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What can be explored at EIC in eA collisions ?
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How are parton distributions changed  in nuclei ? Nuclear PDFs, neutron structure 

How and when partons saturate in nuclei ? Parton saturation 

How nucleons/nuclei stay intact in high energy collision?  
What is the nature of color singlet exchange ?  Diffraction and shadowing  

How partons interact with nuclear medium ?  Hadronization in medium  

Nature of the strong force, correlations in nuclei ? EMC effect,  short range correlations 

Beams with different A: from light nuclei to the heaviest nuclei 

Polarized electron and nucleon beams. Possibility of polarized light ions. 

Variable center of mass energies 20 -140 GeV 

High luminosity 1033 − 1034cm−2s−1

Capabilities of  EIC

Physics with nuclear beams
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Global structure of nuclei
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Precise measurement of nuclear structure functions for 
wide range of nuclei and wide kinematic range 

Extraction of nuclear PDFs which are essential for 
understanding nuclear structure 

Initial conditions for Quark-Gluon Plasma 

Sys. uncertainties at most few %, stat. negligible 

Proton, deuteron and wide range nuclei structure 
function within one facility: reduction of uncertainties

158 7.3. THE NUCLEUS: A LABORATORY FOR QCD
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Figure 7.67: Relative statistical and uncorrelated systematic uncertainties for inclusive cross
section measurements in 18x110 GeV e+A collisions expected at the EIC. Details of the sys-
tematic error estimate may be found in Section 8.1.

nPDFs via inclusive DIS

The DIS cross section can be expressed in terms of the structure functions F2 and
FL

s µ F2(x, Q2) � y2

1 + (1 � y)2 FL(x, Q2) . (7.37)

The former is mainly sensitive to the (anti-)quark content of the nucleon and dom-
inates the cross-section at high values of x. The latter, relevant in the unexplored
low x region, has a direct contribution from the gluon density [782]. The large Q2

lever arm of the EIC will allow us to precisely extract FL and further determine
the nuclear gluon PDF. Longitudinal and charm structure functions provide direct
access to the magnitude of nuclear effects on the gluon distribution [783].

The precision of the inclusive cross section measurements at the EIC at low values
of x (x < 10�2) and Q2 will significantly reduce the current theoretical uncertain-
ties. This is demonstrated in Fig. 7.68 which shows a comparison of the relative
uncertainties of three modern sets of nPDFs [26, 784, 785] in a gold nucleus (blue
bands) and their modification when including EIC DIS pseudodata in the fits (or-
ange bands). The overall effect is a significant reduction of the uncertainties in the
low-x region, where data is scarce or non-existent. The high-x, low Q2 region is
covered by fixed target experiments and will be further explored at CLAS.
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7.3.3 Nuclear PDFs

Nuclear parton distribution functions (nPDFs) describe the behaviour of bound
partons in the nuclear medium. Like free-proton PDFs they are assumed to be
universal and are extracted through fits to existing data. To date, there is no com-
pelling evidence of factorization breaking or violation of universality.

The theoretical interpretation of A+A and p+A data from the LHC and RHIC also
relies on precise knowledge of nPDFs. However, in contrast to the free-proton
PDFs, the determination of nPDFs is severely limited by both the kinematic cover-
age and the precision of the available data.

The realization of the EIC will provide key constraints on nPDFs. Fig. 7.66 shows
the significant broadening of the kinematic coverage for all nuclei available at the
EIC. Note that nPDFs sets make different selections and apply extra kinematic cuts
that further reduce the explored space. In contrast with previous experiments, the
systematic uncertainties of the e + A inclusive DIS cross section measurements at
the EIC will be at most a few %, as depicted in Fig. 7.67. Additionally, the statis-
tical uncertainties will be negligible for almost the whole x coverage, gaining pre-
dominance only at the largest values of x. This broad kinematic coverage, almost
doubling the one from existing data, will revolutionize our current understanding
of partonic distributions in nuclei.

Figure 7.66: Kinematic coverage of experimental data and EIC pseudo data used in nPDFs
fits. The coverage corresponds to all measured nuclei together. Each nPDFs set has extra
cuts that further reduce the explored space.
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Global nuclear structure: structure functions
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FIG. 4. The reduced cross section (left) in e+Au collisions at EIC is plotted as a function of Q2 and x, the kinematic space
covered by currently available experimental data is marked on the plot by the the green area. The measured reduced cross
section points are shifted by �log10(x) for visibility. Two examples of the �r (right) at Q2 values of 4.4 GeV2 and 139 GeV2 are
plotted versus x, with the ratio between the widths of the experimental and theoretical uncertainties shown in the bottom panel.
In both plots the statistical and systematic uncertainties are added in quadrature and compared to the theory uncertainty (gray
bands) from CT14NLO+EPPS16. The overall 1.4% systematic uncertainty on the luminosity determination in not shown on
the plots. Points that correspond to di↵erent energy configurations are horizontally o↵set in Q2 for visibility.
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FIG. 5. Left: The distribution of the momentum of a decay K from cc̄ production events versus pseudo-rapidity. Right: The
vertex position of K in inclusive DIS (blue line) compared to cc̄ production events (red line).

significantly exceed 2%.

C. QED Corrections

Cross section measuremeants with a precission as an-
ticipated from an EIC need to account for all processes,
which could alter the relation of measured to true event

kinematics. The radiation of photons and the corre-
sponding virtual corrections (QED corrections) from the
incoming and outgoing lepton can cause significant e↵ects
on the reconstruction of the reduced cross-section. The
correction of these radiative e↵ects can be either done
through Monte-Carlo techniques or including the QED
e↵ects directly in the PDF analysis.

For neutral-current l + A scattering, there exists a
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FIG. 6. The reduced cross section (left) of cc̄ production in e+Au collisions at an EIC is plotted as a function of Q2 and x. The
points are shifted by �log10(x)/10 for visibility. Two examples of the �cc̄

r (right) at Q2 values of 4.4 GeV2 and 139 GeV2 are
plotted versus x, with the ratio between the widths of the experimental and theoretical uncertainties shown in the bottom panel.
In both plots the statistical and systematic uncertainties are added in quadrature and compared to the theory uncertainty (gray
bands) from CT14NLO+EPPS16. The overall 1.4% systematic uncertainty on the luminosity measurement in not shown on
the plots. Points that correspond to di↵erent energy configurations are horizontally o↵set in Q2 for visibility.

gauge-invariant classification into leptonic, hadronic and
interference contributions. The dominant correction
comes from the leptonic contribution, where the photons
are emitted collinear with the leptons and give rise to
large logarithmic terms / log(Q2/m2

`), where m` is the
lepton mass. In comparison to the case with no radia-
tion, the momentum carried by the radiated photons will
alter the values of x and Q2 measured from the scattered
lepton. Since the PDFs are typically very steep func-
tions of x, even small changes can lead to large variation
in the cross sections. Also the initial- and final-state
quarks may radiate photons giving rise to large logarith-
mic terms, which are nowadays often resummed to pho-
tonic component in the PDFs. However, these correc-
tions do not alter the event kinematics and are therefore
much smaller than the contributions coming from the ra-
diation o↵ the leptons.

The e↵ect of the QED radiation o↵ the incoming and
outgoing lepton can be quantified by a correction factor

RC =
�r(O(↵em))

�r(born)
� 1, (3)

where �r(born) and �r(O(↵em)) are the reduced cross
section at born-level and including the first-order radia-
tive corrections, respectively. To compute the above cor-
rection factors for �r and �cc̄

r for the EIC kinematics,
a sample of events were generated using the DJANGO
simulator [38]. The DJANGO Monte-Carlo generator
was recently expanded to simulate `+A collisions includ-

ing O(↵em) radiative e↵ects. The simulations show that
most of the radiative real photons have an energy much
below 1 GeV, as shown in Figure 7 (left). These radiative
photons are typically emitted at very rear angles (in the
electron going direction), see Figure 7 (right), and are
uniformly distributed in azimuthal angle.
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FIG. 7. The energy (left) and polar angle (right) distribution
of radiative photons emitted in e+Au collision events.

