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1. Resolving the Dynamics of Partons in Protons and Nuclei

The LHeC opens a new kinematic realm in the study of the structure of
protons and nuclei through their scattering with leptons — electrons or
positrons. As illustrated in Fig. 1(left), in ep it extends the region of the
x — Q? kinematic plane studied at HERA by one order of magnitude up
in Q2 and down in Bjorken z, Q%2 = 1 — 10% GeV and = = 1076 — 0.9.2
The expected ep integrated luminosity, 1 ab™!, exceeds that at HERA
by three orders of magnitude. In electron-nucleus collisions, Fig. 1(right),
the expected increase is three to four orders of magnitude down in x and
up in Q? compared to previous DIS experiments, with an anticipated per

This is an open access article published by World Scientific Publishing Company. It is
distributed under the terms of the Creative Commons Attribution 4.0 (CC BY) License.
aThe Electron-Ion Collider (EIC) will explore a more restricted kinematic region than
HERA, but its high luminosity, the new detector techniques, and the possibility to accel-
erate polarised protons and vary the nuclear species, will provide valuable information
on the three-dimensional structure of hadrons and nuclei and on the origin of spin.?

321


https://doi.org/10.1142/9789811280184_0023
https://creativecommons.org/licenses/by/4.0/

The Future of the Large Hadron Collider Downloaded from www.worldscientific.com
by 31.18.34.94 on 09/07/23. Re-use and distribution is strictly not permitted, except for Open Access articles.

322 N. Armesto, C. Gwenlan and A. Stasto

107

s AL B A B A I
107 £ 208 1
R s “ Pb(2750)+¢(50), 0.001<y<1 N
v i= 10°
10 [ ; g
= 10° -
10°F E 3
. . i

104

J B —~ E e
107 ¢ N> E
[0
3 Q 10° -
103 N E E
S :
1020 10 E \‘i\ E
10 10= H
1 e = E
0" 10l Al vl i il ol sl
8 7 6 5 4 -3 2 ]
07 10° 10° 10t 100 102 10 10° 107 10° 10 1)(() 10° 102 10 1
X ‘A

Fig. 1. Kinematic plane for ep (left) and ePb (right) collisions at the LHeC,! compared
with the coverage of past and projected accelerators. Figures taken from Refs. 1,2, where
further details can be found.

nucleon integrated luminosity ~ 10 fb~!. Such features, together with the
clean final state allowing a complete reconstruction of kinematic variables,
as well as current and projected detector and theoretical developments,
guarantee that the LHeC will result in a leap in our understanding of the
partonic structure of protons and nuclei. Here, we briefly develop some of
the possibilities studied in Ref. 1.

1.1. Proton parton densities in lepton-proton collisions

The LHeC offers the single opportunity to pin down, with high precision,
the partonic structure of the proton, over an unprecedented kinematic range
of DIS (see Fig. 1(left)). Through a combination of precision measurements
of charged current (CC) and neutral current (NC) DIS spanning, respec-
tively, four and six orders of magnitude in (z, Q?), supplemented by semi-
inclusive measurements of strange and heavy flavour quark production, all
parton distribution functions (PDFs) zq(x, Q?) and xg(z, Q?) can be sepa-
rately determined in a single experiment.”? The EIC? can also provide such
information, but primarily in the much reduced kinematic range previously
covered by HERA and fixed target experiments. The large centre-of-mass
energy of the LHeC, and its higher energy version, the FCC-eh, is therefore
essential to probe the full kinematic range of relevance for the HL-LHC, and
later the FCC, and allows unique access to the unexplored small-z regime,
as discussed in Sec. 3.

bg = wuy,dy,u,a,d,d, s,c,b as well as t.
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Maximum exploitation of the HL-LHC physics era would be made pos-
sible by an accompanying LHeC precision QCD programme. The delivery
of the full complement of parton densities to unprecedented precision, to-
gether with ay to per mille accuracy, derived from measurements that are
experimentally and theoretically clean, and independent of the pp envi-
ronment, would establish a new paradigm for understanding perturbative
QCD and the underlying parton dynamics. Furthermore, it would enable
extraordinarily precise electroweak and Higgs physics at the joint ep and
pp LHC facility, and extend and facilitate the prospects for new physics
discovery and interpretation.

