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We explore the potential for extracting proton structure functions, proton parton density functions (PDFs),
and the strong coupling o, (M?2), using early science data from the future Electron-Ton Collider (EIC), both
stand-alone, and in combination with data from the Hadron-Electron Ring Accelerator (HERA). Different
scenarios are considered in which samples with modest luminosity are collected at either two or three EIC
beam energy configurations. The Rosenbluth separation method is used to extract the proton structure
functions F, and F; from simulated data in a model-independent manner, showing that F'; can be extracted
significantly more precisely with three center-of-mass energies than with two, whilst also obtaining F, to
higher precision than has been achieved previously. The inclusion of a third beam configuration is also
beneficial in the extraction of the strong coupling a,(M?) that is obtainable with unprecedented
experimental precision with the early EIC data. Additionally, the precision of the proton PDFs is improved
when adding these data, especially for large values of Bjorken-x, for both two and three EIC beam energy
configurations. These studies show that EIC data will already be a highly competitive probe of perturbative

quantum chromodynamics within the first five years of data taking.
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I. INTRODUCTION

The internal structure of the proton is an important topic
in high-energy physics, offering insights into the compo-
sition and dynamics of strongly interacting matter. Central
to these studies is the measurement of cross sections for
Deep Inelastic Scattering (DIS) and thus of the proton
structure functions, which in turn provide insight into the
distributions of quarks and gluons in the nucleon [1]. The
Hadron-Electron Ring Accelerator (HERA) was the first
and, to date, the only high-energy electron-proton colliding
beam facility. It allowed measurements of inclusive DIS
cross sections, and extraction of the structure functions F,,

F; and xFéZ [2]. Among these, the generalized structure
function, F,, is closely related to the quark density in the
proton, whilst the gluon density can be obtained from the
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scaling violations of F, or from the longitudinal structure
function F; [3-9]. Knowledge of both the F, and F;
structure functions enables extractions of the photoabsorp-
tion ratio R, which corresponds to the cross section ratio for
longitudinally to transversely polarized virtual photons
interacting with the proton, such that R = F; / (F ,—F L).

The extractions of F; at HERA [10,11] are limited by
statistics and cover a restricted range at low values of the
Bjorken variable x. The F; structure function has also been
measured at low Q? and large x by numerous fixed-target
DIS experiments [12—18]. The Electron-Ion Collider [19]
(EIC), which is expected to begin science operations at
Brookhaven National Laboratory in the mid 2030s, prom-
ises to revolutionize our understanding of the internal
structure of hadrons. Intended to operate at high luminos-
ities and with a wide range of beam energy configurations,
the EIC will provide the opportunity to extract the proton
longitudinal structure function with unprecedented preci-
sion over a wide kinematic range in x and Q2 [20].

The EIC project plan is divided such that the EIC science
program may commence before the full capabilities of the
collider are realized. The “early science” period is foreseen
for the first five years of EIC operation and will provide

Published by the American Physical Society
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access to a few selected center-of-mass energies for
electron-proton and electron-ion scattering data, with
limited luminosities. At present, two different electron-
proton beam energy configurations are anticipated for early
science. In this study, we consider different approaches to
extracting the F, and F; structure functions using EIC
early science data with two center-of-mass energies,
including extractions that combine HERA and EIC data.
Additionally, we investigate the improvements that may be
possible with the addition of a third center-of-mass energy
in the first five years. Further studies are conducted to
evaluate the impact of EIC early science inclusive data on
determinations of parton distribution functions (PDFs) and
the strong coupling «,.

II. EIC PSEUDODATA

The accelerator and detector designs for the EIC are
currently undergoing intense development, but the overall
specification in terms of beam energy ranges and instru-
mentation coverage and performance are already well
established [21]. The studies presented in this paper are
based on simulated data points or “pseudodata” which are
derived from that baseline configuration. Our approach to
producing inclusive DIS EIC pseudodata follows that of
[20,22], which in turn took binning schemes based on
those in the ATHENA detector proposal [23]. ATHENA
Collaboration has since merged with ECCE [24] to create
ePIC Collaboration, which is now working towards a first
EIC detector. While some specifics of the detectors have
evolved, the overall expected kinematic range, kinematic
variable resolutions and achievable experimental precision
are largely independent of the detailed detector design and
this study is thus applicable to any general purpose EIC
experiment.