Figure 8 shows the radiative correction factor versus
the inelasticity, y, due to QED radiation in e+Au col-
lisions at

p
s = 89.4 GeV for di↵erent Q2 values, in

the case of inclusive (left plot) and charm (right plot)
reduced cross sections. These values are compatible with
earlier predictions [39]. In the photon-nucleon center-of-
mass frame, the maximum energy of the radiated photon,

Inclusive Charm 

Precision measurements of the reduced cross section: inclusive and charm component in nuclei 
Errors much smaller than the uncertainties of QCD predictions

Aschenauer, Fazio, Lamont, Paukkunen, Zurita
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Impact of EIC on nuclear PDFs
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Figure 7.68: Relative uncertainty bands for Au at Q2 = 1.69 GeV2 for u (first row), ū (sec-
ond row), s (third row) and gluon (lower row) for three different sets of nPDFs. The blue
and orange bands correspond to before and after including the EIC pseudodata in the fit,
respectively.

Probing nuclear gluons with heavy flavor production

Heavy flavor (HF) production is a powerful observable that will complement in-
clusive DIS measurements in determining nuclear modifications of the PDFs, in
particular for the gluon distribution. Recent results from ultraperipheral A + A
collisions [786,787,787–790] as well as HF and dijet production in p + Pb [791–793]
at the LHC support nuclear suppression with respect to the proton gluon at
x ⌧ 0.1 (shadowing). However, little is known about gluon enhancement (anti-
shadowing) at x ⇠ 0.1 or a possible suppression at x > 0.3 (“gluonic EMC effect”).
At the EIC it will be possible to obtain a direct constraint of the gluon density by
measuring HF pairs which at LO are produced through the photon–gluon fusion
process. This channel probes the gluon PDFs for x > axB, where a = 1 + 4m2

h/Q2

and mh is the heavy quark mass. This measurement will also permit the study of
different heavy quark mass schemes and constrain the intrinsic HF components in
the nPDFs [794].

The feasibility and impact of nuclear gluon measurements with HF production

Significant impact of EIC 
measurements on nuclear PDFs 

Au
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DGLAP evolution : linear evolution with scale

Nuclear modification in this framework: 
initial condition at low scales, linear evolution with scale 
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at the EIC has been studied in dedicated efforts [26, 795, 796] by tagging, from
the simulated DIS sample, the K and/or p decay products from the D mesons
produced in the charm fragmentation. The reconstruction methods used in this
analysis [795] demonstrate the key role that particle identification (PID) will play.
It was shown that the charm reconstruction is significantly increased [797] when
PID capabilities are included.

In Ref. [26] a full fit using the EIC pseudodata for the inclusive (s) and the charm
cross-section (scharm) has found a significant impact on the reduction of the gluon
uncertainty band at high-x. This is illustrated in the left panel of Fig. 7.69, where
the blue band is the original EPPS16* fit, the green band incorporates s pseudo-
data and the orange one adds also scharm. A similar dedicated study using PDF
reweighting with structure function Fcharm

2A was done in [96]. In the right panel of
Fig. 7.69 the impact of Fe pseudodata on the EPPS16 NLO gluon density [25] is
shown by the red band. The charm pseudodata substantially reduces the uncer-
tainty at x > 0.1, providing sensitivity to the presence of a gluonic EMC effect.
Comparing the red band (only charm pseudodata) with the results of Fig. 7.68
one can see that the high-x region can be equally studied considering inclusive or
charm pseudodata. It is by combining both observables that a striking reduction
is achieved (orange band, left panel of Fig. 7.69). Moreover, the measurement will
be complemented by jet studies that have already shown promising constraining
power for gluons in p+Pb collisions [793].
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Figure 7.69: Left: Relative uncertainty bands of the gluon for Au at Q2 = 1.69 GeV2 for
EPPS16* (light blue), EPPS16*+EIC s (green) and EPPS16*+EIC scharm (orange). Right: same
as left panel but for Fe at Q2 = 2 GeV2 for EPPS16 (yellow) and EPPS16+EIC scharm (red).

Investigating the A dependence of nPDFs

The EIC will have the capability to operate with a large variety of ion beams from
protons to Pb in order to scrutinize the A-dependence of nuclear PDFs. The dif-
ferent nuclei used in the nPDFs fits are usually connected through parameters for

Impact of charm cross section 
on the gluon PDF at high x 

Charm is produced mainly in the 
photon-gluon fusion process 

Further constraints: FL 

3

aspect of this new accelerator complex is to match the
high performance of a collider with a specially designed
and built comprehensive DIS-specific detector in order
to control systematic e↵ects. The detector requirements
come directly from the broad EIC science case. Some of
the key capabilities such a detector must have are:

• Hermetic coverage in a wide pseudo-rapidity

range: ⇠ |⌘|  4

• Good scattered lepton identification and mo-

mentum resolution: in almost all cases, the DIS
kinematics (x and Q2) of the collision are most ac-
curately calculated from the scattered electron [28].
Therefore, in order to measure these quantities as
precisely as possible, an excellent particle identi-
fication as well as momentum, angular resolution
and good energy resolution at very backward ra-
pidities are required for the scattered lepton.

• Good hadronic particle identification: for
semi-inclusive measurements, one is also interested
in identifying the hadrons produced coincidently
with the scattered lepton in the collisions. There
are various techniques, which can be utilized to
identify protons, pions and kaons at di↵erent mo-
mentum intervals. At low momenta, these can
be identified through their specific ionization (or
dE/dx) in a time projection chamber (TPC). At
higher momenta, Cherenkov detectors are most
widely used.

• Good secondary vertex resolution: for mea-
surements which involve heavy quarks (charm, bot-
tom) a high resolution µ-vertex detector is essential
in order to reconstruct the displaced vertices of the
heavy-quark hadrons produced.

• High resolution and wide acceptance for-

ward instrumentation: a Roman-pot spectrom-
eter with almost 100% acceptance and a wide cov-
erage in scattered proton four-momentum is cru-
cial for studies of di↵ractive physics in e�+p and
e�+A collisions. Furthermore, for e�+A collisions,
a zero-degree calorimeter (ZDC) with su�cient ac-
ceptance is a key feature vetoing on the nucleus
break-up and determining the impact parameter of
the collision [29].

III. REDUCED CROSS SECTION AND
LONGITUDINAL STRUCTURE FUNCTION

The inclusive DIS process is a hard interaction between
a lepton and a nucleon, in which the latter breaks up,
the invariant mass of the hadronic final state being much
larger than the nucleon mass. This is depicted in the left
diagram of Figure 2. All the relevant kinematic variables
that describe the interaction are defined in Table I.

N, A
GN,A(x)

xg

c

x, Q2
e

eʹ

c

FIG. 2. Left : A depiction of inclusive DIS. Right : cc̄ produc-
tion through photon-gluon fusion.

TABLE I. Relevant kinematical variables in a DIS process.

Variable Description
⌘ pseudo-rapidity of particle
x fraction of the nucleon momentum

carried by the struck parton
y inelasticity, fraction of the lepton’s energy lost

in the nucleon rest frame.p
s center-of-mass energy

Q2 squared momentum transferred to the lepton,
equal to the virtuality of the exchanged photon
Note the relation Q2 ⇡ xys.

