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1. Introduction

The objective of this review is to highlight the physics opportunities of using the most energetic proton and ion beams
ever in the fixed-target mode and to review the feasibility of a rich physics programme for heavy-ion, hadron, spin and
astroparticle physics with existing (LHCb or ALICE) or new set-ups allowing one to perform such studies parasitically for
the LHC collider programme.

Let us first recall that the fixed-target mode offers several unique assets [1] compared to the collider mode which are
particularly relevant with the LHC beams in the context of high-energy physics :

e A high luminosity thanks to the high density of the target at no cost for the LHC collider-mode experiments. Both
an internal gas target or a bent-crystal-extracted beam from the beam halo allow for yearly luminosities well above
those of similar machines, in particular RHIC, in the ballpark of the LHC and Tevatron collider luminosities;

e The accessibility with standard detectors, thanks to the boost between the colliding-nucleon centre-of-mass system
(c.m.s.) and the laboratory system, to the far backward c.m.s. region which remains completely uncharted with hard
reactions until now. A pseudo-rapidity acceptance of 1 < 5qap) < 5, combined with high luminosities, essentially
allows one to measure any probe down to the very end of the backward phase space;

e An extended number of species for the target, including deuteron and 3He allowing for unique neutron studies, with
the possibility to change them in a reduced amount of time for short runs;

e The c.m.s. energy per nucleon-nucleon collision (,/syy) is identical for all 7 TeV proton and 2.76 TeV lead induced
collisions, namely 115 GeV for pp, pd, pA systems and 72 GeV for Pbp, Pbd, PbA systems.! This allows for nuclear-
modification-factor measurements with drastically reduced systematic uncertainties in an energy domain between
the SPS and RHIC experiments in an unexplored rapidity domain;

e The target polarisation — whereas the LHC beams are unpolarised. This offers uncountable opportunities for single
spin asymmetry (SSA) measurements — at large momentum fractions— which have been the object of a growing
attention in the recent years at RHIC, at CERN and at Fermilab.

Owing to these advantages, we have identified three main topics for a strong physics case motivating a complete
fixed-target programme at the LHC (referred to AFTER@LHC in what follows) with one or more detectors. These cover
studies of

e the high momentum fraction (x) frontiers in nucleons and nuclei with a specific emphasis on the gluon and
heavy-quarks and the implication for astroparticle physics;

e the spin content of the nucleons with a focus on azimuthal asymmetries generated by the spin of the partons
and Single Transverse-Spin Asymmetries (STSAs) generated by the correlation between the nucleon spin and the
momentum of partons;

o the hot medium created in ultra-relativistic heavy-ion collisions with novel quarkonium and heavy-quark observ-
ables in a new energy domain and with identified light hadrons down to the target-rapidity region.

The structure of this review is as follows. In Section 2, we quickly review the context in which such a AFTER@LHC
programme would take place and highlight the motivations for the three main aforementioned research axes. In Section 3,
we provide a state-of-the-art overview of the different available technologies to initiate collisions of the LHC beams with
fixed targets. In Section 4, we elaborate on the detector aspects both for an ideal detector and for existing detectors, i.e.
those of the LHCb and ALICE collaborations.? In Section 5, we extensively review the projected performances for flagship
studies and the studies proposed within the community for each of the 3 main topics. Section 6 gathers our conclusions.

1 Snn for lighter ion beams remains on the order of 70 GeV.

2 In what follows, AFTER@LHC will refer to a generic experimental fixed-target set-up using the LHC beams, AFTER@LHCb, AFTER@ALICE,
AFTER@ALICE,, and AFTER@ALICEcg to specific implementations using the LHCb or ALICE detectors.
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Fig. 1. (a) CT14nlo gluon PDF relative uncertainties [5] in a proton as a function of the gluon momentum fraction x at three values of the factorisation
scale, i, (b) Gluon-gluon-luminosity uncertainty computed for three sets of proton PDFs as a function of the invariant mass (Ms ) of a to-be produced
system at /s = 13 TeV. For y ~ 0, x >~ Ms/+/s at the LHC (indicated on the upper x axis). The kinematics of the AFTER@LHC programme is mainly
that of high x where the uncertainties blow up. Plot done thanks to the APFEL programme [6].

2. Motivations
2.1. The high-x frontier

Whereas the need for precise measurements of the partonic structure of nucleons and nuclei at small momentum
fractions x is usually highlighted as a strong motivation for new large-scale experimental facilities, such as the Electron-
Ion Collider [2] (EIC) or Large Hadron-electron Collider [3] (LHeC) projects, the structure of nucleons and nuclei at high x
is as poorly known at both low and high scales (see Fig. 1(a)). Let us mention the long-standing puzzles such as the origin
of the nuclear EMC effect in nuclei or a possible non-perturbative source of charm or beauty quarks in the proton which
would carry a relevant fraction of its momentum. With an extensive coverage of the backward region corresponding to
high x in the target, AFTER@LHC is probably the best programme for such physics with hadron beams.

Studying the so-called high-x physics also provides us with novel decisive means to advance our experimental
knowledge of the still poorly understood confinement properties of the strong interaction, which is one of the last open
questions about the Standard Model. Indeed, studying high-x fluctuations of a nucleon, where a single gluon carries the
majority of the confined-system momentum, certainly tests QCD in a new limit never explored before. On the quark side,
an improved experimental determination of the d/u PDF ratio for x — 1 is also crucial to tell which picture is valid
between an SU(6) symmetric one where d/u — 1/2, the dominance of a quark-scalar diquark where d/u — 0, quark-
hadron duality where d/u — 0.42 or a simple perturbative QCD one where d/u — 1/5. Beside such fundamental issues
touching upon our understanding of confinement, charting the high-x structure of nucleons and nuclei has very practical
implications, for instance to improve our knowledge of parton luminosities at existing and future hadron colliders (LHC,
RHIC, Tevatron, FCC, ...) (see Fig. 1(b)) but also of Ultra-High-Energy-Cosmic Rays (UHECR), in particular the neutrino, in
the PeV range.

Beyond unbound nucleons, our understanding of the gluon and quark content of the nuclei is also very limited at high
x. Since the first observation via DIS measurements of a nuclear suppression of the quark momentum distribution - the
aforementioned EMC effect -, DIS data got more precise and confirmed the suppression. Yet, we still do not understand its
physical origin. Recently, it was argued that the x > 1 scaling plateaux of some nucleus structure functions, attributed to
short-range nucleon-nucleon correlations related to high local densities in nuclei, could be related to the EMC effect [11].
In this context, the complete lack of data constraining the gluon density in this region (see Fig. 2) is probably very
detrimental. Only indirect constraints from the scaling violation of the quark distribution exist, which obviously do not
give additional experimental information. We are also lacking precise nuclear Drell-Yan (DY) data which provide a unique
window on the sea quarks. A precise measurement of the gluon EMC and of its nuclear number (A) dependence, combined
with precise DY data at high x, would provide decisive insights into the origin of the EMC effects which goes along with
understanding how quark and gluons behave in the nuclear medium.

3 Named after its observation in 1983 by the European Muon Collaboration [4].
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Fig. 3. Typical kinematical reach with heavy-hadron production in x, (our proxy to the momentum fraction of the parton in the target) and the
scale (chosen to be my = /M2y +P?, ...) of the fixed-target mode with a detector acceptance like (a) LHCb and (b) ALICE.

At the interface between the proton and nuclear cases, the deuteron and *He have a particular place. On the one hand,
they can provide us with quasi-free neutron targets allowing us to test assumptions such as u? = d", u? = d" based on the
isospin symmetry, or whether gluons behave differently in protons than in neutrons. On the other hand, it is an appealing
playground to test our understanding of the dynamics of simple nucleon-bound systems and hidden colour configurations
of six quarks (see e.g. [12]).

For all these reasons, the unique opportunities offered by AFTER@LHC to probe with high precision and with reliable
as well as novel perturbative probes the high-x domain are very interesting. Fig. 3 schematically illustrates, with a small
set of selected (gluon-sensitive) probes, how the fixed-target mode with multi-TeV beams allows one to methodically
probe the high-x region in the target, namely at high x,. This obviously applies equally for quark, heavy-quark, gluon
and anti-quark sensitive probes in protons, deuterons and light or heavy nuclei. In addition, when heavy ions are used as
beam particles, one can probe their contents down to x value as small as 0.005. The possibility to study the large-x-charm
content in the (nucleon and nucleus) target will also allow one to severely reduce the uncertainty of the prompt neutrino
fluxes.

Finally, let us highlight the opportunities connected to anti-proton (p) measurements in new kinematical ranges and for
new systems in order to further constrain the modelling of the conventional p astrophysical sources. One of the possible

5
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Fig. 4. (a) Evolution of our understanding of the spin content of the nucleon [adapted from [18]]. (b) Decomposition of the nucleon spin relevant
for high-energy processes.

very original measurements is that of p nearly at rest from fixed He, C, N or O targets relying on the Particle IDentification
(PID) capabilities of the ALICE central barrel. This would constrain highly-energetic p from (He,C,N,0)+p — p + X.

2.2. Unravelling the nucleon spin

Despite decades of efforts, the internal structure of the nucleons, in particular their constituent distribution and
dynamics, is still largely unknown. One of the most significant issues is our limited understanding of the spin structure
of the nucleon, specifically how its elementary constituents (quarks and gluons) bind into a spin—% object. Essentially,
there are two types of contributions to the nucleon spin from quarks and gluons: their spin and their Orbital Angular
Momentum (OAM). For a longitudinally polarised nucleon, i.e. with helicity +%, one has

%:%A2+AG+Eg+Lq, (1)
where %AE denotes the combined spin contribution of quarks and anti-quarks, AG the gluon spin, and £, the quark
and gluon OAM contributions (see e.g. [13-17]). Eq. (1) is in principle valid at any energy scale at which the nucleon is
probed and this calls for the study of the evolution of the individual contributions at different scales. These questions
naturally generalise to any spin-/ hadron.

We have come a long way since the so-called spin crisis (Fig. 4(a)), faced in the eighties when the measurements
performed by the European Muon Collaboration (EMC) revealed that only a small fraction of the nucleon spin was
generated by the spin of quarks [19]. The crisis has evolved into a puzzle, which consists now in determining how large
the different quark and gluon contributions to the nucleon spin are, in disentangling them and in explaining them from
first principles in QCD.

Recent experimental data have shown that the quark and anti-quark spins account for only about 30% of proton total
longitudinal spin [20-23], and the gluon contribution could be as large as 40%.% It is thus expected that a significant part
of the proton spin arises from the transverse dynamics of quarks and gluons (i.e. via £4 and £,), which has however not
yet been measured. This emphasises how crucial our understanding of the transverse motion of quarks and gluons inside
the proton is, in order to validate our current picture of the nucleon structure.

