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Motivation: “Cold QCD phase diagram”
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Aschenauer et al, arXiv:1708.01527

Gluon splitting:
large parton densities at small x

Non-linear regime of QCD

LHeC and FCC:

Large
√
s ⇒ small-x

With “nuclear oomph” ∼ A1/3

LHeC and FCC-eh provide access to
quantum field theory studies in the
extremely non-linear regime

More about the LHeC/FCC-eh project:
see talk by Schwanenberger on Wednesday
and plenary by Hobbs on Friday.
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Wide kinematical lever arm
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Figure 1.1: Kinematic regions in the x � Q2 plane explored by di↵erent data sets (charged lepton and
neutrino DIS, DY, dAu at RHIC and pPb at the LHC) used in present nPDF analyses [15], compared to
the ones achievable at the EIC (red), the LHeC (ERL against the HL-LHC beams, dark blue) and two
FCC-eh versions (with Pb beams corresponding to proton energies Ep = 20TeV - green and Ep = 50TeV
- light blue). Acceptance of the detector for the electrons is taken to be 1� < ✓ < 179�, and 0.01(0.001) <
y < 1 for the EIC (all other colliders). The saturation scale Qsat shown here for indicative purposes
only, see also [16], has been drawn for a Pb nucleus considering an uncertainty ⇠ 2 and a behaviour
with energy following the model in [17]. Note that it only indicates a region where saturation e↵ects are
expected to be important but there is no sharp transition between the linear and non-linear regimes.

of new details of the nuclear structure. Similarly to the proton case, DVCS and exclusive126

vector-meson production will provide unique insight into 3D nuclear structure.127

• The LHeC will o↵er unprecedented opportunities to extract di↵ractive parton densities128

in nuclei for the first time. A first detailed analysis [19] indicates that the achievable129

precision on di↵ractive PDFs in nuclei will be comparable to that possible in the proton130

case. The measurements of di↵raction on protons and nuclei as well as the inclusive131

structure functions in the nuclear case will allow us to explore the very important relation132

between nuclear shadowing and di↵raction [20].133

• The LHeC will be able to test and establish or exclude the phenomenon of parton saturation134

at low x in protons and nuclei. According to the Color Glass Condensate framework [21,22],135

parton saturation is a density e↵ect that can be achieved in two ways, either by decreasing136

the value of x or by increasing the size of the target by increasing A. The LHeC will be137

a unique machine to address both of their variations, such that the ideas of saturation138

could be precisely tested. It will be possible to search for parton saturation in a variety of139

ways which include, among others, the search for tensions in DGLAP fits, the study of the140

di↵raction, in particular the ratios of di↵ractive to inclusive cross sections, and the study141

of particle azimuthal de-correlations.142

• Finally, the LHeC machine in eA mode will have a huge impact onto physics explored in143

pA and AA collisions, see Sec. ??, where it will provide vital input and constraints on the144

‘baseline’ initial state in nuclear collisions, measurements of the impact of a cold nuclear145

6

LHeC CDR update

Wide range in x ,Q2

Nuclear DIS down to x ∼ 10−7 at
perturbative scales

Non-linear dynamics in the region where
Q2

s is a perturbative scale

Saturation scale Q2
s ∼ scale where

non-linear phenomena become important

EIC project in the US: moving forward
rapidly, but much more limited kinematics
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Some eA physics highlights

Some physics highlights of the eA program

Partonic structure of nuclei

Exclusive processes

Diffractive structure functions

Non-linear QCD

Covered in detail in the LHeC/FCC-eh CDR update

Fundamentally interesting physics, with applications to
e.g. Quark Gluon Plasma, Higgs, BSM etc. studies

LHeC CDR update: arXiv:2007.14491 [hep-ex]
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Nuclear parton distribution functions
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Figure 18. The parton distribution functions from HERAPDF1.0, xuv, xdv, xS = 2x(Ū + D̄), xg,

at Q2 = 1.9GeV2 (top) and Q2 = 10GeV2 (bottom). The gluon and sea distributions are scaled

down by a factor 20. The experimental, model and parametrisation uncertainties are shown sepa-

rately.

– 49 –

H1 and ZEUS, JHEP 109 (2010)

HERA legacy: proton structure down to x ∼ 10−4

(LHeC can help LHC studies by precise
determination down to much smaller x!)

