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1. Introduction

The measurements of deep inelastic scattering of leptons on hadrons have provided crucial in-
formation about the structure of hadrons. The DIS experiments unraveled complex QCD structure
of hadrons from the discovery of the partons by the SLAC experiment [1, 2], to the observation of
the dramatic rise of the structure function at HERA with decreasing Bjorken x [3]. The complete
understanding of the interactions in the Standard Model can only be achieved via series of comple-
mentary lepton-lepton, hadron-hadron and lepton-hadron collisions. The Large Hadron-electron
Collider (LHeC) and Future Circular Collider- electron-hadron (FCC-eh) projects at CERN would
open the window to the new, unprecedented regime of high energy and luminosity for deep inelastic
lepton-proton and lepton-ion scattering.

The lepton-hadron, or lepton-nucleus collisions could be realized at LHC, by a linac-ring
option, see [4]. In that scenario, an energy recovery linac is proposed, with a racetrack shape with
two straight sections, where in each sections electrons can be accelerated up to 10 GeV. This set
up can lead up to 60 GeV energy for the lepton, with three passes through the opposite cavity-
cryo modules. Such scenario allows for the simultaneous running with proton-proton or heavy ion
collisions at the LHC and as such would have low interference with the normal operation of the
LHC. This option could be also utilized together with the FCC machine.

2. Low x physics

One of the most striking observations at HERA collider was the strong rise of the structure
function F2 with decreasing value of x. This was understood as a result of the growth of the gluon
density due to the subsequent gluon splittings in the non-abelian gauge theory. Even though at
present the structure function and the resulting gluon density can be successfully described through
the DGLAP evolution (with sufficiently flexible initial conditions) the QCD theory predicts that at
very low x, large logarithms appear that need to be resummed. In addition, the unlimited growth of
the gluon density will lead to the enhanced probability of the recombination of gluons, a process
which will tame growth of the gluon density for very low values of x. Including the recombination
process will lead to the modification of the evolution equations of partons, by the terms which
are non-linear in the parton density. It can be demonstrated that the unique feature of such non-
linear modification of the high energy evolution equations is the emergence of the new scale, called
saturation scale Qs(s) which separates the dilute and dense parton regime [5]. This scale depends
on the energy

√
s or the Bjorken x and it growths with the energy (or with decreasing x). Extensive

phenomenology was done with the models which include the saturation at HERA, and they all point
to the relatively low values of this scale, of the order of 1 GeV2 at about x ' 10−4. Unfortunately
this is too low to make any firm statements about the partonic interpretation. The unique feature of
the machine like LHeC is the possibility of extending the kinematic range such that the saturation
scale should be in the perturbative regime and the tests on the validity of the saturation picture can
be performed in a wider range of x Bjorken and Q2.

In the nominal mode, the LHeC would scatter 7 TeV protons from the LHC with the 60 GeV
electrons from the energy recovery linac, with the luminosity of the order of 1034 1

cm2s . This energy
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range allows to probe x values down to 10−7 and Q2 values down to fractions of GeV2, provided
the detector has electron acceptance down to 179◦.

The LHeC can thus provide stringent constraints on the gluon and sea quarks distributions
both at large and very low values of x, much beyond the current constraints imposed by the HERA
collider. The details of the impact of the LHeC measurements on the parton distributions were
presented in other contributions at this conference.

3. Diffraction

About 10% of all events observed at HERA collider were the diffractive events, which are
characterized by the presence of the large rapidity gap. The LHeC could perform much more
detailed studies of the diffraction in a wider kinematic range. Thus more detailed analysis of
tests of factorization could be performed and diffractive parton distribution functions could be
extracted with high precision. Since the LHeC could operate as an electron-ion collider one could
also study the relation between diffraction in ep and shadowing in eA collisions. Leading proton
tagging and large rapidity gap selection could be used to select the diffractive events, both methods
are complementary with some region of common acceptance. A larger kinematic range for the
collisions could allow for the new domain of the diffractive masses to be explored. In Fig. 1 the
diffractive mass distribution is shown for LHeC with operating electron energy of 50 GeV and with
integrated luminosity of 2 fb−1. This distribution is compared to that probed at HERA. We see
that the range in the diffractive masses is significantly enlarged, thus allowing for the diffractive
production of high mass states such as beauty or W/Z bosons.
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Figure 5.41: Simulated distributions in the invariant mass MX according to the RAPGAP Monte Carlo
model for samples of events obtainable with xP < 0.05 Left: one year of high acceptance LHeC running at
Ee = 50 GeV compared with HERA (full luminosity for a single experiment). Right: comparison between
three di↵erent high acceptance LHeC luminosity and Ee scenarios.

