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PDFs at the EIC
Ø EIC will be the first

Ø eA collider
Ø High lumi ep collider
Ø Polarised target collider

Ø Detailed simulation work to 
optimise resolution throughout 
phase space à 5 bins per 
decade in x and Q2

Ø Kinematic coverage: Q2 > 1 
GeV2, 0.01 < y < 0.95, W > 3 GeV

Ø Lower y accessible in principle, 
but easier to rely on overlaps 
between data at different 𝑠

Input Data (ep) - Detailed simulation work to 
optimise resolutions throughout 
phase-space 
à 5 bins per decade in x and Q2

- Kinematic coverage: Q2 > 1 GeV2, 
0.01 < y < 0.95, W > 3 GeV

- Lower y accessible in principle,
but easier to rely on overlaps 
between data at different "

- Highest x bin centre at x=0.815

- CC data also included for 
highest "

[Poster by S Maple]

5

Ø Dominant sources at HERA were:
Ø Electron energy scale (intermediate y)
Ø Photoproduction background (high y)
Ø Hadronic energy scale/noise (low y)

Ø EIC will improve in all areas – systematics 
assumptions in YR:
Ø 1.5-2.5% point-to-point uncorrelated
Ø 2.5% normalisation (uncorrelated 

between different 𝑠)

HERA and EIC kinematic phase-space
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Figure 1: The locations in the (x,Q2) plane of the HERA and EIC neutral current
inclusive DIS data points included in the analysis. Figure reproduced from [28].

integrated luminosity (⇠ 0.5 fb�1 per experiment). The large x region in global105

fits is therefore constrained to a large extent by measurements from fixed target106

experiments, e.g. BCDMS and NMC [31,32]. However, there are uncertainties in the107

theoretical description of the fixed target data due to their low hadronic final state108

invariant masses.2 values, where it becomes difficult to disentangle perturbative109

corrections from power-like effects. The EIC is thus particularly promising in the110

high x region, where it is expected to provide data that are both high precision and111

theoretically clean.112

[NOTE: PRN – Need a paragraph on eA pseudodata here. I found a113

note in a talk that they were based on per-nucleon integrated luminosities114

of 4.4 fb�1, 79 fb�1 and 79 fb�1 for 5 ⇥ 41 GeV, 10 ⇥ 110 GeV and 18 ⇥ 110115

GeV, respectively, but not sure that makes sense or is the right way to116

state it. Also what was A? Maybe Nestor knows more?...] [NOTE: NA –117

The simulations should have been done for Au but this is only important118

for the uncertainties. Barak should know better, if I remember rightly it119

was him who made the pseudodata.]120

[NOTE: NA – Suggestion: eA pseudodata were produced analogouslsy,121

considering the nucleus to be Au, and per-nucleon integrated luminosities122

of 4.4 fb�1, 79 fb�1 and 79 fb�1 for 5 ⇥ 41 GeV, 10 ⇥ 110 GeV and 18 ⇥123

110 GeV, respectively. Note that we are interested in the uncertainties124

while the central values are irrelevant for this study. Therefore, the same125

PDF set HERAPDF2.0NNLO [1] used for the proton is employed for eA,126

2
The hadronic final state invariant mass W is related to the other standard DIS kinematic

variables through W 2 = Q2(1� x)/x.

3
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Impact of EIC on HERAPDF
Ø ‘DIS-only’ fits

