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New work in progress, following on from:

- DPDFs at LHeC (and EIC) Phys Rev D100 (2019) 074022

- Longitudinal Diffractive Structure Function @EIC  
Phys Rev D105 (2022) 074006 
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Outline
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• Small x 

• EIC kinematics. Evolution equations DGLAP vs BFKL 

• Resummation at small x 

• Nonlinear evolution: parton saturation. Opportunities at EIC 

• Inclusive diffraction  at EIC 

• Longitudinal diffractive structure function 

• Extraction of Pomeron and Reggeon, estimate of uncertainties
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What is EIC ?
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High luminosity  
(100-1000 times more than HERA) 

Variable center of mass energies 20 -140 GeV 

Beams with different A: from light nuclei 
(proton) to the heaviest nuclei (uranium) 

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

Dedicated forward instrumentation: proton 
tagging (essential for diffraction) 

Up to two interaction regions 

1033 − 1034cm−2s−1

Capabilities of  EIC

EIC: Electron-Ion Collider facility that will be built 
at Brookhaven National Laboratory using and 
upgrading existing RHIC complex. Partnership 
between BNL and Jefferson Lab.
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Kinematic range at EIC
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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.
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the (x;Q2) kinematic plane of the EIC pseudodata used in
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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
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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
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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

6!10 5!10 4!10 3!10 2!10 1!10 1

1!10

1

10

210

310

410

510

x

)2 (GeV2Q

HERA

EIC ep 18X275 GeV

EIC ep 10X275 GeV

EIC ep 10X100 GeV

EIC ep 5X100 GeV

EIC ep 5X41 GeV

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.

6!10 5!10 4!10 3!10 2!10 1!10 1

1!10

1

10

210

310

410

510

610

x

)2 (GeV2Q

EIC eAu 18X110 GeV

EIC eAu 10X110 GeV
EIC eAu 5X41 GeV

Present
"DIS+DY+

dAu@
RHIC

pPb@LHC

pPb@LHC

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)

054019-3

proton nucleus: Pb

plots from : Armesto, Cridge, Giuli, Harland-Lang, 
Newman, Schmookler, Thorne, Wichmann

Proton: EIC kinematic range overlaps with HERA, extends to larger x 
Nucleus: EIC the only DIS machine to extend down to small x 
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Gluon density in proton and nuclei
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Figure 25: The parton distribution functions xuv, xdv, xS = 2x(Ū+ D̄) and xg of HERAPDF2.0
NLO at µ2f = 10GeV

2 compared to those of HERAPDF2.0 NNLO on logarithmic (top) and
linear (bottom) scales. The bands represent the total uncertainties.

72

Gluon density dominates at small x 
What happens at small x (high energy) ? 
How nuclear environment modifies PDFs ?
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Fig. 7 The EPPS21 nuclear modifications of bound protons in carbon (two leftmost columns) in lead (two rightmost columns)
at the initial scale Q2 = 1.69GeV2 and at Q2 = 10GeV2. The central results are shown by thick black curves, and the nuclear
error sets by green dotted curves. The blue bands correspond to the nuclear uncertainties and the purple ones to the full
uncertainty (nuclear and baseline errors added in quadrature).

proton nucleus: Pb
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Collinear limit and DGLAP evolution
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DGLAP evolution
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DGLAP evolution equations for parton densities

Splitting functions calculated perturbatively
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Impact of EIC on collinear PDFs
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number sum rules, and thus derive indirectly from the
improved precision at large x. The gluon density, which is
most strongly constrained by the scaling violations of the
neutral current cross sections, is not impacted so strongly,
but there is still a notable improvement at intermediate x,
where the EIC pseudodata improve the precision at low and
intermediate Q2.
The lowest x and Q2 HERA data show evidence for

lnð1=xÞ (BFKL) resummation corrections [44]. To inves-
tigate whether precise EIC data in the low x region might
enhance the overall sensitivity to such effects, modified
EIC pseudodata are generated with central values obtained
from the NNPDF31sx_nnlo_nllx_as_0118 PDF set [44],
which includes the lnð1=xÞ resummation effects. Fits at
NNLO using the modified pseudodata are compared with
and without the addition of next-to-leading lnð1=xÞ resum-
mation, implemented using the HELL [45,46] code. The
change in the overall χ2 of the fit between the two cases is

negligible, indicating that the EIC data are not sensitive to
the BFKL effects. The same conclusion is reached when
using a more flexible PDF parametrization [47], designed
to give a better description in the small-x region without
introducing too many new parameters. While this con-
clusion could be expected from the smaller access to small
x at the EIC compared to HERA, here this conclusion is set
on firm grounds for the first time.

B. Comparison with global PDFs

Several groups worldwide are engaged in “global” fits
that constrain the proton PDFs using a range of input data
from fixed target DIS experiments, HERA and hadron-
hadron colliders, most notably the LHC [48]. Within this
global dataset, HERA inclusive DIS data remain a key
constraint, in particular at low and intermediate x. However,
other datasets also play an important role. For example,
fixed target DIS data are important in constraining the

FIG. 4. Impact of simulated EIC data on the NNLO collinear parton distributions of the proton shown on a logarithmic x scale for
Q2 ¼ 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.
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proton nucleus: Au

detail. In particular, it opens up a new region at low x that
has not been constrained previously in DIS or Drell-Yan
data. The partonic structure of nuclei is commonly dis-
cussed in terms of nuclear PDFs (nPDFs), or nuclear
modification ratios, which encode the deviations of
nPDFs from simple scaling of free nucleon PDFs with
atomic mass A after appropriately accounting for varying
proton-to-neutron ratios using isospin symmetry. The
deviations from this scaling with A may be due to binding
effects or, at low x, to new parton dynamics [66] (‘satu-
ration’ phenomena) associated with the denser systems of
gluons found in heavy nuclei than in nucleons.
Present DIS data feeding into nPDFs are limited to fixed

target measurements at large x and relatively low Q2. Data

from fixed target and colliding mode hadron-nucleus
experiments can be used to extend the sensitivity, but with
similar associated theoretical difficulties to those discussed
in the proton context in Sec. III. Since the uncertainties in
the nuclear modification factors are large in the low x
region that will be newly explored in DIS, the EIC is
expected to have an impact with relatively modest amounts
of eA data.
The potential impact on nuclear PDFs of simulated EIC

data is studied here in the xFitter framework [43]. Data
from EIC only are used as input to fits in which the PDFs
evolve according to the next-to-leading order (NLO)
DGLAP equations, with a minimum Q2 of 3.5 GeV2 using
a parametrization at the starting scale taken from the
HERAPDF2.0 studies.8 Figures 9–11 show the results
for the gluon density, the sea up quark density and the
up valence quark density, respectively. The relative pre-
cision is shown separately for the proton and for gold
nuclei, as well as for their ratio, i.e., the nuclear
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FIG. 9. Impact of EIC data on the understanding of nuclear
effects in the collinear gluon distribution, as obtained from
DGLAP-based QCD fits. Top: projected relative uncertainty
on the gluon density of the proton as a function of x for
Q2 ¼ 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 ¼ 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]). Vertical dotted lines indicate the
lowest values of x for pseudodata used in the fit, see the text.
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FIG. 10. As for Fig. 9, but for the sea up quark density.