In order to measure the parton OAM, one should in principle access observables which are sensitive to the parton
position and momentum. This is the realm of the Generalised Parton Distributions (GPDs), relevant for exclusive processes.
Yet, one can also indirectly access information on the orbital motion of the partons bound inside hadrons via Single Spin
Asymmetries (SSAs) in different hard-scattering processes, in particular with a transversely polarised hadron (see [26,27]
for reviews). In these Single Transverse-Spin Asymmetries (STSAs), one can access left-right asymmetries in the parton
distributions with respect to the plane formed by the proton momentum and spin directions. These asymmetries are
naturally connected to the transverse motion of the partons inside the polarised nucleons.

4 The latter has only been measured in the region x > 0.05 [24,25]. Additional studies at smaller x are thus required.

6
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Historically large STSAs (also denoted Ay or Ayt ) have been observed in single forward 7 [28-30] and K production [29]
in high-energy p'p collisions at Fermilab and Brookhaven National Laboratory (BNL), towards the valence region. They
have also been observed in Semi-Inclusive DIS (SIDIS) by the HERMES [31] and COMPASS [32] collaborations. Studies to
look for STSAs in J /v production in p*p collisions at RHIC [33] and J /v leptoproduction on proton target by the COMPASS
experiment [34] have also been carried out. Intense theoretical works have resulted in a widely accepted picture according
to which these (large) asymmetries, which were expected to vanish at high energies, are due to re-scatterings of the quarks
and gluons with the remnants of the hadron undergoing the interaction [35-37]. It is also accepted that they vanish for
partons which do not carry any transverse momentum.

As for now, these STSAs can be treated via two dual approaches [38]. The first is an extension of the collinear parton
model of Feynman and Bjorken with the introduction of three-parton (Efremov-Teryaev-Qiu-Sterman) correlations
[39-41], namely the Collinear Twist-3 (CT3) formalism.” The second, called the Transverse-Momentum Dependent (TMD)
factorisation (see e.g. [44-55]), relies on a complete three-dimensional mapping of the parton momentum and encodes
all the possible spin-spin and spin-orbit correlations between the hadron and its constituents. In particular, the effect
of the aforementioned re-scatterings, responsible for the STSAs, is encoded into the gauge links in the definition of the
TMD PDFs. A particular case is the so-called Sivers function [56,57]. Within the CT3 formalism, the re-scattering effects
are explicitly considered in the hard-scattering coefficients.

Both formalisms have their proper range of applicability. While the CT3 approach holds when one single hard scale is
present in the process (such as the transverse momentum pr of a pion produced in hadronic collisions with Aqcp < pr),
the TMD formalism applies when there are two separate scales (such as the transverse momentum qr and the invariant
mass M of the lepton pair in DY production, with Aqcp < qr < M). Thus the CT3 approach is better suited to describe
Ay for inclusive hadron production [58] but can also be applied to DY pair [59-61] or isolated photon [62] production.
With regards to the AFTER@LHC physics case, this mainly concerns heavy-flavour and quarkonium production, whose
STSAs are extremely poorly known, if not unknown at all. TMD factorisation is usually used for processes where the
transverse momentum of the initial partons is accessible owing to the absence of hard final-state radiations. In the case
of AFTER@LHC, this includes pseudo-scalar quarkonium, quarkonium-pair and other associated production of colourless
particles, and of course the DY process. With its high luminosity, a highly polarised target and an access towards the
large momentum fraction, x, in the target, AFTER@LHC is probably the best set-up to carry out an inclusive set of Ay
measurements both to improve existing analyses and to perform studies which would simply be impossible otherwise. Let
us recall that nearly nothing is known from the experimental side about the gluon Sivers function (see e.g. the review [63]
and recent measurements [33,64-66]). The polarisation of not only hydrogen but also deuterium and helium targets
allows for an even more ambitious spin programme relying on the neutron and spin-1 bound states (see e.g. [52,54]
and references therein).

As explained, the TMD approach allows us to investigate the structure of hadrons in a three-dimensional momentum
space (see [55] and references therein) in a rigorous and systematic way. It is important to note that it is not restricted
to the study of Ay. It can help us probe in a direct manner the transverse dynamics of the partons as well as their
own polarisation in unpolarised nucleons. The latter in particular generates observable azimuthal asymmetries in the
final state. These are related to another TMD PDF of great interest, the Boer-Mulders function [67]: it describes the
correlation between the quark transverse spin and its transverse momentum in an unpolarised hadron, and it might
help explain the well-known violation of the Lam-Tung relation [68] in unpolarised DY reaction [69]. Its counterpart for
the gluon content is the distribution of linearly polarised gluons in unpolarised protons which affects, for instance, the
HO transverse-momentum distribution at the LHC. At AFTER@LHC, such a distribution can be probed and extracted, for
instance, via pseudo-scalar quarkonium production [70,71] and associated quarkonium production [72,73], whereas the
quark Boer-Mulders functions can be accessed in DY-pair production.

It is important to note that all these measurements (Ay, azimuthal asymmetries or transverse-momentum spectra) have
to be measured in pp collisions as mandatory complementary pieces of information to analogous studies in lepton-induced
reactions. Indeed, contrary to usual PDFs, the TMDs are not universal. For instance, some, as the quark Sivers function,
are predicted to change sign when generating the STSA in SIDIS and in DY reactions. In other words, the time-reversal
odd TMD distributions are process-dependent, but the process dependence is calculable (from the symmetry properties of
the theory). This feature, sometimes referred to as a generalised universality, is driven by the nature of the re-scatterings
generating the STSA, which can be from the initial or final states. More technically, they are connected to the gauge
link in the definition of the TMDs (see [74-76] for recent references). This “sign change” represents one of the most
important predictions of the TMD factorisation and dedicated experiments have been proposed to check it [77-80]. Such
a process dependence is also explicit in the CT3 formalism. Recently the first measurement in DY was performed by the
COMPASS collaboration [81] and the first one on W bosons by the STAR collaboration [79], hinting at the sign change.
With AFTER@LHC, one could go further than the current proposals and perform quantitative tests of this generalised
universality, deeply connected to the symmetries of QCD. AFTER@LHC will be a unique place to probe such aspects of the
parton transverse dynamics in the gluon sector, which requires even more experimental inputs both from lepton- and

5 Recently, it has been found that STSA for pion production in proton-proton collisions may be dominantly driven by three-parton fragmentation
functions [42,43].
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Fig. 5. (a) Phase diagram of the strongly interacting matter and the reach of AFTER@LHC HI programme. (b) The baryonic chemical potential up as a
function of the rapidity y.ms. in mid-central PbPb ./syy = 72 GeV collisions predicted by the viscous hydro+cascade model vHLLE+UrQMD [Adapted
from [86]]. The colour represents the differential density of produced particles as a function of y.ms and wus.

hadron-induced reactions than the quark sector. AFTER@LHC will also provide a unique playground to explore in detail
the connection between the TMD and CT3 approaches [38,82-85], in particular in the gluon sector. This will open the
way for a full three-dimensional mapping of the parton momentum and, in turn, for more insights on the orbital angular
momentum of the quarks and gluons.

2.3. The nuclear matter in new rapidity and energy domains

One of the prime objectives of Heavy-lon (HI) physics at high-energy facilities is the search and characterisation of a
novel state of matter where the quark and the gluons are deconfined. In this state, which should be the prevailing one
of the Universe a few microseconds after the Big Bang, quarks and gluons roam nearly freely over distances of a few
femtometers, i.e. distances much larger than the hadron sizes in which they are normally confined.

The existence of such a state of matter is a natural consequence of the asymptotic freedom property of QCD, whereby
the strong interaction becomes weak at small distances and high momentum transfers. It is expected to be reached when
the surrounding hadronic matter is extremely compressed or heated — resulting in high momentum transfers in the
system. These conditions can be achieved in ultra-relativistic collisions of nuclei and the resulting new phase can be
observed using specific probes. Such probes are essentially of three kinds, namely radiated particles from the plasma
itself (i.e. photons), the destruction of heavy-quark bound states and the momentum-spectrum modification of various
particles.

Fig. 5(a) shows the most up-to-date phase diagram of the strongly-interacting matter, gathering all our knowledge
that was progressively acquired since the very first relativistic heavy-ion collisions — nearly thirty years ago. With the
LHC multi-TeV heavy-ion beams (for now, lead and xenon ions with an energy per nucleon of 2.76 TeV), AFTER@LHC with
a c.m.s. energy of 72 GeV provides a complementary coverage to the RHIC- and SPS-based experiments in the region of
high temperatures and low baryonic chemical potentials where a Quark-Gluon Plasma (QGP) is expected to be produced.
Moreover, model calculations indicate that the baryonic chemical potential up and the temperature T depend on the
rapidity [86-88]. Fig. 5(b) shows an example of such a up Vs. ycm s, relation for mid-central PbPb /Syy = 72 GeV collisions
by the vVHLLE+UrQMD model [86]. Measurements conducted as a function of y. s will give access to different ug and T
values. As such, the AFTER@LHC HI programme can rely on a “rapidity scan” to study both the deconfined regime and
the expected phase transition to the hadronic gas. It would be a new approach to investigate the QCD phase diagram,
complementary to the RHIC Beam Energy Scan (BES) programme [89,90].

Let us also recall here a key advantage of the fixed-target mode, namely the possibility to study different colliding
systems with short transition periods while keeping high collected luminosities.® Another key advantage is the obvious

6 At the collider LHC, only 4 colliding systems have been studied during Run 1 and 2: pp, pPb, XeXe and PbPb. Even though the RHIC complex
is more flexible in this regard, only pp, dAu, CuCu and AuAu collisions could be studied in the first 10 years of running with enough statistics to
study heavy-flavour production. Upgrades were for instance needed to look at CuAu, UU, pAl, pAu or *HeAu collisions. In comparison, the LHCb
SMOG system (see Section 3.3.1) —~which could only so far take data in small periods — already collected data for 5 systems (pHe, pAr, pNe, PbAr
and PbNe).
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Fig. 6. (a) Different scenarios of the temperature dependence of the ratio of the medium shear viscosity to the entropy density (n/s) at ugp = 0;
(b) Sensitivity of the second Fourier coefficient (v;) of the azimuthal asymmetry measured as a function of the pseudo-rapidity with (n/s) and the
temperature given by 3D+1 viscous hydrodynamic calculations.

Source: Adapted from [92].

capacity to instrument the nucleus-target region, namely yj,. OF 713, close to O: this would be the reach of most of the
collider detectors used in the fixed-target mode. Based on these assets, the physics case for HI physics with AFTER@LHC
can be outlined as follows.