No eA DIS data from colliders exist
⇒ Partonic structure of nuclei at small x uncertain

Data included in the EPPS16 fit: Eskola et al, arXiv:1612.05741
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shown [63,64] to carry some sensitivity to the flavour-

dependent EMC e↵ect. However, more stringent flavour-

dependence constraints at large x are provided by the

CHORUS (anti)neutrino-Pb DIS data [47], whose treat-

ment in the fit is detailedly explained in Section 3.2.

The present analysis is the first one to directly in-

clude LHC data. To this end, we use the currently pub-

lished pPb data for heavy-gauge boson [43,45,46] and

dijet production [34]. These observables have already

been discussed in the literature [65,66,67,68,36,41] in

the context of nuclear PDFs. Importantly, we include

the LHC pPb data always as forward-to-backward ra-

tios in which the cross sections at positive (pseudo)ra-

pidities ⌘ > 0 are divided by the ones at negative rapidi-

ties ⌘ < 0. This is to reduce the sensitivity to the chosen

free-proton baseline PDFs as well as to cancel the ex-

perimental luminosity uncertainty. However, upon tak-

ing the ratio part of the information is also lost as, for

example, the points near ⌘ = 0 are, by construction, al-

ways close to unity and carry essentially no information.

In addition, since the correlations on the systematic er-

rors are not available, all the experimental uncertainties

are added in quadrature when forming these ratios (ex-

cept for the CMS W measurement [43] which is taken

directly from the publication) which partly undermines

the constraining power of these data. The baseline pp

measurements performed at the same
p

s as the pPb

runs may, in the future, also facilitate a direct usage of

the nuclear modification factors d�pPb/d�pp. The tech-

nicalities of how the LHC data are included in our anal-

ysis are discussed in Section 3.3.

In Fig. 2 we illustrate the predominant x and Q2 re-

gions probed by the data. Clearly, the LHC data probe

the nuclear PDFs at much higher in Q2 than the ear-

lier DIS and DY data. For the wide rapidity coverage

of the LHC detectors the new measurements also reach

lower values of x than the old data, but for the lim-

ited statistical precision the constraints for the small-x

end still remain rather weak. All the exploited data sets

including the number of data points, their �2 contribu-

tion and references are listed in Table 3. We note that,

approximately half of the data are now for the 208Pb

nucleus while in the EPS09 analysis only 15 Pb data

points (NMC 96) were included. Most of this change is

caused by the inclusion of the CHORUS neutrino data.

3.1 Isoscalar corrections

Part of the charged-lepton DIS data that have been

used in the earlier global nPDF fits had been “cor-

rected”, in the original publications, for the isospin ef-

fects. That is, the experimental collaborations had tried
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Fig. 2 The approximate regions in the (x, Q2) plane at which
di↵erent data in the EPPS16 fit probe the nuclear PDFs.

to eliminate the e↵ects emerging from the unequal num-

ber of protons and neutrons when making the com-

parison with the deuteron data. In this way the ra-

tios FA
2 /FD

2 could be directly interpreted in terms of

nuclear e↵ects in the PDFs. However, this is clearly an

unnecessary operation from the viewpoint of global fits,

which has previously caused some confusion regarding

the nuclear valence quark modifications: the particu-

larly mild e↵ects found in the nDS [20] and DSSZ [31]

analyses (see Fig. 27 ahead) most likely originate from

neglecting such a correction.

The structure function of a nucleus A with Z pro-

tons and N neutrons can be written as

FA
2 =

Z

A
F p,A

2 +
N

A
F n,A

2 , (10)

where F p,A
2 and F n,A

2 are the structure functions of

the bound protons and neutrons. The corresponding

isoscalar structure function is defined as the one con-

taining an equal number of protons and neutrons,

F̂A
2 =

1

2
F p,A

2 +
1

2
F n,A

2 . (11)

Using Eq. (10), the isoscalar structure function reads

F̂A
2 = �FA

2 , (12)

where

� =
A

2

 
1 +

F n,A
2

F p,A
2

!
/

 
Z + N

F n,A
2

F p,A
2

!
. (13)