The direct observable used for constraining the nPDF
is the cross section (�), which is customarily expressed
as a dimensionless quantity known as “reduced” cross
section �r, defined as

�r ⌘

✓
d2�

dxdQ2

◆
xQ4

2⇡↵2
em[1 + (1� y)2]

, (1)

where ↵em is the QED fine-structure constant. At small
x, the reduced cross section can be approximately ex-
pressed in terms of the structure function F2 and the
longitudinal structure function FL as

�r = F2(x,Q
2)�

y2

1 + (1� y)2
FL(x,Q

2). (2)

While F2 is sensitive to the momentum distributions
of (anti)quarks, and to gluons mainly through scaling vi-
olations, FL has a larger direct contribution from gluons
[30]. In most of the kinematical space covered by the
old fixed-target DIS experiments, �r is dominated by F2,
to the extent that the older data were presented solely
in terms of F2, largely disregarding FL. Therefore the
information on FL and, consequently, the direct access
to the nuclear gluon are not currently available. At an
EIC, the high luminosity and wide kinematic reach will
enable the direct extraction of FL and thereby more in-
formation on the behaviour of the nuclear gluons can be
obtained. In addition, an EIC will o↵er possibilities to
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DIS on a deuteron with spectator tagging

6

Next-generation nuclear physics
with polarized light ions at EIC

C. Weiss (JLab), Physics Opportunities with EIC, 2019 APS DNP Fall Meeting, 14-Oct-2019

A A
Coherent
recoil

process
High−energy

Forward

detected
spectatorpol.D

e’ e

p, n

EIC simulations: JLab 2014/15 LDRD project
W. Cosyn, V. Guzey, D. Higinbotham, Ch. Hyde,
K. Park, P. Nadel-Turonski, M. Sargsian,
M. Strikman, C. Weiss [Webpage]
+ ongoing theoretical research

• Light-ion phyiscs with EIC

Energy, luminosity, polarization, detection

Objectives and challenges

• Spectator tagging with deuteron

High-energy process ↔ low-energy stucture

Free neutron spin structure

NN interactions, EMC effect

• Coherent processes with light nuclei

Quark/gluon spatial distributions

Dynamics: Nuclear shadowing etc.

• Forward ion detection with EIC

Spectator tagging allows to control the nuclear configuration 
in the deuteron initial state : active nucleon and relative 
momentum.  Differential analysis of the nuclear effects 

Unique method with several applications:  

Free neutron structure function 

Configuration dependence of the EMC effect 

Proton structure function ( analysis of nuclear effects) 

Neutron polarization in polarized DIS (S, D waves)

Jentsch, Tu, Weiss Cosyn, Weiss

Double tagging can be done 
with light nuclei: 3He,3H. 
Neutron, proton structure 
nuclear modifications 
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Color Glass Condensate: effective theory at high energy/density 
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Cross sections in DIS at high energy/density
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Dipole scattering amplitude   encodes all the 
dynamics of dipole hadron interaction( related to 
unintegrated gluon density  )

N(b, r, x)

f (x, k)
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Testing saturation through inclusive structure functions at EIC
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(a) F2 (b) FL

FIG. 4. The F2 (a) and FL (b) structure functions for
197

Au as a function of x at Q2
= 10Q2

s(x). The black dashed curve

shows the BK predictions, the red dashed-dotted curve with the red error band the original NNPDF3.1 PDF predictions, and

the blue solid curve with a light-blue errorband the PDF predictions after the matching.

(a) F2 (b) FL

FIG. 5. Relative di↵erence (FBK
2,L � FRew

2,L )/FBK
2,L between the BK structure functions and the matched F2 (a) and FL (b) for

197
Au as a function of x and Q2

. The color scale/axis goes in a linear scale from �10% to 10% and in a logarithmic scale

outside that range. The black dots indicate the matching points.

PDFs are fitted to the same HERA data that is used to
constrain the BK boundary conditions. Whether F2 or
FL is used in reweighting has only a small e↵ect on the
determined reweighted PDFs. Thus, we do not expect
to see strong tensions when measurements from the EIC
or LHeC/FCC-he are eventually used to disentangle the
BK and DGLAP dynamics.

The reweighted nuclear up-quark and gluon distribu-
tions are shown in Figs. 8a and 8b. Comparing to the
proton results shown in Figs. 7a and 7b we see that nu-
clear PDFs are a↵ected much more by the reweighting
already in the x . 10�3 region, which is expected, as in

nNNPDF2.0 there are only few data constraints in this
region. The reweighted nuclear PDFs are suppressed by
a large factor compared to the central values from the
nNNPDF2.0 set. Again both F2 and FL pseudodata have
similar e↵ects and as such no strong tensions with al-
ready existing data included in the nuclear PDF fits are
expected in global analyses. In Fig. 8a the nuclear gluon
distribution, reweighted with F2 data, becomes negative
at small x . 2 · 10�5 and at Q2 = 3.1 GeV2. However,
the gluon distribution is not an observable, and structure
functions remain positive.

Heavy nucleus: difference between DGLAP and nonlinear  are few % for  and up to 20% for . 

Longitudinal structure function can provide good sensitivity at EIC 

FA
2 FA

L

Study differences in evolution between  linear DGLAP evolution and nonlinear evolution with saturation 
Matching of both approaches in the region where saturation effects expected to be small 
Quantify differences away from the matching region: differences in evolution dynamics

6

(a) F2 (b) FL

FIG. 3. The relative di↵erence (FBK
2,L � FRew

2,L )/FBK
2,L between the BK predictions and the matched PDF predictions for F2 (a)

and FL (b) for proton shown as a function of Q2
for four di↵erent x values.

III. RESULTS

A. Proton

The structure functions F2 and FL for the proton be-
fore and after the reweighting on the Q2 = 10Q2

s(x) line
are shown in Figs. 1a and 1b. The reweighting is done
separately for F2 and FL, as also in reality these two
quantities will be measured in di↵erent kinematical do-
mains and with a di↵erent experimental precision. The
structure functions obtained after the reweighting can be
seen to match very well to the BK results. This was to be
expected since the proton PDFs and the initial condition
for the BK evolution are fitted to the same precise HERA
data at x & 10�4, and the central NNPDF3.1 results are
already very close to the BK values to begin with in this
domain. However, a nearly perfect agreement with the
BK results is obtained also at x . 10�4. All in all, the
matching procedure is thus found to work extremely well
here.

Next we study how the di↵erences in the BK vs.
DGLAP dynamics become visible when we move away
from the Q2

⇡ 10Q2
s(x) line. In Figs. 2a and 2b we show

the relative di↵erence

FBK
2,L � FRew

2,L

FBK
2,L

(13)

as a function of both x and Q2, where FRew
2,L refers to

the corresponding structure function calculated using the
reweighted PDFs. The points used in the reweighting are
also indicated in these figures. One-dimensional projec-
tions of the same quantity are plotted at fixed values of
x in Fig. 3.

For the F2 structure function shown in Fig. 2a the dif-
ferences remain very small, at most at a few-percent level

almost everywhere in the studied x,Q2 range, except in
the high-x, high Q2 and low-x, low Q2 corners. This
is better visible in Fig. 3a where we show the relative
di↵erences as a function of virtuality Q2 at four di↵er-
ent x values from x = 5.6 ⇥ 10�3 (largest x for which
Q2 = 10Q2

s(x) � Q2
0, where Q2

0 is the initial scale in
the NNPDF3.1 PDF set) to x = 10�5. The smallest x
values in our plots are beyond reach for the EIC, which
will collide electrons with energies 5 � 18 GeV on pro-
tons and nuclei with energies 250 and 100 GeV/nucleon
respectively, resulting in a kinematic reach (at Q2 = 10
GeV2) down to x ⇠ 10�3 [33]. Smaller x values could
be probed at the LHeC (50 GeV electrons on Z/A ⇥ 7
TeV/nucleon protons and nuclei) whose kinematic reach
goes down to x ⇠ 10�5 [35] and at the FCC-he [14] (60
GeV electrons on Z/A⇥50 TeV/nucleon protons and nu-
clei) whose kinematic coverage extends to even lower x.
We see that around x ⇠ 10�4 the Q2 dependencies are
nearly equal in both frameworks. In the higher-x region
the BK equation predicts a stronger Q2 dependence than
the DGLAP equation, while in the x . 10�4 region the
BK dynamics results with a weaker Q2 dependence than
what the DGLAP equation predicts. As a result, at fixed
Q2

⇠ 10 GeV2 the relative di↵erence changes sign as a
function of x. Since the relative di↵erences remain at a
few-percent level, a very precise determination of the pro-
ton F2 is required in order to distinguish between the two
physical pictures in a statistically meaningful manner.