The projected precision of the valence quark (zu,, xd,), anti-sea quark
(2U, £ D) and gluon (xg) densities, from LHeC inclusive NC and CC mea-
surements, defined through a standard Ax? = 1 applicable for a single
experiment with consistent measurements, is illustrated in Fig. 2. Ide-
ally, LHeC data would be available at the same time as HL-LHC opera-
tion; therefore, two projections are shown: one corresponding to an initial
dataset of 50 fb~! (yellow), and the other to the full 1 ab=! of inclusive DIS
data (dark blue). The LHeC projections are compared to HERAPDF2.0%
(light blue) and several other modern global fits.>® Notably, in addition to
large uncertainties on individual sets, especially at small and large x, where
current data is scarce or suffers from large uncertainties, an unsatisfactory
situation is evident, whereby differences between global fits can be larger
than the quoted uncertainties. This arises from a combination of factors,
including those related to underlying assumptions in the fits, as well as the
complexity of hadron-hadron scattering data, as used in the global fits, with
respect to DIS. These include issues related to initial state quark radiation,
hadronisation, complex experimental uncertainty correlations, and poten-
tially incompatible datasets, which can lead to inflation of uncertainties
and/or exclusion of certain datasets. In contrast, DIS processes have clean
final states and (with a precedent set by HERA) experimentally precise,
compatible sets of measurements, with well understood systematic uncer-
tainties and correlations, can be achieved, supplemented by sophisticated
theoretical calculations.

1.1.1. Valence and light sea quarks

The valence quark and light sea antiquark distributions are shown in Fig. 2
top and middle. The projection for the LHeC initial run, which corresponds
to a two orders of magnitude increase in integrated luminosity compared
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Fig. 2. Expected precision for the determination of the u, and d. (top), U =@ and
D = d + 5 (middle), and gluon (bottom) PDFs from the LHeC. The gluon distribution
is shown as a ratio on a log-z scale (left) and as the full distribution on a linear-z scale
(right) to highlight both the small- and large-z regions. Light blue: HERA, yellow:
initial LHeC run, dark blue: full inclusive LHeC dataset, overlayed with four recent
global fit results. For more information, see Ref. 1.

to that collected by the general purpose HERA experiments, shows a strik-
ing improvement in uncertainties across the full range of Bjorken-z, com-
pared to today.© The 1 ab™! projection, which mainly includes e~p but

¢Note that, following convention, while the parton distributions are shown at the starting
scale of the QCD fit, Q% = 1.9 GeV?2, the improvements illustrated are representative,
and persist from low to high scales.
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also 1 fb~! of e*p simulated collision data, provides additional constraints,
most notably at the highest x values. This arises primarily from the larger
integrated luminosity, which allows precise NC and CC measurements at
the highest (x,Q?) values. Additionally, in the valence sector, the small
amount of positron data gives access to u, and d, at small 2 from the etp
cross section differences, as well as additional sensitivity to d, at high =z,
via the CC process. The expected precision on the valence quark distri-
butions has strong implications for new physics searches at the HL-LHC,
as well as in resolving the long-standing mystery of the unknown d/u ra-
tio at large x. The light (anti)quark sea distributions are currently rather
poorly known, especially at small and large x. In the smaller = region,
the sea quark distributions are large and play a significant role in precision
standard model measurements at hadron colliders, while at high = the dis-
tributions are small, but important for searches at high mass, for which the
sea and valence components must be properly distinguished. The LHeC
would provide a transformation in precision (Fig. 2(middle)) as a result
of the precise NC and CC measurements that probe down to the small-x
regime while at high Q2. In particular, the combination of CC cross sec-
tions (which can be well measured for x = 10~%), together with NC (which
has both electromagnetic and weak contributions with different dependen-
cies on flavour composition), can distinguish between u- and d-type sea
(anti)quarks. This was not possible at HERA due to the limited precision
at high Q2. Moreover, it is worth noting that this is a unique feature of
a high energy ep collider. For example, at the EIC, assuming a detection
threshold of Q% ~ 100 GeV?2, the CC cross section will be precisely mea-
surable only in the region above z ~ 1072 (see Fig. 1(left)), and so quark
flavour can be disentangled only above this value.