Given the c.m.s.-energy range, HI measurements at AFTER@LHC have the potential to provide us with crucial
information about the QGP properties and the nature of the phase transition to the hadronic gas regime. To do so,
three experimental degrees of freedom are at our disposal: (i) scanning the longitudinal extension of this hot medium,
(ii) colliding systems of different sizes and (iii) analysing the centrality dependence of these collisions. To our knowledge,
no other experimental programme could fully rely on these three variables. Together, they should give us a unique lever
arm to probe the hot medium at different enough temperatures and energy densities. They will allow one, for instance, to
probe the temperature dependence of the shear viscosity to entropy density ratio (7/s) of the created matter by measuring
the rapidity dependence of the anisotropic flow, as it was recently shown in [91] (see Fig. 6).

More generally, one can perform a tri-dimensional tomography of the hot medium produced in ultra-relativistic HI
collisions at ,/syy = 72 GeV. Such a tomography will rely on a set of precise measurements in a kinematical region (Ycm.s.
and ./syy) which could so far only be studied with low accuracy and with an extremely limited set of probes [93,94].
They will give us new information on the QGP properties in the longitudinal dimension and help us settle long-standing
debates about probes such as heavy-quark(onium) production in the range from SPS to RHIC energies [95-97]. These
issues admittedly hinder their potential as golden probes of the QGP [98].

Measurements at y.ms. = 0 are also at reach with detector coverages about 7y, =~ 4.0. Studying an extensive set of
hard probes in this region, where the yields are the highest, is meant to provide us with a very reliable calibration of the
properties of the system (temperature, viscosity) in order to initiate the scan in the longitudinal direction via the rapidity
dependence.

3. How to make fixed-target collisions at the LHC?
3.1. Overview

Several technological options are currently under investigation to perform dedicated fixed-target experiments at the
LHC. One can indeed initiate collisions of the LHC beam particles with nucleons or nuclei at rest:

e by letting the full LHC beam go through a gas target in the LHC beam pipe,

e by extracting halo particles by means of a bent-crystal deflector onto a target positioned outside the beam pipe with
a dedicated beam line or inside the beam pipe,

e or by placing a wire target intercepting the faint beam halo in the beam pipe.

The aim of this section is to summarise the advantages, the performances as well as the challenges of each solution.
We first discuss them and then compare their performances and limitations.

The LHCb collaboration with its SMOG [99] and VELO [100] systems has demonstrated [101] that gas injection within
a certain range is tolerable and does not lead to vacuum instabilities thus paving the way towards a genuine gas target

9
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Table 1

LHC-related quantities used in the calculations in the following sections along the expected parameters for an upgraded Pb beam mode. The useable
particle flux in the halo is assumed to be half of the estimated beam losses in the proton and lead beams. The LHC yearly running times quoted
are maxima.

Proton beam Lead beam Upgraded lead beam
Number of bunches in the LHC (N;) 2808 592 1232
Number of particles per bunch (Np) 1.2 x 10" 7.0 x 107 1.8 x 108
LHC revolution frequency (v) [Hz] 11245
Particle flux in the LHC (¢peam) [s7'] 3.6x 108 4.7 x 10 2.5 x 10"
LHC yearly running time (At) [s] 10’ 106 106
Nominal energy of the beam (Epeam) [TeV] 7 2.76 2.76
Fill duration considered (A7) [h] 10 5 5
Useable particle flux in the halo (¢ useable nato) [S™'] 5 x 108 10° 5 x 10°

with the polarisation of light nuclei with higher densities, as well as for heavy noble gases. It allows one to use an existing
LHC detector, resulting in limited costs and a relatively short time-scale installation. As we will discuss in the following
sections, the acceptances of the ALICE and LHCb detectors are, in general, well suited for data taking in the fixed-target
mode.

A long narrow tube - commonly referred to as a storage cell [102] - placed on-axis of the LHC beam and fed by
a polarised or unpolarised gas clearly presents an interesting opportunity to reach high luminosities for the gas-target
option (see Section 3.3.3). Such a configuration allows for different beam-target combinations including highly polarised
ones — pending the cell-coating compatibility with the LHC vacuum constraints. The possibility for a density calibration
of the storage-cell targets has still to be studied. If successful this would, together with the known LHC beam current,
allow one to measure absolute luminosities and cross sections. For a given (areal) target density, the storage cell requires
the lowest - but still sizeable - gas flow into the LHC vacuum system.

Alternatively, higher gas fluxes can directly be injected orthogonally to the beam (see Section 3.3.2). This is how
the RHIC H-jet polarimeter [103], with (highly) polarised injected hydrogen, operates. In general, this leads to lower
luminosities than the storage-cell option. However, if used in conjunction with the ALICE detectors, the luminosities
obtainable with a gas-jet system would already be reaching the limit of the detector data-taking capabilities. In the case of
polarised 3He and other unpolarised gases, more intense sources can in principle be used to compensate for the smaller
target-areal density. The advantage of this option is the very high reachable polarisation of the target and the limited
need of R&D for an installation in the LHC complex.

On the other hand, bent crystals are being developed as part of the collimators protecting the machine [104]. They may
also be placed near the beam in order to deflect halo particles and guide them onto an external target (see Section 3.5.1).
Beside thick unpolarised targets, cryogenic polarised targets could be employed. This approach involves a considerable
amount of civil engineering, including a new cavern and a new detector. Another possibility based on such a bent crystal
is to directly use the deviated particles of the halo on an internal target system, inside the beam pipe of an existing LHC
experiment. The feasibility of such a solution is currently explored by the UA9 collaboration at CERN [105]. Open problems
in this case are how to dump the deflected beam, and how to get a suitable polarised target.

Finally, a wire or foil target may be placed in the halo of the LHC beam [106] in order to provide collisions at a near-axis
position (see Section 3.4). This method has been employed at HERA-B [107] and STAR [108] and is particularly useful for
heavy-nucleus targets. However, it may affect the main LHC beam and this solution will require dedicated simulations. In
addition, it is probably not compatible with light-nucleus targets - certainly not hydrogen ones - and basically prevents
one to perform any direct luminosity measurement.

In the next sections, the aforementioned options are detailed. In Section 3.6, the Figure-of-Merit (FOM) for collisions
with unpolarised and polarised targets is defined and numerical values are given, allowing for a comparison of perfor-
mances. A qualitative summary table of the performances of the various technological solutions to initiate fixed-target
collisions at LHC is also discussed. Finally, expected integrated luminosities for each solutions are compared.

3.2. Relevant LHC parameters and definitions

Let us first recall (in Table 1) some nominal LHC parameters [109,110] as well as other generic quantities which have
been used in the comparison of the various technological solutions.

Beside these nominal running conditions, the possibility of p runs at the Pb energy for reference measurements is also
possible as already done during the Runs 1 and 2. These runs typically last one week, i.e. ©(10°) seconds. When relevant,
these run durations will be specified. We also note that other beam species (Kr, Ca, O) can be considered for an injection
in the LHC (in particular those used in the SPS, i.e. Xe and Ar), as it was the case with the short XeXe run which took
place by the end of 2017. The injection of other species, like He, would require another ion source than the current one.
In most cases, the instantaneous luminosities should be equal or larger than those for Pb beams (see later).

Let us now recall useful quantities to compare the various technological implementations. First, we define the
instantaneous luminosity, £, in terms of the particle flux, ¢projectile, impinging the target of areal density 6ager Of nuclei:

L= ¢projectile X etarget- (2)
10
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If Brarger is expressed in atoms x cm™2, £ is naturally expressed in cm~2 s~ . For a gas target, the flux is @peam, the particle
flux in the LHC. For a solid wire target or a solid target put into an extracted beam, it iS @yseable halo» the useable particle
flux in the halo, which is on the order of the beam losses (or less) to allow for a parasitic-working mode.

To compare the performances of the target for spin-related measurements, in particular Single-Spin Asymmetries
(SSAs) discussed in Section 5.2, we define F, the spin figure of merit of the target (and beam):

F =P x V. (3)

where Pegr, which we call the effective polarisation of the target, contains the information about the polarisability of
the material and V contains the information about the rates (up to the cross section of the considered reaction). It is
important to understand that our comparisons will involve different target systems and materials, with different beam
fluxes. A figure of merit only accounting for the target properties is therefore not sufficient.

Depending on the target material type, Pes can be expressed as:

Peft = Pr x f or Petr = Pr X a, (4)

where Pr is the polarisation of the nucleons in the target, f a dilution factor and « a depolarisation factor. The dilution
factor f is in principle defined as the fraction of events scattered off the polarisable nucleons in the target. As such, it can
be approximated to the fraction of the polarised nucleons in the molecules constituting the target. However, whereas this
approximation is sufficient to compare similar systems, it may not encompass nuclear or isospin effects which depend
on the kinematics or the probe to be studied. Following the former definition, one has [111]:
nyon
nyon + Y ;Na0a;

where ny 4 are respectively the number of polarised nucleons and of nuclei A in the target. oy 4 are the corresponding
cross sections for the considered observables. Because of nuclear effects, we know that o4 = A x oy does not hold in
general and approximating f to the fraction of polarisable nucleons is not strictly correct. In the case of DIS at large x, the
variation of such corrections arises from the EMC effect which results in visible variations of f [111] as a function of xp. As
a matter of fact, the experimental derivation of f amounts to measuring the cross sections off the different constituents
of the target. When this is not possible, such ratios can be evaluated based on theoretical computations. In the following,
we will only refer to an average value, denoted (f), computed from the fraction of polarisable nucleons.

Since the precision of a given measurement does depend on the counting rates, it is important to realise that the
luminosity £ does not account for the number of the nucleons per atom or molecule in the target, but instead for that
of the nuclei. For instance, at the LHC in the collider mode, similar yields are obtained in pp and pPb collisions when the
luminosity for the pp case is about 200 times larger than that of the pPb case — thus not at all at similar luminosities.
This should in principle be reflected in a figure of merit. However, the luminosity is not a good one for the counting rates
when different colliding systems are considered.

In the case of “rare"” or “hard" processes (such as quarkonium, heavy-quark or DY pair production), each nucleon
approximatively contributes additively (o4 ~ A X 0,) and V can be expressed as:

VZLXZAi (6)

(5)

where ), A; is the sum of the atomic masses of the target constituents (for instance 1 for H, 3 for 3He and 17 for NH;).” In
the case of SSAs of light hadrons, where the yields do not follow the binary-collision scaling in a single nucleus (o, strongly
deviates from A x 0}), or for collisions induced by a nuclear beam, there is no simple equivalent for V and the rates should
be computed in order to perform meaningful comparisons between polarised targets made of different species. It is of
course also the case if the beam energy happens to be significantly different such as to induce very different production
cross sections.