The di↵erences between the BK and DGLAP dynam-
ics are more clearly visible in the case of the structure
function FL. This can be seen from Fig. 2b and Fig. 3b
which show the analogous plots for FL that were above
discussed for F2. There are now larger di↵erences even
within the HERA kinematics as the FL data from HERA
are rather scarce. The DGLAP evolved FL shows gener-

Armesto, Lappi,Mantysaari,PaukkunenmTevio
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Testing saturation through (de)correlations of hadrons

9

Azimuthal (de)correlations of two hadrons (dijets) in DIS in eA: direct test of the Weizsacker -Williams 
unintegrated gluon distribution 

3

pfragT Transverse momentum with respect to jet direction from hadronization
Qs Saturation scale

The rest of this article is organized as follows: in
Sec. II, we discuss the theoretical framework used for
the prediction of saturation effects in the dihadron cor-
relation measurement. A brief comparison of dihadron
correlations in e+A versus p+A is provided in Sec. III. In
Sec. IV, we give an overview of the planned EIC project
and present simulation results for dihadron correlations
at an EIC. Finally, we summarize and conclude in Sec. V.

II. DIHADRON CORRELATIONS IN THE
SATURATION FORMALISM

According to the effective small-x kt factorization es-
tablished in Ref. [29], which is briefly summarized above,
the back-to-back correlation limit of the dihadron pro-
duction cross section can be used to directly probe the
WW gluon distribution xG(1)(x, q⊥). As a comparison,
the hadron production in semi-inclusive deep inelastic
scattering (SIDIS), as shown in Ref. [31], is related to
the so-called dipole gluon distributions xG(2)(x, q⊥).

The coincidence probability C(∆φ) = Npair(∆φ)
Ntrig

is a

commonly exploited observable in dihadron correlation

studies, in which Npair(∆φ) is the yield of the correlated
trigger and associate particle pairs, while Ntrig is the
trigger particle yield. This correlation function C(∆φ)
depends on the azimuthal angle difference ∆φ between
the trigger and associate particles. In terms of theoretical
calculation, the correlation function is defined as

C(∆φ) = 1
dσ

γ∗+A→h1+X
SIDIS

dzh1

dσ
γ∗+A→h1+h2+X
tot

dzh1dzh2d∆φ . (1)

Let us consider a process of a virtual photon scatter-
ing on a dense nuclear target producing two final state
back-to-back qq̄ jets: γ∗ + A → q(k1) + q̄(k2) + X , in
which k1 and k2 are the four momenta of the two outgoing
quarks. This process is the dominant one in the low-x re-
gion, since the gluon distribution is much larger than the
quark distributions inside a hadron at high energy. The
back-to-back correlation limit indicates that the trans-
verse momentum imbalance is much smaller than each
individual momentum: q⊥ = |k1⊥ + k2⊥| " P⊥, with
P⊥ defined as (k1⊥ − k2⊥)/2. At leading order (LO), the
dihadron total cross section, which includes both the lon-
gitudinal and transverse contributions, can be written as
follows [29]:

dσγ∗+A→h1+h2+X
tot

dzh1dzh2d2ph1⊥d2ph2⊥
=C

∫ 1−zh2

zh1
dzq

zq(1−zq)
z2
h2z

2
h1

d2p1⊥d2p2⊥F(xg, q⊥)Htot(zq, k1⊥, k2⊥) (2)

×
∑

q e
2
qDq(

zh1

zq
, p1⊥)Dq̄(

zh2

1−zq
, p2⊥),

where C = S⊥Ncαem

2π2 gives the normalization factor, with
S⊥ being the transverse area of the target, zq is the longi-
tudinal momentum fraction of the produced quark with
respect to the incoming virtual photon, Htot is the com-
bined hard factor, k1⊥ and k2⊥ are the transverse mo-
menta of the two quarks, while ph1⊥ and ph2⊥ are the
transverse momenta of the two corresponding produced
hadrons respectively. F(xg, q⊥) comes from the relevant
WW gluon distribution xG(1)(xg, q⊥) evaluated with the
gauge links for a large nucleus at small x by using the
McLerran-Venugopalan model [12],

F(xg, q⊥) =
1

2π2

∫

d2r⊥e
−iq⊥r⊥

1

r2⊥
[1− exp(−

1

4
r2⊥Q

2
s)],

(3)

in which xg = zqp
2
h1⊥

z2
h1s

+ (1−zq)p
2
h2⊥

z2
h2s

+ Q2

s is the longi-

tudinal momentum fraction of the small-x gluon with
respect to the target hadron and Qs is the gluon satura-
tion scale. Dq(

zh
zq
, p⊥) represents the transverse momen-

tum dependent fragmentation functions, where p⊥ shows
the additional transverse momentum introduced by frag-

mentation processes. There can be more sophisticated
model description of the WW gluon distribution, which
involves a numerical solution to the BK type evolution
for the WW gluon distribution [34, 35]. But studying the
impact of these PDFs is beyond the scope of this work
presented here.

In principle, the so-called linearly polarised gluon dis-
tribution [32, 33] also contributes to the dihadron cor-
relation and can be systematically taken into account.
This part of the contribution comes from an averaged
quantum interference between a scattering amplitude and
a complex conjugate amplitude with active gluons lin-
early polarized in two orthogonal directions in the az-
imuthal plane. Numerical calculation shows that this
contribution is negligible for dihadron back-to-back cor-
relations. Also, this type of contribution vanishes when
the dihadron correlation function is averaged over the
azimuthal angle of the trigger particle.

As to the single-inclusive-hadron production cross sec-
tion, which enters the denominator of the definition of the
correlation function C(∆φ), it can be calculated from the

Clear differences between the ep and eA: suppression of 
the correlation peak in eA due to saturation effects 
(including the Sudakov resummation)

Further observables:  azimuthal correlations of dihadrons/
dijets in diffraction, photon+jet/dijet. These processes 
will allow to test various CGC correlators

k2

PA

PB

k1

· · ·

FIG. 1. Schematic diagrams for two-particle production in a dilute system scattering on a dense
target with multiple scattering. The imbalance between the two-particle in transverse momentum

can be used to probe the unintegrated gluon distribution of the dense target.

widely used in the literature. The first gluon distribution, which is known as the Weizsäcker-
Williams (WW) gluon distribution, is calculated from the correlator of two classical gluon
fields of relativistic hadrons (non-abelian Weizsäcker-Williams fields) [10, 13]. The WW
gluon distribution has a clear physical interpretation as the number density of gluons inside
the hadron in light-cone gauge, but is not used to compute cross sections. On the other hand,
the second gluon distribution, which is defined as the Fourier transform of the color dipole
cross section, does not have a clear partonic interpretation, but it is the one appearing
in most of the kt-factorized formulae found in the literature for single-inclusive particle
production in pA collisions [11].