The EIC “early science” period, corresponding approx-
imately to the first five years of data taking, is currently
planned to include two distinct EIC ep beam energy
settings, achieved via the scattering of 10 GeV electrons
on 130 GeV or 250 GeV protons. The early science EIC
will, however, be capable of operating with 5 GeV electron
beams as well. When combined with the 130 GeV and
250 GeV proton beams this offers two additional beam
energy configurations, 5 x 130 GeV? and 5 x 250 GeV?.
The 5 x 250 GeV? and 10 x 130 GeV? configurations are
effectively degenerate in center-of-mass energy. However,
the 5 x 130 GeV? beam setting offers a technically pos-
sible third point, which is additionally included in our
studies. We therefore consider four scenarios: EIC pseu-
dodata only with either two or three beam energy settings,
and HERA data combined with pseudodata for either two
or three EIC configurations. As summarized in Table I, the
EIC pseudodata are thus produced for an integrated

luminosity of 1 fb~!, corresponding to conservative

TABLE 1. Beam energies, center-of-mass energies and inte-
grated luminosities assumed for the different EIC configurations
considered for early science.

Integrated lumi

e-beam energy p-beam energy Vs

(GeV) (GeV) (GeV) (fb~h
10 250 100 1
10 130 72 1
5 130 51 1

expectations for a few months of early science data
collection,' at three different center-of-mass energies +/s.
Since we explore the possible extraction of the structure
functions using EIC pseudodata together with the final
HERA inclusive DIS cross sections, the EIC Q2 and x bin
centers are chosen to match those of [2] for the et p
scattering at four different center-of-mass energies.2 For
each beam configuration, the pseudodata are produced at
five logarithmically (but not evenly) spaced x values per
decade over the inelasticity range 0.005 <y < 0.96,
matching the expected experimental resolutions [23].
The resolution of ePIC in Q? is expected to be significantly
better than that of the HERA, so the HERA Q7 binning is
adopted.

The central values of the pseudodata cross sections are
obtained using next-to-next-to-leading-order (NNLO) theo-
retical predictions based on the HERAPDF 2.0 parton
densities [2] within the xFitter framework [25-27], with the
Q? evolution performed according to the NNLO
Dokshitzer-Gribov-Lipatov-Altarelli-Parisi evolution equa-
tions [28-39]. The predictions for the structure functions
which appear in the calculation of the cross sections were
obtained through the convolution of the parton distribution
functions with coefficient functions at NNLO. The coef-
ficient functions were obtained via the interface of xFitter
to QCDNUM [40], with heavy quark coefficient functions
calculated in the Thorne-Roberts Optimal scheme [41-43]
general-mass variable-flavor-number scheme. For structure
function studies, we generate cross section pseudodata
starting at Q> = 2.0 GeV?, to stay within the kinematic
region in which perturbative QCD is applicable [2,44-47],
following the considerations of previous HERA F; mea-
surements [10]. For PDF impact studies, a threshold of

2. =3.5 GeV? is chosen, as is standard for fits in the
framework of HERAPDF 2.0 [2]. To avoid regions that
may be strongly affected by higher twist or resummation

'An update to the proposed accelerator design before pub-
lication has since occurred. Subsequent studies using the latest
luminosity estimates show no impact on the following results,
due to the conservative luminosity assumptions used here.

*These bins do not correspond directly to the dedicated Fj
measurements at HERA [10,11] but to the general binning chosen
for the combination of the H1 and ZEUS inclusive cross sections.
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effects, a cut on the squared hadronic final state invariant
mass, W? = Q%*(1 —x)/x > 10 GeV? is applied for all
data. The value for each data point is randomly smeared
using samples from Gaussian distributions that reflect the
assumed experimental uncertainties.

Taking into account that not all systematic uncertainties
are known with certainty in this time several years before the
commencement of early science operations, we consider the
“conservative scenario” for the uncertainties introduced in
[20]. It follows the considerations in [21], which were also
adopted in the studies by ATHENA Collaboration, and
subsequently used to study EIC collinear PDF sensitivities
[22] and a, measurements [48]. The data points are
attributed a point-to-point uncorrelated systematic uncer-
tainty of 1.9%, determined by the sum in quadrature of a
conservative 1% from radiative corrections, and 1.6% from
other effects such as bin migration, detector efficiency and
charge symmetric background. A normalization uncertainty
of 3.4% 1is also included for each dataset, which is not
correlated between different beam energy configurations,
such that the total systematic uncertainty attributed to each
data point is 3.9%. Here, the normalization uncertainties
comprise a 1.5% contribution from the luminosity meas-
urement, with the remaining 3% arising from electron purity
and detector efficiency effects.

