
inclusive polarized deep-inelastic scattering
on our knowledge of helicity parton distri-
butions, a series of perturbative QCD analy-
ses were performed [73] with realistic pseudo-
data for various center-of-mass energies. The
data simulations were based on the PEPSI
Monte Carlo generator [74]. The precision

of the data sets corresponds to an accumu-
lated integrated luminosity of 10 fb�1 (or one
to two months of running for most energies
at the anticipated luminosities) and an as-
sumed operations e�ciency of 50%. A min-
imum Q

2 of 1GeV2 was imposed, as well
as W

2
> 10GeV2, a depolarization factor

of the virtual photon of D(y) > 0.1, and
0.01  y  0.95. Figure 2.6 shows the
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Spin-dependent 1+2D momentum space (transverse) images from 

semi-inclusive scattering  

the uncertainty on the contributions from
the unmeasured small-x region. While the
central values of the helicity contributions in
Fig. 1.2 are derived from existing data, they
could change as new data become available
in the low- x region. The uncertainties cal-
culated here are based on the state-of-the art
theoretical treatment of all available data re-
lated to the nucleon spin puzzle. Clearly, the

EIC will make a huge impact on our knowl-
edge of these quantities, unmatched by any
other existing or anticipated facility. The
reduced uncertainties would definitively re-
solve the question of whether parton spin
preferences alone can account for the over-
all proton spin, or whether additional contri-
butions are needed from the orbital angular
momentum of partons in the nucleon.

The Confined Motion of Partons Inside the Nucleon

Semi-inclusive DIS (SIDIS) measure-
ments have two natural momentum scales:
the large momentum transfer from the elec-
tron beam needed to achieve the desired spa-
tial resolution, and the momentum of the
produced hadrons perpendicular to the direc-
tion 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.
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Figure 1.3: Left: The transverse-momentum distribution of an up quark with longitudinal
momentum fraction x = 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 x values
accessible to the EIC, and corresponding statistical uncertainties.
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Figure 1.3 (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. 1.3 (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.

The Tomography of the Nucleon - Spatial 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.
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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/ production. It includes statistical and systematic uncer-
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and Ep = 100, 250 GeV, respectively.
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could change as new data become available
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culated here are based on the state-of-the art
theoretical treatment of all available data re-
lated to the nucleon spin puzzle. Clearly, the
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edge of these quantities, unmatched by any
other existing or anticipated facility. The
reduced uncertainties would definitively re-
solve the question of whether parton spin
preferences alone can account for the over-
all proton spin, or whether additional contri-
butions are needed from the orbital angular
momentum of partons in the nucleon.
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Semi-inclusive DIS (SIDIS) measure-
ments have two natural momentum scales:
the large momentum transfer from the elec-
tron beam needed to achieve the desired spa-
tial resolution, and the momentum of the
produced hadrons perpendicular to the direc-
tion 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
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Figure 1.3: Left: The transverse-momentum distribution of an up quark with longitudinal
momentum fraction x = 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 x values
accessible to the EIC, and corresponding statistical uncertainties.
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The 12 GeV upgrade of CEBAF at JLab and the COMPASS at CERN will initiate such
studies in predominantly valence quark region. However, these programs will be dramati-
cally extended at the EIC to explore the role of the gluons and sea quarks in determining
the hadron structure and properties. This will resolve crucial questions, such as whether
a substantial “missing” portion of nucleon spin resides in the gluons. By providing high-
energy probes of partons’ transverse momenta, the EIC should also illuminate the role of
their orbital motion contributing to nucleon spin.

