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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)

3

� =
Q2

Q2 + M2
X � t

momentum fraction of the 
Pomeron w.r.t hadron

momentum fraction of parton 
w.r.t Pomeron

t = (p� p0)2 4-momentum transfer squared

⇠ ⌘ xIP =
Q2 +M2

X � t

Q2 +W 2

Diffractive DIS variables: x = ⇠�
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Rapidity gap

Target is scattered elastically: 
elastic scattering  

It can also dissociate into a 
state Y with the same quantum 
numbers, but still separated 
from the rest of particles
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Diffractive cross section, structure functions

4

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):
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Measurement methods: LRG vs LP

5

Large Rapidity Gap method: 
request a large rapidity gap (ex. ZEUS 2009 
ξ<0.02)

Proton Tagging (Leading Proton) method: 
detection of a leading proton (ex. Leading Proton 
Spectrometer in ZEUS, Forward Proton Spectrometer 
in H1, can go to higher  ξ<0.1)
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Figure 11: The reduced diffractive cross section multiplied by xIP , xIPσ
D(3)
r ,

obtained with the LPS method as a function of xIP for different values of Q2 and β.
The lines are the result of the Regge fit described in Section 10.5. The inner error
bars show the statistical uncertainties and the full bars indicate the statistical and
the systematic uncertainties added in quadrature. The normalisation uncertainty
of +11

−7 % is not shown.
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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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Resolution study for 18 GeV x 275 GeV
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DDIS kinematical variables resolution

DIS2021 - :RMWHN�6áRPLĔVNL�- Jagiellonian University

Green area
RAPGAP MC

generated data

Red histograms
reconstructed from

the detector smeared data

Very good resolution for all variables related to ߪሺଷሻ

5

ܧ ൌ ͳͺ 
��
ܧ ൌ ʹͷ 
��Using RAPGAP to simulate diffraction. Excellent resolution for variables (x, y,Q2,�, ⇠)
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Resolution and acceptance 
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(xL, p?, t)
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Pseudorapidity distribution 
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Green histogram: generated 
from RAPGAP 

Red histogram: reconstructed 
from smeared data

Hadronic calorimetry up to η<3.5

EM calorimetry up to η<4.5

Use of B0 or other dedicated 
veto detectors could extend this 
region

Rapidity gap method challenging at EIC with current central detector design 

Leading proton method seems preferred at EIC thanks to excellent forward instrumentation
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Pseudodata generation for σD(3)
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Binning 
4 bins per order of magnitude in each β,Q2 ,ξ 

Simulations 
Cross section extrapolation from ZEUS-SJ diffractive PDFs 

Random smearing with δsys=5% and δstat from 10 fb-1 integrated luminosity 

Several random samples are generated 

Pseudodata generation

Fits of diffractive PDFs to σrD(3)

9 parameters to be fitted, standard fit, Fit S 

4 remaining parameters, BP/R, α’P/R fixed from other measurements 

Option: constant gluon density at μ02=1.8 GeV2 , Bg=Cg=0, Fit C with 7 parameters 
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Pseudodata for σD(3) at EIC
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��ଶ
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Diffractive PDFs from fits to 18 GeV x 275 GeV data
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Quark DPDF from 5% simulations
Ep = 275 GeV, Ee = 18 GeV,  Q2 > 5 GeV2, � < 0.1, 375 data points.
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Quark diffractive PDF

Fit S: 9 parameters 

Fit C: 7 parameters 

Bg=Cg=0

Data selection: 

Q2> 5 GeV2, ξ<0.1 

375 data points

Q2 cut chosen to avoid large 
higher twist contributions

Much smaller uncertainty for the 
quark diffractive PDF at high z
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Diffractive PDFs from fits to 18 GeV x 275 GeV data
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Gluon DPDF from 5% simulations
Ep = 275 GeV, Ee = 18 GeV,  Q2 > 5 GeV2, � < 0.1, 375 data points.
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Data selection: 

Q2> 5 GeV2, ξ<0.1 

375 data points

Fit S: 9 parameters 

Fit C: 7 parameters 

Bg=Cg=0

No improvement for the gluon 
density 

Both fits C and S are comparable 

Another process needed, dijet 
production to constrain the 
gluon at large z (like at HERA) 

Perform study at lower 
systematics
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Inclusive diffraction on nuclei
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Nuclear shadowing and diffraction are related (Gribov) 

Nuclear modification factors from the model by Frankfurt-Guzey-Strikman  

Two scenarios for high (H) and low (L) shadowing considered
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Pomeron, Reggeon and F2, FL component to σD(3) 
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Extrapolation ³ Pomeron, Reggeon, F2, FL components of ߪ୰ୣୢ
ሺଷሻ

DIS2021 - :RMWHN�6áRPLĔVNL�- Jagiellonian University

� Significant ܨ component, 
~30 times higher than at HERA
due to higher y values

୰ୣୢߪ ൌ ଶܨ െ
ଶݕ

ͳ  ͳ െ ݕ ଶ ܨ

� Pomeron dominates at low Ɍ, 
² especially at higher ߚ

� ³Reggeon´�FRQWULEXWLRQ�JURZV�ZLWK�Ɍ
� Dominates for ߦ  ͲǤͳ

� High ߦ region accessible by the 
final proton tagging at EIC
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��
Pomeron dominates at low ξ 

