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Diffractive kinematics in DIS
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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)
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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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Upon integration over t:
[�D(4)

r ] = GeV�2
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Dimensionless

Dimensions:

Diffractive cross section depends on 4 variables (ξ,β,Q2,t):
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Why FLD(3) is interesting?  FLD(3)  at HERA

5

β

-110 1

-0.04

-0.02

0

0.02

0.04

0.06

H1 Collaboration

IP/pf
D
LF

H1 data
2 = 4 GeV2 = 0.0005, QIPx

2 = 11.5 GeV2 = 0.0005, QIPx
2 = 4 GeV2 = 0.003,   QIPx

2 = 11.5 GeV2 = 0.003,   QIPx
2 = 44 GeV2 = 0.003,   QIPx

H1 2006 DPDF Fit B
extrapolated Fit B

Figure 8: The diffractive longitudinal structure function FD
L , divided by a parametrisation of

the xIP dependence of the reduced cross section fIP/p [3], as a function of β at the indicated
values of Q2 and xIP . The data are compared with the predictions of H1 2006 DPDF Fit B
(red line), which is indicated as dashed beyond the range of validity of the fit. 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.

32

 vanishes in the parton model 

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

Why  is interesting?FD
L

Experimentally challenging…

Measurement requires several beam 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%

Longitudinal structure function divided by the 
reduced cross section
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Phase space (x,Q2) EIC-HERA
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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

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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Far forward detectors at EIC
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548 11.6. FAR-FORWARD DETECTORS

Roman pots
(inside pipe)

Off-Momentum Detectors

B1apf dipole

B0 Silicon  
Detector

ZDC

B0pf dipole

Hadron beam 
coming from IP

Figure 11.86: Image of the Far-Forward IR and the associated detector components.
Image generated using Geant4+EicRoot.

Detector (x,z) Position [m] Dimensions q [mrad] Notes
ZDC (0.96, 37.5) (60cm, 60cm, 2m) q < 5.5 ⇠4.0 mrad at f = p

Roman Pots (2 stations) (0.85, 26.0) (0.94, 28.0) (25cm, 10cm, n/a) 0.0 < q < 5.5 10 s cut.
Off-Momentum Detector (0.8, 22.5), (0.85, 24.5) (30cm, 30cm, n/a) 0.0 < q < 5.0 0.4 < xL < 0.6
B0 Spectrometer (x = 0.19, 5.4 < z < 6.4) (26cm, 27cm, n/a) 5.5 < q < 13.0 ⇠20 mrad at f=0

Table 11.44: Summary of far-forward detector locations and angular acceptances for charged
hadrons, neutrons, photons, and light nuclei or nuclear fragments. In some cases, the an-
gular acceptance is not uniform in f, as noted in the table. For the three silicon detectors
(Roman Pots, Off-Momentum Detectors, and B0 spectrometer) a depth is not given, just the
2D size of the silicon plane. For the Roman Pots and Off-Momentum Detectors, the sim-
ulations have two silicon planes spaced 2m apart, while the B0 detectors have four silicon
planes evenly spaced along the 1.2m length of the B0pf dipole magnet bore. The planes have
a ”hole” for the passage of the hadron beam pipe that has a radius of 3.2cm.

light nuclei which are separated from the hadron beam by up to 5 mrad. The windows
on the pots through which protons or light nuclei can enter to be measured by the silicon
detectors are generally placed within 1 mm or so of the beam (depending on the beam
optics and hence the transverse beam size at the RP location), with safe distance being
defined as the “10 sx,y” region, where sx,y is the transverse size of the beam in x and y.
Fig. 11.87 shows a cartoon sketch of the basic concept being considered, but note that
the stainless steel pots themselves are not shown in the cartoon. In this section, basic
requirements for the sensors will be discussed first, and technology appropriate for use in
the EIC diffractive physics program will be discussed at the end.

Basic Requirements for Roman Pots

In general, the Roman Pots need to have both the necessary acceptance and resolution
to carry out the diffractive physics program at the EIC. The acceptance is driven by the

Detector Angle Position [m]
ZDC  θ<5.5 mrad 37.5

Roman Pots 0.5<θ<5.0 mrad 26.0, 28.0
Off-momentum detectors θ<5.0 mrad 22.5, 25.5

B0 6.0<θ<20.0 mrad 5.4<z<6.4
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Final proton tagging
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Small angle acceptance i.e. Roman pots

Much better than at HERA 

Best way to select diffractive events through proton tagging
t = �p2?

xL
� (1� xL)2

xL
m2

p
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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