8This lower cut in Q2 leads to minimum x values for the
pseudodata of 0.0005 and 0.00125 in ep and eA, respectively,
which are indicated in Figs. 9–11 by vertical dotted lines.

IMPACT OF INCLUSIVE ELECTRON ION COLLIDER DATA ON … PHYS. REV. D 109, 054019 (2024)

054019-9

Armesto, Cridge, Giuli, Harland-Lang, Newman, 
Schmookler, Thorne, Wichmann

Proton : Combining HERA and EIC. EIC impact mostly large but also moderate and small 
x. Biggest changes in valence distribution (smaller impact on global analyses like MSHT20) 
Nucleus: EIC has large impact at small x for all parton species

Ratio



Anna Staśto, Small x and diffraction at the EIC, INT Program  on Heavy Ion Physics in the EIC era, Seattle, August 19, 2024

High energy / Regge   / small Bjorken x  limit

9
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High energy / Regge   / small Bjorken x  limit

10

Resummation performed by BFKL evolution equation

Q2
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Balitskii, Fadin, Kuraev, Lipatov
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BFKL at NLL

11

NLL corrections to BFKL equation are large and negative

Main sources: 

• running coupling 

• kinematical effects 

• DGLAP anomalous dimension
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Resummation at small x

12

0.05 0.1 0.15 0.2 0.25 0.3 0.35

0.1

0.2

0.3

0.4

0.5

Αs

Ωs

scheme B

scheme A

Ω#expansion

NLL BFKL

LL BFKL

Figure 1: ωs as a function of αs for different subtraction schemes together with the original
result for the ω-expansion. The calculation is done in the fixed coupling case.

All resummed results for the intercept are significantly reduced in comparison with the LL
result and they all give stable predictions even for large values of ᾱs. As we see from the
plot, the changes of resummation procedure as well as subtraction scheme do not significantly
influence the values of ωs. They give at most 20% change at the highest αs ≃ 0.35. In Fig. 2
we show the effective kernel eigenvalue as a function of γ. We have considered here the
asymmetric ω-shift, which corresponds to the upper energy scale choice ν0 = k2. In this case
it is easy to show that close to γ = 0 the effective eigenvalues from scheme B and the original
ω-expansion [11] satisfy the momentum sum rule. This is illustrated in Fig. 2 by the fact that
ᾱsχeff(γ = 0, ᾱs) = 1 for all values of ᾱs in these schemes. This can be seen by expanding
around γ = 0, where we have

χω(γ, ᾱs) ∝
1 + ωA1(ω)

γ
(69)

which for γ = 0 gives ωA1(ω) = −1, which has the solution ω = 1. Note that a second fixed
intersection point of curves with different αs occurs at γ = 2. This is expected from energy-
momentum conservation3 in the collinear regime Q2

0 ≫ Q2, because of a behavior similar to
Eq. (69) around the shifted pole 1 + ω − γ = 0. This intersection has no counterpart in the
approach of Ref. [12].

We also examine the second derivative χ′′
eff(γ, ᾱs) which controls the diffusion properties

of the small-x equation, Fig. 3. As we see from the plot, the second derivative is more model-
dependent than the intercept ωs, though the two models A and B presented in this paper

3Such an intersection occurs in scheme A also (where momentum conservation is not satisfied) as an artefact
of the collision of the shifted pole at γ = 1 + ω with the unshifted one at γ = 2.

17

resummed}

Resummation stabilizes the BFKL expansion   
Intercept, and therefore the resulting growth with 1/x is slowed down 
Strong preasymptotic effects. Need  DGLAP terms with BFKL 
More consistent with phenomenology

Ciafaloni, Colferai, Salam, AS

• Include kinematical constraint: limits 
on transverse momenta, resum 
double transverse logarithms 

• Include DGLAP splitting function and 
running coupling in the leading part 

• Subtractions to avoid double counting, 
guarantee momentum sum rule 

• The integro-differential equation 
becomes double integral equation 

• Transverse and longitudinal momenta 
no longer factorized
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Resummation at small x : phenomenology

13

Example : structure functions at HERA

Figure 3.1. Structure function F2(x, Q
2)

as a function of x for fixed values of Q
2 =

2, 15, 35, 90, 150, 250 GeV2 (with the vertical
o�sets 0.2 between each curve), indicated next
to the curves. Solid red lines correspond to a
fit with the CCSS resummed scheme. Experi-
mental data are from Ref. [108].

Figure 3.2. Charm structure function
F

c
2 (x, Q

2) as a function of x for fixed values of
Q

2 = 6.5, 12, 20, 35, 60 GeV2 (with the vertical
o�sets 0.2 between each curve), indicated next
to the curves. Solid blue curve indicates a fit
using the CCSS resummed scheme. The ex-
perimental data using di�erent phase space ex-
trapolations based on theoretical calculations
CASCADE and HVQDIS are from Ref. [109].

dominates at large values of Q2 and small x. The two non-perturbative components have
very flat dependence on x and contribute to most of the cross section at moderate x and
lower Q2. We see that the non-perturbative contribution due to the soft Pomeron is also
substantial. For example, it is about 25% at small x ƒ 5 ◊ 10≠4 and Q2 = 15 GeV2.
Even at high Q2 the soft component is still non-negligible. In the low Q2 region, see
fig. 3.5, the non-perturbative components dominate the structure function in a very wide
range of x, down to x ≥ 3 ◊ 10≠4. Meanwhile, the perturbative component starts to
dominate only at the smallest x for low Q2 = 5 GeV2.

