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Outline
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•Introduction: LHeC and FCC-eh parameters and kinematics 

•Inclusive diffraction: cross sections 

•Prospects for extraction of diffractive PDFs 

•Inclusive diffraction in eA 

•Exclusive diffraction: elastic vector meson production
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LHeC Conceptual Design Report and beyond
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arXiv:1206.2913 arXiv:2007.14491

CDR 2012: commissioned by  
CERN, ECFA, NuPECC 
200 authors, 69 institutions

CDR update 2020 
300 authors, 156 institutions

Further selected references: 

On the relation of the LHeC and the LHC 
arXiv:1211.5102 

The Large Hadron Electron Collider 
arXiv:1305.2090 

Dig Deeper  
Nature Physics 9 (2013) 448 

Future Deep Inelastic Scattering with the LHeC 
arXiv:1802.04317 
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Accelerator concepts for electron-proton collisions
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LHeC, PERLE and FCC-eh

50 x 7000 GeV2: 1.2 TeV ep collider

Operation: 2035+, Cost: O(1) BCHF

CDR: 1206.2913 J.Phys.G (550 citations)

Upgrade to 1034 cm-2s-1, for Higgs, BSM

CERN-ACC-Note-2018-0084 (ESSP)

arXiv:2007.14491, subm J.Phys.G

Powerful ERL for Experiments @ Orsay
CDR: 1705.08783 J.Phys.G
CERN-ACC-Note-2018-0086 (ESSP)

Operation: 2025+, Cost: O(20) MEuro

LHeC ERL Parameters and Configuration
Ie=20mA, 802 MHz SRF, 3 turns à
Ee=500 MeV à first 10 MW ERL facility

BINP, CERN, Daresbury, Jlab, Liverpool, Orsay (IJC), +
60 x 50000 GeV2: 3.5 TeV ep collider

Operation: 2050+, Cost (of ep) O(1-2) BCHF

Concurrent Operation with FCC-hh

FCC CDR: 
Eur.Phys.J.ST 228 (2019) 6, 474 Physics
Eur.Phys.J.ST 228 (2019) 4, 755 FCC-hh/eh

Future CERN Colliders: 1810.13022 Bordry+
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Physics with Energy Frontier DIS
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ep/eA collider: cleanest high resolution microscope 

Precision and discovery in QCD 

Study of EW physics, multi-jet final states 

Transform the LHC/FCC into a high precision Higgs facility 

Unique and complementary potential for the BSM studies 

Empower the LHC/FCC search programme 

Overall: a unique Particle and Nuclear Physics Facility
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What is Diffraction?
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• Diffractive processes are characterized by the rapidity gap: absence of any 
activity in part of the detector. 

• Diffraction is interpreted as to be mediated by the exchange of  an ‘object’ 
with vacuum quantum numbers - usually referred to as the Pomeron. 

DiÄractive Selection

Proton Spectrometer
• clean measurement - no
double dissociative
background

• low statistics

Large Rapidity Gap
• high statistics
• contains double dissociative
background

FCAL BCAL RCAL

η=−0.75η=1.1

electron

scattered electron

proton

Grzegorz Gach Recent Results on Diffraction at HERA 12

Diffractive event in ZEUS at HERA

HERA: 10% events diffractive: rapidity gap 

Importance of diffraction for : 
  small x dynamics 
  shadowing 
  confinement, 
  soft and collinear factorization
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Diffractive kinematics in DIS
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� =
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

y =
p · q
p · k

W 2 = (q + p)2

s = (k + p)2

Q2 = �q2

x =
�q2

2p · q

electron-proton  
cms energy squared:

photon-proton 
 cms energy squared:

inelasticity

Bjorken x

(minus) photon virtuality

⇠ ⌘ xIP =
Q2 +M2

X � t

Q2 +W 2

Standard DIS variables:

Diffractive DIS variables:
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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

x = ⇠�
<latexit sha1_base64="KooNNXLgiUSIgnqjG/kArFOazdg=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0ItQ9OKxgv2AJJTNdtMu3eyG3Ym0hP4MLx4U8eqv8ea/cdvmoK0PBh7vzTAzL0oFN+C6305pbX1jc6u8XdnZ3ds/qB4etY3KNGUtqoTS3YgYJrhkLeAgWDfVjCSRYJ1odDfzO09MG67kI0xSFiZkIHnMKQEr+eMbHIx5EDEgvWrNrbtz4FXiFaSGCjR71a+gr2iWMAlUEGN8z00hzIkGTgWbVoLMsJTQERkw31JJEmbCfH7yFJ9ZpY9jpW1JwHP190ROEmMmSWQ7EwJDs+zNxP88P4P4Osy5TDNgki4WxZnAoPDsf9znmlEQE0sI1dzeiumQaELBplSxIXjLL6+S9kXdc+vew2WtcVvEUUYn6BSdIw9doQa6R03UQhQp9Ixe0ZsDzovz7nwsWktOMXOM/sD5/AHUNpDy</latexit><latexit sha1_base64="KooNNXLgiUSIgnqjG/kArFOazdg=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0ItQ9OKxgv2AJJTNdtMu3eyG3Ym0hP4MLx4U8eqv8ea/cdvmoK0PBh7vzTAzL0oFN+C6305pbX1jc6u8XdnZ3ds/qB4etY3KNGUtqoTS3YgYJrhkLeAgWDfVjCSRYJ1odDfzO09MG67kI0xSFiZkIHnMKQEr+eMbHIx5EDEgvWrNrbtz4FXiFaSGCjR71a+gr2iWMAlUEGN8z00hzIkGTgWbVoLMsJTQERkw31JJEmbCfH7yFJ9ZpY9jpW1JwHP190ROEmMmSWQ7EwJDs+zNxP88P4P4Osy5TDNgki4WxZnAoPDsf9znmlEQE0sI1dzeiumQaELBplSxIXjLL6+S9kXdc+vew2WtcVvEUUYn6BSdIw9doQa6R03UQhQp9Ixe0ZsDzovz7nwsWktOMXOM/sD5/AHUNpDy</latexit><latexit sha1_base64="KooNNXLgiUSIgnqjG/kArFOazdg=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0ItQ9OKxgv2AJJTNdtMu3eyG3Ym0hP4MLx4U8eqv8ea/cdvmoK0PBh7vzTAzL0oFN+C6305pbX1jc6u8XdnZ3ds/qB4etY3KNGUtqoTS3YgYJrhkLeAgWDfVjCSRYJ1odDfzO09MG67kI0xSFiZkIHnMKQEr+eMbHIx5EDEgvWrNrbtz4FXiFaSGCjR71a+gr2iWMAlUEGN8z00hzIkGTgWbVoLMsJTQERkw31JJEmbCfH7yFJ9ZpY9jpW1JwHP190ROEmMmSWQ7EwJDs+zNxP88P4P4Osy5TDNgki4WxZnAoPDsf9znmlEQE0sI1dzeiumQaELBplSxIXjLL6+S9kXdc+vew2WtcVvEUUYn6BSdIw9doQa6R03UQhQp9Ixe0ZsDzovz7nwsWktOMXOM/sD5/AHUNpDy</latexit><latexit sha1_base64="KooNNXLgiUSIgnqjG/kArFOazdg=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0ItQ9OKxgv2AJJTNdtMu3eyG3Ym0hP4MLx4U8eqv8ea/cdvmoK0PBh7vzTAzL0oFN+C6305pbX1jc6u8XdnZ3ds/qB4etY3KNGUtqoTS3YgYJrhkLeAgWDfVjCSRYJ1odDfzO09MG67kI0xSFiZkIHnMKQEr+eMbHIx5EDEgvWrNrbtz4FXiFaSGCjR71a+gr2iWMAlUEGN8z00hzIkGTgWbVoLMsJTQERkw31JJEmbCfH7yFJ9ZpY9jpW1JwHP190ROEmMmSWQ7EwJDs+zNxP88P4P4Osy5TDNgki4WxZnAoPDsf9znmlEQE0sI1dzeiumQaELBplSxIXjLL6+S9kXdc+vew2WtcVvEUUYn6BSdIw9doQa6R03UQhQp9Ixe0ZsDzovz7nwsWktOMXOM/sD5/AHUNpDy</latexit>



Anna Staśto, Diffraction at LHeC and FCC-he, DIS2023, March 30  2023

Phase space (x,Q2) EIC-HERA-LHeC-FCC-eh
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Figure 1: A diagram of a di↵ractive NC event in DIS 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).