The Spin and Flavor Structure of the Nucleon

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

lower in x and to span a wider range of mo-
mentum transferQ than previously achieved,
the EIC would o↵er the most powerful tool
to precisely quantify how the spin of gluons
and that of quarks of various flavors con-
tribute to the protons spin. The EIC would
realize this by colliding longitudinally polar-
ized electrons and nucleons, with both inclu-
sive and semi-inclusive DIS measurements.
In the former, only the scattered electron is
detected, while in the latter, an additional
hadron created in the collisions is to be de-
tected and identified.
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Figure 1.2: Left: The range in parton momentum fraction x vs. the square of the momentum
transferred by the electron to the proton Q

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

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

from 0.001 to 1.0. This would be achieved by
the EIC in its early operations. In future, the
kinematic range could be further extended
down to x ⇠ 0.0001 reducing significantly
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The 12 GeV upgrade of CEBAF at JLab and the COMPASS at CERN will initiate such
studies in predominantly valence quark region. However, these programs will be dramati-
cally extended at the EIC to explore the role of the gluons and sea quarks in determining
the hadron structure and properties. This will resolve crucial questions, such as whether
a substantial “missing” portion of nucleon spin resides in the gluons. By providing high-
energy probes of partons’ transverse momenta, the EIC should also illuminate the role of
their orbital motion contributing to nucleon spin.
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is only responsible for ⇠ 30% of the pro-
ton spin. Recent RHIC results indicate that
the gluons’ spin contribution in the currently
explored kinematic region is non-zero, but
not yet su�cient to account for the missing
70%. The partons’ total helicity contribu-
tion to the proton spin is very sensitive to
their minimum momentum fraction x acces-
sible by the experiments. With the unique
capability to reach two orders of magnitude

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

eRHIC design concept: 
Added electron storage ring (5-18GeV) 

(~80% pol.) with up to 2.1A e-current and 

10MW max. RF power 

Proton beams up to 275GeV (~70% pol.) and 

ion beams up to 100GeV/n - existing RHIC 

facility 

3He and possibly d / A up to U 

Repetition rate: 112.6MHz (With cooling) 

Flat proton beam formed by cooling 

Polarized electron source and 400MeV 

injector linac 

On-energy polarized electron injector 

Alternative approach of e-ERL accelerator          

considered in past / Technology risks 

addressed by R&D
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The EIC Facility Concepts

JLEIC

JLEIC layout and parameters 
JLEIC design concept: 

Polarized electrons 3 to 12GeV and 

polarized protons 40 to 100-400GeV 

and ions 40 to 160GeV/u - Polarization > 

70% 

Polarized light ions d, 3He and possibly 

Li / A above 200 (Au,Pb) 

Electron complex with CEBAF as full 

energy injector and collider ring up to 

12GeV 

Ion complex with source and linac, 

booster and collider ring 

Polarization - Figure-8 topology for ions 

rings / Spin precessions in left/right 

section of Figure-8 arrangement cancel 

Repetition rate: 476MHz - High lumi. 

concept!

Y. Zhang
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The EIC Detector Concepts
Overview of processes and final states 

Inclusive: Unpolarized fi(x,Q2) and helicity distribution Δfi(x,Q2) 

functions through unpolarized and polarized structure function 

measurements (F2, FL, g1)

Define kinematics (x, y, Q2) through electron (e-ID and energy+angular 

measurement critical) / hadron final state or combination of both 

depending on kinematic x-Q2 region

Inclusive DISe�

X

e

p

e+ p/A ! e0 +X
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Define kinematics (x, y, Q2) through electron (e-ID and energy+angular 

measurement critical) / hadron final state or combination of both 

depending on kinematic x-Q2 region

SDIS: Flavor tagging through hadron identification studying FF / TMD’s 

(Transverse momentum, kT, dependence) requiring azimuthal asymmetry 

measurement - Full azimuthal acceptance

Heavy flavor (charm / bottom): Excellent secondary vertex 

reconstruction

Inclusive DISe�

X
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Overview of processes and final states 

Inclusive: Unpolarized fi(x,Q2) and helicity distribution Δfi(x,Q2) 

functions through unpolarized and polarized structure function 

measurements (F2, FL, g1)

Define kinematics (x, y, Q2) through electron (e-ID and energy+angular 

measurement critical) / hadron final state or combination of both 

depending on kinematic x-Q2 region

SDIS: Flavor tagging through hadron identification studying FF / TMD’s 

(Transverse momentum, kT, dependence) requiring azimuthal asymmetry 

measurement - Full azimuthal acceptance

Heavy flavor (charm / bottom): Excellent secondary vertex 

reconstruction

Exclusive: Tagging of final state proton using Roman pot system studying 

GPD’s (Impact parameter, bT, dependence) using DVCS and VM production

eA: Impact parameter determination / Neutron tagging using Zero-Degree 

Calorimeter (ZDC)

