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The Electron-Ion Collider (EIC)
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Hadron energy:  GeV 

Electron energy:  GeV

41 − 275

5 − 18
 GeVs = 29 − 141

 polarisation for ,  and  70 % e− p He

Heavier, unpolarised ions (up to )U

ℒint = 10 − 100 fb−1/year



The Electron-Ion Collider (EIC)
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First  collider since HERA e−p (1992 − 2007)

propagator term in the cross section and the modest
integrated luminosity (∼0.5 fb−1 per experiment). The
large x region in global fits is therefore constrained to a
large extent by measurements from fixed target experi-
ments, e.g., BCDMS and NMC [41,42]. However, there are
uncertainties in the theoretical description of the fixed
target data due to their low hadronic final state invariant
masses,4 values where it becomes difficult to disentangle
perturbative corrections from powerlike effects. The EIC is
thus particularly promising in the high x region, where it is
expected to provide data that are both high precision and
theoretically clean.
eA pseudodata were produced analogously, considering

the nucleus to be Au, and per-nucleon integrated luminos-
ities of 4.4 fb−1, 79 fb−1 and 79 fb−1 for 5 × 41 GeV, 10 ×
110 GeV and 18 × 110 GeV, respectively. The locations in
the (x;Q2) kinematic plane of the EIC pseudodata used in
this analysis are shown in Fig. 2, together with shaded areas
representing the regions presently covered and considered
in existing global nPDF fits [13,14]. Note that we are
interested in the uncertainties while the central values are
irrelevant for this study. Therefore, the same PDF set
HERAPDF2.0NNLO [1] used for the proton is employed
for eA, corresponding to a central value of the nuclear

modification factor (defined as the ratio of each parton
density in a proton bound inside a nucleus to that in a free
proton) equal to 1.

III. EIC IMPACT ON PROTON PDFs

A. Comparison with HERA-only PDFs

The results presented in this section are obtained
from global QCD fits at NNLO, performed in the
HERAPDF2.0 framework [1] using xFitter, an open
source QCD fit platform [43]. Fits with identical con-
figurations are performed to HERA data only, corre-
sponding to HERAPDF2.0NNLO in [1], and also with the
additional inclusion of the simulated EIC pseudodata
described in Sec. II. To avoid regions that may be
strongly affected by higher twist or resummation
effects, a cut on the squared hadronic final state
invariant mass, W2¼Q2ð1−xÞ=x> 10GeV2 is included
for the EIC data. No such cut was required in the
HERAPDF2.0NNLO fit as the kinematic range of
the data included there is such that W2 ≳ 270 GeV2.
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 the EIC pseudodata on the experimental

uncertainties in the HERAPDF2.0NNLO fits is illustrated
in Figs. 3 and 4. Relative uncertainties are shown for the
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FIG. 1. The locations in the (x;Q2) plane of the HERA (black
solid points) and EIC (open symbols) ep neutral current inclusive
DIS data points included in the analysis.
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FIG. 2. The locations in the (x;Q2) plane of the eAu EIC
neutral current inclusive DIS data points included in the analysis
(open symbols), compared to the region (hatched areas) covered
at present by DIS and Drell-Yan fixed target experiments on
nuclear targets, and by dijet, electro-weak boson and D-meson
production in pPb collisions at the LHC.

4The hadronic final state invariant mass W is related
to the other standard DIS kinematic variables through W2 ¼
Q2ð1 − xÞ=x.

IMPACT OF INCLUSIVE ELECTRON ION COLLIDER DATA ON … PHYS. REV. D 109, 054019 (2024)
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The Altarelli-Martinelli relation
Connects the unpolarised gluon PDF with the longitudinal structure function .FL
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• Formalised by Altarelli and Martinelli (Altarelli et al., Physics Letters B 76, 89-94). 