Usually, it has been assumed that the ratio F n,A
2 /F p,A

2

is free from nuclear e↵ects,

F n,A
2

F p,A
2

=
F n

2

F p
2

, (14)
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Nuclear parton distribution functions

Very precise structure function measurements (even for heavy quarks)
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Figure 6.4: Left: Simulation of the measurement of the charm quark distribution expressed as F c
2 =

e2
cx(c + c̄) in neutral current eA scattering; Right: Simulation of the measurement of the bottom quark

distribution expressed as F b
2 = e2

bx(b+ b̄) in neutral current eA scattering. The data are plotted with full
systematic and statistical errors added in quadrature.

to parametrise the nuclear modification ratios Ri(x, Q2) between the bound-proton PDFs f
p/Pb
i3403

and proton PDFs fp
i ,3404

Ri(x, Q2) ⌘ f
p/Pb
i (x, Q2)

fp
i (x, Q2)

, (6.2)

at the charm mass threshold Q2 = m2
charm = (1.3 GeV)2. At higher Q2 the nuclear PDFs are3405

obtained by solving the standard DGLAP evolution equations at next-to-leading order in QCD.3406

As the LHeC pseudodata reach to significantly lower x than the data that were used in the3407

EPPS16 analysis, an extended small-x parametrisation was used for gluons, see Figure 6.5. The3408

framework is almost identical to that in Ref. [455]. The introduced functional form allows for3409

rather wild – arguably unphysical – behaviour at small-x where e.g. significant enhancement is3410

allowed. This is contrary to the theoretical expectations from the saturation conjecture and looks3411

also to be an improbable scenario given the recent LHCb D and B meson measurements [456,457]3412

which impressively indicate [458] gluon shadowing down to x ⇠ 10�5 at interaction scales as low3413

as Q2 ⇠ m2
charm. On the other hand, given that there are no prior DIS measurements in this3414

kinematic range for nuclei other than the proton, and that the D and B meson production in3415

pPb collisions could be a↵ected by strong final-state e↵ects (which could eventually be resolved3416

by e.g. measurements of forward prompt photons [459] in pPb), we hypothesise that any kind3417

of behaviour is possible at this stage. Anyway, with the extended parametrisation – called3418

here EPPS16* – the uncertainties in the small-x regime get significantly larger than in the3419

standard EPPS16 set. This is reflected as significantly larger PDF error bands in comparison3420

to the projected LHeC pseudodata. It is shown in Figure 6.6 where EPPS16* predictions are3421

compared with the LHeC pseudodata for inclusive NC and CC reactions, as well as charm3422

production in neutral-current scattering. The uncertainties are estimated using the Hessian3423

method [460] and the same overall tolerance ��2 = 52 as in the EPPS16 analysis has been used3424

when defining the error bands. Because there are no small-x data constraints for gluons, the3425

gluon uncertainty is enormous and the Hessian method used for estimating the uncertainties is3426

not particularly accurate, i.e. the true ��2 = 52 error bands are likely to be even larger. At3427

some point the downward uncertainty will be limited by positivity constraints e.g. for FL, but3428

134
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Figure 6.4: Left: Simulation of the measurement of the charm quark distribution expressed as F c
2 =

e2
cx(c + c̄) in neutral current eA scattering; Right: Simulation of the measurement of the bottom quark

distribution expressed as F b
2 = e2

bx(b+ b̄) in neutral current eA scattering. The data are plotted with full
systematic and statistical errors added in quadrature.

to parametrise the nuclear modification ratios Ri(x, Q2) between the bound-proton PDFs f
p/Pb
i3403

and proton PDFs fp
i ,3404

Ri(x, Q2) ⌘ f
p/Pb
i (x, Q2)

fp
i (x, Q2)

, (6.2)

at the charm mass threshold Q2 = m2
charm = (1.3 GeV)2. At higher Q2 the nuclear PDFs are3405

obtained by solving the standard DGLAP evolution equations at next-to-leading order in QCD.3406

As the LHeC pseudodata reach to significantly lower x than the data that were used in the3407