Inclusive DISe�

X

e

p

e+ p/A ! e0 +X

Semi-Inclusive DIS 
(SDIS)

e�

e

p
h

e+ p/A ! e0 + h+X

Deeply-Virtual 
Compton Scattering 
(DVCS)

e�

e

p p

�

e+ p/A ! e0 +N 0/A0 + �/m
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EIC kinematic considerations: Ee=10GeV X Ep=250GeV (√s=100GeV)

EIC kinematics (Ee=10 GeV, Ep=250 GeV)
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for -2<η<1

Particle ID for π/K/p separation over wide momentum range 

(Forward η up to ~50GeV/c / Barrel η up to ~4GeV/c / Rear η up to ~6 
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High spatial vertex resolution ~ 10-20μm for vertex reconstruction
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Generic Detector R&D program for an EIC 

In January 2011, BNL, in association with JLab and the DOE Office of NP, announced a generic 
detector R&D program to address the scientific requirements for measurements at a future EIC 
facility. 

Goals: 

Enable successful design and timely implementation of an EIC experimental program  

Develop instrumentation solutions that meet realistic cost expectations 

Stimulate the formation of user collaborations to design and build experiments 

Peer-reviewed program funded by DOE and managed by BNL with $1M/year to $1.5M/year Initiated 
and coordinated by Tom Ludlam (BNL) until 2014 / Since 2014 coordinated by Thomas Ullrich (BNL)  

Key to success: Standing EIC Detector Advisory Committee  

Current members: Marcel Demarteau (ANL), Carl Haber (LBNL), Peter Krizan (Ljubljana), Ian Shipsey (Oxford), 
Rick van Berg (UPenn), Jerry Va’vra (SLAC) and Glenn Young (JLab)  

Past members: Robert Klanner (Hamburg) and Howard Wieman (LBL) 

Wide range of R&D programs: Calorimetry / Tracking (GEM, MicroMegas, TPC) incl. silicon / Particle ID (TRD, Dual-RICH, 
Aerogel RICH, DIRC, TOF) / Polarimetry / Background / Simulation Tools / 

https://wiki.bnl.gov/conferences/index.php/EIC_R%25D
23rd International Spin Physics Symposium - SPIN 2018
Ferrara, Italy, September 10-14, 2018

https://wiki.bnl.gov/conferences/index.php/EIC_R%25D
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Detector design: BEAST (1) - BNL

hadronic calorimeters RICH detectors

Silicon trackers GEM tracker 3T solenoid cryostat magnet yoke          MicroMegas TrackerTPC

e/m calorimeters          

up to 9.0m

hadrons

electrons

A. Kiselev
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Detector design: BEAST (2) - BNL 

Highly redundant tracker 

(TPC / endcap GEM disks and 

MAPS vertex detector)

2 barrel layers of MAPS sensors 

(20X20µm2) with ~0.3% X/X0 per 

layer / Similar technology for forward 

and rear disks

TPC MicroMegas tracker

Rear and 

Forward 

GEM disks

A. Kiselev
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Flux return
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Hadron Calorimeter

Flux return
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Particle ID

N. Feege



Bernd Surrow

Spinning Glue: QCD and Spin
!19

23rd International Spin Physics Symposium - SPIN 2018
Ferrara, Italy, September 10-14, 2018

The EIC Detector Concepts
Detector design: EIC-SPHENIX (2) - BNL

OUTER HCAL

TPC

INNER HCAL

EMCAL

4.3 m

η = 1.24

η = -1.55

η = -1.1

η = 1.85

η = 1.1

-4 < η < -1.55 PbWO4 2 cm x 2 cm 2.5% / √E ⊕ 1%

-1.55 < η < 1.24 W-SciFi 0.025 x 0.025 16% / √E ⊕ 5%

1.24 < η < 3.3 PbScint 5.5 cm x 5.5 cm 8% / √E ⊕ 2%

3.3 < η < 4 PbWO4 2.2 cm x 2.2 cm 12% / √E 

-1.1 < η < 1.1 Fe Scint + Steel Scint 0.1 x 0.1 81% / √E ⊕ 12%

-1.24 < η < 5 Fe Scint 10 cm x 10 cm 70% / √E 

N. Feege
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The EIC Detector Concepts
Detector design: TOPSiDE - JLabTOPSiDE: Timing Optimized PID Silicon Detector for the EIC