The statistical uncertainties corresponding to 1 fb=! of
integrated luminosity were confirmed in dedicated studies
to be negligible compared to the systematic uncertainties,
for all but the bins at the very largest x and Q2. This remains
the case after including efficiency and resolution effects at a
level that might be expected at the start of EIC operations.

III. STRUCTURE FUNCTIONS F, AND F;

The Rosenbluth separation technique used in the extrac-
tion of F, and F; closely follows the method described in
[20]. For Q* < M2 (mass of the Z boson squared), the
inclusive cross section for Neutral Current DIS can be
written in terms of F, and F; as

d%6¢ P 27ma? Y, y?
— F , 2\ _ F , 2
dde2 XQ4 2(~x Q ) Y+ L(x Q )

2ma?Y
== g o 0%) (M)

where a is the fine structure constant, Y, = 1+ (1 —y)?,

and o, is usually referred to as the reduced cross section.

Equation (1) implies a linear relationship between the
reduced cross section and y> /Y., which is a function only
of the inelasticity of the process, and is adjustable at fixed x
and Q? by changing the center-of-mass energy and exploit-
ing the relationship Q” =~ sxy. Using measurements of o, at
different s, the values of F, and F; can thus be separately
obtained in a model independent way as the free parameters
of a linear fit. This Rosenbluth-type separation technique

[49] has been applied to fixed target data and at HERA, and
has also recently been used in a simulated extraction of the
diffractive longitudinal structure function at the EIC [50].
For each (x, Q?), we thus apply a fit of the form

2
O-r(x5 QZ’)’) = F2(x7 Q2) _g_FL(x’ Q2)7 (2)

+

where F,(x, Q%) and F,(x,Q%) are free parameters,
obtained through a y?> minimization procedure as imple-
mented in PYTHON using SciPy [51], with the uncertainties
being obtained from variations of each parameter such
that Ay? = 1.

The pseudodata smearing procedure introduces random-
ness into the fit inputs, which is reflected in the results as
fluctuations in both the values and uncertainties of the
extracted structure functions. The F, and F; uncertainty
results are therefore samples from distributions of possible
outcomes which are often quite broad. In order to sample
the distribution of possible uncertainty outcomes in a
systematic way, we adopt the method introduced in [50]
and used in [20], whereby the results are averaged over
multiple replicas of the procedure. With a sufficiently large
number of replicas (1000 is used by default), both the mean
and the variance tend towards their expectation values for
the simulated scenario. The average and variance are
calculated as:

-8
v=—,
N
where S, =Y ¥, v" and v; is the value of structure
function in the ith Monte Carlo sample.

A. Structure function results from combining HERA
and two EIC beam configurations

We first study a potential extraction in which EIC
pseudodata at the two currently planned /s values are
fitted together with HERA inclusive data at four different
center-of-mass energies, such that there are a total of six
distinct beam energy configurations. Example results are
shown for the F, and F; structure functions and their
uncertainties as obtained using this method in Fig. 1. For
the HERA + EIC F; measurements, points with absolute
uncertainties larger than 0.5 are removed for visual clarity
but all points for the F, measurements are shown. The
HERA results and predictions from HERAPDF2.0 NNLO
are also shown. For a given Q” bin, the HERA F,
measurements span a limited lever arm in x. With the
inclusion of the EIC pseudodata, model-independent mea-
surements of F, and F; may be obtained for larger values
of x, extending the F; range by up to two orders of
magnitude.
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FIG. 1. Simulated extractions of F, and F; averaged over 1000 replicas for the fits with the HERA and EIC data, for two EIC beam
energy configurations. (The two EIC center-of-mass energies are 100 and 72 GeV.) The error bars on the points represent the total
experimental uncertainties. For the HERA + EIC F; measurements, points with absolute uncertainties larger than 0.5 are removed for

visual clarity but all points for the F, measurements are shown.

