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• Inclusive diffraction at HERA 

• Description of diffraction: Pomeron and Reggeon components 

• EIC pseudodata for diffractive cross section  

• Extraction of Pomeron and Reggeon, estimate of uncertainties

Continuation of 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 

also EIC Yellow Report, Sec. 7.1.6, 8.5.7 

https://arxiv.org/abs/1901.09076
https://arxiv.org/abs/2112.06839
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• Diffractive events 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  ? 

• Energy, momentum transfer dependence ?

IP IR
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Questions:

rapidity 
gap

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
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z � �

t = (p� p0)2

momentum fraction of the 
diffractive exchange w.r.t hadron

momentum fraction of parton 
w.r.t diffractive exchange

4-momentum transfer squared

x = ⇠�
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Diffraction at HERA: importance of ‘Reggeon’

4
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.

22
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Subleading terms poorly 
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Example diffractive data from HERA

3

Generally decomposed into two components:
- Leading ‘Pomeron’ (IP) at low x
- Sub-leading ‘Reggeon’ or ‘Meson’ (IR)

at largest x
Sub-leading term poorly constrained

- Isoscalar? – Isovector?  
- Combination of multiple exchanges?

Fixed target: low energy

H1: high energy

Similar observation in 
photoproduction  

Fit using Regge model 

Subleading exchanges present 
at HERA 

More dominant at lower 
energies 

EIC (esp. with varying beam 
energies) has great potential 
to explore the nature of 
these exchanges and 
transition between them

Q2 ∼ 0

Pomeron

Re
gg

eo
n

Re
gg

eo
n

Pomeron
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Extraction of DPDF from HERA data
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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
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Figure 8: Four upper (lower) plots: the quark (gluon) distributions obtained from
fits ZEUS DPDF SJ (continuous line) and ZEUS DPDF C (dashed line), shown
for four different values of Q2. The shaded error bands show the experimental
uncertainty.
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Figure 8: Four upper (lower) plots: the quark (gluon) distributions obtained from
fits ZEUS DPDF SJ (continuous line) and ZEUS DPDF C (dashed line), shown
for four different values of Q2. The shaded error bands show the experimental
uncertainty.
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quark
gluon

Example of DPDFs extracted from the ZEUS data 
QCD analysis at NLO 
Partonic content of the Pomeron contribution extracted 
Dominated by the gluon density

Successfully used to describe the diffractive data from HERA

Large z gluon not very well constrained (need dijet data ) 
Only Pomeron extracted, Reggeon parametrized using GRV pion 

but
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EIC 3 scenarios - 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

Only selected energy scenarios at EIC shown

Large Large  : constraints on 
subleading (Reggeon) exchange 

Large Large  : constraints on 
large  region of DPDFs 

At EIC use forward tagging 
instrumentation to detect forward 
protons and study diffraction 

x → ξ

x → β
z

EIC complementarity to HERA
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EIC pseudodata generation: model

8

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>

⇠�IR(⇠, t) / ⇠0.6+1.8|t| e�2|t| = ⇠0.6 e(�2+1.8 ln ⇠) |t|

<latexit sha1_base64="0KsVBuDRg3TH2PCsukODdeEH67I="></latexit>

⇠�IP (⇠, t) / ⇠�0.22 e�7|t|

<latexit sha1_base64="kMn3G/M4EP9q9BG9j+bimBcco3E="></latexit>

fD(4)
k (z,Q2, ⇠, t) = �IP (⇠, t) f

IP
k (z,Q2) + �IR(⇠, t) f

IR
k (z,Q2)

<latexit sha1_base64="FDVPvek7wTopr8S7gWPLXBtB0bQ="></latexit>

�M(⇠, t) =
eBMt

⇠2↵M(t)�1

<latexit sha1_base64="YJF5mJllWM7Es8CXPNxWoODzIIM="></latexit>

↵M(t) = ↵M(0) + ↵0
M t

ZEUS fit 
parameters

<latexit sha1_base64="4AIILnEIlqDm3YTPCqEll+Hjyhk="></latexit>

�D(4)
red = �IP (⇠, t)FIP

2 (�, Q2) + �IR(⇠, t)FIR
2 (�, Q2)

� y2

Y+

⇥
�IP (⇠, t)FIP

L (�, Q2) + �IR(⇠, t)FIR
L (�, Q2)