3.3.3 The extracted unintegrated gluon density

In figs. 3.6 and 3.7 we show the unintegrated gluon distribution for two fixed values of
x = 0.01, 0.001 as a function of transverse momentum squared k2. The present calculation

79

Li, AS

• Application of the CCSS resummation to phenomenology of deep inelastic scattering 

• Very good simultaneous description of  at small x F2, Fc
2
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Evidence for BFKL at HERA ?

1410

Using NNLO+NLLx theory, the NNLO instability of the χ2  disappears

Excellent fit quality to inclusive and charm HERA data achieved in the entire (x,Q2) region 

PDFs with small-x resummation 

NNLO worsens as we include 
more small-x data

NNLO+NLLx best description everywhere

Juan Rojo                                                                                                               LHeC small-x WG, CERN, 15/11/2017

9

In order to assess the impact of small-x resummation for the description of the small-x and Q2 HERA data, 
compute the χ2 removing data points in the region where resummation effects are expected

Small-x resummation effects 
could be important here

Fixed-order theory
should work fine here

PDFs with small-x resummation 

Dcut=1.5

Dcut=2

Dcut=2.5

Juan Rojo                                                                                                               LHeC small-x WG, CERN, 15/11/2017

move the cutoff to 
include more data

Ball,Bertoni,Bonvini,Marzani,Rojo,Rottoli

• changes for DGLAP at NNLO at low x 

• NNLO+NNLLx  gives best description 

• Interestingly NLO and NLO+NLLx do not differ by 
a lot (flat splitting function at NLO?) 

• Resummation important for consistent 
description from large to small x

χ2

• Used small x resummation method of 
Altarelli, Ball, Forte

• Perform fits to data with the cut on 
small x/small Q region 

• Observe the variation or lack of 
variation in χ2
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Another small x problem: saturation

15
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Motivation:

3

Short versus long range 
correlations, pion cloud, 
intrinsic charm,…

Flavour dependence?; relation 
with shadowing and coherence

Multiple scattering, 
saturation,…; high-
energy QCD

How much does the structure 
of a hadron change when it is 
immersed in a nuclear medium?

ePb at LHeC/
FCC-he

eAu 
at 
EIC

Superfast quarks
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Where is the novel non-linear 
regime of QCD that leads to the 
saturation of parton densities?
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Motivation:

3

Short versus long range 
correlations, pion cloud, 
intrinsic charm,…

Flavour dependence?; relation 
with shadowing and coherence

Multiple scattering, 
saturation,…; high-
energy QCD

How much does the structure 
of a hadron change when it is 
immersed in a nuclear medium?

ePb at LHeC/
FCC-he

eAu 
at 
EIC

Superfast quarks
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s)
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Where is the novel non-linear 
regime of QCD that leads to the 
saturation of parton densities?

Nuclei provide enhancement of the density : opportunities to test saturation at EIC

<latexit sha1_base64="ovPLixdRtPeOOp8nrPNl9NY1CzM="></latexit>

Q2
s(x,A) ⇠ A1/3

x�
QCD at high energy (low x) and/or high density (large A) 
predicts saturation of gluons

Does the rise of gluon   get tamed? 
Important to understand  for initial conditions in heavy ion collisions 
Probe interacts coherently with nucleons

xg(x, Q2)
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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, 
Paukkunen,Tevio

Testing saturation through inclusive structure functions at EIC
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Diffraction at EIC
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•Simulations of  for EIC 

• Motivation: why is  interesting ? H1 measurement 

• Pseudodata simulation, energy beam scenarios. Extraction of   

•4D diffractive cross section and Reggeon extraction at EIC 
• EIC pseudodata for 4D diffractive cross section with t dependence 

• Extraction of Pomeron and Reggeon partonic structure, estimate of uncertainties 

FD(3)
L

FD(3)
L

FD(3)
L

Series of works on diffraction at ep/eA machines: 
Inclusive diffraction in future electron-proton and electron-ion colliders                         e-Print: 1901.09076 
Diffractive longitudinal structure function at Electron Ion Collider                                  e-Print:  2112.06839 
Extracting the partonic structure of colorless exchanges at Electron Ion Collider         e-Print:  2406.02227 

also EIC Yellow Report, Sec. 7.1.6, 8.5.7 

Armesto, Newman, Słomiński, Staśto

https://arxiv.org/abs/1901.09076
https://arxiv.org/abs/2112.06839
https://arxiv.org/abs/2406.02227
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Diffraction in DIS
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• Diffractive characterized by the rapidity gap: no activity in part of the detector 

• At HERA in electron-proton collisions: about 10% events diffractive 

• Interpretation of diffraction : need colorless exchange 

• What is the nature of this exchange ?   Partonic composition ? 

• One, two, or more exchanges ? Pomeron , Reggeon  ? 

• Evolution ? Relation to saturation, higher twists ? 

• Energy, momentum transfer dependence ?

IP IR
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ep ! e0Xp0H1

Questions:

method of extraction of FD
L as well as the choices of beam energies. Results are presented in

Sec. 4, first for the reduced cross section �D(3)
red and then for FD(3)

L . We then proceed to dis-
cuss the influence of the systematic error assumed in the pseudodata and the assumptions on

the beam configurations. Results for RD(3) = FD(3)
L /FD(3)

T are also presented. We end with
conclusions in Sec. 5.

2 Definitions and kinematics

2.1 Di↵ractive variables and definitions

In this work we focus on neutral current di↵ractive deep inelastic scattering (DDIS) in the
one photon exchange approximation, neglecting radiative corrections whose contribution can be
corrected. For an electron or positron with four momentum l and a proton with four-momentum
P , the diagram is shown in Fig. 1. A characteristic feature of the di↵ractive process, as illustrated
in Fig. 1, is the presence of the rapidity gap between the final proton (or its dissociated state)
Y and the system X. It is mediated by the colourless object, indicated by P/R, to which we
refer generally as ‘di↵ractive exchange’.

}

}
l

l'

P P'

(ξ)

(β)

(Q2)

(t)

q

e
e'

γ∗

P/R

p

X

Y

Figure 1: Diagram showing the neutral current di↵ractive DIS process and the relevant kinematic
variables in the one photon exchange approximation.