B. Structure function results from two EIC beam
configurations alone

The extraction of the F, and F; structure functions using
the Rosenbluth method is usually based on three or more
measurements at different center-of-mass energies. The
standard Rosenbluth separation procedure that was used

in [50] and employed for other scenarios considered in this
paper thus cannot be directly applied for the baseline
assumption of two-beam energy configurations in early
EIC science. However, a simplified approach can be
applied in which the slope and intercept of the line passing
through the two measurements of ¢, when plotted against
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y*/Y, are taken as directly corresponding to F; and F,,  F, points with uncertainties of better than 0.5 (as chosen
respectively. The uncertainties on the structure functions  for plotting) in the EIC-only scenario compared to the
can then be calculated using standard error propagation. HERA and EIC combined scenario. The impact of adding

The expectation values and uncertainties of F, and F;,  of a third EIC beam energy configuration, yielding a further

obtained using only the two early science EIC beam energy /s value and a return to the > minimization approach, is
configurations, are shown in Fig. 2. There are ~15% fewer  jpyestigated in Secs. IIIC and I D.

I |
e Ean

Q* = 4.5 GeV?

Q*=70GeV®  Q*=90CeV® | Q*=1200CeV® - Q%= 1500CeV® | Q= 200 GeV?

Q* = 650 GeV*
1.0 B r r r r
OO :_ ,,,,,,,,,,,,,,,,,,,,,, e T T b T
Q°=800GeV* + Q°=1000GeV’r Q°=1200GeV’r Q°=1500GeV’+ Q%= 2000 GeV*
—-1.0] | L | | [ L | | L L [ | L | | L [ | | L L L [ | | L
ok 107 1 107 1 107 1 107 1
I X
0.0 b = F,, EIC only, 2 beam energ.ies ° F;, H1 2013
L, i = F,, EIC only, 2 beam energies o F,, H1 2013
L, Y =0uiotey — HERAPDF2.0 NNLO ° F;, ZEUS 2014
R o F,, ZEUS 2014
10 1
X

FIG. 2. Simulated extractions of F, and F; averaged over 1000 replicas for the fits with only two EIC beam energy configurations.
(The two EIC center-of-mass energies are 100 and 72 GeV.) The error bars on the points represent the total experimental uncertainties.
For the EIC F; measurements, points with absolute uncertainties larger than 0.5 are removed for visual clarity but all points for the F,
measurements are shown.
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Absolute uncertainties on the simulated EIC-only F; measurements averaged over 1000 replicas, corresponding to the three

(left) and two (right) beam energy configurations, with the colors indicating the uncertainties. Note that different methods are applied in
the two cases, with all three beam energies required to be available in the fits for the “3 EIC” extraction and just two required for the

“2 EIC” case.

C. Kinematic coverage and precision for F; with two or
three EIC beam configurations

So far, we have considered only two distinct EIC ep
beam energy settings, achieved via the scattering of 10 GeV
electrons on 130 GeV or 250 GeV protons. Here we
additionally present results when the third, lowest, EIC
center-of-mass energy, resulting from scattering of 5 GeV
electrons with 130 GeV protons, is included in the analysis.
Figure 3 shows absolute uncertainties on the simulated F';,
measurements for the EIC-only scenarios, corresponding to
two- or three-beam energy configurations, averaged over
1000 replicas. The difference in extraction methods and the
number of data points used in the fits leads to very different
uncertainties for the two- and three-beam F; results. This
can be seen in Fig. 4 which shows the ratio of the absolute
uncertainties for the three- to two-beam F; results in the
common kinematic region. The fits with the EIC-only data
and three-beam configurations give significantly more
precise results for the F structure function compared to
the two-beam scenario, the ratio typically falling between
10% and 20% and never exceeding 32%.

Figure 5 shows absolute uncertainties on the simulated
F; measurements for HERA data combined with two or
three EIC beam energy configurations, averaged over 1000
replicas. Here, for both two and three EIC beam energies, at
least three data points are required to perform the
Rosenbluth fits. As a result, the phase-space for measure-
ments using HERA and two EIC beam energies is con-
siderably smaller than that for HERA and three EIC beam
energies. Gaps in coverage appear in Fig. 6 where no
HERA measurement is available for the chosen bin, due the
coarser binning of HERA measurements at large x and low
0?. Measurements in the three-beam scenario are more

precise, though the difference is not as large as for the EIC-
only case. This can be seen in Fig. 6 which shows the ratio
of the absolute uncertainties for the three- to two-beam F,
results for the fits with HERA + EIC data in the common
kinematic region. The fits with the HERA and EIC data and
three EIC beam configurations give significantly more

3EIC
2EIC

10%

<
b
NS

102

<
b
S

e
=
o0

Q2 [GeV?]