Ø Using xFitter framework

Ø HERA data have limited 
high-x sensitivity due to 
kinematic correlation 
between x,Q2 and 1/Q4

factor in cross section

Ø Fractional total 
uncertainties w/wo EIC 
data along with HERA

Ø Linear x scale

Ø EIC data will bring 
significant reduction in 
uncertainties for all 
parton species at large x

be strongly affected by higher twist or resummation effects, a cut on the squared
hadronic final state invariant mass, W 2 = Q2(1�x)/x > 10 GeV2 is included for the
EIC data. The central values of the PDFs with and without the EIC pseudo-data
coincide by construction, so the uncertainties can be compared directly.
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Figure 2: Impact of simulated EIC data on the NNLO collinear parton distri-
butions of the proton. The bands show relative total uncertainties as a func-
tion of x for the up-valence, down-valence, gluon and total sea distributions, for
Q2 = 1.9 GeV2. The HERAPDF2.0NNLO total uncertainties (using HERA data
alone) are compared with results in which simulated EIC data are also included in
the HERAPDF2.0NNLO fitting framework.

The impact of the EIC pseudo-data on the experimental uncertainties in the
HERAPDF2.0NNLO fits is illustrated in figures 2 and 3. Relative uncertainties are
shown for the up-valence, down-valence, gluon and total sea-quark densities. The
uncertainty bands show the symmetrised total uncertainty, including experimental,
model and parameterisation contributions3, as discussed in detail in [1]. The ex-
perimental uncertainties are generally dominant in regions where there is data. A

3
For technical reasons, the number of model and parameterisation uncertainties differs between

the HERAPDF2.0 baseline and the version with added EIC pseudodata. However, this is expected

to cause only comparatively minor differences.
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Figure 3: Impact of simulated EIC data on the NNLO collinear parton distributions
of the proton shown on a logarithmic x scale for Q2 = m2

Z
GeV2. The bands show

relative total uncertainties as a function of x for the up-valence, down-valence, gluon
and total sea distributions. The HERAPDF2.0NNLO total uncertainties (using
HERA data alone) are compared with results in which simulated EIC data are also
included in the HERAPDF2.0NNLO fitting framework.

significant reduction in uncertainties for all parton species is observed when adding
the EIC pseudo-data, as discussed in detail in the following.

Since the high x regime is of particular interest, the potential improvements are
most readily visualised on a linear x scale, as shown in figure 2 at the starting scale
for DGLAP evolution, Q2 = 1.9 GeV2. The EIC impact is most striking in the
very large x region x >⇠ 0.7, particularly dramatic for the u valence quark.4 The
improved constraints are traceable to the large integrated luminosity of the EIC
pseudo-data and the correspondingly improved data precision in the high-x region
compared with HERA. The charge-squared weighting of the photon couplings result
in stronger sensitivity to the up than to the down quark density. Figure 3 shows

4
Near to the starting scale for QCD evolution, the PDFs are dominated by the valence quark

densities for typically x >⇠ 0.2, with the gluon density becoming dominant at lower x values.

5

https://www.xfitter.org/xFitter/
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Impact of EIC on MSHT20

Small but valuable improvements 
in all parton species at all (x, Q2)

Figure 7: Impact of simulated EIC data on the Higgs production cross section
results via gluon fusion (with

p
s = 13 TeV) at the central scale µ = mH/2. The

dotted lines indicate the PDF only uncertainties, the solid lines are the PDF+scale
uncertainties combined in quadrature, with the scale uncertainties determined by
varying µ by a factor of 2 following the 9-point prescription.

ties, when combined with the larger uncertainties and much smaller reduction in279

the high x down and strange PDF uncertainties, the net effect on the quark-quark280

luminosity is small, even at large invariant masses.281

4 Nuclear PDFs282

As the world’s first eA collider, the EIC will explore partonic nuclear structure at an283

unprecedented level of detail. In particular, it opens up a new region at low x that284

has not been constrained previously in DIS or Drell-Yan data. The partonic struc-285

ture of nuclei is commonly discussed in terms of nuclear PDFs (nPDFs), or nuclear286

modification ratios, which encode the deviations of nPDFs from simple scaling of287

free nucleon PDFs with atomic mass A after appropriately accounting for varying288

proton-to-neutron ratios using isospin symmetry. The deviations from this scaling289

with A may be due to binding effects or, at low x, to new parton dynamics (‘sat-290