at both the LHeC and the FCC-eh with larger statistics and more extended kinematics, in this
first study we limit ourselves to neutral currents. The incoming electron or positron, with four
momentum k, scatters o↵ the proton, with incoming momentum p, and the interaction proceeds
through the exchange of a virtual photon with four-momentum q. The kinematic variables for
such an event include the standard deep inelastic variables

Q2 = �q2 , x =
�q2

2p · q
, y =

p · q

p · k
, (1)

where Q2 describes the photon virtuality, x is the Bjorken variable and y the inelasticity of the
process. In addition, the variables

s = (k + p)2 , W 2 = (q + p)2 , (2)

are the electron-proton centre-of-mass energy squared and the photon-proton centre-of-mass
energy squared, respectively. The distinguishing feature of the di↵ractive event ep ! eXY
is the presence of the large rapidity gap between the di↵ractive system, characterized by the
invariant mass MX and the final proton (or its low-mass excitation) Y with four momentum p0.
In addition to the standard DIS variables listed above, di↵ractive events are also characterized
by an additional set of variables defined as

t = (p� p0)2 , ⇠ =
Q2 +M2

X � t

Q2 +W 2
, � =

Q2

Q2 +M2
X � t

. (3)

In the above t is the squared four-momentum transfer at the proton vertex, ⇠ (alternatively
denoted by xIP ) can be interpreted as the momentum fraction of the ‘di↵ractive exchange’
with respect to the hadron, and � is the momentum fraction of the parton with respect to the
di↵ractive exchange. The two momentum fractions combine to give Bjorken-x, x = �⇠.

The physical picture suggested by Fig. 1 is that the initial proton splits into a final state Y
of momentum p0 ' (1 � ⇠)p and the object which is responsible for the di↵ractive exchange of
momentum ⇠p. The latter in turn undergoes a DIS-like process to produce the final state X (see
Sec. 3.1 for more details). The study presented in this paper concerns coherent di↵raction (i.e.
the non-dissociating case), where the final state Y is a proton. Experimentally, this requires
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θ > 1°
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Q2
 [G

eV
2 ]

x = βξ

ZEUS-LRG
H1-LRG
HERA-FLPS

10-2

10-1

100

101

102

103

104

105

106

107

10-8 10-7 10-6 10-5 10-4 10-3 10-2 10-1

FCC-eh Ep=50 TeV, Ee=60 GeVFCC-eh Ep=50 TeV, Ee=60 GeV

Q2
 [G

eV
2 ]

x = βξ

10-2

10-1

100

101

102

103

104

105

106

107

10-8 10-7 10-6 10-5 10-4 10-3 10-2 10-1

LHeC  Ep= 7 TeV, Ee=60 GeVLHeC  Ep= 7 TeV, Ee=60 GeV

Q2
 [G

eV
2 ]

x = βξ

10-2

10-1

100

101

102

103

104

105

106

107

10-8 10-7 10-6 10-5 10-4 10-3 10-2 10-1

EIC   Ep=0.25 TeV, Ee=21 GeVEIC   Ep=0.25 TeV, Ee=21 GeV

Q2
 [G

eV
2 ]

x = βξ

10-2

10-1

100

101

102

103

104

105

106

107

10-8 10-7 10-6 10-5 10-4 10-3 10-2 10-1

HERA  Ep=0.92 TeV, Ee=27.5 GeVHERA  Ep=0.92 TeV, Ee=27.5 GeV
Phase space ―  HERA ! LHeC ! FCC-he

• CD = 7	TeV vs. HERA
– HIJK down by factor  ~20

– -ILM0 up by factor ~100

• CD = 50	TeV vs. 7	TeV
– HIJK down by factor  ~10

– -ILM0 up by factor ~10

2017-11-15 Wojtek Slominski - PDFs and Low x at LHeC/FCC-he WG  meeting 6

The grid shows suggested binning:
4 bins per order of magnitude

for each of 3, -0, 5

CO = 60	G1RCO = 60	G1R

p, e energies

Low ξ: cleanly separate diffraction 
Low β: novel low x effects 
High Q2: lever-arm for gluon, flavor decomposition. Tests of DGLAP evolution 
Large Mx: diffractive jets, heavy flavors, W/Z 
Large ET: Precision QCD with jets