Reggeon dominates at high ξ>0.05

High  ξ  region accessible by the final 

 proton tagging at the EIC

�D
red = FD

2 � y2

1 + (1� y)2
FD
L
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larger than at HERA due to  higher y 
values
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Why FLD(3) is interesting?  FLD(3)  at HERA
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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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Pseudodata generation for FL: energy choice 
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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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Integrated over t-momentum transfer

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)
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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.
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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.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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Pseudodata generation

20

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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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

22

�r = F2(⇠,�, Q
2)� YLFL(⇠,�, Q

2)
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Uncorrelated systematics 1% 
Differences between S-17 and S-9, S-5 small 
Increase in error bar on the extraction when smaller number of energy points 
Largest errors for bins with shortest range of YL

as a function of YL
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Simulated measurement of FLD(3) vs β in bins of (ξ,Q2)

23

�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)

24

�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

25

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



Anna Staśto, Diffraction in hadronic collisions, NCBJ, May 23  2022

RD=FLD/FTD  ratio of longitudinal to transverse

26

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

FD(3)
T = FD(3)

2 − FD(3)
L

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

RD(3) from fits to pseudo-data for �sys = 1%  CL = 68%  MC sample !VAR!
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Simulations of σD(4)
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High luminosity and excellent possibility of proton tagging 

Prospect of high quality data for  �D(4)
r (⇠,�, Q2, t)
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Very different slopes in t for 
Reggeon and Pomeron

୰ୣୢߪ
ሺସሻ vs. ߦǡ ݐ simulations

DIS2021 - :RMWHN�6áRPLĔVNL�- Jagiellonian University

¾ Extrapolation of ୰ୣୢߪ
ሺସሻ ǡߦ ǡݐ ǡߚ ܳଶ calculated using ZEUS-SJ DPDFs

¾ Simulation done by random smearing according to

¾ ୱ୷ୱߜ ൌ ͷΨ

¾ ୱ୲ୟ୲ߜ from ܮ ൌ ͳͲ ��ିଵ

From the ZEUS-SJ fit

߮ߦ ǡߦ ݐ ן Ǥଶଶିߦ ݁ି ௧

ோ߮ߦ ǡߦ ݐ ן ǤାଵǤ଼ߦ ௧ ݁ିଶ ௧

������������ǲReggeonǳ�����������
have very different shapes in ߦ and ݐ

Nb. statistical errors increase at large ȁ�ȁ
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Extrapolation of reduced cross section using ZEUS SJ fit 

Random smearing with errors: 

Systematic:  δsys = 5 % 

Statistics: δstat from integrated luminosity 10 fb-1
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σD(4) vs t

28

Simulations for ߪ୰ୣୢ
ሺସሻ vs. t

DIS2021 - :RMWHN�6áRPLĔVNL�- Jagiellonian University

Lines ² extrapolation
Points ² simulation

Very well measurable
t-slope vs. ߦ

16

ܧ ൌ ͳͺ 
��
ܧ ൌ ʹͷ 
��
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σD(4) vs ξ
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Simulations for ߪ୰ୣୢ
ሺସሻ vs. ߦ

DIS2021 - :RMWHN�6áRPLĔVNL�- Jagiellonian University

Lines ² extrapolation
Points ² simulation

Very well measurable
dependence on ߦ

Double-slope structure?

17
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Diffractive  elastic vector meson production

J/ψ vector meson: charm -anti charm system 

Upsilon vector meson: bottom  - anti bottom system m = 9.46 GeV
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m = 3.09 GeV
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Final state contains only vector meson, 
scattered lepton and proton
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Elastic vector meson production0 0.2 0.4 0.6 0.8 1 1.2
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Figure 7: Differential cross section dσ/dt for elastic J/ψ production as a function of |t| a) in
four bins of Q2 in the range 40 < Wγp < 160GeV. 〈Q2〉 indicates the bin centre value in the
Q2 range considered. The inner error bars show the statistical error, while the outer error bars
show the statistical and systematic uncertainties added in quadrature. The solid lines show fits
to the data of the form dσ/dt ∝ ebt. The dashed curve shows the result of a fit proposed by
Frankfurt and Strikman [8]. Figures b) and c) show the photoproduction measurements in the
ranges 135 < Wγp < 235 GeV and 205 < Wγp < 305 GeV.
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d�

dt
⇠ ebt
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Extraction of density profile in impact parameter
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 t-dependence of the elastic cross section provides information about the 
profile of the target
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Diffractive elastic VM production

mVum 12b I zR

Diffractive elastic vector meson production as a way to study nucleon structure

R ⇡ 0.84÷ 0.87 fm
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Proton charge radius

b ⇡ 0.5÷ 0.6 fm
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Radius measured in diffractive 
scattering of vector mesons