uration’ phenomena) associated with the denser systems of gluons found in heavy291

nuclei than in nucleons.292

Present DIS data feeding into nPDFs are limited to fixed target measurements293

at large x and relatively low Q2. Data from fixed target and colliding mode hadron-294

nucleus experiments can be used to extend the sensitivity, but with similar associated295

theoretical difficulties to those discussed in the proton context in Section 3. Since296

the nuclear modification factors are expected to be large in the low x region that will297

be newly explored, the EIC is expected to have an impact with relatively modest298

amounts of eA data.299

The potential impact on nuclear PDFs of simulated EIC data has been studied300

in the xFitter framework [33]. Data from EIC only are used as input to fits in which301

the PDFs evolve according to the next-to-leading order (NLO) DGLAP equations,302
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Figure 4: Impact of simulated EIC data on the collinear proton parton distributions
relative to the MSHT20 global fits. The bands show relative uncertainties as a func-
tion of x, comparing the MSHT20 baseline with results when additionally including
EIC data. Top: up valence density at Q2 = 1.9 GeV2, also comparing EIC scenarios
with a restriction to y > 10�2 (‘MSHT20 + EIC’) with the standard requirement
y > 10�3 (‘MSHT20 + EIC (high Acc.)’). Bottom: gluon density at Q2 = 104 GeV2.

DIS, up quarks are more strongly impacted than down quarks, such that the biggest
impact is on the up-valence distribution, for which a reduction in uncertainties of
up to ⇠ 50% is observed in the highest x region. The relative impact of data in
the low y kinematic region is investigated by comparing the standard selection with
results from a dataset restricted to y > 10�2. The difference in precision on the
up-valence distribution is negligible, which is largely due to the overlapping phase
space coverages of the different EIC beam energy configurations, removing the need
for difficult measurements at extreme low y values.

The simulated EIC data bring a small, but nonetheless valuable, improvement
in the precision on all of the other parton species at all x and Q2 values. The gluon
density at the electroweak scale is chosen for illustration here; overall uncertainties
are relatively small at such large scales due to the constraints from scaling violations
in gluon-initiated DIS.

The results shown here are broadly consistent with previous studies of EIC im-
pact relative to global PDF fits [14–18]. Some of these studies have also noted

7

1

1e-05 0.0001 0.001 0.01 0.1

g (NNLO), Q2
= 10

4
GeV

2

x

MSHT20

MSHT20 + EIC

Figure 4: Impact of simulated EIC data on the collinear proton parton distributions
relative to the MSHT20 global fits. The bands show relative uncertainties as a func-
tion of x, comparing the MSHT20 baseline with results when additionally including
EIC data. Top: up valence density at Q2 = 1.9 GeV2, also comparing EIC scenarios
with a restriction to y > 10�2 (‘MSHT20 + EIC’) with the standard requirement
y > 10�3 (‘MSHT20 + EIC (high Acc.)’). Bottom: gluon density at Q2 = 104 GeV2.

DIS, up quarks are more strongly impacted than down quarks, such that the biggest
impact is on the up-valence distribution, for which a reduction in uncertainties of
up to ⇠ 50% is observed in the highest x region. The relative impact of data in
the low y kinematic region is investigated by comparing the standard selection with
results from a dataset restricted to y > 10�2. The difference in precision on the
up-valence distribution is negligible, which is largely due to the overlapping phase
space coverages of the different EIC beam energy configurations, removing the need
for difficult measurements at extreme low y values.

The simulated EIC data bring a small, but nonetheless valuable, improvement
in the precision on all of the other parton species at all x and Q2 values. The gluon
density at the electroweak scale is chosen for illustration here; overall uncertainties
are relatively small at such large scales due to the constraints from scaling violations
in gluon-initiated DIS.