(xL, p?)
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 measured in LAB, collinear (e,p) frame(xL, p?, ✓)
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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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Can disentangle   from   by varying energy and performing the linear fit.FD(3)
2 FD(3)

L

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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Binning and cuts 
Uniform logarithmic binning, 4 bins per order of magnitude in each β,Q2 ,ξ 

Simulations 
Cross section generation from ZEUS-SJ diffractive PDFs evolved with DGLAP 

Assumed δsys=1-2%, extrapolated from HERA 2% uncorrelated systematics; 
normalization/correlated systematics negligible effect on extraction of FLD 

δstat from 10 fb-1 integrated luminosity 

Several random samples are generated 

Bins in (ξ, β, Q2), common to at least four beam setups 

 Q2 > 3 GeV2    both H1 and ZEUS fits indicate deterioration of fits for low Q2 

 0.96>y>0.005 expected coverage of the experiment 
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Kinematic range and number of points
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Figure 5: Count of di↵erent beam energy combinations from among set S-17 that lead to mea-

surable �D(3)
red data points for each (⇠,�, Q2) bin. Only cases with a number of counts � 4 are

considered for the extraction of FD(3)
L .

sources taken to be negligible as discussed previously. Separate fits are performed to each of the
sets, resulting in the two lines shown on each of the plots.

The S-17 set of beam energies contains the most points in YL and therefore by construction
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sources taken to be negligible as discussed previously. Separate fits are performed to each of the
sets, resulting in the two lines shown on each of the plots.

The S-17 set of beam energies contains the most points in YL and therefore by construction
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sources taken to be negligible as discussed previously. Separate fits are performed to each of the
sets, resulting in the two lines shown on each of the plots.

The S-17 set of beam energies contains the most points in YL and therefore by construction
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sources taken to be negligible as discussed previously. Separate fits are performed to each of the
sets, resulting in the two lines shown on each of the plots.

The S-17 set of beam energies contains the most points in YL and therefore by construction
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Count of different beam energy combinations for S-17, S-9, S-5 

Only points with more than 4 combinations are taken for FL extraction

Set-17: 364, set-9: 285, set-5: 160 values of FL  
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FLD(3) extraction
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Simulated measurement of FLD(3) vs β in bins of (ξ,Q2)
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�FL for �sys = 1%,  CL = 68%,  5 MC samples
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17 energies 9 energies 5 energies

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 FDL  possible with EIC-favored set of energy combinations

Systematic error 1%, 5 MC samples to illustrate fluctuations
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Simulated measurement of FLD(3) vs β in bins of (ξ,Q2)
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�FL for �sys = 1%,  CL = 68%,  5 MC samples
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Change from 1% to 2% results in roughly twice large error bars 

Statistical errors negligible

S-17
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FLD(3)  fit accuracy
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FL fit accuracy for �sys = 1%
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Estimate the accuracy of extraction for FLD(3) 

Generate several MC samples of pseudodata 
and  perform fits 

Use direct arithmetic averaging neglecting 
the uncertainties from the fits 
 

v =
S1

N
(Δv)2 =

S2 − S2
1 /N

N − 1

Sn =
N

∑
i=1

vn
i

average variance

Where  is the value of  

 in Monte Carlo sample i

vi FD
L
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RD=FLD/FTD  ratio of longitudinal to transverse

16

Ratio of cross section for longitudinally polarized photons to cross sections for transverse 
polarized photons 

FD(3)
T = FD(3)

2 − FD(3)
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RD(3) = FD(3)
L /FD(3)

T

σD(3)
red = [1 + (1 − YL)RD(3)]FD(3)

T

Different form of reduced cross 
section 

Alternative fit has different 
sensitivities to the uncertainties 

Systematics 1% 

Averaged over 10 MC samples: 
reduced fluctuations
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Summary and outlook

17

• Investigated potential of EIC for the longitudinal structure function in diffraction : FLD 

• Important quantity, sensitive to diffractive gluon density (saturation, higher twists…). Only 
one extraction at HERA by H1, large errors. Challenging measurement. 

• Three scenarios: 17, 9, 5 energy combinations.  Pseudodata from DGLAP, assumed 1-2% 
systematics, 10 fb-1 integrated luminosity. Extraction via linear fit to reduced cross section 

• Scenarios S-17 and S-9 do not differ much, S-5 reduced kinematic range 

• Precision in a given bin of (Q2,ξ,β) correlates strongly with range in inelasticity y 

• Still, precision comparable in all scenarios, dominated by systematics. Extracted R ratio too. 

• Overall: very good prospects for this quantity and EIC even with 5 energy combinations

Possible directions: 

• 4-dimensional structure function 

• Sensitivity to different models (dipole model, saturation…)