It was a long-standing question what is fundamentally different between these two gluon
distributions, and whether there is any observable sensitive to the WW distribution [14].
The objective of this paper is to answer these questions and show that these two gluon
distributions are the fundamental building blocks of all the TMD gluon distributions at
small x. Eventually, this leads us to an effective TMD-factorization for dijet production, in
the collision of a dilute probe with a dense target. We find that, in the small momentum
imbalance limit described below, the dijet production process in DIS can provide direct
measurements of the WW gluon distribution and the photon-jet correlations measurement
in pA collisions can access the dipole gluon distribution directly. In addition, other more
complicated dijet production processes in pA collisions will involve both of these gluon
distributions through convolution in transverse momentum space, when the large-Nc limit
is taken.

A short summary of our study has been published in Ref. [15]. Here we present the
detailed derivations, and the precise equivalence between the TMD and CGC approaches,
in the overlapping domain of validity, i.e. to leading power of the hard scale and in the
small x limit. In general, the TMD factorization is valid whatever x is but is a leading-twist
approach, while the CGC is applicable only at small x but contains all the power correc-
tions. Since the main objective of this paper is to understand dijet production processes
theoretically, we will put the phenomenological studies in a future work.

We focus on the two particle production (or dijet production at higher energy) in the
case of a dilute system scattering on a dense target, as illustrated in Fig. 1,

B + A → H1(k1) +H2(k2) +X , (1)

3

150 7.3. THE NUCLEUS: A LABORATORY FOR QCD
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Figure 7.63: Comparison between the dihadron azimuthal angle correlation in e+Au col-
lisions (labeled with filled red circles) and that in e + p collisions (labeled with filled teal
squares). The results with the detector smearing are shown in open markers. The solid lines
represent the results obtained from the theoretical model calculations in the CGC formalism.

link structure of the WW gluon distribution, and calculations within the CGC for-
malism, it has been proposed [537, 740] that the DIS back-to-back dijet/dihadron
production at the EIC can be used to directly probe the WW distribution, which
has not been measured before.

To directly probe the WW gluon distribution and gluon saturation effects at low
x, we can measure the azimuthal angle difference (Df) between two back-to-
back charged hadrons in e+A collisions (e+A ! e0h1h2X). This azimuthal angle
distribution can help us map the transverse momentum dependence of the in-
coming gluon distribution. The away-side peak of the dihadron azimuthal an-
gle correlation is dominated by the back-to-back dijets produced in hard scatter-
ings. Due to the saturation effect, the WW gluon TMD can provide additional
transverse momentum broadening to the back-to-back correlation and cause the
disappearance of the away-side peak when the saturation effect is overwhelm-
ing [537, 741]. A comparison of the heights and widths of the coincidence proba-
bilities C(Df) = Npair(Df)/Ntrig in e + p and e+A collisions will be a clear experi-
mental signature for the onset of the saturation effect.

Furthermore, following the prescriptions in Ref. [742], a Monte Carlo simulation
has been carried out for the azimuthal angle correlations of two charged hadrons
at

p
s = 90 GeV in e+pand e+Aucollisions. The results of the simulation are also

compared with the prediction from the saturation formalism. To focus on the low-x
region, the events within the range of the virtuality 1 < Q2 < 2 GeV2 and inelas-
ticity 0.6 < y < 0.8 are selected. Events in nearby Q2 and y bins are expected
to yield similar results. The hadron pairs are required to have an energy fraction
0.2 < ztrig, zassc < 0.4 within the pseudorapidity range |h| < 3.5 with ptrig

T > 2

Yellow Report
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Diffraction in DIS
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� =
Q2

Q2 + M2
X � t

momentum fraction of the 
Pomeron w.r.t hadron

momentum fraction of parton 
w.r.t Pomeron

t = (p� p0)2 4-momentum transfer squared

⇠ ⌘ xIP =
Q2 +M2

X � t

Q2 +W 2

Diffractive DIS variables:

}X

}

k
k'

p p'

(ξ)

(β)

(Q2)

(t)

q
e

p
Y

Figure 1: A diagram of a di↵ractive NC event in deep inelastic process together with the
corresponding variables, in the one-photon exchange approximation. The large rapidity gap is
between the system X and the scattered proton Y (or its low mass excitation).

range in new machines, and in 3.3 the method to obtain the projected pseudodata with errors86

is discussed. In Sec. 4 we present our fitting methodology and the potential for constraining87

of the di↵ractive parton densities by both machines. Sec. 5 is devoted to the prospects of the88

di↵ractive deep inelastic in nuclei. Finally we summarize our findings in Sec. 6.89

2 Di↵ractive cross section and di↵ractive PDFs90

In Fig. 1 we show the diagram depicting a neutral current di↵ractive deep inelastic event.91

Charged currents could also be considered and they were measured at HERA [10] but with large92

statistical uncertainties and in a very restricted region of phase space. Although they could be93

measured at both the LHeC and the FCC-eh with larger statistics and more extended kinematics,94

in this first study we limit ourselves to neutral currents. The incoming electron(positron) with95

four momentum k scatters o↵ the proton, with incoming momentum p, and the interaction96

proceeds through the exchange of a virtual photon with four-momentum q. The kinematic97

variables for an such event include the standard deep inelastic variables98

Q2 = �q2 , x =
�q2

2p · q
, y =

p · q

p · k
, (1)

where Q2 is the (minus) photon virtuality, x is the Bjorken variable and y the inelasticity of the99

process. In addition, the variables100

s = (k + p)2 , W 2 = (q + p)2 , (2)

are the electron-proton center-of-mass energy squared and the photon-proton center-of-mass101

energy squared, respectively. The distinguishing feature of the di↵ractive event ep ! eXY102

is the presence of the large rapidity gap between the di↵ractive system, characterized by the103

invariant mass MX and the final proton (or its low-mass excitation) Y with four momentum p0.104

In addition to the standard DIS variables listed above, di↵ractive events are also characterized105

by an additional set of variables defined as106

t = (p� p0)2 , ⇠ =
Q2 +M2

X � t

Q2 +W 2
, � =

Q2

Q2 +M2
X � t

. (3)

3

x = ⇠�
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Diffraction: a reaction characterized by a large 
rapidity gap in the final state

Why diffraction ? 
• Dynamics of color singlet object (Pomeron). Relation to 

confinement 
• Sensitivity to gluon content, low x dynamics and saturation 
• Relation to shadowing 
• Limits of factorization and universality of diffractive PDFs

coherent incoherent

In the above t is the squared four-momentum transfer at the proton vertex, ⇠ (alternatively107

denoted by xIP ) can be interpreted as the momentum fraction of the ‘di↵ractive exchange’ with108

respect to hadron, and � which is the momentum fraction of the parton with respect to the109

di↵ractive exchange. The two momentum fractions combine to give Bjorken-x, x = �⇠.110

The physical picture suggested by Fig. 1 is that the initial proton splits into a final state Y111

of momentum p0 ' (1 � ⇠)p and the object which is responsible for the di↵ractive exchange of112

momentum ⇠p. The latter one in turn undergoes a DIS-like process to produce the final state X113

(see Sec. 3.1 for more details). The study presented in this paper concerns coherent di↵raction114

(non-dissociating) case, where the final state Y is a proton. Experimentally, this requires tagging115

of the final proton, which was performed by the forward detectors, FPS (LPS) of the H1 (ZEUS)116

collaborations at HERA. The prevailing amount of the HERA data are based, however, on the117

large rapidity gap (LRG) detection — the results from forward detectors, supplemented with118

dedicated MC modelling were used to normalize these results to the coherent cross-sections119