Prospects for LHeC and FCC-eh:
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LHeC phase space: (β,Q2) fixed ξ
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LHeC phase space ― Ep = 7 TeV

V W X. Z[# bins for V W X. Z[
• no top

– 1589 for '( \ 1.3	GeV(
– 1229 for '( \ 5	GeV(

• with top quark
– 17 bins more

2017-11-15 Wojtek Slominski - PDFs and Low x at LHeC/FCC-he WG  meeting 7
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FCC-eh phase space: (β,Q2) fixed ξ
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FCC-he phase space ― Ep = 50 TeV

2017-11-15 Wojtek Slominski - PDFs and Low x at LHeC/FCC-he WG  meeting 8

V W X. Z[# bins for V W X. Z[
• no top

– 2171 for '( \ 1.3	GeV(
– 1735 for '( \ 5	GeV(

• with top quark
– 275 (255) bins more
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Pseudodata for σred
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Simulations based on extrapolation of ZEUS-SJ DPDFs 

Variable Flavor Number  scheme without top 

Binning to assume negligible statistical errors 

5% systematic error, dominates the total error  

Potential for high quality data for inclusive diffraction 
at LHeC/FCC-eh 

Prospects for precise extraction of diffractive PDFs, 
tests of factorization breaking (collinear and soft) 
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Figure 6: Selected subset of the simulated data for the di↵ractive reduced cross section as a func-
tion of � in bins of ⇠ and Q2 for ep collisions at the LHeC. The curves for ⇠ = 0.01, 0.001, 0.0001
are shifted up by 0.04, 0.08, 0.12, respectively.

To evaluate the precision with which the DPDFs can be determined, several pseudodata sets,
corresponding to independent random error samples, were generated. Each pseudodata set was
fitted to the reduced cross-sections defined by Eqs. (5a) and (8) in the DPDF model of Sec. 3.1.

The minimal value of Q2 for the data considered in the fits was set to Q2
min = 5GeV2. The

reason for this cut-o↵ is to show the feasibility of the fits including just the range in which
standard twist-2 DGLAP evolution is expected to be trustable. At HERA, the Q2

min values
giving acceptable DGLAP (twist-2) fits were 8GeV2 [25] and 5GeV2 [26] for H1 and ZEUS,
respectively. It is expected that if there are any higher twist e↵ects, for example due to parton
saturation, they should become visible in the lower Q2 region. DGLAP fits to the di↵ractive data
are known to not describe the data very well in this region, which may point to the importance
of the higher order or higher twist corrections.

It is possible that a more flexible functional form would eventually be able to fit such data
from the new machines without resorting to dynamics beyond twist-2 DGLAP but, with the
amount and precision of HERA data, no evidence for this was found. Note that phenomenological
studies which include higher twist corrections indeed describe the HERA data in this region
better than the pure DGLAP evolution [43].

The maximum value of ⇠ was set by default to ⇠max = 0.1, above which the cross-section
starts to be dominated by the Reggeon exchange. The e↵ects of relaxing both limits Q2

min and
⇠max are described below. The region above the top threshold was not considered in the fits.
This point however should be addressed in future studies; the top contribution has a negligible
impact for the LHeC but some impact for the FCC-eh.
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Figure 7: Selected subset of the simulated data for the di↵ractive reduced cross section as
a function of � in bins of ⇠ and Q2 for ep collisions at the FCC-eh. The curves for ⇠ =
0.01, 0.001, 0.0001, 0.00001 are shifted up by 0.04, 0.08, 0.12, 0.16, respectively.

The binning adopted in this study corresponds roughly to 4 bins per order of magnitude in
each of ⇠,�, Q2. For Q2

min = 5GeV2, ⇠max = 0.1 and below the top threshold this results in 1229
and 1735 pseudodata points for the LHeC and FCC-eh, respectively. The top-quark region adds
17 points for the LHeC and 255 for FCC-eh. Lowering Q2

min down to 1.8GeV2 we get 1589 and
2171 pseudodata points, while increasing ⇠ up to 0.32 adds ca. 180 points for both machines.