Experiments  on elastic VM production suggest gluons are concentrated in 
smaller regions than quarks
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Figure 10: The values of the t slope parameter b(Wγp) as a function of Wγp in the range |t| <
1.2GeV2 for a) photoproduction and b) electroproduction. 〈Q2〉 indicates the bin centre value
in the Q2 range considered. The data points are the results of one-dimensional fits of the form
dσ/dt ∝ ebt inWγp bins. The inner error bars show the statistical errors, while the outer error
bars show the statistical and systematic uncertainties added in quadrature. The solid lines show
the results of the two-dimensional fits (equation 2) as in figure 9. In a) the data are compared
with results from the ZEUS collaboration [6].
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Figure 7: Differential cross section dσ/dt for elastic J/ψ production as a function of |t| a) in
four bins of Q2 in the range 40 < Wγp < 160GeV. 〈Q2〉 indicates the bin centre value in the
Q2 range considered. The inner error bars show the statistical error, while the outer error bars
show the statistical and systematic uncertainties added in quadrature. The solid lines show fits
to the data of the form dσ/dt ∝ ebt. The dashed curve shows the result of a fit proposed by
Frankfurt and Strikman [8]. Figures b) and c) show the photoproduction measurements in the
ranges 135 < Wγp < 235 GeV and 205 < Wγp < 305 GeV.
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Growth of the target size with energy

The slope growths with energy:

d�

dt
⇠ ebt
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Elastic vector meson production at EIC 0
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Figure 2.26: Top: cross-section for �
⇤
p ! J/ p in two bins of xV and Q

2. Bottom: the
distribution of gluons in impact parameter bT obtained from the J/ production cross section.
The bands have the same meaning as in Figure 2.21.

ics such as shadowing, anti-shadowing or the
EMC e↵ect. An overview and references can
be found in Sec. 5.9.1 of [2]. Coherent ex-
clusive reactions such as J/ production on
heavy nuclear targets have the potential to
map out the geometry of the nucleus in high-
energy processes and thus to quantify the ini-
tial conditions of heavy-ion collisions. As dis-
cussed in Sec. 3.2.2, they may o↵er detailed
information about parton saturation by ex-
hibiting the bT dependence of the amplitude
N(x, rT , bT ) for scattering a color dipole of
size rT at a transverse distance bT from the
center of the nucleus.

Scattering processes at high Q
2 in which

two or more nucleons are simultaneously
knocked out of a nucleus provide an oppor-

tunity to study short-range correlations be-
tween nucleons in a nucleus. Fixed-target ex-
periments [138, 139] have obtained intriguing
results, which not only provide detailed in-
sight into the nucleon-nucleon interaction at
short distances but also have astrophysical
implications [140]. At the EIC, one will have
the unique opportunity to study the role of
gluon degrees of freedom in these short-range
correlations. For instance, in exclusive J/ 
production o↵ light nuclei accompanied by
knockout nucleons, see Sec. 5.12 of [2]. Such
studies have the potential to greatly increase
our understanding of nuclear forces in the
transition region between hadronic and par-
tonic degrees of freedom.
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Profile function from elastic vector meson production
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CHAPTER 7. EIC MEASUREMENTS AND STUDIES 119

Figure 7.47: Top: Projected EIC uncertainties for the gluon IPD obtained from a Fourier
transform of the differential cross section for J/y production for 15.8 GeV2 < Q2 + M2

V <

25.1 GeV2, assuming a collection of 10 fb�1 (from Ref. [2]). Bottom: Projected uncertainties
for the gluon IPD multiplied with b2

T , extracted by a Fourier transform of the differential
cross section for Y production for 89.5 GeV2 < Q2 + M2

V < 91 GeV2, assuming 100 fb�1

(from Ref. [416]).

Breit frame [22, 418], and has been discussed recently in other frames as well [174,
419]. Working in the Breit frame, the D(t) form factor can be related to the spatial
distribution of shear forces s(r) and pressure p(r).

The relation for the shear forces holds also for quarks and gluons separately, while
it is defined only for the total system in the case of pressure. In this way, D(t)
provides the key to mechanical properties of the nucleon and reflects the internal
dynamics of the system through the distribution of forces. Requiring mechanical
stability of the system, the corresponding force must be directed outwards so that
one expects the local criterion 2s(r) + p(r) > 0 to hold, which implies that the
total D-term for any stable system must be negative, D < 0, as confirmed for



Anna Staśto, Diffraction in hadronic collisions, NCBJ, May 23  2022

|t | (GeV2) |t | (GeV2)

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18

)
2

 /
d

t 
(n

b
/G

e
V

 e
’ +

 A
u

’ 
+

 J
/ψ

)
→

(e
 +

 A
u
 

σ
d

)
2

 /
d

t 
(n

b
/G

e
V

 e
’ +

 A
u

’ 
+

 φ
)

→
(e

 +
 A

u
 

σ
d

J/ψ φ

∫Ldt = 10 fb-1/A
1 < Q2 < 10 GeV2

x < 0.01
|η(edecay)| < 4
p(edecay) > 1 GeV/c
δt/t = 5%

∫Ldt = 10 fb-1/A
1 < Q2 < 10 GeV2

x < 0.01
|η(Kdecay)| < 4
p(Kdecay) > 1 GeV/c
δt/t = 5%

104

103

102

10

1

10-1

10-2

105

104

103

102

10

1

10-1

10-2

coherent - no saturation
incoherent - no saturation
coherent - saturation (bSat)
incoherent - saturation (bSat)

coherent - no saturation
incoherent - no saturation
coherent - saturation (bSat)
incoherent - saturation (bSat)

Figure 3.23: d�/dt distributions for exclusive J/ (left) and � (right) production in coherent and
incoherent events in di↵ractive e+Au collisions. Predictions from saturation and non-saturation
models are shown.