[10, 11].120

Di↵ractive cross sections in the neutral current case can be presented in the form of the121

reduced cross sections122

d4�D

d⇠d�dQ2dt
=

2⇡↵2
em

�Q4
Y+ �D(4)

r , (4a)

or, upon integration over t,123

d3�D

d⇠d�dQ2
=

2⇡↵2
em

�Q4
Y+ �D(3)

r , (4b)

where Y+ = 1+(1�y)2 and the reduced cross sections can be expressed in terms of two di↵ractive124

structure functions FD
2 and FD

L and, in the one-photon approximation, are given by125

�D(3)
r = FD(3)

2 (�, ⇠, Q2)�
y2

Y+
FD(3)
L (�, ⇠, Q2) , (5a)

126

�D(4)
r = FD(4)

2 (�, ⇠, Q2, t)�
y2

Y+
FD(4)
L (�, ⇠, Q2, t) . (5b)

Note that, the structure functions FD(4)
2,L have dimension GeV�2, while FD(3)

2,L are dimensionless.127

In this analysis we neglect the Z0 exchange, though it should be included in the future studies.128

The reduced cross sections �D
r depend on center-of-mass energy via y = Q2

⇠�s while in the129

region where y is not too close to unity we have to a good approximation that130

�D
r ' FD

2 . (6)

Both �D(3)
r and �D(4)

r have been measured at the HERA collider [1, 2, 10–16] and used to131

obtain QCD-inspired parametrizations.132

The standard perturbative QCD approach to di↵ractive cross sections is based on the133

collinear factorization [17–19]. It was demonstrated that, similarly to the inclusive DIS cross134

section, the di↵ractive cross section can be written, up to terms of order O(1/Q2), in a factorized135

form136

d�ep!eXY (�, ⇠, Q2, t) =
X

i

Z 1

�
dz d�̂ei(

�

z
,Q2) fD

i (z, ⇠, Q2, t) , (7)

where the sum is performed over all parton flavours (gluon, d-quark, u-quark, etc.). The hard137

scattering partonic cross section d�̂ei can be computed perturbatively in QCD and is the same as138

4

Collinear factorization in diffractive DIS  of hard partonic 
cross section and diffractive PDF

In nuclei
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Inclusive diffraction in DIS

11

• Coherent diffraction: sensitive to global shape; 
incoherent to fluctuations 

• Extraction of nuclear diffractive parton 
distributions would be possible for the first time 

• Diffractive to inclusive ratio of cross sections 
sensitive probe to different models (ex. 
saturation vs leading twist shadowing)

e-Au   EAu/A = 100 GeV,  Ee = 21 GeV,  L = 2 fb-1
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Figure 7.64: Left: Ratio of nuclear to proton diffractive structure functions, scaled by A, at
x = 10�3 (also referred to as xP) as a function of b from dipole model calculations (Fig. 7
from Ref. [769]). Right: ratios of nuclear to proton diffractive parton distributions, scaled
by A, for sea quarks and gluons at the same x (i.e. xP) from the Leading Twist Shadowing
model (Fig. 72 from Ref. [285]).

.

coherent diffration in e+p, and the latter to proton dissociation in e+p.

Coherent diffraction is mostly sensitive to the nuclear radius and global nuclear
profile and structure, while incoherent diffraction is sensitive to nucleon degrees
of freedom, specifically to nucleon and subnucleon fluctuations, see e.g. Refs. [767,
768] for reviews and Subsection 7.3.9.

All of these cases are characterized by a rapidity gap between the target fragments
and the photon fragment system. While detecting experimentally whether the nu-
cleus has disintegrated or not might be challenging, the overall rapidity gap cross
section that includes both coherent and incoherent processes should be more eas-
ily measurable. In spite of the presence of more physically different sources of
fluctuations in nuclei than in protons (fluctuating positions of the nucleons in the
nucleus in addition to subnucleonic fluctuations), coherent diffraction is a larger
part of the diffractive cross section in e+A than in e+p. This is due both to the fact
that coherent diffraction grows parametrically as A4/3 with the atomic mass num-
ber, and to the fact that nuclei are closer to the black disk limit, where there are no
fluctuations and thus no incoherent processes.

Diffraction is generically more sensitive to gluon saturation than inclusive cross
sections, since the diffractive cross section is proportional to the square of the gluon
density. In hard diffraction, for instance, one should be able to distinguish predic-
tions based on the strong field effects of BK (or hard pomeron based approaches
in general) from the soft pomeron physics associated with confinement [770]. The
ratio of the (coherent) diffractive cross section integrated over t and some range
MX < Mmax to the inclusive cross section is, in the dipole picture used in the sat-
uration context, very generically enhanced in nuclei compared to protons, since in
nuclei the dipole-target scattering amplitude at a fixed impact parameter is larger
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Figure 7.64: Left: Ratio of nuclear to proton diffractive structure functions, scaled by A, at
x = 10�3 (also referred to as xP) as a function of b from dipole model calculations (Fig. 7
from Ref. [769]). Right: ratios of nuclear to proton diffractive parton distributions, scaled
by A, for sea quarks and gluons at the same x (i.e. xP) from the Leading Twist Shadowing
model (Fig. 72 from Ref. [285]).

.

coherent diffration in e+p, and the latter to proton dissociation in e+p.

Coherent diffraction is mostly sensitive to the nuclear radius and global nuclear
profile and structure, while incoherent diffraction is sensitive to nucleon degrees
of freedom, specifically to nucleon and subnucleon fluctuations, see e.g. Refs. [767,
768] for reviews and Subsection 7.3.9.

All of these cases are characterized by a rapidity gap between the target fragments
and the photon fragment system. While detecting experimentally whether the nu-
cleus has disintegrated or not might be challenging, the overall rapidity gap cross
section that includes both coherent and incoherent processes should be more eas-
ily measurable. In spite of the presence of more physically different sources of
fluctuations in nuclei than in protons (fluctuating positions of the nucleons in the
nucleus in addition to subnucleonic fluctuations), coherent diffraction is a larger
part of the diffractive cross section in e+A than in e+p. This is due both to the fact
that coherent diffraction grows parametrically as A4/3 with the atomic mass num-
ber, and to the fact that nuclei are closer to the black disk limit, where there are no
fluctuations and thus no incoherent processes.

Diffraction is generically more sensitive to gluon saturation than inclusive cross
sections, since the diffractive cross section is proportional to the square of the gluon
density. In hard diffraction, for instance, one should be able to distinguish predic-
tions based on the strong field effects of BK (or hard pomeron based approaches
in general) from the soft pomeron physics associated with confinement [770]. The
ratio of the (coherent) diffractive cross section integrated over t and some range
MX < Mmax to the inclusive cross section is, in the dipole picture used in the sat-
uration context, very generically enhanced in nuclei compared to protons, since in
nuclei the dipole-target scattering amplitude at a fixed impact parameter is larger

Ratio in saturation model: enhancement

Ratio in LT shadowing : suppression

Yellow Report
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Diffraction in ep/eA

12
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Sensitive to diffractive gluon density (saturation, higher 
twists…). Only one extraction at HERA by H1, large 
errors. Challenging measurement. 

EIC : excellent prospects for  measurement, need 
careful choice of energy combinations. Studied in ep, 
need study in eA 

FD
L

 diffractive longitudinal structure functionFD
L

Armesto, Newman, Slominski, Stasto
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Gluon saturation results in a deviation of the b-dependence of the amplitude from
the input density. Here we investigate the accuracy of extracting F(b) as the dif-
ference (Fout(b) � Fin(b)) between the input and extracted amplitudes. Figure 8.86
shows a comparison between the input and extracted source densities. This figure
uses the bNonSat model [893], where the amplitude is exactly proportional to the
input distributions, and thus (Fout(b) would be equal to Fin(b)) for an ideal detec-
tor and in the absence of beam effects, and including the longitudinal component
of the momentum transfer. We see that a reduction of the MS term to 0.5 GeV
for both the meson decay products and the scattered electron is required for a re-
construction of the impact parameter profile, representing a factor 2 improvement
with respect to the handbook detector for the barrel and a factor 4 for the scattered
electron. This is our nominal detector requirement resulting from this study. Figure 8.87
(left) shows the result of an even further improvement by a factor 2. A closer look
at the Fourier-transforms reveals that what is crucial is to resolve the minima up
to the third one, as discussed in the next subsection.