Proton vertex factorisation can be tested precisely by comparing the � and Q2 dependences at the LHeC3521

at di↵erent small xP values in their considerable regions of overlap. The production of dijets or heavy quarks3522

as components of the di↵ractive system X will allow precise testing of QCD collinear factorisation. These3523

processes are driven by boson-gluon fusion (�⇤g ! qq̄) and thus provide complementary sensitivity to the3524

di↵ractive gluon density to be compared with that from the scaling violations of the inclusive di↵ractive3525

cross section.3526

Di↵ractive final states containing charm signatures or relatively high transverse momentum dijets have3527

been analyzed in detail at HERA. In the DIS regime, the cross sections for these processes are reproduced3528

within uncertainties by calculations based on NLO DPDFs extracted from inclusive di↵ractive data for both3529

the dijet [421, 424–426] and charm [427, 428] cases. By far the limiting factor in the precision of these tests3530

is the large scale uncertainty on the theoretical predictions, due to the strong kinematic limitations on the3531

accessible jet transverse energies in di↵raction at HERA. The situation from HERA photoproduction data is3532

more complex and is usually divided into direct and resolved photon contributions (figures 5.42a and 5.42b,3533

respectively). In the direct photon case, where the highly virtual photon has a point-like coupling, the pro-3534

cess is driven by photon-gluon fusion and at the current level of precision, cross sections are well predicted3535

using DPDFs extracted in fits to inclusive di↵ractive data [362, 425, 429]. In contrast, the resolved photon3536

case introduces sensitivity to the rich partonic structure of the quasi-real photon. It is these partons which3537

participate in the hard scattering sub-process producing the dijets, in a manner which resembles the situation3538

in hadron-hadron scattering. In this case, the possibility of additional rescatterings between the hadronic3539

remnants leads to a non-unit ‘survival probability’ for the rapidity gap [430–432] and a breakdown of factori-3540

sation. Factorisation tests have been carried out on several occasions in di↵ractive dijet photoproduction at3541

HERA, resulting in a somewhat confused situation on the size of the gap destruction e↵ects [362, 429] and3542

the roles of resolved and direct contributions. Data in which the parton entering the hard scattering carries3543

a lower fraction x� of the photon momentum are required to clarify the situation, both experimentally and3544

141

Figure 1: Simulated distributions in the invariant mass Mx according to the RAPGAP Monte Carlo model
for samples of events obtainable with xIP < 0.05. One year of high acceptance LHeC running at Ee = 50 GeV
compared with HERA (full luminosity for a single experiment).
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The inclusive diffraction will allow to extract the diffractive parton distribution functions in
a wide range of β and xIP and allow for the tests of the Pomeron vertex factorization. In addi-
tion to the inclusive diffraction exclusive diffractive processes can be measured wt the LHeC with
greater accuracy and statistics. Among them are the exclusive diffractive production of the vector
mesons. It has been argued that this process is an ideal tool for extraction of the dipole scattering
amplitude and thus is also convenient for extracting the blackness of the interaction. In particular
the measurement of the t (momentum transfer)-dependence in this process will allow to extract
the information about the impact parameter profile of the dipole scattering amplitude. The large
momentum transfer t probes on average small values of impact parameter where the density of the
profile is the highest.

In Fig. 2 the integrated cross section for the photo production of the J/ψ is shown as a function
of the energy of the photon-proton system. The vertical lines indicate different electron energies
and thus indicate the limit of the range in W . The change in the slope of the different prediction
indicate the onset of the unitarity corrections. Extending the kinematic range at FCC-he would
provide extra lever arm in energy. Another sensitive test of the low x and saturation dynamics in
this process, is provided by the measurement of the t dependence for different energies and for
different vector mesons. It was observed in [6] that the t-profile of the elastic cross section has a
characteristic dip in the presence of saturation. The position of the dip is dependent on the energy
as well as on the mass of the vector meson and the virtuality of the photon if one considers DIS
instead of the photo production. It turns out that the dip moves to lower values of t when the
energy is increased. On the other hand, if the virtuality Q2 of the photon is increased the dip moves
to higher momenta. The details depend on the particular model, but the general tendencies are
universal. Thus the measurement of the t - dependence and possible deviation of the slope in t
could in principle provide a unique signal for the onset of the saturation in DIS.W  (GeV)
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Figure 5.23: LHeC exclusive J/ photoproduction pseudodata, as a function of the �p centre-of-mass energy
W , plotted on a (top) log–log scale and (bottom) linear–linear scale. The di↵erence between the solid and
dashed curves indicates the size of unitarity corrections according to the b-Sat dipole model.

123

Figure 2: LHeC exclusive J/ψ photoproduction pseudodata, as a function of the γ − p centre-of-mass
energy W . The difference between the solid and dashed curves indicates the size of unitarity corrections
according to the b-Sat dipole model.
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4. Relation to ultrahigh energy neutrino physics

The LHeC measurements would provide an important input for the processes relevant to the
neutrino observatories at high energies like IceCube [7]. At high neutrino energies, the cross section
for the neutrino interaction is dominated by the deep inelastic scattering due to the growing parton
densities. For the ultrahigh neutrino energies this requires the precise knowledge of the parton
densities at very small x. This is illustrated in Fig. 3 where in the (ln1/x, lnQ2) plane we show
the dominant contribution to the neutrino DIS cross section for neutrino energy equal to Eν =