[209], an e+A event generator specialized
for di↵ractive exclusive vector meson produc-
tion based on the bSat [208] dipole model.
We limit the calculation to 1 < Q

2
< 10

GeV2 and x < 0.01 to stay within the va-
lidity range of saturation and non-saturation
models. The produced events were passed
through an experimental filter and scaled to
reflect an integrated luminosity of 10 fb�1/A.
The basic experimental cuts are listed in the
legends of the panels in Fig. 3.22. As ex-
pected, the di↵erence between the satura-
tion and non-saturation curves is small for
the smaller-sized J/ (< 20%), which is less
sensitive to saturation e↵ects, but is substan-
tial for the larger �, which is more sensitive
to the saturation region. In both cases, the
di↵erence is larger than the statistical errors.
In fact, the small errors for di↵ractive � pro-
duction indicate that this measurement can
already provide substantial insight into the
saturation mechanism after a few weeks of
EIC running. Although this measurement
could be already feasible at an EIC with
low collision energies, the saturation e↵ects
would be less pronounced due to the larger
values of x. For large Q

2, the two ratios
asymptotically approach unity.

As explained earlier in Sec. 3.2.1, coher-

ent di↵ractive events allow one to learn about
the shape and the degree of “blackness” of
the black disk: this enables one to study the
spatial distribution of gluons in the nucleus.
Exclusive vector meson production in di↵rac-
tive e+A collisions is the cleanest such pro-
cess, due to the low number of particles in the
final state. This would not only provide us
with further insight into saturation physics
but also constitute a highly important con-
tribution to heavy-ion physics by providing a
quantitative understanding of the initial con-
ditions of a heavy ion collision as described
in Sec. 3.4.2. It might even shed some light
on the role of glue and thus QCD in the nu-
clear structure of light nuclei (see Sec. 3.3).
As described above, in di↵ractive DIS, the
virtual photon interacts with the nucleus via
a color-neutral exchange, which is dominated
by two gluons at the lowest order. It is pre-
cisely this two gluon exchange which yields a
di↵ractive measurement of the gluon density
in a nucleus.

Experimentally the key to the spatial
gluon distribution is the measurement of the
d�/dt distribution. As follows from the op-
tical analogy presented in Sec. 3.2.1, the
Fourier-transform of (the square root of) this
distribution is the source distribution of the
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Figure 3.24: The Fourier transforms obtained in [201] from the distributions in Figure 3.23 for
J/ -mesons in the upper row and �-mesons in the lower row. The results from both saturation
(right) and non-saturation (left) models are shown. The used input Woods-Saxon distribution
is shown as a reference in all four plots.

object probed, i.e., the dipole scattering am-
plitudeN(x, rT , bT ) on the nucleus with r

2
T ⇠

1/(Q2 + M
2
V ), where MV is the mass of

the vector meson [186] (see also the Sidebar
on page 42). Note that related studies can
be conducted in ultra-peripheral collisions of
nuclei, albeit with a limited kinematic reach.
This is discussed in section 3.4.2.

Figure 3.23 shows the d�/dt distribution
for J/ on the left and � mesons on the
right. The coherent distribution depends on
the shape of the source while the incoher-
ent distribution provides valuable informa-
tion on the fluctuations or “lumpiness” of
the source [199]. As discussed above, we
are able to distinguish both by detecting the
neutrons emitted by the nuclear breakup in
the incoherent case. Again, we compare to
predictions of saturation and non-saturation
models. Just as for the previous figures, the
curves were generated with the Sartre event
generator and had to pass through an ex-
perimental filter. The experimental cuts are
listed in the figures.

As the J/ is smaller than the �, one

sees little di↵erence between the saturation
and no-saturation scenarios for exclusive J/ 
production but a pronounced e↵ect for the
�, as expected. For the former, the statisti-
cal errors after the 3rd minimum become ex-
cessively large requiring substantially more
than the simulated integrated luminosity of
10 fb�1/A. The situation is more favorable
for the �, where enough statistics up to the
4th minimum are available. The ⇢ meson has
even higher rates and is also quite sensitive
to saturation e↵ects. However, it su↵ers cur-
rently from large theoretical uncertainties in
the knowledge of its wave-function, making
calculations less reliable.