In DDIS several variables can be defined in terms of the four-momenta indicated in Fig. 1 and

3

rapidity gap
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Diffractive kinematics in DIS
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momentum fraction of the 
Pomeron w.r.t hadron

momentum fraction of parton 
w.r.t Pomeron

4-momentum transfer squared

Q2 = �q2

electron-proton  
cms energy squared:

photon-proton 
 cms energy squared:

inelasticity

Bjorken x

(minus) photon virtuality

Standard DIS variables:

Diffractive DIS variables:
x = ⇠�
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method of extraction of FD
L as well as the choices of beam energies. Results are presented in

Sec. 4, first for the reduced cross section �D(3)
red and then for FD(3)

L . We then proceed to dis-
cuss the influence of the systematic error assumed in the pseudodata and the assumptions on

the beam configurations. Results for RD(3) = FD(3)
L /FD(3)

T are also presented. We end with
conclusions in Sec. 5.

2 Definitions and kinematics

2.1 Di↵ractive variables and definitions

In this work we focus on neutral current di↵ractive deep inelastic scattering (DDIS) in the
one photon exchange approximation, neglecting radiative corrections whose contribution can be
corrected. For an electron or positron with four momentum l and a proton with four-momentum
P , the diagram is shown in Fig. 1. A characteristic feature of the di↵ractive process, as illustrated
in Fig. 1, is the presence of the rapidity gap between the final proton (or its dissociated state)
Y and the system X. It is mediated by the colourless object, indicated by P/R, to which we
refer generally as ‘di↵ractive exchange’.
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Figure 1: Diagram showing the neutral current di↵ractive DIS process and the relevant kinematic
variables in the one photon exchange approximation.

In DDIS several variables can be defined in terms of the four-momenta indicated in Fig. 1 and

3
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s = (l + P )2
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W 2 = (q + P )2
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y =
P · q
P · l
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t = (P 0 � P )2
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� =
Q2

2(P � P 0) · q =
Q2

Q2 +M2
X � t

<latexit sha1_base64="sGg4gfb2+MaMlB2VTwKTsr+DaOY="></latexit>

⇠ = xIP =
x

�
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X � t

Q2 +W 2
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Diffractive cross section, structure functions
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Y+ = 1 + (1� y)2

Reduced cross section depends on two structure functions:

d4�D

d⇠d�dQ2dt
=

2⇡↵2
em

�Q4
Y+ �D(4)

r (⇠,�, Q2, t)
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�D(4)
r (⇠,�, Q2, t) = FD(4)

2 (⇠,�, Q2, t)� y2

Y+
FD(4)
L (⇠,�, Q2, t)
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FD(3)
2,L (⇠,�, Q2) =

Z 0

�1
dt FD(4)

2,L (⇠,�, Q2, t)
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Upon integration over t:

[�D(4)
r ] = GeV�2
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�D(3)
r
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Dimensionless

Dimensions:

Diffractive cross section depends on 4 variables :(ξ, β, Q2, t)

When y ≪ 1

the usual Mandelstam variables:

Q2 = �q2 ,

y =
P · q

P · `
,

x =
Q2

2P · q
=

Q2

ys
,

� =
Q2

2 (P � P 0) · q
,

⇠ =
x

�
,

t = (P 0
� P )2 . (1)

Besides the standard DIS variables s,Q2, y, x, in DDIS some additional variables appear: t is
the squared four-momentum transfer at the proton vertex, ⇠ (alternatively denoted by xIP ) can
be interpreted as the momentum fraction of the ‘di↵ractive exchange’ with respect to the beam
hadron, and � is the momentum fraction of the parton (probed by the virtual photon) with
respect to the di↵ractive exchange. In Fig. 2 we show the kinematic coverage in x and Q2 of
the EIC for three selected energies compared to that of HERA. Since HERA was operating
at higher centre-of-mass energy than the EIC, it could reach lower values of x. The EIC can
operate at several energy combinations, which will result in a wide coverage of x also towards
moderate and large x, and which is essential for FD

L measurement. In Fig. 2 only three beam
energy combinations are shown, a subset of a wider range of combinations possible at the EIC,
see the discussion below.

Only four variables, usually chosen to be �, ⇠, Q2, t, are needed to characterise the reduced cross
section, related to the measured cross section by

d4�D

d⇠d�dQ2dt
=

2⇡↵2
em

�Q4
Y+ �D(4)

red , (2)

where Y+ = 1 + (1� y)2. It is also customary to perform an integration over t, defining

d3�D

d⇠d�dQ2
=

2⇡↵2
em

�Q4
Y+ �D(3)

red . (3)

In the one photon exchange approximation, the reduced cross sections can be expressed in terms
of two di↵ractive structure functions FD

2 and FD
L :

�D(4)
red = FD(4)

2 (�, ⇠, Q2, t)�
y2

Y+
FD(4)
L (�, ⇠, Q2, t) , (4)

�D(3)
red = FD(3)

2 (�, ⇠, Q2)�
y2

Y+
FD(3)
L (�, ⇠, Q2) , (5)

where FD(4)
2,L have dimension GeV�2 and FD(3)

2,L are dimensionless.

The dependence of the reduced cross sections �D(4,3)
red on the centre-of-mass energy comes via the

inelasticity y = Q2

⇠�s . Due to the Y+ factor, �D(4,3)
red ' FD(4,3)

2 when y is not too close to unity.

4

where

<latexit sha1_base64="7m0NuxpwsK1iwzuYgLz5PpVDoDQ="></latexit>

�D(3)
r (⇠,�, Q2) = FD(3)

2 (⇠,�, Q2)� y2

Y+
FD(3)
L (⇠,�, Q2)
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Phase space (x,Q2) EIC-HERA
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Figure 2: Kinematic x � Q2 plane showing di↵erent choices of beam energies at the EIC and
the region covered by HERA experiments. Note that ⌘e > �3.5 corresponds to an angular
acceptance of 176.5 degrees for the electron.