5D Detector Concept æ Measure {E, x, y, z, t}

Forward Detectors (3 < ÷ < 5)
• For ◊ < 10¶, UFSD TOF and gaseous RICH PID

æ (fi ≠ K ≠ p) separation for SIDIS

• Dipole or toroid for momentum measurement
æ Momentum resolution for SIDIS and DVMP

Backward Detectors (≠5 < ÷ < ≠3)
• UFSD TOF for full PID (no RICH needed)

æ Provides PID needed for SIDIS

• Crystal calorimeter for optimal energy resolution
æ Exclusivity for DVCS/DVMP

÷

E
[G

eV
]

RICH

TOF

JLab UGM 2018 W.R. Armstrong June 18, 2018 5 / 16

TOPSiDE: Timing Optimized PID Silicon Detector for the EIC 

Features:  

Ultra-fast Si detectors (UFSD TOF) (PID π/K/p separation)  

Highly granular imaging calorimeters and particle flow algorithms (PID of hadrons/neutrals and background rejection) 

Full particle-ID over entire central and rear regions (-5 < η < 3) 

Forward detectors (3 < η < 5): UFSD TOF and RICH PID (π/K/p separation for SIDIS) / Dipole or Toroid for p measurement 

Rear detectors (-5 < η < -3): UFSD TOF for full PID (No RICH needed!) / Crystal calorimeter for optimal energy resolution

W. Armstrong
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Solenoid

ep/A Dipole

M. Diefenthaler
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The EIC Detector Concepts
Detector design: JLEIC (1) - JLab

Solenoid

ep/A
GEM / TRD

GEM GEM

Tracker

Vertex

EMCal

HCal

HCal

HCal

Calorimetry Tracking

Dipole

M. Diefenthaler
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Detector design: JLEIC (1) - JLab

Solenoid

ep/A

TOF

TOF

TOF DIRC

DIRC
Dual RHIC

HBD

Module RICH

GEM / TRD

GEM GEM

Tracker

Vertex

EMCal

HCal

HCal

HCal

Calorimetry Particle-IDTracking

Dipole

M. Diefenthaler
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Detector design: JLEIC (2) - JLab 

Forward hadron spectrometer
low-Q2 electron detection 
and Compton polarimeter

p
e

ZDC

Central Detector detector view

M. Diefenthaler



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

fully integrated with accelerator lattice

accelerator view
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The EIC Detector Concepts
Auxiliary detector systems: Luminosity (Abs. / Rel.) and Polarimetry arXiv:1212.1701
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The EIC Detector Concepts
Auxiliary detector systems: Luminosity (Abs. / Rel.) and Polarimetry

Luminosity (Absolute / Relative)
Bethe-Heitler process (e+p➞e+γ+p) successfully used at HERA I/II (QED theory precision ~0.2%) / Systematic 
uncertainty achieved ~1-2%. For polarized beam-mode, polarization dependence. Systematic uncertainty of e/p 
polarization and theory uncertainty will limit abs./rel. luminosity - Critical for asymmetry measurements in particular 
at low x. 

arXiv:1212.1701
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The EIC Detector Concepts
Auxiliary detector systems: Luminosity (Abs. / Rel.) and Polarimetry

Luminosity (Absolute / Relative)
Bethe-Heitler process (e+p➞e+γ+p) successfully used at HERA I/II (QED theory precision ~0.2%) / Systematic 
uncertainty achieved ~1-2%. For polarized beam-mode, polarization dependence. Systematic uncertainty of e/p 
polarization and theory uncertainty will limit abs./rel. luminosity - Critical for asymmetry measurements in particular 
at low x. 