The potential for determination of the gluon DPDF was investigated by fitting the inclusive
di↵ractive DIS pseudodata with two models, S and C of Sec. 3.1 with ↵IP ,IR(0) fixed, in order to
focus on the shape of the Pomeron’s PDFs. At HERA, both S and C fits provide equally good
descriptions of the data with �2/ndf = 1.19 and 1.18, respectively, despite di↵erent gluon DPDF
shapes. The LHeC pseudodata are much more sensitive to gluons, resulting in �2/ndf values
of 1.05 and 1.4 for the S and C fits, respectively. This motivates the use of the larger number
of parameters in the fit-S model, which we employ in the further studies. It also shows clearly
the potential of the LHeC and the FCC-eh to better constrain the low-x gluon and, therefore,
unravel eventual departures from standard linear evolution.

4.2 DPDFs uncertainties

In Fig. 8 and Fig. 9 the di↵ractive gluon and quark distributions are shown for the LHeC
and FCC-eh, respectively, as a function of z for fixed scales µ2 = 6, 20, 60, 200GeV2. The bands
labelled A,B,C denote fits to three statistically independent pseudodata replicas, obtained from
the same central values and statistic and systematic uncertainties. Hereafter the bands shown

12

LHeC

FCC-eh

Only small subset of simulated data is shown
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Diffractive PDFs from LHeC pseudodata
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Figure 8: Di↵ractive PDFs for gluon and quark in the LHeC kinematics as a function of momen-
tum fraction z for fixed values of scale µ2. Results of fits to three (A,B,C) pseudodata replicas
are shown together with the experimental error bands. For comparison, the extrapolated ZEUS-
SJ fit is also shown (black) with error bands marked with the hatched pattern. The vertical
dotted lines indicate the HERA kinematic limit. The bands indicate only the experimental
uncertainties, see the text.

Figure 9: Identical to Fig. 8, but in the FCC-eh kinematics. The bands indicate only the
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Reduction of DPDF  uncertainty by factor 5 — 7 at LHeC and 10 — 15 at FCC-eh 
with inclusive data alone. Small sensitivity to the large ξ cut
Prospects for precise extraction of diffractive PDFs, tests of factorization breaking 
(collinear and soft) 
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Figure 10: Relative uncertainties on the di↵ractive gluon PDFs for the LHeC kinematics (upper
panel) and FCC-eh kinematics (lower panel). Two di↵erent choices of scales are considered
µ2 = 6 and µ2 = 20 GeV2. The blue, red, green bands and magenta line correspond to
di↵erent maximal values of ⇠ = 0.01, 0.03, 0.1, 0.32, respectively. The cross-hatched areas show
kinematically excluded regions. The bands indicate only the experimental uncertainties, see the
text.

5 Di↵ractive deep inelastic scattering o↵ nuclei

Electron-nucleus (eA) collisions are also possible at the LHeC and the FCC-eh with large inte-
grated luminosities, LNN ⇠ O(1) fb�1, see [17–21]. Similar considerations apply to di↵raction in
eA as to ep collisions. The main di↵erence is the larger contribution from incoherent di↵raction3

e+A ! e+X +A⇤ than from coherent di↵raction e+A ! e+X +A, the former dominating
for |t| larger than a few hundredths of a GeV2. In the following we focus on coherent di↵raction,
which could be distinguished from the incoherent case using forward detectors [18].

Assuming the same framework (collinear factorization for hard di↵raction, Eq. (7), and
Regge factorization, Eq. (9)) described for ep in Sections 2 and 3.1 to hold for eA, nuclear
di↵ractive PDFs (nDPDFs) can be extracted from the di↵ractive reduced cross sections, Eqs.
(4a) and (4b). It should be noted that such nDPDFs have never been measured. With the same
electron energy Ee = 60 GeV and nuclear beams with EN = 2.76 and 19.7 TeV/nucleon for
the LHeC and the FCC-eh, respectively, the kinematic coverage is very similar to that shown in
Fig. 3.

Due to the lack of previous measurements, there are no parametrizations for nDPDFs but
models exist for the nuclear e↵ects on parton densities defined through the nuclear modification

3A⇤
denotes a final state in which the nucleus has dissociated to a system of at least two hadrons, but the

rapidity gap signature that defines the di↵ractive event is still present.