The coherent distributions in Figure 3.23
can be used to obtain information about
the gluon distribution in impact parame-
ter space F (b) through a two-dimensional
Fourier transform of the square root of the
coherent elastic cross section [186, 201]

F (b) =

1Z

0

dq q

2⇡
J0(q b)

r
d�coherent

dt
(3.13)
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F (b) =

Z 1

0

q dq

2⇡
J0(qb)

r
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dt
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Figure 3.23: d�/dt distributions for exclusive J/ (left) and � (right) production in coherent and
incoherent events in di↵ractive e+Au collisions. Predictions from saturation and non-saturation
models are shown.

[209], an e+A event generator specialized
for di↵ractive exclusive vector meson produc-
tion based on the bSat [208] dipole model.
We limit the calculation to 1 < Q

2
< 10

GeV2 and x < 0.01 to stay within the va-
lidity range of saturation and non-saturation
models. The produced events were passed
through an experimental filter and scaled to
reflect an integrated luminosity of 10 fb�1/A.
The basic experimental cuts are listed in the
legends of the panels in Fig. 3.22. As ex-
pected, the di↵erence between the satura-
tion and non-saturation curves is small for
the smaller-sized J/ (< 20%), which is less
sensitive to saturation e↵ects, but is substan-
tial for the larger �, which is more sensitive
to the saturation region. In both cases, the
di↵erence is larger than the statistical errors.
In fact, the small errors for di↵ractive � pro-
duction indicate that this measurement can
already provide substantial insight into the
saturation mechanism after a few weeks of
EIC running. Although this measurement
could be already feasible at an EIC with
low collision energies, the saturation e↵ects
would be less pronounced due to the larger
values of x. For large Q

2, the two ratios
asymptotically approach unity.

As explained earlier in Sec. 3.2.1, coher-

ent di↵ractive events allow one to learn about
the shape and the degree of “blackness” of
the black disk: this enables one to study the
spatial distribution of gluons in the nucleus.
Exclusive vector meson production in di↵rac-
tive e+A collisions is the cleanest such pro-
cess, due to the low number of particles in the
final state. This would not only provide us
with further insight into saturation physics
but also constitute a highly important con-
tribution to heavy-ion physics by providing a
quantitative understanding of the initial con-
ditions of a heavy ion collision as described
in Sec. 3.4.2. It might even shed some light
on the role of glue and thus QCD in the nu-
clear structure of light nuclei (see Sec. 3.3).
As described above, in di↵ractive DIS, the
virtual photon interacts with the nucleus via
a color-neutral exchange, which is dominated
by two gluons at the lowest order. It is pre-
cisely this two gluon exchange which yields a
di↵ractive measurement of the gluon density
in a nucleus.

Experimentally the key to the spatial
gluon distribution is the measurement of the
d�/dt distribution. As follows from the op-
tical analogy presented in Sec. 3.2.1, the
Fourier-transform of (the square root of) this
distribution is the source distribution of the
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Diffractive J/ψ in electron-deuteron

40

Diffractive J/ψ scattering on a deuteron as a way to study short - range correlations (SRC) 

Short-range correlated nucleon pairs with high internal nucleon momentum ( quasi-deuteron 
inside the nucleus). Possible strong link of SRC to EMC effect.

CHAPTER 7. EIC MEASUREMENTS AND STUDIES 171

the four-momentum of the spectator nucleon (See Fig. 7.74 for the Feynman dia-
gram). We use realistic physics estimates and a conceptual far-forward detector
simulations of the EIC to fully reveal the potential of this exclusive process. In par-
ticular, we provide the luminosity and detector requirements necessary to study
SRCs in the deuteron at an EIC.

�*

e

e'

d p

n

p'

n'

J/�

t=(p'-p)2

t'=(n'-d)2-Mp

Figure 7.74: Diagram of incoherent diffractive J/y productions in electron-deuteron scat-
tering

In Fig. 7.74, kinematic variables are defined in the figure. In particular, the kine-
matic variable t is defined between the four-momentum of the incoming and
outgoing leading nucleon, while the incoming nucleon momentum inside of the
deuteron is not known directly due to the internal nucleon momentum distribu-
tion. This is different from the process of electron-proton (ep) scattering where
the incoming proton has the beam momentum. In an ep collider experiment, the
paradigmatic example thus far being the H1 and ZEUS experiments at HERA, the
t variable can in principle be reconstructed using different methods [854], includ-
ing a new method proposed in this study based on purely the spectator and the
leading nucleon. The conclusion based on this study is that the best resolution of
reconstruction of momentum transfer might come from a combination of differ-
ent methods, i.e., the spectator tagging technique can be used for identifying the
process while the method 3 in Ref. [854] can be used for the values of t.

In BeAGLE simulations of incoherent diffractive J/y meson production in ed scat-
tering, both cases where the spectator nucleon can be either a proton or a neu-
tron are considered. In the simulations, the two cases are treated identically at
the generator level, while in the reconstruction of the final state particles in the
detector simulations, the spectator proton or neutron would experience different
acceptances and detector smearing. In Fig. 7.75, the three-momentum distribu-
tions of the spectator, pm, associated with incoherent diffractive J/y production
in ed collisions, are shown for neutron (left) and proton (right) spectator, respec-
tively. In each panel, the truth level simulation from BeAGLE is shown by solid
star markers, where the open circles represent the results after the realistic simula-
tion of the detector acceptance and forward instrumentation. The results of the full
simulations (open square markers,) include acceptances, smearing effects coming
from intrinsic detector resolutions, and beam-related effects. With the capability of

Role of gluons in SRC pairs? 