Polarimetry: Lepton
Compton back-scattering / HERA used two setups of measuring trans. (TPOL) and long. (LPOL) polarization and 
achieved for sys. uncertainties 3.5% (TPOL) and 1.6% (LPOL) at HERA I / 1.9% (TPOL) and 2.0% (LPOL) at HERA II. 
Prospect to improve precision to ~1%.

arXiv:1212.1701
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The EIC Detector Concepts
Auxiliary detector systems: Luminosity (Abs. / Rel.) and Polarimetry

Luminosity (Absolute / Relative)
Bethe-Heitler process (e+p➞e+γ+p) successfully used at HERA I/II (QED theory precision ~0.2%) / Systematic 
uncertainty achieved ~1-2%. For polarized beam-mode, polarization dependence. Systematic uncertainty of e/p 
polarization and theory uncertainty will limit abs./rel. luminosity - Critical for asymmetry measurements in particular 
at low x. 

Polarimetry: Lepton
Compton back-scattering / HERA used two setups of measuring trans. (TPOL) and long. (LPOL) polarization and 
achieved for sys. uncertainties 3.5% (TPOL) and 1.6% (LPOL) at HERA I / 1.9% (TPOL) and 2.0% (LPOL) at HERA II. 
Prospect to improve precision to ~1%.

Polarimetry: Hadron
Extensive experience at RHIC from polarized p program. Two aspects are relevant: Absolute and relative polarization 
measurement.

Absolute: Elastic scattering of polarized p on polarized hydrogen jet target

Relative: High statistics bunch-by-bunch polarized proton on carbon fiber target 

Achieved precision: 3.3% (Run 13 - 255GeV polarized p beam) for single-spin asymmetry

Further improvements from stability control of hydrogen jet target / carbon-fiber target and energy 
calibration of recoil silicon detectors.

arXiv:1212.1701
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Joint CTEQ Meeting and POETIC 7                
(7th International Conference on Physics 
Opportunities at an ElecTron-Ion-Collider)

Temple University
November 14-18, 2016
https://phys.cst.temple.edu/poetic-cteq-2016/

Conference Hotel: DoubleTree Hotel, Center City, Philadelphia
Venue: Howard Gittis Student Center at Temple University

Nov. 14 - 16, 2016: POETIC 7 Conference 
Nov. 17, 2016: Joint CTEQ Meeting and POETIC 7 Conference
Nov. 18, 2016: CTEQ Business Meeting

CTEQ Organizing 
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Speakers

•	 Hadron	Mass	Decomposition

Stan	Brodsky	(SLAC)
Xiandong	Ji	(Maryland)
Dima	Kharzeev	(Stony	Brook	&	BNL)
Keh-Fei	Liu	(University	of 	Kentucky)
David	Richards	(JLab)
Craig	Roberts	(ANL)
Martin	Savage	(University	of 	Washington)
Stepan	Stepanyan	(JLab)
George	Sterman	(Stony	Brook)

Workshop Topics
•	 Hadron	Mass	Calculation:		
Lattice	QCD	and	Other	Methods

Hq =

∫
d3xψ†(−iD · α)ψ

Hm =

∫
d3xψ̄mψ

Hg =

∫
d3x

1

2
(E2 +B2)

Ha =

∫
d3x

9αs

16π
(E2 −B2)

Quark	kinetic	and	
potential	energy

Quark	masses

Gluon	kinetic	and	
potential	energy

Trace	anomaly

HQCD = Hq +Hm +Hg +Ha

Local Organizers
Zein-Eddine	Meziani	(Temple	U.)
Jianwei	Qiu	(Brookhaven	National	Lab)

Moderator	
Alfred	Mueller	(Columbia)

Philadelphia, Pennsylvania

The Proton Mass
At the heart of most visible matter.
Temple University, March 28-29, 2016
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Joint CTEQ Meeting and POETIC 7                
(7th International Conference on Physics 
Opportunities at an ElecTron-Ion-Collider)

Temple University
November 14-18, 2016
https://phys.cst.temple.edu/poetic-cteq-2016/

Conference Hotel: DoubleTree Hotel, Center City, Philadelphia
Venue: Howard Gittis Student Center at Temple University

Nov. 14 - 16, 2016: POETIC 7 Conference 
Nov. 17, 2016: Joint CTEQ Meeting and POETIC 7 Conference
Nov. 18, 2016: CTEQ Business Meeting

CTEQ Organizing 
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Andrzej Sandacz  
(Soltan Institute for Nuclear Studies, 
Poland) 
Marco Stratmann  
(University of Tubingen, Germany) 
Lech Szymanowski  
(Soltan Institute for Nuclear Studies, 
Poland) 
Tony Thomas  
(University of Adelaide, Australia) 
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NSAC  Meeting June 2, 2017

Recommendations:
1. Capitalize on investments made to 

maintain U.S. leadership in nuclear 
science.