15

LHeC

FCC-eh
(note reduction of 
scale)
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Figure 13: Nuclear modification factor, Eq. (15), for FD(3)
2 and FD(3)

L in 208Pb versus �, at
Q2 = 10 GeV2 and for di↵erent ⇠, for the models H and L in [9]. The ‘\’ and ‘/’ hatched areas
show kinematically excluded regions for E = 2.76 and 19.7 TeV/nucleon, respectively.

6 Conclusions

In this paper we have investigated the potential of the LHeC and FCC-eh machines for the
measurement of di↵ractive cross sections and to constrain the di↵ractive parton densities. The
LHeC machine would extend the available kinematic range in x by a factor of order 20 and the
maximum Q2 by a factor of order 100. The FCC-eh machine would extend the accessible region
by an order of magnitude with respect to LHeC both in x and Q2. This translates into a range
of available ⇠ down to 10�4 at the LHeC and down to 10�5 for FCC-eh for a wide range of
�. With the assumed very conservative integrated luminosity of 2 fb�1 we have generated large
pseudodata sets of 1200� 1800 points for the LHeC and of 1700� 2600 points for the FCC-eh,
depending on the minimum Q2. The simulated data have very small error bars, dominated by
the assumed 5% systematic error. We have performed fits of the di↵ractive parton densities
to the simulated pseudodata, following the methodology employed previously at HERA. The
DPDF determination using the pseudodata substantially improves the precision achieved in the
HERA analysis, reducing the DPDF uncertainties by a factor 5 � 7 for the LHeC and 10 � 15
for the FCC-eh.

We stress that the uncertainty bands shown in the corresponding plots come purely from
experimental errors. No attempt is made to evaluate theoretical sources of uncertainty, due for
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Predictions for nuclear ratios for diffractive 
structure functions  F2 and FL 
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Figure 3.23: Di↵erential cross section for the elastic J/ production as a function of |t| within the
IP-Sat (saturation), b-CGC and 1-Pomeron models at a fixed W�p = 1TeV, which corresponds to the
LHeC kinematics, and for two di↵erent values of photon virtuality Q = 0 and Q

2 = 10 GeV2. The
thickness of points includes the uncertainties associated with the freedom to choose di↵erent values for
the charm quark mass within the range mc = 1.2 � 1.4 GeV.

slope parameters Bg and BCGC, which control the b -dependence in both models, were fitted to
obtain the best description of elastic di↵ractive J/ production, in particular its t-dependence,
at small values of t.

In Figs. 3.23 and 3.24 we show the simulated di↵erential cross section d�/dt as a function of |t|
and study its variation with energy and virtuality, and its model dependence. First, in Fig. 3.23
we show the di↵erential cross section as a function of t for fixed energy W = 1TeV, in the case of
the photoproduction of J/ (left plot) and for the case of DIS with Q

2 = 10 GeV2 (right plot).
The energy W corresponds to the LHeC kinematics. There are three di↵erent calculations in
each plot, using the IP-sat model, the b-CGC model and the 1-Pomeron approximation. The
last one is obtained by keeping just the first non-trivial term in the expansion of the eikonalised
formula of the IP-Sat amplitude (3.26). First, let us observe that all three models coincide
for very low values of t, where the dependence on t is exponential. This is because for low
|t|, relatively large values of impact parameter are probed in Eq. (3.24) where the amplitude
is small, and therefore the tail in impact parameter is Gaussian in all three cases. Since the
Fourier transform of the Gaussian in b is an exponential in t, the result at low t follows. On
the other hand, the three scenarios di↵er significantly for large values of |t|. In the case of the
1-Pomeron approximation the dependence is still exponential, without any dips, which is easily
understood since the impact parameter profile is perfectly Gaussian in this case. For the two
other scenarios, dips in d�/dt as a function in t emerge. They signal the departure from the
Gaussian profile in b for small values of b where the system is dense. A similar pattern can be
observed when performing the Fourier transform of the Wood-Saxon distribution, which is the
typical distribution used for the description of the matter density in nuclei. When Q

2 is increased
the pattern of dips also changes. This is illustrated in Fig. 3.23. It is seen that the dips move to
higher values of |t| for DIS than for photoproduction. This can be understood from the dipole
formula Eq. (3.24) which contains the integral over the dipole size. Larger values of Q

2 select

68

Precision t, W and Q2 dependence of vector mesons
Example : tests of saturation from the slope in t  