1.1.2. Strange and heavy flavour quarks

The strange content of the proton is still poorly known, and has histori-
cally been the subject of some controversy,” 2° yet it is highly relevant for
standard model precision measurements at hadron colliders including, for
instance, the W mass. At the LHeC, the strange density xs(z,Q?) can
be precisely mapped, for the first time, via charm tagging in the Ws — ¢
process, in CC events. Furthermore, the LHeC provides data on charm and
beauty quarks from measurements of the structure functions F§ and FY,
extending over nearly five or six orders of magnitude, even with just a sub-
set of the full integrated luminosity.! Such measurements not only serve
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to directly determine zc¢ and xb, and provide information on the correct
theoretical treatment for heavy quarks, but also provide additional con-
straints on the gluon parton density, g, and can be used to improve the
determinations of the charm and beauty masses, bringing uncertainties to
dmey =~ 3(10) MeV.! Furthermore, due to the large centre-of-mass energy
and integrated luminosity, the LHeC opens up the possibility of studying
top quark PDF's as a new avenue of research.

1.1.3. Gluon and o

Precise knowledge of the gluon PDF across the full range of x is of fun-
damental importance, and can be profoundly addressed at the LHeC. In
principle, the projected improvements, see Fig. 2(bottom), are due to
the large kinematic range and precise measurements of scaling violations,
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Fig. 3. HI1 measurement?! (green and blue) and LHeC projection for Fy, (z,Q?) (red),
derived from simulated inclusive cross section data with F, = 7 TeV and E. = 60, 30,
20 GeV. The LHeC inner error bars represent the statistical uncertainty, only visible
for Q2 > 200 GeV?, and the outer error bars show the total uncertainty. The LHeC
simulated data cover an z-range from 2 x 1076 to above x = 0.01. Full details given in
Ref. 1.
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0F»/0In Q?, as well as the fact that the inclusive NC and CC measurements,
together, provide a base to fully constrain the quark distributions which, in
turn, strongly constrain zg. The LHeC extends to smaller x than HERA
by more than an order of magnitude, allowing unique access to the small-x
region. The addition of a precise measurement of the longitudinal structure
function, F7,, achievable at the LHeC using dedicated low energy runs, as
illustrated in Fig. 3,' would unravel the non-linear behaviour of z¢ at small
x (see also Sec. 3). Not only would this lead to a revolution in understand-
ing the underlying parton dynamics, it also has particular significance for
both signal and background in precision physics at the HL-LHC, and even
more so for the FCC where, for instance, Higgs becomes small-z physics,
and the gluon must be accurately known, given the dominant gg — H pro-
duction mechanism. The large-x gluon, which has significance for searches
at high masses, is also constrained, primarily via the momentum sum rule
as a result of the precise determination of valence and sea quarks at high x.
Importantly, further direct constraints on g can come from measurements
of jet cross sections and Fy ’b, as well as Fy, for the small-z region, none of
which are included in the studies represented in Fig. 1. Finally, a simul-
taneous QCD analysis for parton distributions and the strong coupling ag,
using inclusive NC and CC together with DIS inclusive jet measurements,
results in projected s uncertainties at the per mille level.