Both reduced cross sections �D(3)
red and �D(4)

red have been measured at HERA [1, 2, 4, 5, 10, 31–34].
These data have been used for perturbative QCD analyses based on collinear factorization [16–
18], where the di↵ractive cross section reads

d�ep!eXY (�, ⇠, Q2, t) =
X

i

Z 1

�
dz d�̂ei

✓
�

z
,Q2

◆
fD
i (z, ⇠, Q2, t) , (6)

up to terms of order O(1/Q2). Here, the sum is performed over all parton species (gluon and all
quark flavours). The hard scattering partonic cross section d�̂ei can be computed perturbatively
in QCD and is the same as in the inclusive deep inelastic scattering case. The long distance
part fD

i corresponds to the DPDFs, which can be interpreted as conditional probabilities for
partons in the proton, provided the proton is scattered into the final state system Y with four-
momentum P 0. They are non-perturbative objects to be extracted from data, but their evolution
through the DGLAP evolution equations [35–38] can be computed perturbatively, similarly to
the inclusive case. The analogous formula for the t-integrated structure functions reads

FD(3)
2/L (�, ⇠, Q2) =

X

i

Z 1

�

dz

z
C2/L,i

⇣�
z

⌘
fD(3)
i (z, ⇠, Q2) , (7)

where the coe�cient functions C2/L,i are the same as in inclusive DIS and the DPDFs fD(3)
i (z, ⇠, Q2)

have been determined from comparisons to HERA data [1, 2, 4, 5, 10, 31–34].

5

EIC can operate at various energy 
combinations 

Can cover wide range of x 

Large instantaneous luminosity 

Statistics should not be a 
limiting factor

Only selected energy scenarios at EIC shown
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Why FLD(3) is interesting? FLD(3)  at HERA

22

 vanishes in the parton model, similarly to inclusive case 

Gets non-vanishing contributions in QCD 

As in inclusive case, particularly sensitive to the diffractive gluon density 

Expected large higher twists, provides test of the non-linear, saturation phenomena

FD
L

Experimentally challenging…

Measurement requires several beam energies 

 strongest when . Low electron energies 

H1 measurement: 4 energies, Ep=920, 820, 575, 460 GeV, electron beam Ee=27.6 GeV 

Large errors, limited by statistics at HERA 

Careful evaluation of systematics. Best precision 4%, with uncorrelated sources as low as 2%

FD
L y → 1

Why  is interesting?FD
L
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FLD(3)  at HERA
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Figure 7: The diffractive structure functions FD
L and FD

2 multiplied by xIP as a function of β
at fixed Q2 and xIP . The FD

L data are shown as filled points, compared with the predictions
of H1 2006 DPDF Fit A (dashed line), Fit B (solid line) and the Golec-Biernat and Łuszczak
model (dashed and dotted line). The measurements of FD

2 (open points) are compared with
the prediction of H1 2006 DPDF Fit B (long dashed line). The inner error bars represent the
statistical uncertainties on the measurement, the outer error bars represent the statistical and
total systematic uncertainties added in quadrature. The normalisation uncertainty of 8.1% is not
shown.
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L and FD

2 multiplied by xIP as a function of β
at fixed Q2 and xIP . The FD

L data are shown as filled points, compared with the predictions
of H1 2006 DPDF Fit A (dashed line), Fit B (solid line) and the Golec-Biernat and Łuszczak
model (dashed and dotted line). The measurements of FD

2 (open points) are compared with
the prediction of H1 2006 DPDF Fit B (long dashed line). The inner error bars represent the
statistical uncertainties on the measurement, the outer error bars represent the statistical and
total systematic uncertainties added in quadrature. The normalisation uncertainty of 8.1% is not
shown.
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Measurements of  consistent with 
predictions from the models 

Extracted   has a tendency to be higher 
than the predictions, though compatible 
with model predictions within errors 

Overall:  

σD
r

FD
L

0 < FD
L < FD

2

H1 conclusions:
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Pseudodata generation: collinear factorization for diffraction

24

Collinear factorization in diffractive DIS 

•Diffractive cross section can be factorized into the convolution of the perturbatively calculable 
partonic cross sections and diffractive parton distributions (DPDFs) 

•Partonic cross sections are the same as in the inclusive DIS 

•The DPDFs are non-perturbative objects, but evolved perturbatively with DGLAP

Collins

}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

CONTENTS 8

�
D(4)
red = F

D(4)
2 (�, ⇠, Q

2
, t) � y

2

Y+
F

D(4)
L (�, ⇠, Q

2
, t) , (4)

where Y+ = 1 + (1 � y)2. In the above equations the reduced cross sections are the

rescaled di↵erential cross sections

d
4
�

D(4)

d⇠d�dQ2dt
=

2⇡↵2
em

�Q4
Y+ �

D(4)
red , (5)

or, upon the integration over t,

d
3
�

D(3)

d⇠d�dQ2
=

2⇡↵2
em

�Q4
Y+ �

D(3)
red . (6)

The subscripts (3) and (4) in the above formulae denote the number of variables

that the di↵ractive cross sections or structure functions depend on. Note that the

structure functions F
D(4)
2,L have dimension GeV�2, whereas F

D(3)
2,L are dimensionless. The

contribution of the longitudinal structure function to the reduced cross sections is rather

small, for the most part, except in the region of y close to unity.

2.2. Collinear factorization in di↵ractive DIS

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

collinear factorization [15, 14, 16]. Similarly to the inclusive DIS cross section, the

di↵ractive cross section can be written in a factorized form

F
D(4)
2/L (�, ⇠, Q

2
, t) =

X

i

Z 1

�

dz

z
C2/L,i

✓
�

z
, Q

2

◆
f

D
i (z, ⇠, Q

2
, t) , (7)

where the sum is performed over all parton flavors (gluon, d-quark, u-quark, etc.). In

the case of the lowest order parton model process, z = �. When higher order corrections

are taken into account then z > �. The coe�cient functions C2/L,i can be computed

perturbatively in QCD and are the same as in inclusive deep inelastic scattering case.