One of the best processes to 
test for novel small x dynamics

V

Advantage over UPC: 

Q2 dependence
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V
where the profile in b is again Gaussian. On the other hand, small scales select large dipole sizes1495

for which the dipole amplitude is larger and thus the saturation e↵ects more prominent, leading1496

to the distortion of the impact parameter profile and therefore to the emergence of dips in the1497

di↵erential cross section d�/dt when studied as a function of t.1498
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Figure 3.24: Di↵erential cross section for elastic J/ production as a function of |t| within the IP-Sat
(saturation), b-CGC and 1-Pomeron models at a fixed W�p = 2.5 TeV, which corresponds to the region
that can be explored by FCC-eh, and for two di↵erent values of photon virtuality Q = 0 (left plot) and
Q

2 = 10 GeV2 (right plot). The thickness of points includes the uncertainties associated with the freedom
to choose di↵erent values for the charm quark mass within the range mc = 1.2 � 1.4 GeV .

In the next Fig. 3.24 we show the same calculation but for higher energy W = 2.5 TeV, which1499

could be explored in the FCC-eh. In this case we see that the dips move to lower values of1500

|t|. This can be easily understood, as with increasing energy the dipole scattering amplitude1501

increases, and thus the dilute-dense boundary shifts to larger values of b, meaning that the1502

deviation from the exponential fall o↵ occurs for smaller values of |t|. Similar studies [108]1503

show also the change of the position of the dips with the mass of the vector meson: for lighter1504

vector mesons like ⇢,!,� the dips occur at smaller t than for the heavier vector mesons J/ 1505

or ⌥. We note that, of course, the positions of the dips depend crucially on the details of the1506

models, which are currently not constrained by the existing HERA data. We also note the1507

sizeable uncertainties due to the charm quark mass (the fits to inclusive HERA data from which1508

parameters of the models have been extracted are performed at each fixed value of the charm1509

mass that is then used to compute exclusive J/ production).1510

We thus see that the precise measurement of the t-slope in the elastic production of vector mesons1511

at the LHeC, and its variation with x and scales, provide a unique opportunity to explore the1512

transition between the dilute and dense partonic regimes. As mentioned earlier, elastic di↵ractive1513

production is one among several di↵erent measurements which can be performed to explore the1514

3D structure of the hadron. Another one is Deeply Virtual Compton Scattering which is a1515

process sensitive to the spatial distribution of quarks inside the hadron. Previous preliminary1516

analyses [1] indicate a huge potential of LHeC for the measurement of DVCS. Another example1517

of a process that could be studied at the LHeC, is di↵ractive exclusive dijet production. It1518

has been suggested [113] that this process is sensitive to the Wigner function, and that the1519

63

Dips move to lower |t| with higher energy 
Boundary between dilute and dense region moves to large impact parameters 
Could be explored at FCC-he
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Possibility of using the same principle to learn about the gluon distribution in the nucleus. 
Possible nuclear resonances at small t?

t-dependence: characteristic dips.

Challenges: need to distinguish between coherent and incoherent 
diffraction. Need dedicated instrumentation, zero degree 
calorimeter.

Energy dependence for 
different targets.

Exclusive diffraction on nuclei



Anna Staśto, Diffraction at LHeC and FCC-he, DIS2023, March 30  2023 20

Exclusive diffraction on nuclei
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Energy and scale dependence of the position of dips in |t|. Provides information 
about nuclear structure. Can perform similar measurements on proton target to 
estimate the saturation in proton vs nuclei. Challenging experimentally.
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• LHeC and FCC-eh are electron-proton facilities which represent seminal opportunity to 
advance particle physics 

• Broad physics potential: QCD studies, both precision and discovery, precision Higgs and EW, 
expand prospects for BSM, physics with nuclei 

• New possibilities for diffraction at LHeC and FCC-he: 

• Inclusive diffraction, constraints on diffractive PDFs, increased accuracy by factor 10 at 
LHeC and 20 at FCC-eh 

• New final states in diffraction, possibility of producing diffractive top. Also EW exchange. 
Relation between diffraction and shadowing 

• First extraction of diffractive nuclear PDFs would be possible 

• Exclusive diffraction, vector meson production,  t-dependence provides information about 
the spatial structure. Also DVCS 