1.2. Inclusive scattering and parton densities in
electron-nucleus collisions

Lepton-nucleus collisions at the LHeC will allow the precise extraction of
the partonic nuclear structure in a completely new kinematic region, see
Fig. 1(right). The EIC? will provide such information but only in the region
covered by fixed target and dAu data, and limited by kinematics, e.g., by
the lack of access to CC at small = to determine the strangeness content of
nucleons inside nuclei. Higher centre-of-mass energies are required to study
the region relevant for nuclear collisions at the LHC and future hadronic
colliders, with DIS providing a complete reconstruction of kinematic vari-
ables and a cleaner theoretical environment compared to proton-nucleus
collisions.

While the expected integrated luminosity is considerably smaller than
in ep, even with 1 fb~! a complete unfolding of the different flavours for a
single nucleus will still be possible for 2 = 10~°, using the same combina-
tion of inclusive observables employed in ep.! The resulting uncertainties
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AR " (x,10 GeV?)

(see Fig. 4), defined through a standard Ax? = 1 applicable for a single
experiment, will be much smaller than the ones in global fits that employ
a much larger tolerance and that, due to the scarcity of data for a single
nuclear species, require initial conditions that depend on the nuclear size.

The determination with small uncertainties of parton densities for the
different species both in ep and eA will clarify how the partonic structure of
a nucleon is affected by the nuclear medium,! in different kinematic regions:
the origin of shadowing at small x and its eventual relation to diffraction
(see below), the dependence of antishadowing on the parton flavour, the
Q? evolution of the EMC effect, the nuclear dependence of intrinsic charm
etc.
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Finally, let us note that the lack of knowledge of nuclear PDFs is among
the largest sources of uncertainty in the extraction of properties of the
medium produced in heavy ion collisions, the quark gluon plasma. Also
note that factorisation is assumed in such studies. Therefore, they will be
greatly benefited by the precise knowledge of PDF's obtained in DIS which
will also allow precise tests of factorisation in proton-nucleus collisions.

2. Diffractive scattering and three dimensional structure

In the DIS diffractive event e + p — p(Y) + X the incoming proton p is
scattered elastically or dissociates into a small mass excitation Y, while
being well separated by a rapidity gap from the diffractive system X, see
Fig. 5. The rapidity gap is a region in the detector completely devoid of any
activity. The mechanism responsible for creating rapidity gaps must involve
a colour singlet exchange, so that no QCD radiation can be produced into
this region.

The precise measurement of diffraction in electron-hadron collisions is
of great importance for our understanding of the dynamics of the strong
interaction. Since diffraction is mediated by colour neutral exchange, the
exact mechanism governing this exchange can provide information about
confinement. Also, an important contribution to the diffractive exchange

Fig. 5. Left: diffractive process in DIS. Y is either the elastically scattered proton
or a low mass excitation, IP is the colour singlet exchange (‘Pomeron’) responsible for
rapidity gap between Y and X, and X is the diffractive mass. Kinematic variables:
t — momentum transfer at the proton vertex, £ — longitudinal momentum fraction of
the proton carried by the Pomeron, and 8 — longitudinal momentum fraction of the
Pomeron carried by the parton. Right: Incoherent diffraction on nuclei. The final state
A* can be a nucleus in an excited state which can further disintegrate into another
nucleus and any number of nucleons.
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comes from gluons, and thus this process offers a unique window to study
proton structure, particularly at small z. Diffractive structure functions
can be used to pin down the details of the QCD evolution, and in partic-
ular the deviation from the linear regime. It has also been demonstrated
that diffraction in ep scattering is related to the mechanism of nuclear
shadowing. Finally, diffractive DIS allows for the precise extraction of the
diffractive PDF's and tests of the limits of collinear factorisation.