1011 GeV. We see that the cross section is peaked around Q2 = M2
W (due to the mass of the charged

vector boson exchanged in weak interaction) and for x of the order of 10−7. This is far beyond the
current constraints from the collider experiments and thus the cross section can suffer from large
uncertainties due to the errors in PDFs. Another process where the low x dynamics is essential,
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Figure 3: Two-dimensional projection of the total cross section for the charged current interaction of the
neutrino with the nucleon. The energy of the incoming neutrino is Eν = 1011 GeV.

is the prompt neutrino production in the atmosphere. The atmospheric neutrinos constitute an
important source of the background for the astrophysical neutrinos at high energies [7]. They are
produced in the processes of meson production in the interactions of high energy cosmic rays with
the nuclei in the atmosphere. A high energy tail of the distribution of these neutrinos is dominated
by the so called prompt neutrinos which originate from the decays of the charmed mesons. These
mesons are produced very forward and their production cross section is driven by the small x gluon
densities. In Fig. 4 we illustrate the resulting prompt neutrino flux from the interaction of cosmic
rays in the atmosphere as a function of the neutrino energy. We see that it dominates the flux
at highest energy tail. The PDF uncertainties in this cross section are the dominant uncertainties
(not shown in the plot) and they can affect the strength of the measured signal of extraterrestrial
neutrinos (for more discussion see [8]).
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Prompt neutrino flux

LHeC/FCC-eh can provide important constraints on the gluon at small x and 
consequently reduce the uncertainties for the prompt flux.

Our prompt lepton fluxes are shown in figure 5a. We show E3⇥�µ+�̄µ as a function of

neutrino energy. The fluxes of µ + µ̄ and �e + �̄e are the same as shown in the figure, in

the approximations we use here. The upper band shows our NLO result using CT10 PDFs

with the range of (MF , µR) discussed in section 2, using the broken power-law as the input

cosmic ray all-nucleon spectrum. The lower band shows the prompt flux using the H3p

cosmic ray flux inputs. The H3a cosmic ray flux results in a lower prompt lepton flux for

energies above ⇥ 2 � 105 GeV, roughly a factor of two lower at E = 108 GeV.
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Figure 5: (a) Our benchmark results for the prompt �µ + �̄µ flux scaled by E3 is shown as

an orange curve, with the cosmic ray flux given by the Gaisser H3p fit (see figure 3). The

blue curve uses instead a broken power-law (as used in previous analyses, e.g., [18]). For

each curve, the associated shaded region indicates the uncertainty due to variation of the

QCD parameters. The vertical conventional flux from Honda (see, e.g., [20]), reweighed to

the H3a cosmic-ray primary flux, is also shown.

(b) Comparison of neutrino fluxes with variation in scales and PDFs for the broken power-

law CR primary flux. Shown are the results for central values obtained using CT10 as

the PDF with (MF, µR) ⌅ mT (solid slate blue line) and with scales (MF, µR) ⌅ mc

(dashed slate blue curve) along with their associated bands of variation (corresponding

to QCD parameters discussed in text) as solid and hatched fills for scales proportional to

mT and mc respectively. The central flux (corresponding to MF = 2.1mc , µR = 1.6mT)

evaluated for CTEQ3 as the PDF is shown as the pink dashed curve, along with the dipole

model computation (gray short-dashed curve) of ref. [18]. For comparison, the vertical

conventional flux from Honda (see, e.g., [20]), based on the broken power-law cosmic-ray

primary flux, is also shown.

3.3 Comparison with previous prompt neutrino flux calculations

In [18], the dipole model approach including e�ects of parton saturation was used for charm

production in pp ⇤ cc̄X. With respect to the total neutrino flux obtained therein, we find

– 11 –

Prompt neutrinos:
Production of charm in the atmosphere

pA ! cc̄X

D0, D±, D±
s , · · · � �X

• Due to the fast decay of charmed 
hadrons, no significant energy loss. 

• Prompt  flux from charm decay dominates 
the neutrino flux at high energies.

• Constitutes a background for the UHE 
neutrinos.

• Production of forward charm: dominance 
of the very low x gluon.

Large uncertainties (in fact they are larger, not all uncertainties shown in this plot).

Figure 4: Prompt neutrino flux as a function of the neutrino energy together with the conventional compo-
nent (yellow curve). The uncertainties are due to the renormalization and factorization scale variations in
the calculation. Parton distribution function uncertainties are not included in the plot.

5. Summary

LHeC collider is the project which will offer a new realm in the measurements of the deep
inelastic scattering both in terms of the luminosity and energy range. It will allow to measure the
plethora of low x observables with unprecedented precision and in the new kinematic range thus
allowing to test the novel QCD phenomena like parton saturation. It will provide the important
constraints for the parton distribution functions needed not only for the LHC measurements and
searches, but also important in the context of the ultrahigh energy neutrino physics explored at
modern neutrino observatories.

This research has been supported in part by by the Department of Energy Grant No.
DE-SC-0002145 and by the Polish NCN Grant No. DEC-2011/01/B/ST2/03915.
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