0.16

F1, uncertainty ratio

10t
0.14

0.12

1071 100

FIG. 4. Ratio of absolute uncertainties on the simulated EIC F;,
measurements for the three-beam energy configuration over the
two-beam energy configuration, averaged over 1000 replicas. For
the three-beam energy configuration the EIC center-of-mass
energies are 100, 72 and 51 GeV. For the two-beam energy
configuration the EIC center-of-mass energies are 100 and
72 GeV. All three beam energies are required in the fits for
the “3 EIC” extraction, whereas just two are required for the
“2 EIC” case.
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Absolute uncertainties on the simulated HERA + EIC F; measurements averaged over 1000 replicas, corresponding to the

three- (left) and two- (right) beam energy configurations, with the colors indicating the uncertainties. At least three data points are

required for the Rosenbluth fits in both cases.

precise results for the F; structure function compared to the
two-beam scenario, the ratio typically falling between 10%
and 20% and never exceeding 30%. The precision of the F,
extraction depends on the y?/ Y, lever arm at a given x and
Q?, which increases roughly as y2.., where y,. is the
largest y value included in the fit. With the inclusion of the

HERA + 3EIC -
.
]
] 8
o o 10.25 &
Q >
5 10% £
O g
fas 020 &
z
101 | -_ <
P ]
.==- 0.15
|
N _E.
103 1072 107!

X

FIG. 6. Ratio of absolute uncertainties on the simulated EIC F;
measurements for the three-beam energy configuration over the
two-beam energy configuration, averaged over 1000 replicas. For
the three-beam energy configuration the EIC center-of-mass
energies are 100, 72 and 51 GeV. For the two-beam energy
configuration the EIC center-of-mass energies are 100 and
72 GeV. At least three data points are required for the Rosenbluth
fits in both cases. The gray boxes indicate cases where the ratio is
exactly 1 by construction, because the same number of EIC points
enter the Rosenbluth fits for the two- and three-beam scenarios.

lower-energy EIC beam configuration, an additional high y
data point becomes available, extending the y?/Y, lever
arm by a factor of ~5-6, which is reflected in the F;
uncertainties.

Figure 7 shows the phase-space accessible for the four
measurement strategies discussed here, together with a
selection of the previous structure function measurements.

D. Kinematic coverage and precision for F, with two or
three EIC beam configurations

Figures 8 and 9 show absolute uncertainties on the
simulated F, extractions, for EIC-only and HERA + EIC
simulations, respectively, averaged over 1000 replicas. The
kinematic region for the various scenarios is exactly the
same as for the F'; extractions. The absolute uncertainties
for F, are at the 1072 level for most of the accessible
kinematic plane. As expected, the three-beam scenario
offers higher precision, for both EIC-only and HERA +
EIC measurements.

In many HERA publications on inclusive cross sections
when the F, structure function is extracted [27,52-56], it is
calculated from the reduced cross section ¢, using models
to determine the size of the F; contribution. In such
publications, F, is either quoted without an uncertainty
or the uncertainty is simply taken as a relative total
uncertainty of the cross section. No model uncertainties
are calculated. In contrast, the Rosenbluth separation
method offers a completely model-independent extraction
of F,. Here we investigate the improvements over the
HERA extractions that can be obtained by adding EIC data
and applying the Rosenbluth separation method. For all
beam energies, the total uncertainties on the EIC cross
sections are taken as 3.9% summed in quadrature with the
statistical uncertainties (see Sec. II).
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FIG.7. Kinematic coverage of world data for the proton longitudinal structure function, derived from Fig. 1 in [17], but with simulated
EIC data added. The existing data shown are from H1 and ZEUS [10,11], NMC [13], BCDMS [12], JLab [15,17,18] and SLAC [14,16].
The EIC pseudodata are shown for the fits with HERA + EIC data (top), and EIC data only (bottom), for the two (left) and three (right)
beam scenarios. The EIC center-of-mass energies are /s = 100 and 72 GeV for the two-beam case, with /s = 51 GeV added for the
three-beam case. At least three /s values are required in the Rosenbluth fits in all cases except for the “2 EIC” extraction, where both /s

values are required.