2. Develop and deploy a U.S.-led ton-scale 
neutrino-less double beta decay 
experiment.

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

4. Increase investment in small-scale and 
mid-scale projects and initiatives that 
enable forefront research at 
universities and laboratories.

The 2015 Long Range Plan for Nuclear Science

16

The FY 2018 Request supports progress in important aspects of the 2015 LRP Vision 

T. Hallman
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Next Formal Step on the EIC Science Case is Continuing

THE NATIONAL ACADEMIES OF SCIENCES, ENGINEERING, AND MEDICINE 
Division on Engineering and Physical Science
Board on Physics and Astronomy
U.S.-Based Electron Ion Collider Science Assessment

Summary
The National Academies of Sciences, Engineering, and Medicine (“National Academies”) 
will form a committee to carry out a thorough, independent assessment of the scientific 
justification for a U.S. domestic electron ion collider facility.  In preparing its report, the 
committee will address the role that such a facility would play in the future of nuclear 
science, considering the field broadly, but placing emphasis on its potential scientific 
impact on quantum chromodynamics.  The need for such an accelerator will be addressed 
in the context of international efforts in this area.  Support for the 18-month project in the 
amount of $540,000 is requested from the Department of Energy.

19

“U.S.-Based Electron Ion Collider Science Assessment” is now getting underway. The Chair 
will be Gordon Baym. The rest of the committee, including a co-chair, will be appointed in 
the next couple of weeks. The first meeting is being planned for January, 2017

T. Hallman
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The EIC Science Assessment by the US NAS

https://
www8.nationalacademies.org/
pa/projectview.aspx?key=49811

Charge: Focus on scientific 

justification besides impact 

to other fields in science and 

society 

Status: NAS report released 

07/24/2018!

https://www8.nationalacademies.org/pa/projectview.aspx?key=49811
https://www8.nationalacademies.org/pa/projectview.aspx?key=49811
https://www8.nationalacademies.org/pa/projectview.aspx?key=49811
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presentation and report release

Gordon Baym (Co-chair): Webinar presentation
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“The committee finds 
that the science that 
can be addressed by 

an EIC is compelling, 
fundamental and 

timely.” 

Click to 
download report!
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The EIC Science Assessment by the US NAS
NAS report main findings: Webinar on July 24, 2018 (1)

BOARD ON PHYSICS AND ASTRONOMY (BPA)

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

Collider Science 

A study under the auspices of the 
U.S. National Academies of Sciences, Engineering, and Medicine

Gordon Baym and Ani Aprahamian, Co-Chairs
The study is supported by funding from the DOE Office of Science.

(Further information can be found at:  https://www.nap.edu/25171) 

Gordon Baym, Co-Chair  (Illinois):        theoretical many-particle physics 
Ani Aprahamian, Co-Chair (Notre Dame):        nuclear experiment 

Christine Aidala (Michigan):            heavy ion experiment
Richard Milner (MIT):                      high energy electron experiment
Ernst Sichtermann (LBNL):             heavy ion experiment
Zein-Eddine Meziani (Temple):       high energy electron experiment
Thomas Schaefer (NC State U):      theoretical nuclear physics
Michael Turner (Chicago):              theoretical astronomy, cosmology
Wick Haxton (UC Berkeley):          theoretical nuclear physics
Kawtar Hafidi (Argonne):                high energy electron experiment
Peter Braun-Munzinger (GSI):        heavy ion experiment
Larry McLerran (Washington):        theoretical nuclear physics
Haiyan Gao (Duke):                        high energy electron experiment
John Jowett (CERN):                      accelerator physics
Lia Merminga (Fermilab):               accelerator physics

Committee Membership

Committee Statement of Task -- from DOE to the BPA

The committee will assess the scientific justification for a U.S. domestic electron 
ion collider facility, taking into account current international plans and existing 
domestic facility infrastructure.  In preparing its report, the committee will address 
the role that such a facility could play in the future of nuclear physics, considering 
the field broadly, but placing emphasis on its potential scientific impact on quantum 
chromodynamics.