• Further simplified in various papers (Zijlstra et al., Nuclear Physics B 383, 525-574; 
Cooper-Sarkar et al., Zeitschrift für Physik C Particles and Fields 39, 281-290; Borun et al., 
The European Physical Journal C 72, 2221).

fg
1 (x, Q2) ≈ 1.77

3π
2αs(Q2)

FL(x, Q2)

In it’s approximate form, the Altarelli-Martinelli relation is:

Note: this equation is only valid for low values of Bjorken .x
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Extraction of  at the EICFL
The reduced cross-section of the  NC DIS for  is:e−p Q2 ≪ M2

Z

σr(x, Q2, y) = F2(x, Q2) −
y2

Y+
FL(x, Q2)

• : Bjorken scaling variable 

• : inelasticity 

• : virtuality 

•

x
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Y+ = 1 + (1 − y)2
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Table 1. Different categories of processes measured at an EIC (Initial state: colliding electron (𝐿), proton
(𝑀), and nuclei (𝑁). Final state: scattered electron (𝐿′), neutrino (𝑂), photon (𝑃), hadron (𝑄), and hadronic
final state (𝑅)). Key kinematic variables are indicated in magenta.

Neutral-current Inclusive DIS: 𝐿+ 𝑀/A −→ 𝐿
′
+𝑅; for this

process, it is essential to detect the scattered electron, 𝐿′, with
high precision. All other final state particles (𝑅) are ignored.
The scattered electron is critical for all processes to determine
the event kinematics. The key kinematic variable in this
process are 𝑆 and𝑇2 where 𝑆 is the momentum fraction of the
quark (w.r.t. the nucleon) on which the photon scatters. 𝑇

2

is the squared momentum transfer to the electron 𝑇
2 = −𝑈

2,
equal to the virtuality of the exchanged photon. Large values
of 𝑇2 provide a hard scale to the process, which allows one
to resolve quarks and gluons in the proton.

p

q

x
X

e eʹ

γ∗

⎫
⎬
⎭

Charged-current Inclusive DIS: 𝐿+ 𝑀/A −→ 𝑂+𝑅; at high
enough momentum transfer 𝑇2, the electron-quark interac-
tion is mediated by the exchange of a𝑉± gauge boson instead
of the virtual photon. In this case the event kinematic cannot
be reconstructed from the scattered electron, but needs to be
reconstructed from the final state particles.

Semi-inclusive DIS: 𝐿 + 𝑀/A −→ 𝐿
′
+ 𝑄

±,0
+ 𝑅 , which

requires measurement of at least one identified hadron in
coincidence with the scattered electron.

Exclusive DIS: 𝐿+ 𝑀/A −→ 𝐿
′
+ 𝑀

′
/𝑁

′
+𝑃/𝑄

±,0
/𝑊𝑋 , which

require the measurement of all particles in the event with
high precision. A key kinematic variable for this process is
𝑌 = (𝑀

′
− 𝑀)

2, the invariant square of the momentum transfer
of the scattered proton or ion, which is crucial for all parton
imaging studies.

– 3 –

As  and  are known,  and  can be extracted using a linear fit.x Q2 F2 FL

This is the well-known Rosenbluth-type separation method (Rosenbluth., Phys. Rev. 79, 615).
6



Pseudo-data simulation
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• Reduced cross-sections generated with HERAPDF  NNLO. 

• Smearing procedure for two different uncertainty scenarios: 

• Conservative: of uncorrelated systematics and of correlated 
systematics  total uncertainty of . 

• Optimistic: total uncertainty of .

2.0

1.9 % 3.4 %
⟹ 3.9 %

1 %

Note that the uncertainty due to the normalisation between different beam energies is 
not considered.



Example fits
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Averaging over MC replicas
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In order to get a final measurement of  and it’s uncertainties, we apply the following 
averaging procedure (Armesto et al., Phys. Rev. D 105, 074006):

FL

v = 𝒮1/N (Δv)2 =
𝒮2 − 𝒮2

1/N
N − 1

where  and  stands for the extracted value of  in the -th MC replica.𝒮n =
N

∑
i=1

vn
i vi FL i

• Performed Gaussian smearing  times. 

• Bins whose absolute uncertainty were larger than  are not considered for the analysis: 

• This criterion removes around of the points for the conservative scenario and 
for the optimistic one. 

• These points might be recovered once real data is available.