Figure 10 shows the ratio of F, uncertainties obtained
using the model-independent Rosenbluth approach for
various beam energy combinations, to those obtained using
the HERA data only (i.e., with the fractional uncertainty
taken directly from the reduced cross section). For the fits
combining the HERA and EIC data and for the fits with
EIC-only data with three center-of-mass energies, the
uncertainties obtained using the Rosenbluth separation
are almost always lower than those from using HERA

data alone. Exceptions only occur in cases where only one
EIC point is used in the fit. For the EIC-only fits with three-
beam energies, all F, measurements are more precise than
the HERA results in the regions of overlap, with improve-
ments typically at the 20% level. Conversely, due to the
difference in method, the scenario with EIC-only data and
only two energies always leads to less precise results than
those from HERA.
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three- (left) and two- (right) beam energy configurations, with the colors indicating the absolute uncertainties.

IV. HERA + EIC COLLINEAR PROTON
PDFS AND STRONG COUPLING

Previous publications [48,57] have shown that the full
EIC DIS data will have a substantial impact on the
precision of PDFs extracted in fits to DIS data only and
on the strong coupling. Following these studies, similar
analyses are performed here assuming 1 fb~! of early
science EIC data for the two- and three-beam configuration
scenarios. The results presented in this section are obtained
from global QCD fits at NNLO, performed in the
HERAPDF2.0 framework [2] using xFitter, an open source
QCD fit platform [25]. Fits with identical configurations
are performed to HERA data only, corresponding to
HERAPDFE2.0 NNLO [2], and also with the additional

inclusion of the simulated EIC early science NC DIS
pseudodata described in Sec. II. As previously discussed,
all cross section pseudodata were required to satisfy a cut
on the hadronic final state invariant mass, W2 > 10 GeV?2.
Only cross sections for Q? starting from Q2. = 3.5 GeV?
were used in this analysis, such that the measurements
safely remain in the kinematic region where perturbative
QCD is expected to be applicable. The central values of the
PDFs with and without the EIC pseudodata coincide by
construction, so the uncertainties can be compared directly.

The impact of simulated early science EIC data in the
two- and three-beam energy configurations on the NNLO
collinear parton distributions of the proton is shown in
Figs. 11 and 12, with logarithmic and linear x scales,

033002-9



JIMENEZ-LOPEZ, MAPLE, NEWMAN, and WICHMANN

PHYS. REV. D 114, 033002 (2026)

2
Q* = 2 GeV? | Q*=27GeV* | Q*=35GeV? | Q®=4.5GeV* [ Q*=6.5GeV?
: oot o, ° [ .0‘009. . i .."' % i o..."o'.. i .o°°' oo
1 (X ¢ " 00, &
e e A P S
2 L1 | | | M | | | | M | | | M | | | | P | | | |
| Q*=85GeV* | Q*=10GeV* | Q*=12GeV? | Q*=15GeV* | Q= 18 GeV?
1 ’ 00. 0P0500 60,9%,-° : 060000 7 ° 0-00. : 026:9°:9,
L C.)OOO F OoO ) ‘:,Oo % .50000 F oo; 0%00
2 Lo | | | M | | | M | | | M | | | P | | | |
L Q*=22GeV® | Q*=27GeV* | Q°=35GeV® | Q*=45GeV* | Q=60 GeV?
c E .o..°.'. | ... ° 4 ° .... o0 a... ) ...o...o
.i:l' 1 o ° ¢ o °
s 0% | e e | % | Gk e
>} 2 L | | | | | | | | | | | | M | | | | P | | | | L
= Q% = 70 GeV? Q? = 90 GeV? Q*=120GeV* | Q*=150GeV® | Q%= 200 GeV?
o
2] [ o‘.'.o" 0o c.“'.' i 0e%e® | ..’.o
~N b . - ol ° °
é: 1 : " ond ° S o ol 5s coo ;
o | oo 00085, oss| Gl 5
g 2 L | | | | N | | N | N | | | M | N | A | | N |
N[ Q*=250GeV* | Q*=300GeV: | Q°=400GeV* | Q*=500GeV? | Q= 650 GeV?
o
1 ’ 0.’ 0.07 “..0..0 o0 ooi ® o. 7 LN
’ c.;)bo 390 e % ~oQ
2 Lo | N | M | N | M | | M | N | P | | N | N
| Q*=800GeV? | Q*=1000GeV?| Q*=1200GeV?| Q%= 1500 GeV?|[ Q%= 2000 GeV?
b ....: .o:, 0.0: .. | :
1 b O ] ’
t ’; L st 0'0: 00:
2 L1 | N | A | 3 | L A | 3 | | 3 | A | 3 |
: Qg = 3000 Ge\? 10 1 10 )1( 10 1 10 1
1l o HERA + EIC, 3 beam energies
» e HERA + EIC, 2 beam energies
o ° EIC, 3 beam energies
02 1  EIC, 2 beam energies