The long distance part f
D
i corresponds to the di↵ractive parton distribution functions

(DPDF). Similarily to the inclusive case one can provide operator definition for the

di↵ractive parton densities [16]. The quark di↵ractive distribution function is defined

as

f
D
j (z, ⇠, µ, t) =

1

4⇡

1

2

X

s

Z
dy

�
e

�izp+y� X

X,s0

hp, s| ˜̄ (0, y�
, 0T )|p0

, s
0; Xi

⇥�+hp0
, s

0; X| ̃(0)|p, si , (8)

and gluon di↵ractive distribution

G
D(z, ⇠, µ, t) =

1

2⇡zp+

1

2

X

s

Z
dy

�
e

�izp+y� X

X,s0

hp, s|F̃+µ
a (0, y�

, 0T )|p0
, s

0; Xi

⇥hp0
, s

0; X|F̃+
aµ(0)|p, si . (9)

In the above the quark field is defined as

 ̃j(0, y
�
, 0T ) = P exp

✓
ig

Z 1

y�
dx

�
A

+
c (0, x�

, 0T ) tc

◆
 j(0, y

�
, 0T ) , (10)

Use the collinear factorization for the description of HERA and pseudodata simulation
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Pseudodata generation: model for diffractive structure functions
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in the inclusive deep inelastic scattering case. The long distance part is given by the di↵ractive139

parton distribution functions. The analogous formula for the t-integrated structure functions140

reads141

FD(3)
2/L (�, ⇠, Q2) =

X

i

Z 1

�

dz

z
C2/L,i

⇣�
z

⌘
fD(3)
i (z, ⇠, Q2) , (8)

where the coe�cient functions C2/L,i are same as in inclusive DIS.142

The di↵ractive parton densities fD
i can be interpreted as conditional probabilities for partons143

in the proton, provided the proton is scattered into the final state system Y with specified 4-144

momentum p0. They are evolved using the DGLAP evolution equations [20–23] similarly to the145

inclusive case.146

3 Simulations for the electron-proton DIS147

3.1 Di↵ractive PDF parametrizations and HERA data148

The fits to the di↵ractive structure functions were performed by H1 [10] and ZEUS [14]. They149

both assume the parametrization of the di↵ractive PDFs as a two component model, which is a150

sum of two di↵ractive exchange contributions:151

fD(4)
i (z, ⇠, Q2, t) = fp

IP (⇠, t) f
IP
i (z,Q2) + fp

IR(⇠, t) f
IR
i (z,Q2) . (9)

For both of these terms vertex factorization is assumed, meaning that the di↵ractive exchange152

can be interpreted as colourless objects called a ‘Pomeron’ or a ‘Reggeon’ with parton distribu-153

tions f IP ,IR
i (�, Q2). The flux factors fp

IP ,IR(⇠, t) represent the probability that a Pomeron/Reggeon154

with given values ⇠, t couples to the proton. They are parametrized using the form motivated155

by Regge theory156

fp
IP ,IR(⇠, t) = AIP ,IR

eBIP ,IRt

⇠2↵IP ,IR(t)�1
, (10)

with the linear trajectory ↵IP ,IR(t) = ↵IP ,IR(0) + ↵0
IP ,IR t. The di↵ractive PDFs relevant to the157

t-integrated cross-sections read158

fD(3)
i (z, ⇠, Q2) = � p

IP (⇠) f
IP
i (z,Q2) + � p

IR(⇠) f
IR
i (z,Q2) , (11)

with159

� p
IP ,IR(⇠) =

Z
dt fp

IP ,IR(⇠, t) . (12)

Note that, the notions of ‘Pomeron’ and ‘Reggeon’ used here to model the hard di↵raction in160

DIS are, in principle, di↵erent from those describing the soft hadron-hadron interactions; in161

particular, the parameters of the fluxes may be di↵erent.162

The di↵ractive parton distributions of the Pomeron at the initial scale µ2
0 = 1.8GeV2 are163

parametrized as164

zfi(z, µ
2
0) = Aiz

Bi(1� z)Ci , (13)

where i is a gluon or a light quark. In the di↵ractive parametrizations all the light quarks (anti-165

quarks) are equal. For the treatment of heavy flavours, a variable flavour number scheme (VFNS)166

is adopted, where the charm and bottom quark DPDFs are generated radiatively via DGLAP167

evolution, and no intrinsic heavy quark distributions were assumed. The structure functions168

are calculated in a General-Mass Variable Flavour Number scheme (GM-VFNS) [24, 25] which169

5

• Parametrization of the DPDFs as in H1 and ZEUS analysis 
• Regge factorization assumed 
•  dependence  in parton distribution of diffractive exchange 

factorized from flux factors with  dependence 
• Dominant term ‘Pomeron’, at low  
• At higher  additional exchanges ‘Reggeons’ need to be included 

(β(or z), Q2)
(t, ξ)

ξ
ξ

in the inclusive deep inelastic scattering case. The long distance part is given by the di↵ractive139

parton distribution functions. The analogous formula for the t-integrated structure functions140

reads141

FD(3)
2/L (�, ⇠, Q2) =

X

i

Z 1

�

dz

z
C2/L,i

⇣�
z

⌘
fD(3)
i (z, ⇠, Q2) , (8)

where the coe�cient functions C2/L,i are same as in inclusive DIS.142

The di↵ractive parton densities fD
i can be interpreted as conditional probabilities for partons143

in the proton, provided the proton is scattered into the final state system Y with specified 4-144

momentum p0. They are evolved using the DGLAP evolution equations [20–23] similarly to the145
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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

Reggeon PDFs taken from the GRV fits to the pion structure function (could also be determined at EIC!)
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Figure 4: Final proton tagging. xL, t range of the proton tagged by the EIC detector for three
proton energies, 275 GeV, 100 GeV and 41 GeV. The brown strip marks a small (⇠ 1 mrad)
region not covered by the current detector design.

are uncorrelated between beam energies are either 1% or 2%. With sources related to the LRG
method eliminated, correlated systematic uncertainties are also expected to be reduced signif-
icantly. The alignment and calibration procedures required in Roman pot methods inherently
lead to correlated systematics, but using methods developed at HERA [39–41], coupled with
the substantial further evolution of proton-tagging techniques at the LHC [42–45] and future
EIC-specific work, we estimate that these are controllable to the sub-2% level, and will thus
have a negligible e↵ect on the FD

L extraction compared with the uncorrelated sources.

3 Method

3.1 Pseudodata generation

We shall first describe the pseudodata generation for our simulations. The momentum transfer
t is integrated over in this analysis. Let us rewrite Eq. (5) as

�D(3)
red = FD(3)

2 (�, ⇠, Q2)� YL F
D(3)
L (�, ⇠, Q2) , (8)

where

YL =
y2

Y+
=

y2

1 + (1� y)2
. (9)

As mentioned previously, the extraction of the longitudinal di↵ractive structure function relies
on the possibility of disentangling it from FD

2 , as is evident in the formula above for the reduced
cross section. This is possible if, for fixed (�, Q2, ⇠), one can vary YL, and hence y, in a su�ciently
wide range. Given that y = Q2/(s�⇠) it is therefore necessary to perform measurements of the
reduced cross section using di↵erent centre-of-mass energies. The EIC is uniquely positioned to
perform such a measurement, thanks to its design, which allows for a wide range of di↵erent
beam energies.