Only for hard probes and when nuclear effects can be neglected, it follows that F defined as above is inversely
proportional to the time needed to reach a fixed precision on SSAs. In other words F is inversely proportional to the
variance of the SSAs.

Since different set-up cannot be used during the same amount of time over a LHC year, it is also obviously useful to
make comparisons at the level of f dt £ and f dt F. The yearly run duration is taken to be 107 s for the proton beam and
105 s for the lead beam. These are maxima.

3.3. Internal gas-target solutions

3.3.1. SMOG: a feasibility demonstrator
The direct injection in the LHC beampipe (i.e. in the VELO vessel) of noble gases at a pressure on the order of
107 mbar is already being used by the LHCb collaboration with the SMOG (System for Measuring the Overlap with Gas)

7 Note that > ;A does not reduce to the sum of the atomic masses of the target constituents when 6rge; is expressed in atoms per cm? for
molecular gases, such as H,.
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Table 2
Beam type, target type, gas pressure (P), useable gas length (¢), target areal density (6arget), instantaneous luminosity (£ = ¢peambrarget), hadronic

beam-target cross section (aggfm_target) and beam fraction lost over a fill (b) for a SMOG-like device. The areal density can be expressed for perfect

gases as Orget (cm™2) = PAN 4 /22697 where P is in bar, ¢ is in cm and N4 is the Avogadro number in mol~'. The useable gas zone assumed is
£ = 40 cm. We considered the nominal parameters from Table 1 for the beam energy, the particle flux in the LHC and the fill duration. The obtained
instantaneous luminosities should therefore be considered as maxima. The hadronic cross-sections used in this section to compute the beam fraction
lost over a fill have been obtained using the EPOS MC generator [114]. The values are compatible with those from Fluka generator [115] within 6%.

Beam Target P 4 Htarget L O-l?::m—target b
[mbar] [cm] [atoms x cm™2] [em™2x s7'] [barn] [%]

p (He, Ne, Ar, K1, Xe} 15 x10~7 40 1.6 x 10" 58 x 102 {02, 06, 1.0, 16, 2.2} <0.1

Pb {He, Ne, Ar, Kr, Xe} 15 x10~7 40 1.6 x 10" 7.4 x 105 (45,70, 8.4, 10, 12} «0.1

device. Initially developed inside LHCb to allow for a precise determination of the luminosity with an uncertainty below
4%, SMOG is a system whereby a gas can be injected inside the beam vacuum at the interaction point. The luminosity
for the collider mode is then determined thanks to a Beam Gas Imaging (BGI) method, which relies on the interaction
vertices between the circulating beam and the gas present at the interaction point [99,112,113].

The system and its technology have been extensively tested. A pilot run of p beam (Pb beam) on a Neon gas target
was successfully performed in 2012 (2013) at a c.m.s energy of ./syy = 87 GeV (54 GeV). This first SMOG campaign was
followed by several successful data taking periods in 2015-2017, for which the injection of other gases than Neon was
explored. The system is currently limited to noble gases, namely He, Ne, Ar and, possibly, to Kr and Xe which have not yet
been tested. Their impact on the machine is currently under discussion with the LHC vacuum experts. The limitation to
noble gas is to avoid altering the Non-evaporable-getter (NEG) coating properties of the beam pipe and this is why SMOG
is equipped with a NEG cartridge to ensure the purity of injected gas. These noble gases can thus travel from the injection
point (IR8) to the ion pump stations at £20 m and some can reach the warm-to-cold transitions of the Q1 magnets,
where they can accumulate during extended periods of injection. The beam-induced effects due to gas cryosorbed on
those surfaces are still being investigated along the successive tests. However, in 2015, Ar was injected in LHCb for about
one week in a row, during the heavy-ion run which took place before the Year End Technical Stop (YETS). No decrease of
the LHC performances was observed. It therefore opens good perspectives for data taking periods of up to a month per
year without additional pumping systems. It would preferably take place at the end of the year, while the beam intensity
is low, and before the YETS which could permit to get rid of the accumulated gas if needed. With the current SMOG set-up,
the gas pressure is about 1.5 x 10~7 mbar, i.e. two orders of magnitude higher than the LHC vacuum pressure (~ 107°
mbar). The pressure might be increased up to 10~® mbar without severe hardware changes along with the support of the
LHC vacuum experts. An estimate of the instantaneous luminosity obtained with the SMOG device in p-gas and Pb-gas
collisions is given in Table 2.

The beam fraction consumed over a fill is negligible. There are prospects to replace SMOG with a multigas system
allowing to change the type of injected gas without human intervention onsite. As for now, the gas pressure is not well
known with a good precision. The installation of a calibrated Vacuum Gauge lon (VGI) 6 m from the VELO has been
performed during the YETS of 2016-2017. The luminosity is estimated by the parameters of the beam (number of bunches
and bunch intensity), as well as the gas-target pressure measured by the pressure gauge. The uncertainty is dominated
by the measured pressure, which varies as a function of the z position along the beam. The luminosity is also determined
from the yield of electrons scattering off the target atoms, with a precision of about 6% [116]. In addition to the luminosity
determination challenge, it is also worth noting that one has to cope with colliding-bunch events if the detector is also
used in the collider mode. Fixed-target heavy-flavour analyses are currently limited to the analyses of non-colliding bunch
events, with a vertex position within —20 and 20 cm,® i.e. in a region where the detector efficiencies are mostly constant
with respect to the z-vertex position [117]. Such requirements affect the effective recorded luminosities. One has to keep
in mind that besides the limitation of the SMOG system itself in terms of the delivered gas pressure, the contamination
of the collider events by fixed-target events also has to be considered as a constraint on the maximum pressure which
can be delivered to LHCb. This consideration applies only in parasitic operation mode (during pp runs), in order not to
affect the current main LHCb B physics programme.

3.3.2. Gas-jet target

Out of all the proposed solutions, the internal gas-target cell is a genuine solution to make fixed-target experiments
at the LHC, at limited cost by re-using an existing LHC experiment, and with a variety of polarised and unpolarised gas
targets. From the experience gained with SMOG, and further tests of gas injection in Long Straight Section 4 (LSS4) and
near ALICE, ATLAS and CMS, we consider the option of direct-injection of gas in the LHC beampipe as a viable solution to
be run parallel to the collider mode. As highlighted above, the SMOG system is however not optimised and faces some
limitations: the gas pressure — thus the target density - is limited, only noble gases can be injected, the heavier noble

8 The vertex requirement is extended to —70 <z < 10 cm in [116].
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Table 3

Beam type, target type, inlet flux (gag;‘_;;t), target areal density (Biarget), instantaneous luminosity (£ = ¢peamBrarger ), hadronic beam-target cross
had

Section (Opgam-targer) aNd beam fraction lost over a fill (b) for a gas-jet target inspired from the RHIC proton-beam polarimeter. We considered the
nominal parameter from Table 1 for the beam energy, the particle flux in the LHC and the fill duration. The hadronic cross-sections are obtained as
described in Table 2. The obtained instantaneous luminosities should be considered as maxima. We have however levelled the gas inlet flux such
that the lifetime of the beam is not shorten by an unrealistically large amount (we have considered 15%).

Beam Target (pégll';tet efafgﬁ L Ué?adm—target b
[atoms x s7'] [atoms x cm™?] [em™2x s71] [barn] [%]

p H' 1.3 x 10" 1.2 x 10" 4.3 x 10 48 x 1073 < 0.1

p D' 1.3 x 10" 1.2 x 10%2 4.3 x 10 90 x 1073 < 0.1

p 3Het 1.0 x 10%° 1.0 x 10™ 3.6 x 10*? 12 x 1072 0.5

p H, 1.1 x 102021 1.0 x 1015716 3.6 x 10°3+34 48 x1073 19+19

p Xe (1.0 +5.0) x 108 (1.0 +5.0) x 10" (3.6 + 18) x 103 2.2 0.9 -4.4

Pb Ht 1.3 x 10" 1.2 x 10" 5.6 x 10% 3.0 ~ 0.1

Pb D' 1.3 x 10" 1.2 x 10%2 5.6 x 10% 4.0 ~ 0.1

Pb 3Het 1.0 x 10%° 1.0 x 10 4.7 x 108 43 8.7

Pb H, 6.5 x 106 2.5 x 10" 1.2 x 10%° 3.0 15

Pb Xe (1.0 = 5.0) x 108 (1.0 = 5.0) x 10" (0.5 +2.3) x 10% 12 2.6 +12

gases may only be used before long YETS and the injection periods are currently significantly limited. Last but not least,
a SMOG-like system does not allow one to inject polarised gases.

Some of these limitations can be lifted by the installation of specific pumping systems, which would however reduce
the portability of the system.” In addition, a specific injection system would allow one to inject heavier noble gases as well
as a jet of polarised gases such as H, D and 3He. One illustrative example of such an option is the H-jet system [103] used
on the BNL-RHIC collider as a proton-beam polarimeter (see Appendix A.1). In short, it offers much higher target densities
than the current SMOG system, opens the possibilities for highly polarised target and can be coupled to a collider.

Let us briefly describe its main characteristics: it consists of a free atomic beam vertically crossing the collider beam at
a speed of approximately 1560 m s~!. With the current Atomic Beam Source (ABS) [103], operated at 70 K, the polarised
H inlet flux was measured to be (1.24 4 0.02) x 107 H" s~!. With a redesigned system, it may be doubled [118]. Similar
numbers should be reachable for a polarised deuterium. Higher fluxes can easily be obtained with polarised *He but
would require a dedicated system [118]. Using a deuterium target would require proper RF cavities which may prevent
optimising both hydrogen and deuterium target performances with a single system.

At the interaction point, the H-jet target profile is nearly Gaussian with a full width at half maximum of 5.5 mm. This
is a significant advantage compared to a SMOG-like system where the gas diffuses along the beampipe and results in
beam-gas collisions over distances of a few metres. A vacuum in the RHIC ring of 2 x 10~8 mbar was achieved with the
H-jet system in operation at its nominal 10'7 atoms s~ inlet flux thanks to turbomolecular pumps (TMP) with a 1000 I/s
pumping speed. The current H-jet system size is 375 cm high (225 cm for ABS above and 150 cm for Breit-Rabi polarimeter
below the beampipe), 110 cm wide and 70 cm long. A redesigned system could be made more compact down to 200 (75)
cm high above (below) the beam pipe. The current free ABS corresponds to a target areal density of (1.2 £ 0.2) x 1012
H' cm—2.

The H-jet system is designed to be movable. It can be uninstalled and reinstalled in 2-3 days. It is coupled to a Breit-
Rabi polarimeter monitor to measure with a high accuracy the atomic hydrogen polarisation which is as high as 0.96. The
gas jet is however contaminated by hydrogen atoms bound into unpolarised proton molecules which slightly dilutes the
average jet-proton polarisation down to PP = 93% [119].

