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Why map the proton?

The proton is our main probe of nature, yet we can’t calculate its insides

We have to measure them!
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Figure 30: The combined high-Q2 HERA inclusive NC e+p reduced cross sections as partially
shown already in Fig. 5 with overlaid predictions of HERAPDF2.0 NLO and NNLO. The two
differently shaded bands represent the total uncertainties on the two predictions.
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Figure 49: The parton distribution functions xuv, xdv, xS = 2x(Ū+ D̄) and xg of HERAPDF2.0
NNLO at µ2f = 10GeV

2 compared to the ones of HERAPDF1.5 on logarithmic (top) and linear
(bottom) scales. The bands represent the total uncertainties.
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What are structure functions?
Structure functions give us information about the constituents of the proton

What do structure functions tell us? 

• : information about quarks. 

• : direct look at gluons. 

• : matter-antimatter imbalance.
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Figure 82: The combined HERA data for the inclusive NC e+p and e→p reduced cross sections
together with fixed-target data [107,108] and the predictions of HERAPDF2.0 NNLO. The
bands represent the total uncertainties on the predictions. Dashed lines indicate extrapolation
into kinematic regions not included in the fit.
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Figure 83: The structure function F̃2 as extracted from the measured reduced cross sections for
four values of Q2 together with the predictions of HERAPDF2.0 NLO. The bands represent the
total uncertainty on the predictions.
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xg(x, Q2) ≈ 1.77
3π

2αs(Q2)
FL(x, Q2)

Altarelli-Martinelli relation (Phys.Lett.B 76 (1978) 89-94) For a concise overview, see Deep Inelastic 
Scattering by Devenish and Cooper-Sarkar.



At EIC we can extract the three of 
them without any assumptions.

What can EIC do?

4

394 

luminosity determination and 1% from the uncertainty in 
the first level trigger efficiency. The errors of the F2 data 
shown in the figures below do not include the normalisation 
uncertainty. 

8.2.3 Electron method systematic errors 

For the electron analysis a similar procedure is followed. 
First the analysis is repeated without the photoproduction 
background subtraction, then the change from these F2 val- 
ues for each of the changes listed below is calculated. The 
systematic error is the sum of the differences added in 
quadrature. 

- Electron finder. The neural network electron finder was 
used in place of the standard one. The changes to F2 
average around 3% and reach 11% only in the bin at 
Q2 = 25 GeV 2 and z = 0.00042. 

- Electron energy scale. The largest change when the CAL 
energy scale in the Monte Carlo is adjusted by + 1.5% 
is taken. The change in F2 averages less than 5% but is 
15% in one bin at 65 GeV 2. 

- V e r t e x  position. The largest change when the mean 
Monte Carlo vertex position is shifted by 4-1 cm is taken. 
(A larger shift is used here than in the corresponding 
check for the DA method because a larger proportion of 
events do not have a well measured vertex.) The changes 
are less than 6% in all bins except one at 35 GeV 2 where 
it is 9%. 

- Box cut. Change of the RCAL box cut from the standard 
square of side 32 cm to one of side 34 cm (this is not 
the same as the change made in the DA case because of 
the need to stay within the region where the energy loss 
corrections have been measured). The changes are gen- 
erally less than 4%, except in the bin at Q2 = 25 GeV 2 
and x = 0.00042 where it is 6%. 

- Check on electron event selection. The cut on/~'~ is in- 
creased from 8 to 10GeV. The changes are very small 
except in the lowest x and Q2 bin where it is 6%. 

- Sensitivity to radiative corrections and photoproduction 
background. The largest change when the lower cut on 

is changed to either 32 GeV or 40 GeV is taken. The 
changes are almost zero except in the lowest x bin at 
each Q2, where they decrease rapidly, as Q2 increases, 
from 15% at 8.5 GeV 2 to 2% at 65 GeV 2. 