We have considered several beam energies for both the electrons and the protons, within the
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Can disentangle   from   by varying energy and performing the linear fit in .FD(3)
2 FD(3)

L YL

Need to vary the energy   to change y for fixed (β,ξ,Q2)s

EIC energies for electron and proton:

Ee = 5,10,18 GeV

Ep = 41,100,120,165,180,275 GeV

range expected for the EIC:

Ee = 5, 10, 18GeV ,

Ep = 41, 100, 120, 165, 180, 275GeV . (10)

These beam energies combine to give 17 distinct centre-of-mass energies (there is a degeneracy
in this choice since two combinations 10 ⇥ 180 and 18 ⇥ 100 lead to the same centre-of-mass
energy, 85GeV). The centre-of-mass energies corresponding to all combinations are given in

Table 1. In order to test the sensitivity of FD(3)
L to the available beam energies, we consider

three di↵erent subsets in the analysis :

S-17) 17 values — all combinations from Table 1 except for 10⇥ 180.

S-9) 9 values — marked bold in Table 1,

S-5) 5 values — marked bold against a green background in Table 1.

Set S-17 contains the widest range of possibilities. S-5 is the set of combinations that has often
been assumed in EIC studies to date [24]. Additionally, we consider an intermediate set S-9,
which restricts the list to three proton and three electron beam energies, whilst maintaining the
same overall kinematic range as S-17.

Ep [GeV]

41 100 120 165 180 275

E
e
[G

eV
] 5 29 45 49 57 60 74

10 40 63 69 81 85 105

18 54 85 93 109 114 141

Table 1: Centre-of-mass energies (in GeV) for various combinations of beam energies.

The pseudodata for the reduced di↵ractive cross section at the EIC were generated using Eqs. (5)
and (7). The di↵ractive parton distribution used for the evaluation of the cross section is the
ZEUS-SJ set [46]. This fit uses inclusive di↵ractive data together with di↵ractive DIS dijet data,
which are added to improve the constraints on the di↵ractive gluon distribution.

The details of the ZEUS-SJ parametrization closely follow those of [8] and can be found in [46].
Below we summarize a few important features. The di↵ractive parton densities are parametrized
using a two-component form:

fD(4)
i (z, ⇠, Q2, t) = fp

IP (⇠, t) f
IP
i (z,Q2) + fp

IR(⇠, t) f
IR
i (z,Q2) . (11)

The first term in Eq. (11) is interpreted as the exchange of a ‘Pomeron’ and the second is a
‘Reggeon’ component. They dominate in di↵erent ⇠ regions: the ‘Pomeron’ is dominant for
⇠  0.01. The ‘Reggeon’ starts to be important for ⇠ > 0.01 and becomes dominant for x > 0.1.
For both terms, proton vertex factorization is assumed, which means that the di↵ractive parton
density factorizes into a parton distribution in a di↵ractive exchange f IP ,IR

i and a flux factor

fp
IP ,IR. The parton distribution in the ‘Pomeron’ and ‘Reggeon’ f IP ,IR

i (�, Q2) only depend on the
longitudinal momentum fraction � of the parton with respect to the Pomeron/Reggeon and the

9

S-17     all 17 combinations 

S-9       9 - bold red 

S-5       5 - green (EIC preferred)

y =
Q2

xs
=

Q2

�⇠s
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Small differences between S-17 and S-9, small reduction to range and increase in uncertainties.  

More pronounced reduction in range  and higher uncertainties in S-5. 

An extraction of    possible with EIC-favored set of energy combinationsFD
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Diffraction at HERA: importance of ‘Reggeon’

28
Figure 4: The diffractive reduced cross section xIP σD(4)

r (β, Q2, xIP , t), shown as a function
of xIP for |t| = 0.25 GeV2 at different values of β and Q2. The inner error bars represent
the statistical errors. The outer error bars indicate the statistical and systematic errors added
in quadrature. An overall normalisation uncertainty of 10.1% is not shown. The solid curves
represent the results of the phenomenological ‘Regge’ fit to the data, including both pomeron
(IP ) and sub-leading (IR) trajectory exchange, as described in section 5.2. The dashed curves
represent the contribution from pomeron exchange alone according to the fit.
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Described by two contributions: 
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r ≃ ξFD(4)

2 ξ
| t | = 0.25 GeV2 β, Q2
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ξ

ξ fIR ∼ ξ1.0
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EIC pseudodata generation with t dependence

29

Use ZEUS  fit with the GRV pion structure function for the  
Pseudodata generated in all 4-variables : 

IP + IR IR
(β = z, ξ, Q2, t)

Fluxes: Trajectories:

Diffractive PDF:

Reduced cross section:

Flux parameters:
<latexit sha1_base64="Fx4t6x8552068Fv9oAUJzZpNhuo="></latexit>
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 ratio vs  for  
• Change of   ratio  for small vs large  as 

a function of : different slope  

•  for small  

•  for larger  : not 
accessible at HERA

IR /IP −t ξ = 0.01, 0.1
ξ

−t
IR /IP < 1 ξ ∼ 0.02
IR /IP > 1 ξ ≥ 0.1

σred
D(4) Reg/Pom for ep beams 18 GeV × 275 GeV

Q2 = 20 GeV2
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4D cross section pseudodata 

• Changing  slope as transitioning from 
Pomeron to Reggeon dominated region 
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Parametrisation for fitting the pseudodata: full 4D fit IP+IR

31

• Treat the Pomeron and Reggeon contributions as symmetrically as possible 
• Light quark separation not possible with only inclusive NC fits 
• For both  and  fit the gluon and the sum of quarks 
• Generic parametrization at  :

IP IR
Q2

0 = 1.8 GeV2

where  and  k = q, g m = IP, IR
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k (1 +D(m)

k xE(m)
k )

• Following sensitivity studies a suitable choice is: 
•  has A,B,C parameters 

•  has A,B,C parameters 

•  has A,B,C,D parameters 

•  has A,B,C parameters 
• In addition fit for the parameters of the fluxes for  and :  

f IP
q

f IP
g

f IR
q

f IR
g

IP IR α(0), α′ , B
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Recovering the Pomeron and Reggeon inputs