It was recently demonstrated [120] that the molecular hydrogen atomic mass fraction is about 0.4% in the jet centre.
However, since the molecular-hydrogen distribution is a factor 30-40 wider than the jet one, an integral dilution of
the jet polarisation may be as large as 0.85. By detecting recoil protons from elastic pp scatterings, it was possible to
reconstruct the z-coordinate of the vertex which allowed the in-situ normalisation of the molecular-hydrogen contribution
and its proper subtraction. For the actually used event-selection cuts, the effective jet-target polarisation was found to
be 95 + 0.5%. To employ this method of the jet-polarisation control, the vertex z-coordinate has to be measured with an
accuracy of o, < 1 mm. We further note [103] that the polarisation could reach 96%-98% if coupled with a higher holding
magnetic field than the present one of 0.14 T. For the H-jet system, the field strength was also chosen to minimise the
bending of the scattered recoil protons for the use as a polarimeter.

The gas-jet parameters, the instantaneous luminosities using typical LHC beam currents, and the beam fraction
consumed over a fill are shown in Table 3, for each type of beam-gas collisions.

In particular, an estimation of the target areal density is given for polarised 3He and unpolarised jet targets. In the
former case, a higher areal density is achievable since >He, if cooled down, can be injected with lower velocity than H.
For what concerns unpolarised heavier ions, a target areal density of 1+ 5 x 10'® cm~2 can be envisioned [103].

9 A SMOG-like system essentially reduces to a gas bottle, some valves and pressure gauges, a NEG filter and a small capillary to the beam pipe.
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Fig. 7. (a) Schematic view of the target cell. Polarised gas can be injected ballistically - unpolarised gas via a capillary - into the cell centre;
(b) Gas density profile, p(z) along the beam z axis.

3.3.3. Storage-cell gas target

Besides a gas-jet solution, using an internal gas-target cell is another genuine solution to make fixed-target experiments
at the LHC, at a limited cost by re-using existing LHC detectors, and with a variety of polarised and unpolarised gas targets.

In such a case, the target [121] consists of a polarised or unpolarised gas source in combination with an open storage
cell (see Fig. 7) which increases the target density by more than two orders of magnitude compared to a free atomic beam
jet.

The storage cell consists of a narrow straight tube with thin walls located in the machine vacuum along the beam axis,
into which the gas is injected at the centre, in two modes:

e polarised atomic beam (H, D or *He) into a feed tube of low gas conductance;
e unpolarised gas (e.g. Hy, He, Ne, Ar, Kr, Xe) via a capillary from a gas handling system.

The gas diffuses through the cell openings into the machine vacuum system, which usually requires a powerful differential
pumping system. The cell consists of two movable halves that can be opened in order to provide space for beam injection
or manipulation. Polarised gas targets for storage rings are reviewed in [102]. Targets for proton beams at intermediate
energies have been applied at the cooler ring COSY (FZ Jiilich) [122-124] as well as at the IUCF Cooler Ring [125]; and for
electron beams at HERA (DESY Hamburg) [126].

Such a polarised H or D target (the HERMES target) [126] consists of three main components: the polarised Atomic
Beam Source (ABS), the Storage Cell in a longitudinal or vertical holding field B and a Diagnostic System for analysing a
small sample of gas from the target cell, consisting of the polarimeter (BRP) measuring the sub-state population of the
atoms, and the target gas analyser (TGA) detecting the molecular fraction and thus the degree of recombination within the
cell. From these parameters, the target polarisation P as seen by the beam is deduced (typical values P &~ 0.85, corrected
for magnetic guide field and degree of dissociation). It was however recently noted that the cell coating used then does
not comply with the LHC requirements. R&D is thus needed to find a proper coating which would not significantly degrade
the polarisation performances.

The ABS injects polarised H into the feed tube (here 100 mm long, 10 mm inner diameter) of a storage cell of 1000 mm
length with a proposed inner diameter of 14 mm (see Fig. 7). A smaller size of 300 mm by 10 mm however seems to
be more adapted to match the LHC requirements [127]. The maximum areal density O,rge is limited by the flux of the
ABS and the geometry of the storage cell which needs to permit the transmission of the LHC beam and the injection of
the polarised atomic beam. The target described here is also able to deliver polarised D with similar densities. Injecting
optically-pumped polarised 3He into the storage cell could be another possibility. In such a case, the holding field must
be very homogeneous in order to prevent motional depolarisation.

Unpolarised target gas could also be injected into the cell via a capillary for the study of heavy-ion collisions. The gas
flow from a gas feed system and thus the gas density in a target cell can be very high. Limits are imposed e.g. by the
maximum gas flow that a possible LHC target station can take, and by the capability of the detector system. Another
requirement is that the gas target must not shorten the lifetime of a Pb beam fill by an unrealistically large amount (we
have considered ~ 15%), when running parasitically. Indeed, higher luminosities could be reached for dedicated runs. On
top of hadronic interactions, photo-nuclear interactions including Bound-Free Pair Production, in which an eTe™ pair is
created with the electron bound to one of the colliding nuclei, and Electromagnetic Dissociation [128] can affect the Pb
beam lifetime. The photo-nuclear interactions are enhanced with the target gas atomic number and can be up to twenty
times the hadronic cross section in case of Xe gas with Pb beam [129]. The storage cell parameters, the instantaneous
luminosities obtained using typical LHC beam currents, and the beam fraction consumed over a fill, considering hadronic
interactions, are shown in Table 4, for each type of beam-gas collisions [121].

14



C. Hadjidakis, D. Kikota, J.P. Lansberg et al. Physics Reports 911 (2021) 1-83

Table 4

Beam type, target type, inlet flux ((pg}?ﬁ), target areal density (Orgec), instantaneous luminosity (£ = ¢peambrarger )» hadronic beam-target cross section
(ag’:fm_target) and beam fraction lost over a fill (b) for a storage cell target with a cell length of 1 m and temperature of 300 K. We considered the
nominal parameter from Table 1 for the beam energy, the particle flux in the LHC and the fill duration. The hadronic cross-sections are obtained as
described in Table 2. The obtained instantaneous luminosities should be considered as maxima. We have however levelled the gas inlet flux such

that the lifetime of the beam is not shorten by an unrealistically large amount (we have considered 15%).

Beam Target (pg‘l]'gtet gtarget L U&:adm-target b

[atoms x s7'] [atoms x cm™?2] [em™2x s71] [barn] [%]
p H' 6.5 x 106 2.5 x 10 9.2 x 10* 48 x 1073 0.4
p D! 5.2 x 106 2.9 x 10 1.1 x 103 90 x 1073 1.1
p 3Het 1.5 x 10" 1.0 x 10 3.7 x 10* 12 x 1072 4.4
P H, 2.8 x 10" 1.6 x 10 5.8 x 10°3 48 x 1073 3.1
p {Ne, Ar, Kr, Xe} 1.3 x 10 6.4 x 10"3 2.3 x 10% {06, 1.0, 1.6, 2.2} (1.6, 2.6, 4.2, 5.7}
Pb Ht 6.5 x 10'® 2.5 x 10 1.2 x 10%° 3.0 15
Pb D' 3.4 x 10'¢ 2.2 x 10 8.8 x 10% 40 15
Pb 3Het 2.7 x 106 1.8 x 10 8.3 x 10%® 43 15
Pb H, 6.5 x 106 2.5 x 10" 1.2 x 10%° 3 15
Pb Xe 1.3 x 10® 6.4 x 10" 3.0 x 10% 12 15

Table 5

A selection of beam type, target type, target density (p), target molar mass (M), target thickness (£), target areal density (fgec), useable particle
flux in the halo ¢ yseable halo and instantaneous luminosity (£ = @ useable haloBrarget) fOr internal wire targets positioned in the halo of the LHC beams.
The target areal density Ogrger is equal to N afp/M with N4 the Avogadro number in mol .

Beam Target 14 M 4 etarget Quseable halo c
[g x cm™3] [g x mol™"] [pm] [em™2] [s7'] [em™2x s7']

p C 2.25 12 500 5.6 x 10%! 5.0 x 108 2.8 x 10%°
p Ti 443 48 500 2.8 x 10%! 5.0 x 108 1.4 x 10%°
p w 19.3 184 500 3.1 x 102! 5.0 x 108 1.6 x 10
Pb C 2.25 12 500 5.6 x 10%! 1.0 x 10° 5.6 x 10?6
Pb Ti 4.43 48 500 2.8 x 10%! 1.0 x 10° 2.8 x 10%
Pb W 19.3 184 500 3.1 x 10%! 1.0 x 10° 3.1 x 10%

3.4. Internal solid target intercepting the beam halo

Another possible internal target solution for the LHC is to use a wire, a ribbon or a foil positioned in the halo of the
beam as first proposed in [106]. Such an approach was adopted by the HERA-B [107] experiment with the prerequisite of
not affecting experiments functioning on the 920 GeV proton beam. The HERA-B system consisted of 2 stations of 4 wires
each, made of Ti and W, positioned in a square shape around the beam. For C, flat ribbons were used.!? These could be
positioned independently and adjusted with respect to the beam condition in order to scrap the beam halo. Other materials
were also considered such as Al, Fe and Cu. One of the main limitations for HERA-B was the widening of the beam due
to multiple Coulomb scattering in the target, which is reduced with low Z materials. Multiple Coulomb scattering is not
a limitation anymore when the beam halo is used, due to the lower halo intensity. For the LHC, simulations and tests
(as done for the bent crystals discussed in the next section) are therefore needed to completely assess the feasibility and
then the performance of such a system.

In principle, such a target system can be placed in the vicinity (or even inside) ALICE or LHCb at a moderate cost. If the
system was found to be incompatible with high intensity runs, it could be used only for heavy-ion runs or during special
runs; this would in turn reduce the collected luminosity in pA collisions. Another limiting factor is the impossibility to
carry out pp collisions which are extremely important to quantify the nuclear effects. In the absence of such reference, it
is mandatory to have at one’s disposal measurements made with species with sufficiently different A. However, there are
strong constraints from the LHC on the species which can be placed inside the LHC beam pipe. Therefore the mechanics
for the positioning of the target should allow one to shift the target during the tuning of the beam. We have considered so
far'! C, Ti, and W as possible species but further studies might be required (also for other species). Finally, let us note that
such a system does not allow one to use a polarised target. The solid target parameters and the instantaneous luminosities
obtained using typical LHC beam halo fluxes are shown in Table 5, for each type of beams and targets.