EPPS16 analysis, an extended small-x parametrisation was used for gluons, see Figure 6.5. The3408

framework is almost identical to that in Ref. [455]. The introduced functional form allows for3409

rather wild – arguably unphysical – behaviour at small-x where e.g. significant enhancement is3410

allowed. This is contrary to the theoretical expectations from the saturation conjecture and looks3411

also to be an improbable scenario given the recent LHCb D and B meson measurements [456,457]3412

which impressively indicate [458] gluon shadowing down to x ⇠ 10�5 at interaction scales as low3413

as Q2 ⇠ m2
charm. On the other hand, given that there are no prior DIS measurements in this3414

kinematic range for nuclei other than the proton, and that the D and B meson production in3415

pPb collisions could be a↵ected by strong final-state e↵ects (which could eventually be resolved3416

by e.g. measurements of forward prompt photons [459] in pPb), we hypothesise that any kind3417

of behaviour is possible at this stage. Anyway, with the extended parametrisation – called3418

here EPPS16* – the uncertainties in the small-x regime get significantly larger than in the3419

standard EPPS16 set. This is reflected as significantly larger PDF error bands in comparison3420

to the projected LHeC pseudodata. It is shown in Figure 6.6 where EPPS16* predictions are3421

compared with the LHeC pseudodata for inclusive NC and CC reactions, as well as charm3422

production in neutral-current scattering. The uncertainties are estimated using the Hessian3423

method [460] and the same overall tolerance ��2 = 52 as in the EPPS16 analysis has been used3424

when defining the error bands. Because there are no small-x data constraints for gluons, the3425

gluon uncertainty is enormous and the Hessian method used for estimating the uncertainties is3426

not particularly accurate, i.e. the true ��2 = 52 error bands are likely to be even larger. At3427

some point the downward uncertainty will be limited by positivity constraints e.g. for FL, but3428

134

Bottom: x : 10−4 → 0.1
LHeC CDR update arXiv:2007.14491
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Nuclear suppression in structure function measurements

Pseudodata calculated assuming EPPS16 nuclear effects. High precision possible!
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Figure 1.7: As Figure 1.6 but with fit results after including the LHeC pseudodata in the global analysis.
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LHeC CDR update arXiv:2007.14491
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LHeC impact on global fits of nuclear parton distribution functions
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Figure 1.8: Upper panels: The gluon nuclear modification for the Pb nucleus at Q2 = 1.69 GeV2 in
EPPS16* (left), LHeC analysis without charm pseudodata (middle), and full LHeC analysis (right). The
blue bands mark the total uncertainty and the green dotted curves correspond to individual Hessian error
sets. Lower panels: As the upper panels but at Q2 = 10GeV2.

and ↵s(m
2
Z) = 0.118. The treatment of systematics and the tolerance ��2 = 1 are identical to321

the approach in the HERAPDF2.0 fits, as achievable in a single experiment.322

The results for the relative uncertainties in the nuclear modification factors are shown in Figs. 1.9,323

1.10 and 1.11 for valence, sea and gluon, respectively. The uncertainties in these plots reflect324

the assumed uncertainties in the pseudodata, both statistics (mainly at large x) and systematics325

from detector e�ciencies, radiative corrections, etc., see Sec. 1.2.1. As expected, the uncertainty326

in the extraction of the valence at small x is sizeably larger than that for the sea and gluon.327

While a very high precision looks achievable at the LHeC and the FCC-eh, for the comparison328

with EPPS16 (or any other global fit) shown in the plots and with previous works in that329

setup [47,48] some caution is required. First, the e↵ective EPPS16 tolerance criterion ��2 ' 52330

implies that naively the uncertainty bands should be compared after rescaling by a factor
p

52.331

Second, the treatment of systematics is rather di↵erent, considering correlations in the xFitter332

exercise and taking them as fully uncorrelated (and added quadratically to the statistical ones)333

in the EPPS16 approach. Finally, EPPS16 uses parametrisations for the nuclear modification334

factors for di↵erent parton species while in xFitter just the (n)PDF combinations that enter the335

reduced cross sections are parametrised and employed for the fit. In this respect let us note that,336

in analogy to proton PDFs, a full flavour decomposition can be achieved using both NC and337

CC with heavy flavour identification that will verify the existing ideas on flavour dependence of338

nuclear e↵ects on parton densities [43].339

15

Ri : nuclear modification to the free
nucleon parton distribution

EPPS16*: flexible parametrization, large
uncertainties in the region with no data

LHeC structure function data (especially
charm) provide strong constraints

EPPS16* is a global fit, including also
some LHC pA data!