Both the LHeC and its higher energy version, the FCC-eh, offer un-
precedented capabilities for studying diffraction. The extended kinematic
regime in (z, Q%) of both machines translates into a wider range of avail-
able momentum fraction £ of the diffractive exchange with respect to the
hadron, down to 10™* — 107> for a wide range of the momentum fraction
of the parton § with respect to the diffractive exchange. See Fig. 5 for
the definition of variables. The high luminosity, the extended lever arm
both in = and Q?, and diffractive variables &, 3 for the LHeC and FCC-eh
would allow for much tighter constraints of the diffractive parton densities
compared to HERA. Furthermore, new possibilities in diffraction open up
at these machines. The higher energy allows top quark production to be
studied in diffraction, which can be important, particularly at the FCC-
eh. Also, charged current diffraction could be measured with much greater
precision than at HERA. The dijet diffractive production can be studied
in a much greater kinematic range than at HERA and thus impact on the
extraction of diffractive PDFS, and the limits of diffractive factorisation
could be explored.

Exclusive diffraction opens up new possibilities, particularly for explor-
ing the spatial structure of the hadron at high energy. The diffractive
exclusive vector meson production at small x provides information about
gluons, and is sensitive to non-linear evolution. The energy dependence
of this process can provide information about changes in the dynamics
from linear to non-linear. The differential cross section and the t-slope
measurements can give insight into small-z dynamics even further. Theo-
retical calculations show that the differential cross section will have dips,
or minima, which occur when the saturated regime is reached. The posi-
tion of these minima varies with the photon-hadron energy and Q? of the
virtual photon, thus providing a handle to pin down saturation at small
x. Other processes which are valuable sources for the proton structure are
Deeply Virtual Compton Scattering, which can provide information about
the quark distribution and its spatial extent, as well as the diffraction dis-
sociation for protons which can be useful in the context of studying density
fluctuations in the proton.
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In the nuclear case, diffraction becomes a more involved process than
in ep due to the fact that in addition to coherent ¢ + A — e + A + X,
left plot of Fig. 5 with the replacement p — A, there is also incoherent
e+ A — e+ A* + X diffraction, where A* is an excited nuclear state, see
the right plot of Fig. 5. The difficulty is to distinguish the two processes or
even veto one of them. Additionally, the reconstruction of the diffractive
kinematic variables becomes challenging. If such difficulties, which also
exist in UPCs at hadronic colliders, are resolved, a wealth of information
on nuclei can be obtained using the same observables as in ep.!

By investigating coherent and incoherent diffractive scattering on nu-
clei, unique insight into the spatial structure of matter is obtained. On one
hand, the coherent cross section, which dominates for —¢ < 1 /sz is sensi-
tive to the average spatial density distribution of gluons in transverse space.
On the other hand, the incoherent cross section, dominant for —¢ > 1 /R%,
provides information on nuclear dissociation and measures fluctuations of
the gluon density inside the nucleus down to subnucleon scales. The t-
distribution in coherent diffractive production off the nucleus gives rise to
a dip-type structure for both saturation and non-saturation models. Mean-
while, in the case of incoherent production at small |¢|, neither saturation
and non-saturation models lead to dips.?®> This is in drastic contrast to
the diffractive production off the proton where only saturation models lead
to a dip-type structure in the ¢-distribution at values of [¢| that can be
experimentally accessible. Therefore, diffractive production offers a unique
opportunity to measure the spatial distribution of partons in the protons
and nuclei. It is also an excellent tool to investigate the approach to unitar-
ity in the high energy limit of QCD. Note that diffractive partonic densities
inside nuclei are completely unknown, see the recent review?* and?® for
studies at the LHeC and FCC-he.

Besides its intrinsic interest, spatial information on the partonic struc-
ture of nuclei is crucial for the interpretation and precise extraction of the
properties of the medium created in small collision systems and in heavy
ion collisions, see Ref. 1. While the EIC will produce such information,
it does so for values of x larger than those relevant for the LHC and fu-
ture hadronic colliders. Our present knowledge of parton evolution towards
smaller x is largely insufficient for a reliable extrapolation of the findings
at the EIC.
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3. Small-x dynamics