10 The diameter of the wires was 50 pm whereas the ribbons were 100 wm wide in the direction perpendicular to the beam and 500 pwm along
the beam (which can thus be considered as the target thickness).

11 Note that the usage of a solid Pb target is a priori excluded by LHC experts due to the low melting temperature of the Pb.
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3.5. External/internal target solution with a slow beam extraction using a bent crystal

3.5.1. Crystal-assisted extraction of the LHC beams

The idea of a controlled non-resonant slow extraction of the CERN LHC beams - on the order of 10® protons per second
- to be used for fixed target physics is not new. Already, in the early 90’s, the LHB collaboration submitted a letter of
intent to the LHCC to get an experiment based on bent-crystal extraction approved. At the time, it was not clear whether
such a technique could be used in the LHC conditions.

Since then, significant progresses were achieved with successful tests for protons at the SPS [130], Fermilab [131],
Protvino [132] and for Pb ions at the SPS [133]. These were made possible by numerous experimental advances, like
the improvement of the crystal quality with a production technique allowing to reach a channelling efficiency close to
the theoretical one, or like the development of goniometers matching the critical angle requirements for a 6.5 TeV beam
channelling. Thanks to this legacy, the UA9 collaboration proposed this technique as a smart alternative for the upgrade of
the LHC collimation system [134,135] following the concept developed in the frame of the INTAS programme 03-51-6155,
see for instance Ref. [136] issued in 2002. Tests were recently successfully carried out at the betatron cleaning insertion
(IR7) both at injection and top energy (6.5 TeV) in 2015 [104]. Tests have also been performed with lead beam at injection
and top energies (2.5 TeV) at the end of 2016. They clearly demonstrated the feasibility of crystal-assisted collimation and,
in turn, gave a new momentum in the plans for crystal-assisted extraction (see also [ 137]). Let us also stress that the crystal
degradation due to radiation, once thought to be an issue, is negligible as demonstrated by tests [ 138] with the HiRadMat
facility of the SPS.

The generic requirements for such an extraction system were already outlined in 1990 at the Aachen LHC workshop
where it was identified that [139]:

e an extraction outside the ring is preferred to avoid interferences with the main tunnel and the experimental cavern,;

e an extraction in the horizontal plane would probably be more favourable since an enhanced deflection'? could be
achieved by an appropriate re-design of the separation recombination dipoles D1 and D2;

e the extraction would be at one of the odd points of the LHC;

e the crystal location would be between the quadrupoles Q3 and Q4 and it would provide a deflection of about 1
mrad;

e a further deflection up to 20 mrad could be achieved at 250 m;

e increasing the size of the halo would result in a higher extraction efficiency with more particles crossing the crystal.

To be more quantitative about the required modifications of the beam pipe, since the halo is located at approximately
3 mm from the beam pipe axis, a deflection by an angle of 1 mrad would result in these particles exiting the beam pipe
at 30 m downstream, considering a LHC beam pipe radius of 3-4 cm in the LHC tunnel. Another proposal was made
in 2005 [140] consisting in “replacing® the kicker-modules in LHC section IR6 (the beam dump) by a bent crystal that
would provide the particles in the beam halo with a sufficient kick to overcome the septum blade and to be extracted.
It is however not clear to which extent the beam-dump area, even with obvious modifications to move the beam-dump
facility, can be used for experiments. As for now, beyond the generic requirements above, the possible locations of a
possible extraction zone have not been listed. Currently, there is an active project, CRYSBEAM [141,142], whose objective
is to demonstrate the feasibility of crystal-assisted extraction on the LHC and which should upon its completion give us
better insight on the technical realisation of this solution. Operating the crystal in real parasitic mode still requires further
studies.

Another possibility, which would avoid further manipulating the beam downstream of the crystal, is to directly use
the extracted - and highly collimated - particles of the halo (which we refer to as the split beam) on an (semi) internal
target system which would however not interact with the main LHC beam. Such a solution would probably allow one to
limit the civil-engineering work to a minimum and also to use an existing experiment. Two caveats have however to be
addressed. First, only a fraction of the split beam would interact with the target and the remaining 108 protons per second
should be absorbed or deviated from the experiment. Second, this would probably induce a non-negligible azimuthal
asymmetry in the experimental system. For spin-related analyses, this may be a serious limitation in the cancellation of
some systematical uncertainties. A first set-up (see Appendix A.2), compatible with the LHCb detector, has been proposed
to measure the electric and magnetic dipole moments of charmed charged baryons at LHC top energies [143-145]. A
first bent crystal, located at 50 from the centre beam line, deflects the halo particles by about 150 rad at about 100 m
upstream of the LHCb interaction region, in order to separate them from the circulating beam. A target, 1 cm long and
5 mm thick along the beam direction, inserted in the pipe intercepts the halo, producing short-lived baryons. A second
crystal’® channels part of the baryons and deflects them by 7 mrad'# into the LHCb detector, where the spin orientation

12 The enhanced deflection would be beyond the one resulting from the crystal pass.
13 Note that this second crystal is needed in the case of electric or magnetic dipole moment measurements but not for the physics cases developed
in that paper.

14 et us remind that the deflection angle is related to the critical radius of the bent crystal, which increases linearly with the energy. At high
energy, to reach larger angles, the length of the crystal has to be increased.
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Table 6

A selection of beam type, target type, target density (p), target molar mass (M), target thickness (£), target areal density (fgec), useable particle
flux in the halo ¢yseable halo and instantaneous luminosity (£ = ¢yseable halobrarger) for an extracted beam of protons or of lead ions by means of a
bent crystal and impinging a solid target. The target areal density is computed as in Table 5. With a beam splitting option, there is currently no
clear solution to allow for the usage of a light target (solid/liquid H, D).

Beam TargEt 1Y M 12 etarget ¢useab]e halo L

[g x cm™3] [g x mol™!] [mm] [em™?] [s71] [em™2 s71]
p solid H 8.80 x1072 1 5 2.6 x 10% 5.0 x 108 1.3 x 103!
p C 225 12 5 5.6 x 10? 5.0 x 10% 2.8 x 10%!
p Ti 4.43 48 5 2.8 x 10% 5.0 x 108 1.4 x 10*!
P W 19.3 184 5 3.1 x 10% 5.0 x 108 1.6 x 103!
Pb solid H 8.80 x1072 1 5 2.6 x 10?2 1.0 x 10° 2.6 x 1077
Pb C 225 12 5 5.6 x 10? 1.0 x 10° 5.6 x 10?7
Pb Ti 443 48 5 2.8 x 10% 1.0 x 10° 2.8 x 1077
Pb W 19.3 184 5 3.1 x 102 1.0 x 10° 3.1 x 10%

is measured. An additional absorber intercepts the halo particles non-interacting with the target, thereby allowing the
possibility of fixed-target operation in parasitic mode. An initial test of the beam-splitting concept and of the double
crystal use in an accelerator was made in the SPS by the UA9 collaboration in 2017 [105]. However, there is still a long
way before achieving a fully effective scenario, compatible with the LHC-collimation system and with the LHCb detector.

3.5.2. Unpolarised targets

As aforementioned, the LHC beams can be extracted by means of a bent crystal with typical fluxes on the order of
5 x 108 s~! for the proton beam!® and 10° s~ for the lead beam. We will consider 5 mm-thick targets, which are in
principle compatible with both the split beam option and a dedicated beam line. Table 6 displays the corresponding
instantaneous luminosities with the same species as for the internal wire target as well as for solid hydrogen to illustrate
the case of light elements.

We stress that for an experiment with a specific target system away from the beampipe, targets as thick as a metre
can be used for light species like H or D. Thicker targets can also be used for heavier species provided that the effect of
multiple scatterings in the target can be mitigated. In general, the targets being thicker than in the internal-wire-target
case (5 vs. 0.5 mm), instantaneous luminosities are larger.

3.5.3. Polarised targets

One of the main thrusts of the proposed physics with AFTER@LHC will be the measurement of the Sivers asymmetry
which will require a transversely polarised target. In the following, we present two possible target systems for AFTER@LHC,
one inspired from the E1039 project at Fermilab [77] and the other inspired by the polarised target of the COMPASS
experiment at CERN [147-149]. In both cases, the polarisation of the target relies on the Dynamic Nuclear Polarisation
(DNP) method, whose general principle is described in [150]. Both targets could be envisioned in the case of crystal-
assisted extraction of the LHC beams into a new cavern, however, if redesigned, the E1039 target might also be useable
with the crystal beam splitting solution.

The E1039 target. This target consists of a split coil superconducting magnet, operating at 5 T. The coils are arranged such
that the B field is either parallel or anti-parallel to the vertical direction, resulting in a transverse polarisation. Inside the
magnet there is a refrigerator, which provides the necessary cooling power to keep the target at 1 K. In the centre of
the whole system resides the target stick, which contains the target cells, the microwave horn and the Nuclear-Magnetic-
Resonance (NMR) coils to measure the actual polarisation. The target insert has 2 active cells filled with frozen NH3 beads,
one empty and one with a carbon target. The cells have an elliptical cross section, with one half axis being 1.9 cm diameter
and the other one 2.1 cm while the length is 8 cm. The target material is positioned in a liquid He bath, cooled to 1 K, by
lowering the vapour pressure of liquid He to 0.117 Torr. This is achieved with a dedicated system which have a capacity
of pumping 15 000 m3/h He gas. The microwave horn is sitting above the two top cells, which contain NH3 and NDs,
thus allowing to measure polarised p and n under identical run and target conditions. This greatly reduces the systematic
uncertainties by comparing p and n. While both cells see the radiation from the microwave, only the one in the centre
region of the coils will be polarised. Since the material has to be uniformly cooled, the ammonia is in the form of small
frozen beads, which reduces the maximum density by a packing fraction of about 0.6. From the planned beam intensities,
we estimate that the material has to be changed every 140 days, due to radiation damage. In Fig. 55 of Appendix A.3, a
schematic view of the E1039 target is shown.

15 Recent LHC collimation studies show that, for parasitic operation, the layout proposed for LHCb could deliver at least 10° protons per
second [146]. Another scenario with controlled excitation of beam losses for selected proton bunches would provide higher flux but would need
further studies.
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Table 7

Target type, target density (p), target thickness (£), target molar mass (M), effective target areal density (Ot(ﬂerffg‘e)t), useable particle flux in the halo
@useable halo, iNStantaneous luminosity (£ = Pyseable haloPrarget) and target dimension in the y and z directions for the E1039 and COMPASS targets.
As what regards the target geometry, we note that the E1039 target is cylindrical. As in Table 5, the target areal density is defined as Ouger =
(Malp) | M. However, in order to account for the fact that the target material does not occupy all the volume of the cell due to technicalities
during filling of the cell and the presence of small amounts of coolant (He), additional factors need to be considered. The cell density is expressed
as pcel = PNH; PF + pre(1— PF), where PF is the packing factor (we considered PF = 0.6 for the NHs, ND3 and butanol targets, and 0.55 for SLiD). The
second term, py.(1 — PF), however is neglected in our calculation. It is called the rest space factor and amounts to about 10%. We thus introduced

the effective target areal density such that eﬁjggr = 6Grarger PF.