32
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the GRV pion structure function (dashed) 
Reggeon reproduced reasonably well 
Pomeron reproduced almost perfectly
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Uncertainties  of diffractive PDFs: Pomeron

33
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• relative uncertainty 
• <few % or better in most regions                                     
• larger uncertainty for gluon at large z (and also small z) 
• normalization error at 2% is dominant at most regions (dashed red)

linear horizontal scale
note different vertical scale for 
gluons and quarks

Pomeron gluon Pomeron quark
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Uncertainties  of diffractive PDFs: Reggeon

34

Reggeon gluon
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Reggeon gluon

• <2 % or better in most regions  for quark except at large z                                   
• Larger uncertainty for Reggeon gluon which is much smaller than Pomeron gluon 
• Mild sensitivity to the cut on  for gluon, quark less sensitive 
• Minimal sensitivity to the cut on , dense vs sparse binning, lower luminosity 

ξ
t ℒ = 10 fb−1

Reggeon quark

EIC can constrain Reggeon at similar level of precision as the Pomeron  
even when restricting data to  and | t | ≤ 0.5 GeV2 ξmax ≃ 0.15 ÷ 0.2
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Low energy scenario: 5 GeV x 41 GeV
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Figure 2: Kinematic x � Q2 plane showing di↵erent choices of beam energies at the EIC and
the region covered by HERA experiments. Note that ⌘e > �3.5 corresponds to an angular
acceptance of 176.5 degrees for the electron.

Both reduced cross sections �D(3)
red and �D(4)

red have been measured at HERA [1, 2, 4, 5, 10, 31–34].
These data have been used for perturbative QCD analyses based on collinear factorization [16–
18], where the di↵ractive cross section reads

d�ep!eXY (�, ⇠, Q2, t) =
X

i

Z 1

�
dz d�̂ei

✓
�

z
,Q2

◆
fD
i (z, ⇠, Q2, t) , (6)

up to terms of order O(1/Q2). Here, the sum is performed over all parton species (gluon and all
quark flavours). The hard scattering partonic cross section d�̂ei can be computed perturbatively
in QCD and is the same as in the inclusive deep inelastic scattering case. The long distance
part fD

i corresponds to the DPDFs, which can be interpreted as conditional probabilities for
partons in the proton, provided the proton is scattered into the final state system Y with four-
momentum P 0. They are non-perturbative objects to be extracted from data, but their evolution
through the DGLAP evolution equations [35–38] can be computed perturbatively, similarly to
the inclusive case. The analogous formula for the t-integrated structure functions reads

FD(3)
2/L (�, ⇠, Q2) =

X

i

Z 1

�

dz

z
C2/L,i

⇣�
z

⌘
fD(3)
i (z, ⇠, Q2) , (7)

where the coe�cient functions C2/L,i are the same as in inclusive DIS and the DPDFs fD(3)
i (z, ⇠, Q2)

have been determined from comparisons to HERA data [1, 2, 4, 5, 10, 31–34].

5

• Low energy scenario: 
                                  

• Kinematics restricted: 

•   , by cms energy 

• , forward 
detector acceptance 

• Reggeon dominated 

• Fix Pomeron from HERA and fit only 
Reggeon 

• Luminosity  

Ee = 5 GeV × Ep = 41 GeV

ξ ≥ 0.01

t ≥ − 0.6 GeV2

ℒ = 10 fb−1
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Figure 4: Final proton tagging. xL, t range of the proton tagged by the EIC detector for three
proton energies, 275 GeV, 100 GeV and 41 GeV. The brown strip marks a small (⇠ 1 mrad)
region not covered by the current detector design.

are uncorrelated between beam energies are either 1% or 2%. With sources related to the LRG
method eliminated, correlated systematic uncertainties are also expected to be reduced signif-
icantly. The alignment and calibration procedures required in Roman pot methods inherently
lead to correlated systematics, but using methods developed at HERA [39–41], coupled with
the substantial further evolution of proton-tagging techniques at the LHC [42–45] and future
EIC-specific work, we estimate that these are controllable to the sub-2% level, and will thus
have a negligible e↵ect on the FD

L extraction compared with the uncorrelated sources.

3 Method

3.1 Pseudodata generation

We shall first describe the pseudodata generation for our simulations. The momentum transfer
t is integrated over in this analysis. Let us rewrite Eq. (5) as

�D(3)
red = FD(3)

2 (�, ⇠, Q2)� YL F
D(3)
L (�, ⇠, Q2) , (8)

where

YL =
y2

Y+
=

y2

1 + (1� y)2
. (9)

As mentioned previously, the extraction of the longitudinal di↵ractive structure function relies
on the possibility of disentangling it from FD

2 , as is evident in the formula above for the reduced
cross section. This is possible if, for fixed (�, Q2, ⇠), one can vary YL, and hence y, in a su�ciently
wide range. Given that y = Q2/(s�⇠) it is therefore necessary to perform measurements of the
reduced cross section using di↵erent centre-of-mass energies. The EIC is uniquely positioned to
perform such a measurement, thanks to its design, which allows for a wide range of di↵erent
beam energies.

We have considered several beam energies for both the electrons and the protons, within the

8
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Low energy: Reggeon DPDFs and uncertainties 
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Reggeon gluon

relative 
uncertainty

PDF with 
uncertainty

• Quark Reggeon constrained very well 
• Larger uncertainty for Reggeon gluon which is much smaller than Pomeron gluon 
• Two bands indicate sensitivity to two Monte Carlo samples: small variation

Reggeon quark

Low energy data at EIC can  already determine Reggeon
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Summary
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•Resummation at small x essential for stable results. Kinematical 
constraint. Combines DGLAP with BFKL. 

•Strong preasymptotic effects: modifies moderate x and small x region 

•EIC will allow precision tests for saturation with nuclei. Longitudinal 
structure function more sensitive 

•Opportunities for inclusive diffraction at EIC: tagged protons 

•Good prospects for measurement the diffractive longitudinal structure 
function 

•4-D fit with Pomeron and Reggeon to the diffractive pseudodata  

•EIC can extract flux parameters and partonic structure of the 
subleading ‘Reggeon’ exchange with similar precision to the leading 
‘Pomeron’ exchange