⇤

<latexit sha1_base64="3RiDPIfjuZZ3GiEw8q1uYFgsxeE=">AAACBnicdVDLSsNAFJ34rPUVdSnC1CK4kJCURl0oFNzoQqhiH9CEMplO26GTBzMToYSs3Pgrblwo4tZvcOffOGkjqOiBYQ7n3Mu993gRo0Ka5oc2Mzs3v7BYWCour6yuresbm00RxhyTBg5ZyNseEoTRgDQklYy0I06Q7zHS8kZnmd+6JVzQMLiR44i4PhoEtE8xkkrq6juOj+TQ85LL9DS5cEpOqZ4eTAm8Trt62TRsU6ECTSP7qzbMFRtaE8U0yyBHvau/O70Qxz4JJGZIiI5lRtJNEJcUM5IWnViQCOERGpCOogHyiXCTyRkp3FNKD/ZDrl4g4UT93pEgX4ix76nKbGnx28vEv7xOLPvHbkKDKJYkwNNB/ZhBGcIsE9ijnGDJxoogzKnaFeIh4ghLlVxRhfB1KfyfNCuGdWjYV9Vy7SSPowC2wS7YBxY4AjVwDuqgATC4Aw/gCTxr99qj9qK9TktntLxnC/yA9vYJHuyXmw==</latexit>M = IP , IR
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EIC pseudodata generation: lumi, energy, errors
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• Use NC simulations for EIC (no HERA nor CC yet) 

• Three scenarios for integrated luminosity and energy : 

•   at high energy  

•   at  high energy  

•   at  low energy  

• Require  

• Sparse and dense binning scenarios 

• 5% uncorrelated systematics, 2% normalization error on top 

• Randomly fluctuate each data point according to the uncertainties

ℒ = 100 fb−1 Ee = 18 GeV × Ep = 275 GeV

ℒ = 10 fb−1 Ee = 18 GeV × Ep = 275 GeV

ℒ = 10 fb−1 Ee = 5 GeV × Ep = 41 GeV

0.005 < y < 0.96
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Pseudodata: statistical errors

10
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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

0

0.05

0.1

0.15

0.2

0.25

0.5 1 1.5

ξ = 0.02

Data: m:/PHYSICS/LHeC/ws/simdata/4-DIM/p275G18/ZEUS-SJ/various/016/TRS/sim/All.dat
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Reggeon and Pomeron component in cross section at EIC

11

4D cross section pseudodata 

• Changing  slope as transitioning from 
Pomeron to Reggeon dominated region 

•   slowly varying with 

t

σD
r Q2
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ξσ
D

(4
)

re
d  

[G
eV

-2
]

-t [GeV2]
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ξ = 0.05
ξ = 0.03
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Parametrisation for fitting the pseudodata

12

• 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

<latexit sha1_base64="Rd90AURHmrgAXtL/vOWaUtrw7t4="></latexit>

f (m)
k (x,Q2

0) = A(m)
k xB(m)

k (1� x)C
(m)
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
<latexit sha1_base64="PTStyqeDKbMNF0SXTxxPIEWrUFc="></latexit>

eB
(m)t

⇠2↵(m)(t)�1

<latexit sha1_base64="vimWn1pN4qpROZV+ImLCkoQWxZQ=">AAACF3icdVDLSgMxFM34rPVVdekmWMQWoWSK1HYhFN24rGAf0NaSSdM2NPMguSOUoX/hxl9x40IRt7rzb8z0AVb0QODcc+7l5h4nkEIDIV/W0vLK6tp6YiO5ubW9s5va269pP1SMV5kvfdVwqOZSeLwKAiRvBIpT15G87gyvYr9+z5UWvncLo4C3Xdr3RE8wCkbqpHItKoMBvYsybnacgezFQk2yp/P6JBagk0qTHDEoFHBM7CKxDSmVivl8CdsTi5A0mqHSSX22uj4LXe4Bk1Trpk0CaEdUgWCSj5OtUPOAsiHt86ahHnW5bkeTu8b42Chd3POVeR7gifpzIqKu1iPXMZ0uhYH+7cXiX14zhF6xHQkvCIF7bLqoF0oMPo5Dwl2hOAM5MoQyJcxfMRtQRRmYKJMmhPml+H9Sy+fsQs6+OUuXL2dxJNAhOkIZZKNzVEbXqIKqiKEH9IRe0Kv1aD1bb9b7tHXJms0coAVYH9+wsZ5l</latexit>

↵(m)(t) = ↵(m)(0) + ↵
0(m)t
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Recovering the Pomeron and Reggeon inputs
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Fit results with free Reggeon parametrization (solid) made to the pseudodata based on 
the GRV pion structure function (dashed) 
Reggeon reproduced reasonably well 
Pomeron reproduced almost perfectly
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Uncertainties  of diffractive PDFs: Pomeron
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Pomeron quark    data cut: t ≥ -1.5 GeV2
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Pomeron gluon    data cut: t ≥ -1.5 GeV2
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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
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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
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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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•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 

•Constraints on Reggeon already from low energy run

More work needed on uncertainties:

Ideas for further studies:

• Experimental (correlated systematics) 

• Theoretical (model dependence, parton  parametrization)

• Combined HERA and EIC fits 

• Charged current contribution