Relation of SRC to shadowing and/or saturation ? 

Spatial and momentum distribution of partons in high momentum configurations  ?

Questions: 

Momentum transfer t, the difference between outgoing 
proton momentum and incoming proton momentum, 
which is not known in ed, unlike in ep

Reconstruction of t : through leading nucleon and 
spectator measurement (proton and nucleon are back-to-
back in the rest frame of pn before the interaction)

t = (p0 � p)2
<latexit sha1_base64="APhXJgxXBvUyHrWFaU6AnQ7Hoq0=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRaxHiy7RdCLUPTisYL9wHYt2TTbhmazIckKZem/8OJBEa/+G2/+G9N2D1p9MPB4b4aZeYHkTBvX/XJyS8srq2v59cLG5tb2TnF3r6njRBHaIDGPVTvAmnImaMMww2lbKoqjgNNWMLqe+q1HqjSLxZ0ZS+pHeCBYyAg2Vro3l2V5fCpPHqq9YsmtuDOgv8TLSAky1HvFz24/JklEhSEca93xXGn8FCvDCKeTQjfRVGIywgPasVTgiGo/nV08QUdW6aMwVraEQTP150SKI63HUWA7I2yGetGbiv95ncSEF37KhEwMFWS+KEw4MjGavo/6TFFi+NgSTBSztyIyxAoTY0Mq2BC8xZf/kma14rkV7/asVLvK4sjDARxCGTw4hxrcQB0aQEDAE7zAq6OdZ+fNeZ+35pxsZh9+wfn4Br4zj6Q=</latexit><latexit sha1_base64="APhXJgxXBvUyHrWFaU6AnQ7Hoq0=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRaxHiy7RdCLUPTisYL9wHYt2TTbhmazIckKZem/8OJBEa/+G2/+G9N2D1p9MPB4b4aZeYHkTBvX/XJyS8srq2v59cLG5tb2TnF3r6njRBHaIDGPVTvAmnImaMMww2lbKoqjgNNWMLqe+q1HqjSLxZ0ZS+pHeCBYyAg2Vro3l2V5fCpPHqq9YsmtuDOgv8TLSAky1HvFz24/JklEhSEca93xXGn8FCvDCKeTQjfRVGIywgPasVTgiGo/nV08QUdW6aMwVraEQTP150SKI63HUWA7I2yGetGbiv95ncSEF37KhEwMFWS+KEw4MjGavo/6TFFi+NgSTBSztyIyxAoTY0Mq2BC8xZf/kma14rkV7/asVLvK4sjDARxCGTw4hxrcQB0aQEDAE7zAq6OdZ+fNeZ+35pxsZh9+wfn4Br4zj6Q=</latexit><latexit sha1_base64="APhXJgxXBvUyHrWFaU6AnQ7Hoq0=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRaxHiy7RdCLUPTisYL9wHYt2TTbhmazIckKZem/8OJBEa/+G2/+G9N2D1p9MPB4b4aZeYHkTBvX/XJyS8srq2v59cLG5tb2TnF3r6njRBHaIDGPVTvAmnImaMMww2lbKoqjgNNWMLqe+q1HqjSLxZ0ZS+pHeCBYyAg2Vro3l2V5fCpPHqq9YsmtuDOgv8TLSAky1HvFz24/JklEhSEca93xXGn8FCvDCKeTQjfRVGIywgPasVTgiGo/nV08QUdW6aMwVraEQTP150SKI63HUWA7I2yGetGbiv95ncSEF37KhEwMFWS+KEw4MjGavo/6TFFi+NgSTBSztyIyxAoTY0Mq2BC8xZf/kma14rkV7/asVLvK4sjDARxCGTw4hxrcQB0aQEDAE7zAq6OdZ+fNeZ+35pxsZh9+wfn4Br4zj6Q=</latexit><latexit sha1_base64="APhXJgxXBvUyHrWFaU6AnQ7Hoq0=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRaxHiy7RdCLUPTisYL9wHYt2TTbhmazIckKZem/8OJBEa/+G2/+G9N2D1p9MPB4b4aZeYHkTBvX/XJyS8srq2v59cLG5tb2TnF3r6njRBHaIDGPVTvAmnImaMMww2lbKoqjgNNWMLqe+q1HqjSLxZ0ZS+pHeCBYyAg2Vro3l2V5fCpPHqq9YsmtuDOgv8TLSAky1HvFz24/JklEhSEca93xXGn8FCvDCKeTQjfRVGIywgPasVTgiGo/nV08QUdW6aMwVraEQTP150SKI63HUWA7I2yGetGbiv95ncSEF37KhEwMFWS+KEw4MjGavo/6TFFi+NgSTBSztyIyxAoTY0Mq2BC8xZf/kma14rkV7/asVLvK4sjDARxCGTw4hxrcQB0aQEDAE7zAq6OdZ+fNeZ+35pxsZh9+wfn4Br4zj6Q=</latexit>