Target 0 14 M 95:{;& Quseable halo L yxz
[g cm™3] [cm] [g mol™!] [em™2] [s71 [em™2 s71] [mm x mm]
1 23 3 31
E1039 target NH] 0.86 8 17 14 102 5.0 10° 7.2 10% 1853 x 975
ND;3 1.01 8 20 1.4 x 10 5.0 x 10 7.2 x 10
NHJ 0.86 110 17 2.0 x 10% 5.0 x 108 1.0 x 10%
COMPASS target 6Lip? 0.84 110 8 3.9 x 10% 5.0 x 108 1.9 x 10% 2820 x 3120
butanol® 0.99 110 74 5.3 x 105 5.0 x 108 2.7 x 103

The COMPASS target. The target consists of two identical, 55 cm long cylindrical cells with a diameter of 4 cm. Each cell
has 5 NMR coils to measure the polarisations [151] (see Fig. 57 of Appendix A.4 for a schematic view of the COMPASS
target). The cells can be polarised in opposite direction and there is a 20 cm long gap between the cells, in order to cleanly
separate interactions from the respective target cells. The orientations are reversed by changing microwave frequency at
2.5 T at regular intervals in order to reduce the systematic error. The polarisation is obtained by the DNP method with
a high cooling power dilution refrigerator with a 13500 m?® h~! pumping speed of 8 Pfeiffer Roots blowers in series, a
2.5 T solenoid magnet and two microwave systems of about 70 GHz [149]. The spin can be oriented perpendicular to the
beam direction by using a 0.6 T dipole magnet. Under this magnetic condition the polarisation cannot be enhanced by
the DNP method, but can be maintained at a lattice temperature below 100 mK. The proton polarisation achieved in 2015
with NH; was 80% in 1 day and about 90% after 2 days.'® In a beam intensity of 8 x 107 pions s~! the beam intensity for
each NH; bead of 2-3 mm is about 10° s~! which will not lead to a significant depolarisation in the frozen spin mode. No
significant radiation damage could be observed in more than half a year of data taking in 2015 at COMPASS. If needed for
the case of 5 x 108 p/s beam intensity with a more focused beam, the target material may be considered to be annealed
twice or thrice a year!” to recover the optimal target performances. A spin relaxation time of about 1000 h was measured
at 0.6 T and 50 mK for the proton in NHs.

Comparison. Table 7 displays the parameters of the E1039 target and of the COMPASS target, which could be used
for AFTER@LHC. The COMPASS target permits to reach higher luminosities than the E1039 target, however the E1039
target offers several advantages. The latter is smaller and could therefore be used in beam splitting mode if a significant
modification of the beam line and target is performed. Both also permit the usage of polarised deuterium target (ND3 or
6LiD), complementary to the hydrogen one (e.g. NH3).

3.6. Comparison of technologies

In this section, we will discuss a qualitative comparison of the various technological solutions which have been
developed. More quantitative comparisons of the instantaneous luminosities which could be achieved and performances
for STSA measurements for the various solutions will also be presented.

3.6.1. Qualitative comparison of the various technological solutions

Table 8 gathers our qualitative judgement of the different solutions with regards to a number of decisional criteria and
to the reach in the three physics cases developed in the Sections 5.1, 5.2 and 5.3 .

In particular, we stress that it is assumed here that one uses a detector without specific data-taking-rate limitations.
The physics reach when using the ALICE and LHCb detectors will be discussed in Section 4.

For the internal-gas-target solutions, the current SMOG system in LHCb has the advantage to be mostly parasitic to
other LHC experiments due to its low gas density. Also, various noble gases up to argon have already been used. However,
its duration time is limited as well as the possible yearly integrated luminosity and it cannot run with polarised gas.
Furthermore, the luminosity can barely be directly estimated.

To achieve the physics reach proposed in this report with gas-target solutions, it is important to increase the gas density
with respect to SMOG and to opt for a more flexible gas system with polarised gases for spin physics. Moreover, running

16 The proton polarisation for the NH; target and for the 2015 analysed data sample was in average 73% [81].

17" The process of the annealing consists of removing the *He gas, warming up to 70 K, cooling down and re-filling with 3He. In total it takes
one week for the COMPASS system.
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Table 8
Qualitative comparison of the various technological solutions.
Internal-gas target Internal-solid target with beam halo Beam splitting Beam extraction

Characteristics SMOG Gas Jet Storage Cell
Run duration® * ok *k * *k * K *
Parasiticity” *k *k *k * ok * ok x
Integrated luminosity* * * k k * %k * ok * ok Kk
Absolute luminosity determination! *ox ok * *x * ok Kk
Target versatility® * *k *k * *k * * *
(Effective) target polarisation’ - * * K >k - - [ % *
Use of existing experiment” *k ok ak * *ok ok -
Civil engineering or R&D ' Kok ok Kk ok *ok *ok ok *
COSt * * k *k *k * * k ok *
Implementation time * k k *ok ok * k k *k *
High x * * * * * x Kok * ok * Kk dk
Spin Physics - * * ok * k% - - [ xx * * *
Heavy-lon * * kK * Kk * *k ok * K Kk

2% % x: No limitation; *: possible limitation; : data taking for special runs only.

b4 % x: no impact on the other LHC experiments; %: no impact pending constraints; : significant impact.

“x % *x: highest; »x: high; x: moderate [corresponding to 1 LHC year].

4y % *: direct with small uncertainty; *: direct with moderate uncertainty; : indirect.

€x * x: no limitation; «*: some target types are not possible; x: only a few target types are possible.

fx » %1 highest; **: high; *: moderate.

eWith a redesigned E1096 target.

N4 % %: without any experiment/beam-pipe modifications; ++: with slight experiment/beam-pipe modifications; : with slight experiment/beam-pipe
modifications and potential non-optimal acceptances.

e % %% NONe; »  +: some R&D; »+: some R&D with possible show stoppers;  significant civil engineering.

with hydrogen gas allows one to obtain a reference measurement with protons as target for high-x and heavy-ion physics.
For that purpose, the gas-jet and storage-cell solutions are probably the most promising — with the highest luminosity
for the storage-cell solution. Note, however, that the cell coating has to be compatible with the LHC vacuum constraints,
which seems not to be the case of the original HERMES target. In the target chamber of the gas-jet system, one can also
inject nuclear-target gases, however this was not tested at RHIC and the possible gas density in that case was estimated.

The internal-solid-target solution directly on the beam halo has the advantage to be compatible with various target
species. This solution suffers however from a low luminosity and will likely impact the LHC-beam stability. The beam-
splitting solution, by using a slow beam extraction with a bent crystal, will probably have less impact on the LHC beam
and will allow one to run for a longer period and with thicker targets. If coupled with a redesigned E1039 target, it would
allow for spin physics.

Finally the beam-extraction solution is more suitable for the physics reach. However the necessary civil engineering
would largely increase the cost by more than one order of magnitude and the implementation time with respect to the
other solutions that are at reach with limited technical developments.

3.6.2. Comparison of the luminosities achieved for AFTER@LHC with the various technological solutions

Table 9 compares the instantaneous luminosities, the expected running time with the proton or lead beam and
the integrated luminosities achievable in one LHC year of data taking, for the various technical solutions described in
this section. These numbers should be interpreted as maxima, and can be decreased according to data-taking-detector
capabilities (see Section 4). For the internal-solid target with beam-halo, beam-splitting and beam-extraction solutions,
the fluxes of proton and lead on target are assumed to be 5 x10% s~! and 10° s~!, respectively. As can be seen from
Table 9, the highest luminosity which can be achieved in pH" collisions is about 10 fb~! with a storage-cell gas target.
Integrated luminosities of about the same order of magnitude could be reached with the E1039 target with a beam-
splitting or beam-extraction option. The gas-jet solution gives luminosity about two orders of magnitude smaller than
the storage cell for polarised hydrogen. For unpolarised pH, collisions, the performances of the storage-cell and gas-jet
targets are similar, of the order of 40-50 fb~!. In proton-nucleus collisions for large nuclei, the storage-cell and gas-jet
targets also give the best integrated luminosities (on the order of the fb~1). In order to obtain similar luminosities in pW
collisions with an internal solid target would require the width of the target to be of about 50 mm (or the usage of serial
targets). In lead-nucleus collisions, the performances of the storage-cell and gas-jet targets are also the best, allowing for
the collection of approximately 1 fb~! in PbH, and 30 nb~! in PbXe collisions.

3.6.3. Comparison of the polarised-target performances for STSA measurements

Table 10 shows the comparison of the figure of merit for STSA measurements, for the various polarised targets
described in this section. The nominal LHC-proton-beam flux is considered for the gaseous targets while the expected
proton-beam flux extracted by means of a bent crystal is considered for the E1039 and COMPASS targets. While the
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Table 9
Summary table of the achievable integrated luminosities for the various technical solutions described in this section.
Target Beam
p Pb
c At fc c At Jc
[em™2 s71] [s] [nb~1] [em™2 s71] [s] [nb~1]
SMOG He, Ne, Ar 5.8 x10% 25 x10° 15 x10° 7.4 x10% 1.0 x10% 7.4 x107?
H' 4.3 x10%° 1.0 x 107 4.3 x 104 5.6 x 10%° 1.0x 10° 56 x107!
H, 3.6 x 103334 1.0 x107 3.6 x 1078 1.2 x 10%° 1.0 x 106 1.2 x10?
Gas-Jet Dt 4.3 x 10% 1.0 x107 43 x10* 5.6 x10% 1.0 x10 56 x107!
Internal gas 3He! 3.6 x 103 1.0 x107 3.6 x10° 47 x10%8 1.0 x10% 47
target Xe (3.6 +-18) x 10°" 1.0 x107 (3.6 +18)x 10° (0.5+2.3)x 10® 1.0 x10° 5.0=+23
H' 9.2 x 10% 1.0 x107 9.2 x10°8 1.2 x10%° 1.0 x10° 1.2 x10?
H, 5.8 x 103 1.0 x10” 5.8 x107 1.2 x10%° 1.0 x105 1.2 x10?
Storage Cell pt 1.1 x 10%3 1.0 x107 1.1 x107 8.8 x10% 1.0 x10° 88
3He! 3.7 x 10* 1.0 x107 3.7 x107 8.3 x10% 1.0 x105 83
Xe 2.3 x 10% 1.0 x107 2.3 x10° 3.0 x10%8 1.0 x10% 30
Tareet on the Wire target C 2.8 x10%° 1.0 x107 2.8 x10* 5.6 x10% 1.0 x10° 56 x10~!
befn ol (05 mm% Ti 1.4 x10% 10 x107 14 x10* 2.8 x10% 10 x10° 2.8 x10!
) w 1.6 x10%° 1.0 x107 1.6 x10* 3.1 x10% 1.0 x10° 3.1 x107!
NH! 7.2 x10%! 1.0 x107 7.2 x10° 1.4 x10% 1.0 x10 14
E1039 2
ND, 7.2 x10% 10 x107 7.2 x10° 14 x10% 10 x10° 14
Beam splitting )
Unpolarised C 2.8 x10° 1.0 x107 2.8 x10° 5.6 x10% 1.0 x10° 5.6
solid Ti 1.4 x10°! 1.0 x107 1.4 x10° 2.8 x10% 1.0 x10° 2.8
target (5 mm) W 1.6 x10*! 1.0 x107 1.6 x10° 3.1 x10% 1.0 x10% 3.1
NH! 7.2 x10%! 1.0 x107 7.2 x10° 1.4 x10% 1.0 x10° 14
E1039 2
Beam ND, 7.2 x10% 1.0 x107 7.2 x10° 14 x10% 10 x10° 14
extraction
NH] 1.0 x10% 1.0 x107 1.0 x107 2.0 x10% 1.0 x10% 2.0 x10?
COMPASS SLip? 1.9 x10% 1.0 x107 1.9 x107 3.9 x10% 1.0 x10° 3.9 x10?
butanol T 2.7 x10% 1.0 x107 2.7 x10° 5.3 x10% 1.0 x10% 53
Table 10