The results shown here are broadly consistent with previous studies of EIC im-
pact relative to global PDF fits [14–18]. Some of these studies have also noted

7
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Impact of EIC on MSHT20

Ø Largest effect on the gluon-gluon luminosity

Ø This reflects the reduction in the gluon uncertainties across a range of x values

Figure 6: Impact of simulated EIC data on the LHC collinear PDF luminosities
relative to the MSHT20 global fits as a function of the parton-parton invariant
mass, mX . Upper left: gluon-gluon luminosity. Upper right: quark-gluon luminosity.
Lower left: quark-antiquark luminosity. Lower right: quark-quark luminosity.

Figure 7: Impact of simulated EIC data on the Higgs production cross section
results via gluon fusion (with

p
s = 13 TeV) at the central scale µ = mH/2. The

cross-section is calculated using N3LO matrix elements but only NNLO PDFs. The
dotted lines indicate the PDF only uncertainties, the solid lines are the PDF+scale
uncertainties combined in quadrature, with the scale uncertainties determined by
varying µ by a factor of 2 following the 9-point prescription.

10
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Nuclear PDFs
Ø EIC will have revolutionary impact on eA

phase space à most promising environment 
to observe novel low x effects!

Ø Studies performed in xFitter framework to 
assess sensitivity of EIC relative to EPPS21

EIC and nuclear PDFs
EIC will have revolutionary impact on eA 
phase space: à most promising environment 
to observe novel low x effects

Studies performed in xFitter framework 
to assess sensitivity of EIC 
relative to EPPS16

[EPJ C77 (2017) 163]

- Uses fixed target DIS and Drell-Yan data, hard 
processes from pA at the LHC and PHENIX p0 data

20 free params:

[More recent global fits up to factor of 2 better at low x]

[Baseline]

EPPS16

µ0 = mc = 1.3 GeV, mb = 4.75 GeV, as = 1.118
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Figure 8: Impact of EIC data on the understanding of nuclear effects in the col-
linear gluon distribution, as obtained from DGLAP-based QCD fits. Top: projec-
ted relative uncertainty on the gluon density of the proton as a function of x for
Q2 = 10 GeV2, using only EIC input data. Middle: projected relative uncertainty on
the gluon density of a proton in the gold nucleus as a function of x for Q2 = 10 GeV2,
using only EIC input data. Bottom: Nuclear modification factors formed from the
ratio of projected gluon densities in gold and in the proton. The results obtained
using only EIC data are compared with those from a global fit (EPPS21 [10]). Ver-
tical dotted lines indicate the lowest values of x for pseudo-data used in the fit, see
the text.

previously poorly constrained region below x ⇠ 10�2. Although the EPPS21 fit
accesses x values as low as 10�5, all information below a few times 10�3 comes from
D-meson production in pPb collisions at the LHC, and the uncertainties remain
relatively large. The precise and theoretically clean EIC pseudodata extend to ap-
proximately x = 0.001, opening up an order of magnitude of previously unexplored
low x physics in DIS in which novel dynamics may be observed. The gluon nuclear
modification ratio is constrained with a precision of approximately 10% in this re-
gion. As illustrated in figures 9 and 10, even larger, profound, improvements are

12

Ø Factor ~2 improvement at x ~ 0.1

Ø Very substantial improvement in newly accessed low-x region

Ø Similar compelling improvements for quarks at low-x in particular

Projected uncertainty on 
nuclear modification factor

gluon
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Summary
Ø General Purpose Detectors at the EIC may provide transformational input to 

collinear PDFs with wide-ranging impact

Ø Precision on all proton PDF species from an experimentally and theoretically 
cleaner DIS-only extraction

Ø Key to optimising sensitivity to new BSM physics near to kinematic limit at the 
LHC and elsewhere

Ø eA measurements in the low x region for the first time

Ø Nuclear PDFs (especially gluon) in the low x region

Ø Key to EIC physics programme of exploring new strong interaction dynamics in 
densely packed gluon systems