In particular, the committee will address the following questions:

v What is the merit and significance of the science that could be addressed by an 
electron ion collider facility and what is its importance in the overall context of 
research in nuclear physics and the physical sciences in general?

v What are the capabilities of other facilities, existing and planned, domestic and 
abroad, to address the science opportunities afforded by an electron-ion collider?

v What unique scientific role could be played by a domestic electron ion collider 
facility that is complementary to existing and planned facilities at home and 
elsewhere?

v What are the benefits to U.S. leadership in nuclear physics if a domestic electron 
ion collider were constructed?

v What are the benefits to other fields of science and to society of establishing 
such a facility in the United States?
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The EIC Science Assessment by the US NAS
NAS report main findings: Webinar on July 24, 2018 (2)

Bottom Line

The committee unanimously finds that the science that can be 
addressed by an EIC is compelling, fundamental, and timely.

The unanimous conclusion of the Committee is that an EIC, as 
envisioned in this report, would be a unique facility in the world 
that would boost the U.S. STEM workforce and help maintain U.S. 
scientific leadership in nuclear physics.

The project is strongly supported by the nuclear physics 
community.

The technological benefits of meeting the accelerator challenges 
are enormous, both for basic science and for applied areas that 
use accelerators, including material science and medicine.
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The EIC Science Assessment by the US NAS
NAS report main “global” findings 

Finding 1: An EIC can uniquely address three profound questions about 
nucleons - neutrons and protons - and how they are assembled to form the 
nuclei of atoms: 

How does the mass of the nucleon arise? 

How does the spin of the nucleon arise? 

What are the emergent properties of dense systems of gluons?   

Finding 2: These three high-priority science questions can be answered by 
an EIC with highly polarized beams of electrons and ions, with sufficiently 
high luminosity and sufficient, and variable, center-of-mass energy.  

Finding 5: Taking advantage of existing accelerator infrastructure and 
accelerator expertise would make development of an EIC cost effective 
and would potentially reduce risk.  

Finding 7:  To realize fully the scientific opportunities an EIC would 
enable, a theory program will be required to predict and interpret the 
experimental results within the context of QCD, and furthermore, to 
glean the fundamental insights into QCD that an EIC can reveal. 

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

Copyright National Academy of Sciences. All rights reserved.
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CD-0 (US Mission Need Statement) could be awarded after the completion of the NAS study ~2018/2019
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Anticipated next steps and plans
Towards a future EIC facility

NAS review following NSAC / LRP 2015 recommendation 

NAS study started in February 2017 with a series of meetings in 2017 / Report submitted by committee for review 

Report released on July 24, 2018! - Very positive!

CD-0 (US Mission Need Statement) could be awarded after the completion of the NAS study ~2018/2019

Various (critical) accelerator R&D questions will not be answered until ~2019

Site selection may occur around 2019/2020

EIC facility construction has to start after FRIB (Facility for Rare Isotope Beams) 

completion, with anticipated FRIB construction to ramp down around 2020

Most optimistic scenario would have EIC funds start in FY20, more realistically begin of 

construction funds in FY22/FY23 time frame

Best guess for completion of EIC facility construction would be after 2025, around 

2025-2030 - in roughly a decade from now!
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EIC Physics Pillars: EIC facility will address fundamental questions on the structure and dynamics of nucleons and nuclei in terms 
of quarks and gluons using precision measurements including:

Parton Distributions in Nuclei / QCD at Extreme Parton Densities - Saturation

Spin and Flavor Structure of the Nucleon and Nuclei

Tomography (p/A) Transverse Momentum Distribution and Spatial Imaging
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An exciting time is 

ahead of us to realize a 

future EIC facility!