From studies discussed in Sec. 8.4.6 we already observed that the st/t resolution
for a given pT-resolution is smaller for the r and f than for the J/y. Figure 8.87
(center, right) shows the source extraction accuracy for f ad r with the nominal
resolution spT /pT = 0.05pT � 0.5% in the barrel and spT /pT = 0.1pT � 0.5 for e0

Separating coherent and incoherent processes

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18
3−10

2−10

1−10

1

10

210

310

410

 /d
t (

a.
u)

 e
' +

 A
u'

 +
 J

/ψ
)

→
(e

 +
 A

u 
σd

|t| (GeV2)

×1/400

×1/3000

×1/50×1/3

1 < Q2 < 10 GeV2

J/ψ: σpT
/pT (%) = 0.05 pT  ⊕ 0.5

eʹ: σpT
/pT (%) = 0.1 pT ⊕ 0.5  

incoherent/S(t)

Figure 8.88: Coherent (red) and incoherent (blue) cross section ds/dt for diffractive J/y
production in 1 < Q2 < 10 GeV2.

Experimentally, the measured spectra in diffractive vector meson production con-
tain the sum of coherent and incoherent processes (see Fig. 8.88). At low t, coherent

e+Au ! e+Au+ J/ 
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Exclusive diffraction of VM

Best process to extract the shape of nucleus, sensitive to 
saturation 
Experimental challenges: coherent vs incoherent 
background 
Question for theory: how robust are position and width 
and depth of minima 

Prospects for this process with deuteron and light ions:  
probing shadowing in a more controlled environment,  
separate double,  triple scattering;  
spectator tagging on deuteron allows to study SRC and 
role of gluons
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Passage of color charges through cold nuclear matter

13

• Modern theories of QCD in matter (such as SCETG and NRQCDG) have enabled novel understanding of parton 
showers on matter. Capabilities to calculate higher order and resumed calculations in reactions with nuclei  

• EIC will provide important input on hadronization mechanism in eA 

• Different scenarios: parton evolution in medium or hadron absorption

20

● Low energy: hadronization 
inside → formation time, (pre-)
hadronic absorption,...

● LHeC: dynamics of QCD radiation and hadronization.
● Most relevant for particle production off nuclei and for QGP 
analysis in HIC.

Radiation and hadronization:

∼ ratio of FFs A/p
● High energy: partonic evolution 
altered in the nuclear medium.

Physics at low xBj and in eA: 2. Highlights.
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196 7.4. UNDERSTANDING HADRONIZATION

Figure 7.91: Ratio of the distributions in Fig.7.90 to vacuum FFs from DEHSS [919, 920].

In medium evolution for light and heavy flavor mesons

The effect of nuclear environment on hadronization is one of the key questions
that the EIC will investigate. Fixed-target HERMES measurements with electron
beam of energy Ebeam = 27.6 GeV [815, 816] have clearly established attenuation
of light particle production. Different theoretical approaches have been proposed
to explain the data that differ in the underlying assumptions and in the extracted
transport properties of large nuclei [805, 806, 817, 818, 985–987]. With better under-
standing of in-medium parton showers, the traditional energy loss phenomenol-
ogy can be generalized to full fragmentation function evolution in the presence of
nuclear matter. It is given by:

d
d ln µ2 D̃h/i (x, µ) = Â

j

Z 1

x

dz
z

D̃h/j
⇣x

z
, µ

⌘ ⇣
Pji (z, as (µ)) + Pmed

ji (z, µ)
⌘

, (7.51)

where in Eq. (7.51) Pmed
ji are the medium corrections to the splitting functions. In

addition to precision light flavor studies, the higher enter-of-mass energies at the
EIC provide new probes of hadronization - open heavy meson cross sections in
e+p and e+A collisions [988].

In contrast to light hadrons, the modification of open heavy flavor in DIS reactions
with nuclei, such as the one for D0 mesons and B0 mesons shown in Fig. 7.92,
is much more closely related to the details of hadronization. To investigate the
nuclear medium effects, we study the ratio of the cross sections in electron-gold
(e+Au) collision to the one in e+p collision. We use the cross section of inclusive
jet production for normalization that minimizes the effect of nuclear PDFs.

Rh
eA(pT, h, z) =

Nh(pT, h, z)
Ninc(pT, h)

���
e+Au

,
Nh(pT, h, z)
Ninc(pT, h)

���
e+p

. (7.52)

Parton energy loss and in-medium fragmentation function modification
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Modification (e+A vs e+p) of light vs heavy mesons vs the 
fragmentation fraction z  

Constrain the space-time picture of hadronization.  

Differentiate energy loss and hadron absorption 
models (based on ability to measure heavy flavors) 

Lower energy beams better for this process 
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Jets as probes of cold nuclear matter

14

Jets emerged as a premier diagnostic tool for hot nuclear matter at RHIC and LHC 
Also excellent probes for cold nuclear matter. Using jets, elucidate the properties of in-medium parton showers. 

<latexit sha1_base64="NLfMs5jMOrlTIU9m+t2F9RbYLpA="></latexit>
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initial final3

charge at the EIC can be written as

hQeA
,qi =hQep

,qi exp

Z µ

µ0

dµ0

µ0
↵s(µ0)

2⇡2
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�

⇥

⇣
1 + J̃

med
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q

⌘
+O(↵2

s) . (6)

Here, the exponential term comes from the
medium-modified DGLAP evolution from µ0 ⇡ ⇤QCD to

the jet scale and f̃med
q!qg(, µ) =

R 1
0 dx (x

�1) fmed
q!qg(x, µ).

Finally, from the second line of Eq. (6) we have explicitly

J̃
med
qq � Jmed

q =
↵s(µ)

⇡

Z 1

0
dx (x

� 1)

⇥

Z 2Ex(1�x) tanR/2

0
d2k?f

med
q!qg (x,k?) . (7)

Numerical Results.— In the calculations that follow
we use the CT14nlo PDF sets [50] for the proton and
the nCTEQ15FullNuc PDF sets [41] for the nucleus, as
provided by Lhapdf6 [51]. Consistent with Ref. [25],
we fix the nominal transport coe�cient of cold nuclear
matter hk2?i/�g = 0.12 GeV2/fm, consider a gold
(Au) nucleus, and average over the nuclear geometry.
The in-medium shower corrections induced by the
interactions between the final-state parton and the
nucleus vary with the parton energy in the nuclear
rest frame, where the lower energy partons receive
larger medium corrections. Therefore, we focus on jet
production in the forward rapidity region 2 < ⌘ < 4,
where the measurement is still possible but the jet energy
is lower in the nuclear rest frame. For the inclusive
jet cross section, we include all partonic channels and
the resolved photon contribution. Our results in e+p
collisions are consistent with the ones from Ref. [15].