FIG. 10. The ratio of F, uncertainties obtained using the model-independent Rosenbluth approach, to those obtained using HERA
data only. Different symbols correspond to various beam energy combinations, for EIC-only and HERA + EIC fits. The beam settings
are /s = 100 and 72 GeV for the two-beam case, with /s = 51 GeV added for the three-beam case.

respectively, for the examples of the up-valence quarks and
gluons. For low-to-mid x there is a modest improvement for
both parton types with either EIC scenario. For intermedi-
ate and high x > 0.1, there is a somewhat larger improve-
ment for the gluons and a very substantial improvement for
up-valence quarks with the inclusion of early science EIC
data. The down-valence quark distribution also exhibits a

modest improvement, whilst only very small improvements
are observed for the sea quark distributions (not shown).
There is also very little difference between the two and
three EIC beam scenarios. When compared to the results
assuming full longer-term EIC capabilities, including five
different center-of-mass energies and much larger inte-
grated luminosities [57], the early science PDFs are clearly
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FIG. 11. Impact of simulated EIC data on the NNLO collinear parton distributions of the proton (logarithmic x scale). The bands show
relative experimental uncertainties for the up-valence and gluon distributions for Q> = 1.9 GeV2. The HERAPDF2.ONNLO total
uncertainties (using HERA data alone) are compared with results in which simulated EIC data for different beam energy scenarios are
also included in the HERAPDF2.0NNLO fitting framework. Beam settings are /s = 100 and 72 GeV for the two-beam case, with

/s = 51 GeV added for the three-beam case.

less precise for low-to-mid x and only slightly less precise
for the large x > 0.1.

A similar procedure is used to extract the strong coupling
a, from the inclusive HERA and EIC data, using a
simultaneous fit for PDFs and aj, the only change being
that the HERAPDF2.0 variant with input a,(M%) = 0.116
is used, for consistency with the HERAPDF2.0Jets NNLO

Qz =1.9 GeV2
44 HERA
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<

%
O
X

0 01020304 05060708 09
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FIG. 12.

[58] and a previous study of the EIC sensitivity to the
strong coupling [48]. The procedure follows this previous
publication closely. The results and uncertainties with and
without the inclusion of EIC pseudodata are shown in the
form of a y? scan as a function of @, (M%) in Fig. 13. Each
point in the figure corresponds to a full QCD fit, with all 14
PDF parameters free and a fixed strong coupling value. The
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Impact of simulated EIC data on the NNLO collinear parton distributions of the proton (linear x scale). The bands show

relative experimental uncertainties for the up-valence and gluon distributions for Q> = 1.9 GeV2. The HERAPDF2.0NNLO total
uncertainties (using HERA data alone) are compared with results in which simulated EIC data for different beam energy scenarios are
also included in the HERAPDF2.0NNLO fitting framework. Beam settings are /s = 100 and 72 GeV for the two-beam case, with
/s = 51 GeV added for the three-beam case.
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FIG. 13. Ay? =y* — 2. vs a, (M%) for the NNLO fits to
HERA data on inclusive ep scattering only (black), and also
with the addition of simulated EIC inclusive data for two- (red)
or three- (blue) beam energies. The black full points are taken
from [2].

result without EIC pseudodata is taken from [2]. The
addition of the EIC early science data allows for a very
precise extraction of the strong coupling.

The strong coupling extracted from the simultaneous fit
for the PDFs and a,(M2%), using pseudodata for the two
energies of EIC early science together with the HERA
inclusive data, is

a,(M%) = 0.1162 + 0.0008 (exp), (4)
and that using the three energies of EIC pseudodata is
a,(M%) = 0.1158 + 0.0006 (exp). (5)

Here we quote only experimental uncertainties, since the
model and parametrization uncertainties are expected to be
very small and the method for determining the theoretical
uncertainties is uncertain (as discussed in [48]). The a, (M%)
measurement is already very precise with two EIC beam
configurations at the early science stage, reaching the level
of the present world average or lattice QCD determinations.
Adding the third (lower) energy improves these results by
~25%. From the previous studies [48] the experimental
uncertainty for five center-of-mass energies assuming full
long-term EIC capabilities in terms of luminosity and
available beam energies is expected to be +0.0004.