LHeC CDR update arXiv:2007.14491 and Eur.Phys.J.C 77 (2017) 3
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Ultimate precision in PDF determination
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Figure 6.11: Distributions (left) and their relative uncertainties (right) of the gluon density in the
proton (top), Pb (middle) and the corresponding nuclear modifications factor (bottom) in an analysis of
ep and ePb LHeC and FCC-eh NC plus CC pseudodata using xFitter (both a single set of data and all
combined), compared to the results of EPPS16 [426], see the text for details.

6.3 Nuclear di↵raction3476

In Sec. 3.4 we have discussed specific processes which will probe the details of the 3D structure3477

of the proton. The same processes can be studied in the context of electron-ion scattering3478

and used to learn about the partonic structure of nuclei. Inclusive di↵raction on nuclei can3479

provide important information about the nuclear di↵ractive parton distribution similarly to the3480

di↵raction on the proton, see Sec. 4.3. Di↵ractive vector meson production can be studied in3481

the nuclear case as well, e.g. within the framework of the dipole model suitable for high energy3482

and including non-linear e↵ects in density. In the nuclear case though, one needs to make a3483

distinction between coherent and incoherent di↵raction. In the coherent process, the nucleus3484

scatters elastically and stays intact after the collision. In incoherent di↵raction, the nucleus3485

breaks up, and individual nucleons can be set free. Still, there will be a large rapidity gap between3486

the produced di↵ractive system and the dissociated nucleus. It is expected that this process will3487

dominate the di↵ractive cross section for medium and large values of momentum transfer. It is3488

only in the region of small values of momentum transfer where elastic di↵raction is the dominant3489

contribution. Dedicated instrumentation in the forward region must be constructed in order to3490

clearly distinguish between the two scenarios, see Chapter 10.3491

6.3.1 Exclusive vector meson di↵raction3492

Calculations for the case of Pb for the coherent di↵ractive J/ production were performed3493

using the dipole model [119], see Sec. 3.4. In order to apply the dipole model calculation to the3494

nuclear case, one takes the independent scattering approximation that is Glauber theory [464].3495

140

LHeC data allows for a direct determination of Pb PDF,
no need to introduce e.g. A dependence

Estimates ultimately achievable experimental
precision

In case of Pb, uncertainty < 10% down to
x ∼ few× 10−5

Huge improvement over the EPPS16 global fit

Precision test for collinear factorization using nuclei

LHeC CDR update arXiv:2007.14491
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Diffraction I: Exclusive scattering

No net transfer of color charge: at least 2 gluon exchanged

Especially sensitive to partonic structure at small x

Exclusive vector meson production: γA→ VA

Can also measure t (Fourier conjugate to b)
⇒ access to the spatial dependence

Pocket formula for diffraction (2-gluon exchange, LO)

dσγ
∗A→VA

dt

∣∣∣∣
t=0

=
16π3α2

sΓee

3αemM5
V

[
xg(x,Q2)

]2

Ryskin, 1993

In practice not excatly proportional to the squared PDF, as PDFs are inclusive by definition
See however Guzey, Zhalov arXiv:1307.4526
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Nuclear effects in exclusive J/Ψ production
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Figure 6.12: Cross section for the coherent di↵ractive production of the vector meson J/ in ePb (red
solid curves) and ep (black solid curves) collisions, as a function of the energy W . Left: photoproduction
case Q2 ' 0, right: Q2 = 2� 5 GeV2
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Figure 6.13: Cross section for the coherent di↵ractive production of the vector meson J/ in ePb (red
solid curves) and ep (black solid curves) collisions, as a function of the energy W . Left: Q2 = 5�10 GeV2,
right: Q2 = 10� 100 GeV2.