The overall systematic error for the electron F2 averages 
about 12%, rising to 25% in some bins at high y. In addition 
to the systematic error analysis just described, an indepen- 
dent electron F2 measurement was performed in which the 
energy loss correction was derived from a comparison of 
the electron energy measured in the CAL and of its mo- 
mentum measured by tracking. In the bins with Q2 above 
14 GeV 2, where the measurements were made, the F2 values 
agree with those from the standard electron analysis within 
systematic errors. 

9 R e s u l t s  

We first compare the results from the two analyses. In both 
analyses the events are binned in x and Q2 and after un- 
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F i g .  12. F2 values from the DA (solid circles) and electron (stars) methods 
plotted as functions of x for Q2 values between 8.5 and 65 GeV 2. The inner 
error bar shows the statistical error and the full bar the statistical and sys- 
tematic errors added in quadrature. The overall normalisation uncertainty of 
3.5% is not included. Note that for clarity of presentation the electron points 
have been plotted at x values stiifted by 15% to lower values (leftwards) 

folding the F2 values are determined at the mean x and Q2 
positions for the events in that bin. However as a byprod- 
uct of the unfolding, the modification of the input structure 
function needed to fit the measured F2 as a function of x 
and Qz is available. It is thus straightforward to give the F2 
value in a bin at more convenient values of x and Q2 than 
their means. These are the values quoted in Tables 1 and 2; 
typically the shift in the value of F2 is 5% or less. 

Figure 12 shows the F2 values determined by both the 
DA and electron methods in the bins with Q2 < 80 GeV 2. 
At a given Q2 the F2 values agree very well with each other, 
generally within statistical errors. At all Q2 values the slopes 
of the data, as functions of x, from the two methods also 
agree well. Though the events are drawn from overlapping 
samples the reconstruction methods are different and have 
different systematic effects. In fact, the agreement between 
the two methods is the most important systematic check on 
our results. The ability to perform two independent analyses 
with one apparatus is one of the strengths of the hermetic 
detectors at HERA. 

We choose the DA results for all Q2 as the final values 
for the ZEUS 1993 F2 data. Details are given in Tables 1 
and 2 which show for each bin, the z and Q2 ranges, the 
number of observed events, the F2 values and their statistical 
and systematic errors, the equivalent number of background 
events and the FL corrections. Figure 13 shows the final F2 
data for all Q2 bins except the one at 5000 GeV 2 in which 
there is only one measured value. The figure shows that the 
strong rise of F2 with decreasing z observed in the 1992 
HERA data is confirmed. This behaviour is in striking con- 
trast to the almost constant behaviour seen at larger values 
of x. The steep rise persists from the lowest Q2 values up to 
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Fig. 4 The reduced cross
section σ̃NC (x, Q2) + 0.3i
measured at three proton beam
energies E p = 460 GeV
(diamonds, i = 0), 575 GeV
(squares, i = 1) and 920 GeV
(circles, i = 2). The previously
published H1 SpaCal data are
shown by the open symbols. The
solid symbols are the H1 LAr
data. The new measurements
reported here correspond to the
filled diamonds and squares.
The inner error bars represent
the statistical errors, the full
error bars include the statistical
and systematic uncertainties
added in quadrature, excluding
the normalisation uncertainty.
The curves represent the
prediction from the H1PDF2012
NLO QCD fit
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Fig. 5 The reduced cross
section σ̃NC (x, Q2) as a
function of y2/(1 + (1 − y)2)
for six values of x at
Q2 = 60 GeV2, measured for
proton beam energies of
E p = 920, 575 and 460 GeV.
The inner error bars denote the
statistical error, the outer error
bars show statistical and
systematic uncertainties added
in quadrature. The luminosity
uncertainty is not included in the
error bars. The negative slopes
of the linear fits (solid line)
which were performed using
total errors, illustrate the
non-vanishing values of the
structure function FL (x, Q2)
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Include  and enough 
beam configurations.