t = (p0 � (�n))2
<latexit sha1_base64="VN70DBwIXwoqGk0dO2+XC/6AdRc=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBaxPbQkRdCLUPTisYL9gDaWzXbTLt1s4u6mUEJ/hxcPinj1x3jz37htc9DWBwOP92aYmedFnClt299WZm19Y3Mru53b2d3bP8gfHjVVGEtCGyTkoWx7WFHOBG1opjltR5LiwOO05Y1uZ35rTKVioXjQk4i6AR4I5jOCtZFcfV2MzsvFsiiVHqu9fMGu2HOgVeKkpAAp6r38V7cfkjigQhOOleo4dqTdBEvNCKfTXDdWNMJkhAe0Y6jAAVVuMj96is6M0kd+KE0Jjebq74kEB0pNAs90BlgP1bI3E//zOrH2r9yEiSjWVJDFIj/mSIdolgDqM0mJ5hNDMJHM3IrIEEtMtMkpZ0Jwll9eJc1qxbErzv1FoXaTxpGFEziFIjhwCTW4gzo0gMATPMMrvFlj68V6tz4WrRkrnTmGP7A+fwDwpZA+</latexit><latexit sha1_base64="VN70DBwIXwoqGk0dO2+XC/6AdRc=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBaxPbQkRdCLUPTisYL9gDaWzXbTLt1s4u6mUEJ/hxcPinj1x3jz37htc9DWBwOP92aYmedFnClt299WZm19Y3Mru53b2d3bP8gfHjVVGEtCGyTkoWx7WFHOBG1opjltR5LiwOO05Y1uZ35rTKVioXjQk4i6AR4I5jOCtZFcfV2MzsvFsiiVHqu9fMGu2HOgVeKkpAAp6r38V7cfkjigQhOOleo4dqTdBEvNCKfTXDdWNMJkhAe0Y6jAAVVuMj96is6M0kd+KE0Jjebq74kEB0pNAs90BlgP1bI3E//zOrH2r9yEiSjWVJDFIj/mSIdolgDqM0mJ5hNDMJHM3IrIEEtMtMkpZ0Jwll9eJc1qxbErzv1FoXaTxpGFEziFIjhwCTW4gzo0gMATPMMrvFlj68V6tz4WrRkrnTmGP7A+fwDwpZA+</latexit><latexit sha1_base64="VN70DBwIXwoqGk0dO2+XC/6AdRc=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBaxPbQkRdCLUPTisYL9gDaWzXbTLt1s4u6mUEJ/hxcPinj1x3jz37htc9DWBwOP92aYmedFnClt299WZm19Y3Mru53b2d3bP8gfHjVVGEtCGyTkoWx7WFHOBG1opjltR5LiwOO05Y1uZ35rTKVioXjQk4i6AR4I5jOCtZFcfV2MzsvFsiiVHqu9fMGu2HOgVeKkpAAp6r38V7cfkjigQhOOleo4dqTdBEvNCKfTXDdWNMJkhAe0Y6jAAVVuMj96is6M0kd+KE0Jjebq74kEB0pNAs90BlgP1bI3E//zOrH2r9yEiSjWVJDFIj/mSIdolgDqM0mJ5hNDMJHM3IrIEEtMtMkpZ0Jwll9eJc1qxbErzv1FoXaTxpGFEziFIjhwCTW4gzo0gMATPMMrvFlj68V6tz4WrRkrnTmGP7A+fwDwpZA+</latexit><latexit sha1_base64="VN70DBwIXwoqGk0dO2+XC/6AdRc=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBaxPbQkRdCLUPTisYL9gDaWzXbTLt1s4u6mUEJ/hxcPinj1x3jz37htc9DWBwOP92aYmedFnClt299WZm19Y3Mru53b2d3bP8gfHjVVGEtCGyTkoWx7WFHOBG1opjltR5LiwOO05Y1uZ35rTKVioXjQk4i6AR4I5jOCtZFcfV2MzsvFsiiVHqu9fMGu2HOgVeKkpAAp6r38V7cfkjigQhOOleo4dqTdBEvNCKfTXDdWNMJkhAe0Y6jAAVVuMj96is6M0kd+KE0Jjebq74kEB0pNAs90BlgP1bI3E//zOrH2r9yEiSjWVJDFIj/mSIdolgDqM0mJ5hNDMJHM3IrIEEtMtMkpZ0Jwll9eJc1qxbErzv1FoXaTxpGFEziFIjhwCTW4gzo0gMATPMMrvFlj68V6tz4WrRkrnTmGP7A+fwDwpZA+</latexit>



Anna Staśto, Diffraction in hadronic collisions, NCBJ, May 23  2022

Distribution in t for diffractive J/ψ in electron-deuteron
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ing all e↵ects in the simulation, the ✓rq distributions are
found to be significantly smeared compared to the gen-
erator level ones. This observable has been found in our
study to be the most sensitive to detector resolutions. The
di↵erences in the proton and neutron are due to the dif-
ferent smearing e↵ects between the two particles - protons
are reconstructed from simulated detector hits; neutrons
only have the acceptance applied in the simulation, and a
Gaussian smearing applied by hand. The largest compo-
nent in the ✓rq smearing comes from the Lorentz-boost of
the deuteron beam momentum, where a small momentum
and angular smearing in the lab frame will be enhanced in
the deuteron rest frame. For higher pm ranges, the di↵er-
ence between the smeared and true distribution becomes
smaller, see Sec. 8.4.