V. ALTERNATIVE SCENARIOS

The pseudodata produced for the studies shown in this
paper rely on assumptions for the available luminosity for
each beam configuration, and also for the systematic
precision that will be achieved for early science. Here,
we briefly consider the impact of varying these assump-
tions on the results shown in this paper.

The pseudodata were produced assuming integrated
luminosity of 1 fb~! in each beam configuration. On the
other hand, recent projections indicate that the annual
luminosity that could be delivered in the three early science
beam configurations considered here of 5 x 130, 10 x 130
and 10 x 250 GeV? would be 4.36, 5.33 and 9.18 fb~!,
respectively, in the so-called high divergence configuration.
Assuming equivalent systematics to those used previously,
and half year science periods with the luminosity for each
configuration correspondingly scaled, no significant differ-
ence is observed in the precision of the extracted structure
functions, or the uncertainties on the PDFs. For the a;
extraction, the increased luminosity improves the precision
by about 15% and 20% for the two- and three-beam
scenarios, respectively. This is a result of the improved
uncertainties in the large x region, which is crucial for the
precise extraction of the strong coupling, and is the only
region where the statistical uncertainties dominate, thus
benefitting the most from the increased luminosity.

During early science, it is likely that the electron-only
method will be the main tool used in kinematic recon-
struction, as other methods that mix information from the
scattered electron and the hadronic final state require a
detailed understanding of the detector response to hadrons
which may take time to achieve. The resolution achievable
using the electron method degrades at low y as ~1/y, which
in turn leads to larger systematic uncertainties, for example
due to corrections for migrations between bins. We there-
fore consider a scenario where the point-to-point systematic
uncertainty of 1.9% degrades as 1/y below a threshold
value of yyresholds Where it is assumed that this effect
dominates the systematic uncertainty. The point-to-point
systematic uncertainty op,p is therefore calculated as

y[hm\fhom S 1'9%’ Y < Ythreshold
Opop = ' (6)

1.9%, Y > Ythreshold

where Voo 18 €ither 0.05 or 0.1. As before, little
difference is found in the precision on the extracted
structure functions, due to the lower impact of the low
y points in a Rosenbluth fit compared with large y points.
The only F; points strongly affected by this change are
those at the largest x for a given Q2, which already have
very large uncertainties. No significant degradation in the
precision of the PDFs is observed. The most impacted
quantity is again aj, due to its sensitivty to the large x data.
With yireshold = 0.05, a ~50% degradation is found,
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with da; = 0.0009 for the three EIC energy scenario and
oa, = 0.0012 for the two EIC energy case. For Yy, esnold =
0.1 this increases to éa, = 0.0011 and da, = 0.0015 for
the three and two EIC energy scenarios, respectively.

VI. SUMMARY

In this work, we have used simulated data to explore the
potential of the EIC to measure the structure functions F,
and F, as well as PDFs and the strong coupling a,(M2%), in
the early EIC science stage (approximately the first five
years). We have presented simulated model-independent
measurements of the F, and F'; structure functions using a
Rosenbluth fit method, for two and three EIC beam
configuration scenarios, with and without the inclusion
of the HERA data. Our studies show that the EIC will be
able to measure the structure functions F, and F; over a
wide kinematic range in the first five years of operation,
with a meaningful precision on F; and improvements over
the already very precise HERA data for F,. Our studies also
show that, should a third ep run with a lower center-of-
mass energy be possible during the early science period, a
factor of ~5 improvement to the F; uncertainties may be
achieved. In the PDF and a,(M2) studies, the inclusion of
EIC pseudodata for the two-beam configurations yields a

clear improvement in the PDF uncertainties, and allows
a,(M2%) to be constrained with world leading precision.
Adding the third, lower center-of-mass energy beam
configuration does not have a strong impact on the PDF
extraction. However it improves the o, (M%) early science
determination by ~25%. The studies presented here clearly
show that EIC data will already be a highly impactful probe
of perturbative quantum chromodynamics within the first
five years of data taking.
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