FL

⟹

Model dependent extractions: 
• Phys.Lett.B 282 (1992) 475-482 
• ArXiv:hep-ph/9712539

http://link.springer.com/article/10.1007%2FBF01556128
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• Deep Inelastic Scattering and structure functions. 

• Overview of HERA results. 

• Model independent extraction of ,  and  at EIC.F2 FL xF3



Overview of Deep Inelastic Scattering
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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 –

̂σ

PDF

(k)

The reduced cross-section for NC DIS is: 

where  is the Bjorken scaling variable,  (virtuality), 
 the inelasticity and . 

For : 

 and  are known   and  from a linear fit. 

This is known as the Rosenbluth-separation technique (Phys. 
Rev. 79, 615). 

This method assumes , neglecting the exchange of  

bosons and the  interference.

x Q2 = − q2

y Y± = 1 ± (1 − y)2

Q2 ≪ M2
Z

x Q2 ⟹ F2 FL

xF3 = 0 Z
γZ 6

σe±p
r (x, Q2, y) = F2 (x, Q2) −

y2

Y+
FL (x, Q2)

σe±p
r (x, Q2, y) = F2 (x, Q2) ∓

Y−

Y+
xF3 (x, Q2) −

y2

Y+
FL (x, Q2)(k′￼)



Overview of Deep Inelastic Scattering

7

If  is not neglected, then: 

From this equation, it is possible to extract  using measurements from electron-proton and 
positron-proton interactions: 

This was the only possible method that could be employed at HERA to extract measurements 
of . 

However, there is a problem: one needs to have electrons and positrons available, but EIC will 
not have positrons and thus, this method can not be applied.

xF3

xF3

xF3

σe±p
r (x, Q2, y) = F2 (x, Q2) ∓

Y−

Y+
xF3 (x, Q2) −

y2

Y+
FL (x, Q2)

xF3 =
Y+

2Y−
(σe−p

r − σe+p
r )



Results from HERA
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The simultaneous extraction of the 3 structure functions was not attempted at HERA.



Potential bias in the extraction of FL
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As the cross section is a measurable observable, it must satisfy: 

If we denote by  and  the structure functions obtained with the Rosenbluth method, one 
finds: 

As the difference  can be neglected, the bias in  is: 

F2 FL

F2 − F2 FL

Δ = σfull
r − σRosenbluth

r = 0

Δ = F2 − F2 +
1

Y+
[(2y − y2)xF3 − y2(FL − FL)] = 0

FL − FL ∼ xF3



Potential bias in the extraction of  (S17 + optimistic)FL
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The difference in  due to the inclusion of  is negligible when compared to the difference in F2 xF3 FL



Potential bias in the extraction of  (S17 + optimistic)FL
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The extraction is done by fitting the structure functions according to the following relation 
with the reduced cross section: 

As we are introducing an additional free parameter, we must be careful at the time of 
performing the fit. We propose the following fitting strategy: 

• Obtain  and  using the Rosenbluth method.F2 FL

σe±p
r (x, Q2, y) = F2 (x, Q2) ∓

Y−

Y+
xF3 (x, Q2) −

y2

Y+
FL (x, Q2)

Simultaneous extraction of ,  and F2 FL xF3
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The extraction is done by fitting the structure functions according to the following relation 
with the reduced cross section: 

As we are introducing an additional free parameter, we must be careful at the time of 
performing the fit. We propose the following fitting strategy: 

• Obtain  and  using the Rosenbluth method. 

• Use those values as initial guesses of the full fit in order to improve numerical stability and 
convergence. 

Additionally, we impose the condition  during the fitting process to ensure physically 
meaningful results.

F2 FL

xF3 ≥ 0

σe±p
r (x, Q2, y) = F2 (x, Q2) ∓

Y−

Y+
xF3 (x, Q2) −

y2

Y+
FL (x, Q2)

Simultaneous extraction of ,  and F2 FL xF3
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Pseudo-data generation

14

• Cross section generated with HERAPDF2.0 NNLO with xFitter according to the kinematic phase-
space at EIC.  