Nuclear e↵ects on reconstructed jets in
electron-nucleus collisions can be studied through
the ratio

ReA(R) =
1

A

R ⌘2
⌘1 d�/d⌘dpT |e+A
R ⌘2
⌘1 d�/d⌘dpT

��
e+p

. (8)

The jet calculations correspond to the anti-kT algorithm
and as a first example we choose a radius parameter
R =0.5. The uncertainties of ReA are calculated
by varying the scale settings in the numerator and
denominator simultaneously, i.e. in a correlated way as it
minimizes the variation due to the overall normalization
of cross sections. In Fig. 1 bands correspond to scale
uncertainties from varying the factorization scale and
the jet scale by a factor of two independently. For jet
rapidity ⌘ = 2 at leading order, when the jet transverse
momentum is in the range [5,25] GeV, the Bjorken-x
varies from [0.09, 0.43] corresponding to the so-called
anti-shadowing and EMC regions of nuclear PDFs. As
a result, there is an enhancement for small pT due to
anti-shadowing and a suppression for large pT due to
the EMC e↵ect, which is shown by the blue band in the
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FIG. 1: Modifications of the inclusive jet cross section in
18 ⇥ 275 GeV e+Au collisions for the rapidity interval
2 < ⌘ < 4. In the upper panel, the blue and green bands
represent contributions from initial-state PDFs and final-state
interaction between the jet and cold nuclear matter, while the
red band is the full result. The lower panel shows the full ReA

for two di↵erent nPDF sets.

upper panel of Fig. 1. The green band represents the
final-state e↵ects, which give rise to 10 - 20% suppression
when pT ⇠ 5 GeV. They are smaller for larger jet energy
as expected, and going to backward rapidities further
reduces the e↵ect of medium-induced parton showers.
The predicted full ReA(R = 0.5) for 18 GeV (e) ⇥ 275
GeV (A) collisions is given by the red band. To illustrate
the impact of a di↵erent nPDF choice, we show in the
lower panel of Fig. 1 a comparison between the ReA

computed with the nCTEQ15 [41] and EPPS16 [52] sets.
We find that the di↵erence in cross sections is less than
5% 1. The measurements of jet modification in the future
will improve our understanding of strong interactions
inside nuclei and nuclear PDFs at moderate and large
Bjorken-x.

To study cold nuclear matter transport properties with
jets at the EIC, it is essential to reduce the role of nPDFs
and enhance the e↵ects due to final-state interactions.
An e�cient strategy is to measure the ratio of the
modifications with di↵erent jet radii, ReA(R)/ReA(R =
1), as for jets with the same kinematics initial-state
e↵ects in e+A reactions will cancel. This is also an
observable very sensitive to the details of in-medium
branching processes [1] and greatly discriminating with
respect to theoretical models [37]. Furthermore, it is

1
Other uncertainties can arise from Monte Carlo replicas within

the same PDF set or variation in the transport properties of

nuclear matter.
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FIG. 2: Ratio of jet cross section modifications for di↵erent
radii ReA(R)/ReA(R = 1.0) in 10 ⇥ 100 GeV (upper) and
18 ⇥ 275 GeV (lower) e+Au collisions, where the smaller jet
radius is R=0.3, 0.5, and 0.8, and the jet rapidity interval is
2 < ⌘ < 4.

very beneficial to explore smaller center-of-mass energies
where the final-state e↵ects are expected to be larger even
though the cross section is smaller. Such measurements
will take advantage of the high-luminosity design of the
future facility. Our predictions for the ratio of jet cross
section suppressions for di↵erent radii at the EIC is
presented in Fig. 2, where the upper and lower panels
correspond to results for 10 GeV (e) ⇥ 100 GeV (A) and
18 GeV (e) ⇥ 275 GeV (A) collisions, respectively. The
plot in the upper panel is truncated around pT ⇠ 20 GeV
because of phase space constraints in the lower energy
collisions.

By comparing the 18 GeV ⇥ 275 GeV e+Au
collision results to the ones in Fig. 1 we see that
ReA(R)/ReA(R = 1) indeed eliminates initial-state
e↵ects. To underscore this point, in addition to using
the nCTEQ15 nPDF set [41], we evaluated the double
ratio with the EPPS16 [52] parameterization and found
that the results are indistinguishable. The red, blue,
and green bands denote ratios with R = 0.3 , 0.5 , 0.8,
respectively. Since medium-induced parton showers are
broader than the ones in the vacuum, for smaller jet
radii the suppression from final-state interactions is more
significant. Even though the scale uncertainties also
grow, the nuclear e↵ect is very clear and its magnitude is
further significantly enhanced by the steeper pT spectra
at lower

p
s.

For jet substructure, Fig. 3 presents our jet charge
results at the EIC in 18 GeV ⇥ 275 GeV e+Au collision
and for radius parameter R = 0.5. The red, blue

0.8

0.9

1

ep〉
Q〈/

eA
u

〉
Q〈

 275 GeV e+Au    ×18 GeV 
=3η  R=0.5 TAnti-k

Up Quark Jets 
 = 0.3 κ 

 = 1.0 κ 

 = 2.0 κ 

5 10 15 20 25
 (GeV)

T
Jet p

0.65

0.7

0.75

ep〉
Q〈/

eA
u

〉
Q〈

 275 GeV e+Au    ×18 GeV 
<4     η   R=0.5  2<TAnti-k

Inclusive Jets 

FIG. 3: Modifications of the jet charge in e+Au collisions.
The upper panel is the modification for up-quark jet with
⌘ = 3 in the lab frame. The lower panel is the results for
inclusive jet with 2 < ⌘ < 4 in 18 ⇥ 275 GeV e+Au collisions.

and green bands correspond to the jet charge parameter
 = 0.3 , 1.0 , 2.0, see Eq. (2), respectively. The upper
panel shows the modification for the average charge of
up-quark initialed jets, where the rapidity is fixed to
be ⌘ = 3. It is defined as hQeA

,qi/hQ
ep
,qi and predicted

by Eq. (6), which is independent of the jet flavor and
originates purely from final-state interactions. Flavor
separation for jets has been accomplished at the LHC [53]
and should be pursued at the EIC. For a larger , the
( + 1)-th Mellin moment of the splitting function is
more sensitive to soft-gluon emission in that it a↵ects
the z ⇠ 1 region in the splitting function where medium
enhancement for soft-gluon radiation is the largest. As
shown in the upper panel of Fig. 3, the modification is
more significant for larger . The overall corrections are
of order 10% or smaller and decrease with increasing pT .
The modification of the average charge for inclusive jets
behaves very di↵erently because there is a cancellation
between contributions from jets initiated by di↵erent
flavor partons, in particular from up quarks and down
quarks. The lower panel of Fig. 3 shows the ratio of
average charges for inclusive jets with R = 0.5 and
2 < ⌘ < 4 for e+A and e+p collisions. The modification
is about 30% and the  dependence is small due to the
large di↵erence between up/down quark density between
proton and gold PDFs. Precision measurement of the
charge for inclusive jets will be an excellent way to
constrain isospin e↵ects and the up/down quark PDFs
in the nucleus.

Conclusions.— In summary, we presented a pioneering

• IS (large and small ) vs FS (small 
) contributions to nuclear ratio 

• Small nPDF effects 
• Ratios with different jet cone allow 

to separate parton shower effects

pT
pT

• Pioneer jet substructure studies with heavy quark initiated jets performed  in a EIC regime very different from 
the one probed in heavy ion collisions 

• Pave the way to a qualitatively new level of understanding of  the role of heavy quark mass

Li, Vitev 

Li, Liu, Vitev 
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Summary

15

EIC : precision tool for high energy nuclear physics 

Nuclear structure functions, precision extraction of nuclear PDFs, testing the limits of 
collinear factorization in nuclei. Initial conditions for hot QCD. 

Explore the onset of saturation in eA, DGLAP vs non-linear evolution, x,A, and Q 
dependence. Precise measurement of FL needed (variable energies) 

Extraction of diffractive nuclear PDFs possible for the first time, potential for FLD. 
Diffractive to inclusive ratios needed to distinguish between the different scenarios. 

Test the mechanism of hadronization with hadrons and jets (heavy flavors, low energy 
beams). Initial vs final state effects. 

Rich program with light ions: spectator tagging, configuration dependence, neutron 
structure, SRC,  coherent nuclear processes, polarization