which is shown in Fig. 6.14. We observe that the ratio is smaller for smaller values of Q2, and it3530

decreases for decreasing values of x. The results from the dipole model calculations are compared3531

with the ratio of the gluon density squared obtained from the nuclear PDFs using the EPPS163532

set [426]. The reason why one can compare the di↵ractive cross section ratios with the ratios3533

for the gluon density squared can be understood from Eqs. (3.23) and (3.24). The di↵ractive3534

amplitude is proportional to the gluon density xg(x, Q2). On the other hand the di↵ractive cross3535

section is proportional to the amplitude squared, thus having enhanced sensitivity to the gluon3536

density. The nuclear PDFs have large uncertainties, which is indicated by the region between3537

the two sets of dotted lines. The EPPS16 parametrisation is practically unconstrained in the3538

region below x = 0.01. Nevertheless, the estimate based on the dipole model calculation and3539

the central value of the EPPS16 parametrisation are consistent with each other. This strongly3540

suggests that it will be hard to disentangle nuclear e↵ects from saturation e↵ects and that only3541

through a detailed combined analysis of data on the proton and the nucleus firm conclusions3542

can be established on the existence of a new non-linear regime of QCD.3543

The di↵erential cross section d�/dt as a function of the negative four momentum transfer squared3544

�t for the case of coherent and incoherent production is shown in Fig. 6.15. Coherent and inco-3545

herent di↵raction cross sections are computed from the dipole model in the following way. The3546

coherent di↵ractive cross section is obtained by averaging the di↵ractive scattering amplitude3547
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Exclusive production at t = 0 scales as A2
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Figure 6.13: Cross section for the coherent di↵ractive production of the vector meson J/ in ePb (red
solid curves) and ep (black solid curves) collisions, as a function of the energy W . Left: Q2 = 5�10 GeV2,
right: Q2 = 10� 100 GeV2.

which is shown in Fig. 6.14. We observe that the ratio is smaller for smaller values of Q2, and it3530

decreases for decreasing values of x. The results from the dipole model calculations are compared3531

with the ratio of the gluon density squared obtained from the nuclear PDFs using the EPPS163532

set [426]. The reason why one can compare the di↵ractive cross section ratios with the ratios3533

for the gluon density squared can be understood from Eqs. (3.23) and (3.24). The di↵ractive3534

amplitude is proportional to the gluon density xg(x, Q2). On the other hand the di↵ractive cross3535

section is proportional to the amplitude squared, thus having enhanced sensitivity to the gluon3536

density. The nuclear PDFs have large uncertainties, which is indicated by the region between3537

the two sets of dotted lines. The EPPS16 parametrisation is practically unconstrained in the3538

region below x = 0.01. Nevertheless, the estimate based on the dipole model calculation and3539

the central value of the EPPS16 parametrisation are consistent with each other. This strongly3540

suggests that it will be hard to disentangle nuclear e↵ects from saturation e↵ects and that only3541

through a detailed combined analysis of data on the proton and the nucleus firm conclusions3542

can be established on the existence of a new non-linear regime of QCD.3543

The di↵erential cross section d�/dt as a function of the negative four momentum transfer squared3544

�t for the case of coherent and incoherent production is shown in Fig. 6.15. Coherent and inco-3545

herent di↵raction cross sections are computed from the dipole model in the following way. The3546

coherent di↵ractive cross section is obtained by averaging the di↵ractive scattering amplitude3547
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If no nuclear effects: identical curves

Exclusive J/Ψ production is highly sensitive to the nuclear environment at small x

Note advantage of J/Ψ: high enough mass ⇒ perturbative
(but not too large: still sensitive probe)
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Diffraction II: inclusive diffraction
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Figure 1.16: Nuclear modification factor, Eq. (1.10), for F
D(3)
2 and F

D(3)
L in 208Pb versus �, at

Q2 = 10 GeV2 and for di↵erent ⇠, for the models H and L in [20]. The ‘\’ and ‘/’ hatched areas
show kinematically excluded regions for E = 2.76 and 19.7TeV/nucleon, respectively.
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23

(ξ = x in diffraction, small β ∼ large M2
X )

LHeC CDR update arXiv:2007.14491

Production of a system with mass M2
X , no net

color charge transfer

Diffractive PDFs probed when target is
left intact in the process

Never measured for nuclei

Can be determined from global fits (with
DGLAP) to diffractive structure functions

High precision measurements possible at
the LHeC/FCC-eh

Stringent test for models: simultaneous
description of nuclear effects in inclusive
and diffractive events
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Non linear QCD

(DGLAP)

(B
K
)

Comprehensive physics program to discover
non-linear QCD dynamics

Nuclear suppression:
Inclusive and exclusive scattering

Two particle correlations

Azimuthal angle
Rapidity

Collective dynamics (flow)

Hadronization in nuclear medium

. . .