It is noted that the ✓rq distribution is a standard ob-
servable for SRC measurements at fixed target experi-
ments [29], while the resolution of the ✓rq angle generally is
much better without the Lorentz-boost to the target rest
frame. At the EIC, the Lorentz-boost to the target rest
frame is necessary to access the polar angle ✓rq, which will
be an experimental challenge for the measurement at low
pm. Fortunately, probing the high momentum tail of SRC
pairs be less problematic at the EIC.

In addition, the ✓rq distribution has been found to be
sensitive to the FSI for electron-deuteron scattering in
fixed target experiments [44, 45, 46, 29, 47? , 49]. The
data show that the FSI contribution peaks for ✓rq ⇠ 70o,
while it becomes very small at forward (⇠0 degree) and
backward (⇠180 degree) angles. Therefore at the EIC, ✓rq
will provide an important handle to suppress the FSI e↵ect
when tagging the high momentum spectator nucleon.
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Figure 5: The polar angle between the virtual photon and the
spectator neutron (left) and spectator proton (right), respectively, in
incoherent di↵ractive J/ vector meson production in ed collisions.
These distributions are integrated over all pm range. Simulations
at the generator level, with acceptance e↵ects only, and with full
simulations, are shown with solid, open circles, and open squared
markers, respectively.

Fig. 6 shows the distribution of the momentum trans-
fer t in incoherent di↵ractive J/ meson production o↵
bound nucleons for the neutron spectator (left) and pro-
ton spectator (right) cases respectively. Similar to results
shown earlier, the generator level distributions are com-
pared with results including only acceptance e↵ects and

for full simulations. Unlike other observables shown ear-
lier, this observable requires double tagging of both lead-
ing and spectator nucleons to reconstruct t in the newly
proposed method.

Based on the acceptance-only results, the double-tagging
method to reconstruct the t distribution is generally not as
good as other observables such as pm, since it requires good
acceptance for both the leading and spectator nucleon.
Additionally, the resolution for t is a↵ected by smearing
from both reconstructed nucleons. Despite these caveats,
the t distribution can be measured up to very high t with
good precision utilizing the proposed EIC far-forward de-
tectors, especially in the neutron spectator case.

Reconstructing the t distributions through method 3
as introduced in Sec. 2 is found to be generally better
than other methods, including the new method proposed
in this paper. However, the new method might provide a
complementary way of reconstructing the t distributions
which is expected to be more robust against QED back-
grounds. For comparison among di↵erent methods, see the
Appendix in Sec. 8 for details.
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Figure 6: The distribution of the momentum transfer t for neutron
spectator (left) and proton spectator (right), respectively, in events
associated with incoherent di↵ractive J/ vector meson production
in ed collisions. These distributions are integrated over the full pm
range. Simulations at the generator level, with acceptance e↵ects
only, and with full simulations, are shown by solid, open circles, and
open squared markers, respectively.

The generator level t distribution in BeAGLE, recon-
structed by the new method using both nucleons, is found
to be di↵erent from the input t distribution of the PYTHIA-
6 ep simulation. Neither the t distributions in PYTHIA
6 nor in the current version of BeAGLE are kinematically
correct. The PYTHIA-6 model has no internal nucleon
momenta of the incoming nucleon. In BeAGLE, the inter-
nal momenta of the bound nucleons, the outgoing nucleon
after the interaction are not modified to account for inter-
nal nucleon momenta at the initial state in terms of cross
sections and kinematic variables. However a precise im-
plementation of the momentum transfer t distribution in
BeAGLE is not the primary focus of this paper, and it
is also not essential for the conclusions drawn from this
study.

At the EIC, the precise measurement of the t distribu-
tion in this process is directly related to the gluon imaging

7

Neutron spectator Proton spectator

Integrated over a range of pm 

Method requires double tagging of both proton and neutron 

In general t distribution affected by acceptance and resolution of nucleons 

Good precision in neutron spectator case
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Summary

42

EIC offers ample opportunities for studying 
diffraction and forward physics 

Excellent proton and neutron tagging capabilities, 
precision measurement of diffractive structure 
functions, Pomeron/Reggeon  

Prospects for  FLD and 4-dim structure function 

Nucleon/nuclear imaging with diffractive vector meson 
production 

Study of SRC with EIC 

Diffractive production off light nuclei, double spectator 
tagging in light nuclei 

…and much more!
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