• Gaussian smearing according to two possible scenarios: 

• Conservative scenario: 1.9 % of correlated systematics and 3.4 % of uncorrelated systematics 
 total uncertainty of 3.9 %. 

• Optimistic scenario: total uncertainty of 1 %.

⟹

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

S5 S17



Results for F2
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Results for FL
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Results for FL
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Results for  (conservative scenario)xF3
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S5 S17

Predictions to compare with are done with HERAPDF2.0 NNLO using YADISM 
(Eur.Phys.J.C (2024) 84:697) and points whose uncertainty is above 0.1 are not displayed 
for visual clarity.
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Predictions to compare with are done with HERAPDF2.0 NNLO using YADISM 
(Eur.Phys.J.C (2024) 84:697) and points whose uncertainty is above 0.1 are not displayed 
for visual clarity.
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Uncertainties are considerably reduced in the optimistic scenario for the three structure functions.
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EIC will help to constrain
 in an unexplored 

region of phase space
xF3
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Summary and conclusions
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• Simultaneous extraction of the proton structure functions. 

• Rosenbluth-type extraction introduces a potentially measurable bias in 
the longitudinal structure function, linked to . 

• More beam configurations  better results. 

• The extraction is systematics dominated  the optimistic scenario is 
key for the precise obtention of the proton structure functions.

xF3 ≠ 0

⟹

⟹



Backup



The Electron-Ion Collider
Only  collider since HERAe−p

EIC will provide:

• Polarised beams  spin-dependent effects. 

• Heavy ions for nuclear studies  nuclear PDFs. 

• C.o.m energies ranging from  to  GeV. 

• High luminosity .

⟹

⟹

21 141

(1033 to 1034 cm−2 s−1)

This will be specially 
relevant for  
our analysis of the 
proton structure 
functions

ePIC will be the primary general-purpose 
detector at the future Electron-Ion Collider, 
designed to unravel the 3D structure and spin 
of the nucleon (Nucl. Phys. A 1026 (2022) 122447).



Overview of Deep Inelastic Scattering
If  is not neglected, the full cross section formula for NC DIS is: 

where:  

and  and  are the vector and axial-vector weak couplings of the electron to the Z boson.  

Electroweak effects are considerably suppressed for  but that does not mean we can 
fully neglect them!

xF3

νe ae

Q2 ≪ M2
Z

σe±p
r (x, Q2, y) = F2 (x, Q2) ∓

Y−

Y+
xF3 (x, Q2) −

y2

Y+
FL (x, Q2)

F2 = Fγ
2 − κzνeF

γZ
2 + κ2

z (ν2
e + a2

e )FZ
2

FL = Fγ
L − κzνeF

γZ
L + κ2

z (ν2
e + a2

e )FZ
L

xF3 = − κza2xFγZ
3 + κ2

z 2νeaexFZ
3

with κz(Q2) =
Q2

(Q2 + M2
Z)(4 sin2 θw cos2 θw)



MC replica method
Aiming to sample the distribution of possible outcomes for the values and uncertainties of the 
structure functions, 1000 replicas of each dataset are considered. 

The averaging procedure, introduced in PRD 105, 074006 (2022), is given by the following: 

where: 

and  stands for extracted value of the structure function in the i-th MC replica.vi

v = 𝒮1 / N (Δv)2 =
𝒮2 − 𝒮2

1 / N
N − 1

𝒮n =
N

∑
i=1

vn
i



 extraction with the Rosenbluth methodFL
In PRD 111, 056014 (2025), we obtained the prospects for the longitudinal structure function at 
EIC assuming .xF3 = 0
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 from Rosenbluth fit (conservative vs. optimistic)FL(x, Q2)
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 from full cross section fit (conservative vs. optimistic)FL(x, Q2)
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