At the small values of x accessible at very high energy electron-hadron and
hadron-hadron collisions, terms containing large logarithms of In1/z ap-
pear that need to be included in the formalism. Thus, even at very small
values of the strong coupling a; « 1, in the perturbative regime, the powers
asInl/z ~ 1 are large and thus need to be resummed. The Balitsky-Fadin-
Kuraev-Lipatov (BFKL) evolution equation?%27 accomplishes that goal and
is available at LL and NLL accuracy. It is thus predicted that the parton
density evolution will be modified by the small-z effects for collisions per-
formed at sufficiently high energies. The small-x evolution requires match-
ing to the collinear DGLAP evolution, and additional constraints from kine-
matics are also needed to stabilize the results. Resummation procedures

28,29 and allow predictions of the growth

have been developed over the years,
of parton densities and structure functions at very small z. Studies using
small-z resummation in the collinear approach®® have demonstrated that
the description of the structure functions at HERA at small x is improved
compared to that in fixed order DGLAP evolution. In particular, detailed
studies have shown that the improvement in the description is greatest for
the small-z and small-Q? region, exactly where the small-z logarithms are
expected to be significant.

This has important consequences for the predictions at higher energies
accessible at LHeC. The differences between DGLAP evolution and the
evolution based on the small-z resummation are significant at small x for
inclusive quantities like F» and Fp. The longitudinal structure function
Fy, is particularly sensitive, and the LHeC (even more so the FCC-eh) can
easily distinguish between the different evolution scenarios, see Fig. 6.

In all its realisations, non-linear QCD dynamics leading to satura-
tion3132 are density effects, i.e., parton recombination balances splitting
when parton densities become large. This happens not only for small val-
ues of z, but also when the number of nucleons A increases. Indeed, the
squared saturation momentum @? that provides the momentum scale below
which gluon density is saturated, increases o«c A3, Therefore, eA collisions
are crucial for the discovery of saturation, as they provide an additional
enhancement of the perturbative region where saturation effects should be
noticeable, AQQCD < @Q? < Q2. They are also key in establishing the mech-
anism of saturation, e.g., the weak coupling one provided by the CGC.31:32
Finally, nuclear effects should offer the possibility to distinguish between
new linear QCD dynamics (resummation of small-z logarithms) — which
are not affected by density, and non-linear dynamics.
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Fig. 6. Predictions for the F> and F, structure functions using the NNPDF3.1sx NNLO
and NNLO+4NLLx fits at Q2 = 5 GeV? for the kinematics of the LHeC and FCC-eh.
In the case of Fb, the expected total experimental uncertainties based on the simulated
pseudodata are also shown, assuming the NNLO+NLLx values as the central prediction.
The LHeC pseudodata have been offset by a small amount for better visibility. The
inset in the left plot shows a magnified view in the kinematic region = > 3 x 1072,
corresponding to the reach of HERA data. Figure taken from Ref. 30.

Inclusive observables can be used to search for non-linear effects. Ten-
sion appears between the description of F» and F, saturation predictions in
models based on DGLAP evolution; see Ref. 33 for a study using reweight-
ing techniques at EIC energies. More recent studies®* indicate that the
difference in Q? evolution between linear, DGLAP based models and non-
linear models may be a good candidate to observe saturation effects and
that the large perturbative lever arm at small = accessible at the LHeC is
crucial for this effect to be quantitatively significant. On the other hand,
exclusive diffraction shows significant saturation effects as commented in
Sec. 2. Other observables like azimuthal correlations among particles at
small 2 are also strongly affected by saturation.?® Nevertheless, it should
be noted that conventional nuclear effects may be hardly distinguishable
from weak coupling saturation.!3® Therefore, both ep and eA collisions will
be required to establish the existence and realisation of non-linear QCD dy-
namics.

Finally, the dynamics of QCD at small x or large energies will have
strong consequences on hadronic and nuclear collisions. It will determine
particle production at the initial stage of hadronic collisions. As indicated
previously, our lack of knowledge on this matter limits our ability to char-
acterise the medium produced in proton-nucleus and nucleus-nucleus col-
lisions at LHC energies. Therefore, eA collisions at the LHeC become
necessary for the full exploitation of the heavy-ion program at the LHC.
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