Potential to study non-linear QFT!
With implications to e.g. LHC physics
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Dilute-dense transition
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Color Glass Condensate prediction based on H.M, T. Lappi, arXiv:1309.6963

Saturation effects important at scales
. Q2

s ∼ A1/3x−0.2

Wide x ,Q2 coverage: can study transition
to the saturation region at perturbative
scales at small x

Tension in DGLAP fits not including
non-linear dynamics?
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Non linear QCD

Figure 4.51: Di-hadron correlation function for the case of the scattering o↵ the proton
(red-dashed and black-solid lines) compared to the eA case (blue-dotted line). The energy
of the electron is assumed to be equal Ee = 50 GeV. The observed hadrons are pions.

quantity d�(�⇤N!h1X)
dzh1

is the single inclusive cross section. In Fig. 4.51 we show the results

of the calculation using the formalism presented in [480]. The gluon density was evaluated
using the GBW model [256] for the proton and a modified version of the same model for the
nucleus. The electron energy is assumed to be Ee = 50 GeV, the proton energy is 7 TeV
and the nucleus energy is 2.75 TeV. Also for the direct comparison with the nuclear case the
curve with proton energy of 2.75 TeV is shown. The transverse momenta of the produced
pions are integrated over, it is assumed that the leading particle has a minimum transverse
momentum of pT = 3 GeV and the associated particle pT = 2 GeV. The photon virtuality is
Q2 = 4 GeV2, y = 0.7 and the fractions of the longitudinal momenta of the produced pions
are fixed to be equal to z1h = z2h = 0.3. One clearly sees that the correlation function is
wider for a larger target (nucleus) than for the proton. This suppression of the peak in the
correlation function can be interpreted in this model as the e↵ect of the stronger saturation
in the gluon density for the nucleus than for the proton. We also see that the correlation
function varies mildly with the available energy for the same target (i.e. proton). One
observes stronger de-correlation of the produced hadrons with a higher energy or at smaller
values of x which is indicative of the importance of the ln 1/x e↵ects for this observable.
Therefore the measurement of the dihadron correlation provides another way of constraining
the unintegrated gluon distribution. In particular, measuring the dihadron correlations in
DIS provides with a unique opportunity [481,492] to directly study the so-called Weizsäcker-
Williams unintegrated gluon distribution.

Forward observables

It was proposed some time ago [493,494] that a process which would be very sensitive to the
parton dynamics and the transverse momentum distribution was the production of forward
jets in DIS. According to [493, 494], DIS events containing identified forward jets provide
a particularly clean window on small-x dynamics. The schematic view of the process is
illustrated in Fig. 4.52. The forward jet transverse momentum provides the second hard scale
pT . Hence one has a process with two hard scales: the photon virtuality Q and the transverse

172

e +A→ h+ h+X LHeC CDR arXiv:1206.2913

Power of more differential measurements, e.g.

Azimuthal correlations of hadrons

Gluon saturation: gluons have
pT ∼ Qs ∼ A1/3x−λ

Prediction: back-to-back peak disappears:

Increasing A
Decreasing x / increasing

√
s

Power of nuclei: Huge nuclear oomph
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Conclusions

High energy nuclear DIS at LHeC and FCC-eh, with center-of-mass energies in TeV range

High precision and large kinematical coverage enable a comprehensive physics program
eA collisions is a central part of the physics program

Nuclear PDF, diffractive PDF, exclusive processes, non-linear QCD

Probe QCD in high density region with multiple probes to reveal non-linear dynamics