1000

0.3

30 %
20 %

For each generated pseudo-data point:



Example replicas
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 averaged over  MC replicasFL 1000
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 absolute uncertainties with the MC replica methodFL
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Conservative scenario Optimistic scenario

Great precision on  measurements, further improved in the optimistic scenarioFL



: comparison with HERAFL(Q2)
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HERA and EIC results cannot be directly compared as the phase space region they 
cover is different. However, the uncertainties in the measurements can be directly 
compared.
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Possible beam energy configurations at EIC
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• S-5 is the baseline configuration and is illustrated in green. 

• S-9 is obtained by adding the red values. 

• S-17 is obtained by adding the rest except the degenerated case  
(marked in blue).

10 × 180 GeV2
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Adding more beam configurations 
increments the number of points 
available at high , significantly 
improving the quality of the fit

y2/Y+



Possible improvements
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•  measurements will significantly improve as more beam energies become available. 

• However, the greatest improvement comes from reducing the uncertainties rather 
than adding additional beam energy configurations.

FL
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Extraction of  with FL ℒint = 1 fb−1
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Kinematic coverage in phase space
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The strong coupling “constant”
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The strong coupling constant is a function of the energy scale  and in the  scheme 
it’s evolution with  is given by:

μ MS
μ

μ2 d
dμ2

α (nf)
s (μ) = − ∑

i≥0

β (nf)
i ( α (nf)

s (μ)
π )

i+2

where  is the number of active flavours and the coefficients  where taken from Baikov 
et al., Phys. Rev. Lett. 118, 082002.

nf β (nf )
i

The initial condition for the running of  was chosen to be the world average value:αs

αs(μ = MZ) = 0.1180 ± 0.0009



-loop evolution for 5 αs(μ)
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: comparison with HERAfg
1 (Q2)
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Figure 10: The gluon density xg(x,Q2) averaged over x in the region 1.5 → Q2 → 800 GeV2

(solid points). The average value of x for each Q2 is given above each data point. The inner
error bars represent the statistical uncertainties, the full error bars include the statistical and
systematic uncertainties added in quadrature, including all correlated and uncorrelated uncer-
tainties. The shaded regions represent the prediction from the HERAPDF1.5 NLO QCD fit. The
dashed line corresponds to xg as obtained by applying equation 8 to the FL prediction based on
the HERAPDF1.5 NLO QCD fit.

41

Andreev et al., (H1 collaboration), Eur. Phys. J. C 74, 2814
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Future colliders impact on FL

22
P.  Agostini et al. 2021 J. Phys G: Nucl. Part. Phys. 48 110501 

P.  Agostini et al. 2021 J. Phys G: Nucl. Part. Phys. 48 110501 

Future colliders will considerably 
expand the accessible kinematic region, 
allowing measurements in unexplored 
sections and reducing uncertainties 



Conclusions and final remarks
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The upcoming Electron-Ion Collider (EIC) will revolutionise our ability to probe the 
longitudinal structure function and, through it, the gluon content of the proton. 

In particular:

• The longitudinal structure function  can be extracted with unprecedented precision 
across a vast, previously unexplored kinematic domain. 

•  measurements will provide an almost direct determination of the gluon density . 

• Precise measurements of  are feasible even with  (total luminosity achieved 
at HERA), which will be reached in a short period of time at the EIC, meaning that an early 
extraction could be done in the first few years of operation.

FL

FL fg
1 (x, Q2)

FL ℒint = 1 fb−1

Thank you for your time!
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Obtaining  as a function of FL Q2

The average value of  is calculated as:FL

FL =
∑N

i=1 ωiF(i)
L

∑N
i=1 ωi

with ωi =
1

[ΔF(i)
L ]2

The uncertainty on the averaged measurement is given by:

δavg =
1

∑N
i=1 ωi

The same procedure was applied to obtain the averaged value of  using the weights 
calculated for the average value of .

x
FL



Decoupling relation in the  schemeMS
As the Appelquist-Carazzone decoupling theorem does not hold in the  scheme, the 
decoupling must be done “by hand” every time the number of active flavours changes 
during the evolution of .

MS

αs(μ)

α (nf−1)
s (μ0) = ζ2

gαnf
s (μ0)

(ζMS
g )

2

= 1 +
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1
6
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π )
2

( 11
72
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11
24
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1
36

L2)
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3

[ 564731
124416

−
82043
27648

ζ3 −
955
576
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216
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