See also other LHeC/FCC-eh talks

BSM Physics at the LHeC and the FCC-eh: Tuesday

The ERL Facility PERLE at Orsay: Tuesday

Determination of the Parton Densities in the Proton at the LHeC: Wednesday

The Large Hadron-electron Collider at CERN: Status and Plans: Wednesday

The LHeC as Part of the HL-LHC Programme: Thursday

Top physics at the LHeC and the FCC-eh: Thursday

Higgs physics at the LHeC and the FCC-eh: Thursday

Precision electroweak measurements at the LHeC and the FCC-eh: Thursday

Small-x physics at the LHeC and FCC-eh: Thursday
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Backups
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Differential imaging with exclusive processes
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Figure 6.14: Ratio of coherent J/ production di↵ractive cross sections for Pb and proton as a function
of the variable x defined in Eq. (6.7). Solid lines: dipole model calculation, for Q2 = 0.1 GeV2 (black) and
Q2 = 10�100 GeV2 (red). Dotted and dashed lines correspond to the nuclear ratio for the gluon density
squared using the EPPS16 parametrisation [426] of the nuclear parton distribution functions. Black and
red dashed lines are the central sets for Q2 = M2

J/ and Q2 = 100 GeV2. The dotted lines correspond
to the low and high edges of the Hessian uncertainty in the EPPS16 parametrisation. The di↵erence
between the two dotted lines is thus indicative of the parametrisation uncertainty for the nuclear ratio.
These ratios, that can also be measured in ultraperipheral collisions [465], are larger that the values
0.2� 0.4 at x ' 10�5 predicted by the relation between di↵raction and nuclear shadowing [429].
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Figure 6.15: The di↵erential cross sections for coherent and incoherent production of J/ in ePb as a
function of the negative four momentum transfer squared �t, for photoproduction, Q2 = 0. The lines
showing dips are for coherent production, and those extending to large |t| are for incoherent. The solid
(dashed) lines are the results with (without) nucleon substructure fluctuations. Black, blue, red are for
W = 0.1, 0.813, 2.5 TeV, respectively.

143

Coherent

Incoherent

Coherent: Pb remains intact
Incoherent: target breakup
W = 0.1, 0.813, 2.5 TeV

Fourier transform coherent spectra
→ spatial distribution of small-x gluons

Incoherent cross section: sensitive to e-b-e
fluctuations of the scattering amplitude

Dashed line: only nucleon positions
fluctuate, solid: also nucleon substructure

Substructure fluctuations: large effect at
large |t| (small length scale)

LHeC/FCC-eh kinematical coverage:
study x evolution of fluctuations

Figure: LHeC CDR update arXiv:2007.14491. Nucleon shape fluctuations: H.M,

Schenke, PRL 117 (2016) 052301, see also review arXiv:2001.10705
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Structure functions at small x : beyond fixed order
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Ball et al, arXiv:1710.05935

At small-x , gluon density ∼ 1/g

Resumming large logs αs ln 1/x necessary

HERA FL data seems to prefer NNLO
calculation with resummation

Expect much larger effect at the
LHeC/FCC-eh kinemaitcs
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Importance of wide kinematical domain
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Aschenauer et al, 1708.01527

Large M2
x : nucleus absorbes qq̄g dipole

more strongly, nuclear suppression

Small M2
x : todo why

This transition at small x is accessible only
with high

√
s; EIC at the US is borderline,

LHeC can do MUCH better
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Nuclear effects in inclusive diffraction

Nuclear suppression factor in inclusive diffraction (1 = no nuclear effects)

Pb208 FGS-2018         F2 FL  nucl. suppr.   at Q  = 10
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Figure 6.16: Nuclear modification factor, Eq. (6.10), for F
D(3)
2 and F

D(3)
L in 208Pb versus �, at Q2 =

10 GeV2 and for di↵erent ⇠, for the models H and L in [429]. The ‘\’ and ‘/’ hatched areas show
kinematically excluded regions for E = 2.76 and 19.7TeV/nucleon, respectively.

Figure 6.17: An indicative subset of simulated data for the di↵ractive reduced cross section as a
function of � in bins of ⇠ and Q2 for e 208Pb collisions at the LHeC, in the models in [429]. The curves
for ⇠ = 0.01, 0.001, 0.0001 are shifted up by 0.01, 0.02, 0.03, respectively.

146

R

R

(ξ ∼ xB , β ∼ 1/M2
X )

Prediction: large suppression observable in a wide
kinematical window

Nuclear effects potentially different compared to
inclusive scattering

Multiple probes of the high density nuclear matter

Hatched area: kinematically excluded in LHeC/FCC-eh

LHeC CDR update and 1901.09076
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