Comparison of the target performances for STSA measurements. From left to right: target, target polarisation (Pr), average dilution factor ({f))
or depolarisation factor (e), total number of nucleons in the target ()_;A;), target areal density (firge), instantaneous luminosity (£), effective
polarisation (Peg) and spin figure of merit of the target and beam (F).

Target Pr (f) or « YA Orarget c P F

[em™2] [em™2 s71] [em™2 s71]
NH3; E1039 0.85 0.17 17 1.4 x10% 7.2 x10°! 0.021 2.6 x10°
ND; E1039 0.32 0.30 20 1.4 x10% 7.2 x10°! 0.009 1.3 x10*
NH3; COMPASS 0.90 0.18 17 2.0 x10%* 1.0 x10% 0.025 4.3 x10%
Butanol COMPASS 0.90 0.14 74 5.3 x10% 2.7 x10% 0.015 3.0 x10%
611 046{‘ 24 33 32
LiD COMPASS 043" 0.250 8 3.9 x10 1.9 x10 0.050 7.6 x10
H HERMES like storage cell® 0.85 0.95 1 25 x10™ 9.2 x10% 0.650 6.0 x10%
3He HERMES like storage cell 0.70 0.33 3 1.0 x10® 3.7 x10% 0.053 5.9 x10*
D HERMES like storage cell® 0.85 0.92 2 2.9 x10™ 1.1 x10%* 0.610 1.3 x10*
H RHIC-like gas jet 0.96 0.97 1 1.2 x10%? 4.3 x10%° 0.860 3.7 x10%°
3He RHIC-like gas jet 0.70 0.33 3 1.0 x10™ 3.6 x10%* 0.053 5.8 x10%!
D RHIC-like gas jet 0.85 o(1) 2 1.2 x10% 43 x10%° 0.720 6.2 x10%°

aFor D.

bFor 6L,

°T =300 K, £ = 100 cm.
4T =300 K, £ = 100 cm.
eT =300 K, £ = 100 cm.

absolute systematic error on STSA measurements is governed by the precision on the luminosity measurement for the
two polarisation states (strictly speaking, the determination of their relative luminosity), the relative error will mainly
come from the knowledge of the polarisation (usually determined with a precision of about 3%-4%, see e.g. [111,126]).

The ‘HERMES’ H-gas target has the best figure of merit, on the order of 6 x10%?

cm 257!

. Using a cooled storage cell

at T = 100 K, the gas density would increase by a factor of +/3, leading to an increase in the instantaneous luminosity
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Fig. 8. Comparison of the kinematical coverages of the ALICE and LHCb detectors at the LHC and the STAR and PHENIX detectors at RHIC. For
ALICE and LHCb, the acceptance is shown in the collider and the fixed-target modes for a 7 TeV proton beam. For LHCb, the target position is at
the nominal Interaction Point (IP), i.e. Zgger = 0, and the acceptance is also shown for two other positions corresponding to Zgrger = —0.4 m and
—1.5 m on the opposite side of the spectrometer (see text for more details). For ALICE, the acceptances are shown for a target located at the IP as
well as at zgger = —4.7 m on the opposite side of the Muon spectrometer. The fully filled rectangles refer to detectors with particle identification
capabilities, the double-hatched rectangles to electromagnetic calorimeters and the hatched rectangles to muon detectors.

to 1.59 x10%* cm™2 s~!, which is about 16% of the pp collider luminosity. The figure of merit F would increase up to
1.04 x10%* cm™2 s~'. The ‘RHIC’ H-jet-gas-target figure of merit is smaller by two orders of magnitudes with respect to
the ‘HERMES’ H-gas target, because of the smaller achievable gas density. Similar performances as the ‘RHIC’ H-jet gas
target can be reached with the solid E1039 and COMPASS targets. Due to the larger length of the COMPASS target, the
figure of merit of the COMPASS target is better with respect to the E1039 one, at the cost of less portability and the likely
impossibility to couple it to the beam-split option.

4. Detector requirements and expected performances

The ambitious physics case outlined in this document imposes significant requirements on the detector needed for
such an experiment. The particle production is shifted towards larger angles, and the rapidity shifts are Ay = 4.2 and 4.8
for a beam energy per nucleon of 2.76 and 7 TeV, respectively. Fig. 8 shows the rapidity acceptances of ALICE [152] and
LHCb [153] detectors in the collider and fixed-target modes for a given target position (see caption), in comparison with
the STAR [154-157] and PHENIX [158] detectors at RHIC.

As outlined by this comparison of LHC detectors used in a fixed-target mode, the major advantage of a fixed-target
experiment is that particle production can be easily measured at very large values of negative-y. ,, s. with standard detector
technologies. On the other hand, the full forward hemisphere is compressed into a very small solid angle area. The
instantaneous luminosities with a fixed-target experiment by using the LHC beams are expected to be high, as described in
the previous section, leading to large inelastic rates and allowing one to probe the full rapidity range with high statistics for
many processes. In this section, we will first describe the general detector requirements in order to achieve the rich physics
programme proposed in that paper for a fixed-target experiment at the LHC, and we will then discuss more specifically
possible implementations with the existing detectors of the ALICE and LHCb experiments. The two implementations will
be compared in terms of rapidity coverage, integrated luminosities and physics reach.

4.1. Detector requirements

The rapidity range in the laboratory frame of a fixed-target experiment should be as broad as possible covering the
regions of backward and mid-rapidity in the c.m.s., i.e. from y;;p. = 0 to y1p. = 4.2 and 4.8 with a beam energy per nucleon
of 2.76 and 7 TeV, respectively. A multi-purpose experiment with detectors able to identify particles such as electrons,
hadrons, photons as well as muons down to low pr would fit better the rich physics programme proposed here. A
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Fig. 9. The averaged charged-particle multiplicity as a function of the pseudo-rapidity in the laboratory frame for the most central collisions in PbAr,
PbXe and PbW collisions at /syv = 72 GeV in a fixed-target mode and for various event centrality intervals in PbPb collisions at ./syy =5.5 TeV in
a collider mode.

high-resolution vertex detector would allow one to measure precisely the primary and secondary vertices associated
to the production of heavy-flavour hadrons. A polarised target requires space, e.g. for pumping system and diagnosis
apparatus in the case of a gas target, and it is challenging, but possible, to couple it with a large angle detector.

The physics case comprises lead-nucleus collisions with instantaneous luminosity that can reach up to
3 x 10”2 cm~2 s~! as well as proton-proton and proton-nucleus collisions with instantaneous luminosity up to 103
cm~? s~!. These numbers correspond to the maximum luminosities in each colliding system quoted in Table 9. The
detectors must be able to cope with the occupancies and fluences for both of these configurations. In the case of the
heaviest nuclear collisions foreseen, PbXe and PbW collisions at ./syy = 72 GeV, the average number of charged particles
is maximal at n,, ~ 4.2 and amounts to dNy/dn ~ 600 — 700 for the most 10% central collisions according to
EPOS [114,159]. The charged-particle multiplicity is shown in Fig. 9 for various heavy-ion systems as a function of the
pseudo-rapidity in the laboratory frame and is compared to the one obtained at the LHC in a collider mode. In a fixed-target
mode, the multiplicity does not exceed the one obtained in PbPb collisions at ,/syy = 5.5 TeV in a collider mode. If one
considers the maximum instantaneous luminosities quoted in Table 9 and the inelastic cross-sections from EPOS'8 one
ends up with inelastic rates corresponding to 36 MHz, 300 MHz and 190 kHz in pp, pXe and PbXe collisions, respectively.
These numbers are, for the pp and AA cases, of the same order of magnitude than the maximum rates planned for LHC in
a collider mode in Run 3 and Run 4.

4.2. Possible implementations with existing apparatus

The proposed physics programme is rich and it is clear that building a completely new experiment would allow one to
cope with the various requirements briefly detailed above. However one could already use an existing detector at the LHC
in order to cover a large part of the physics programme. In this respect, the right panel of Fig. 10 shows the evolution of the
rapidity coverage in the c.m.s. frame with ,/syy. The rapidity phase-space decreases while lowering the energy. While in a
collider mode a forward-angle detector with 2 < n < 5 covers approximately a forward-rapidity region of 2 < y.ms < 5,
in a fixed-target mode the same detector covers the mid-rapidity region as well as half of the backward-rapidity region.
In the case of a proton beam of 7 TeV on a fixed target, the rapidity coverage for the mentioned pseudo-rapidity range is
—2.8 < Yems. < 0.2

In the following sections, we will discuss possible implementations of the fixed-target programme at the LHC with
two existing experiments: ALICE and LHCb. The detectors will be briefly presented in both cases as well as their upgrades
planned for LHC Run 3 and 4 and we will discuss their ability to cover the physics programme described in this document.
In the case of LHCb, a fixed-target programme has recently started with a reduced luminosity and some aspects of the
fixed-target mode will be described. For both experiments, the rapidity acceptance, the achievable luminosities as well
as the physics reach will be discussed for various fixed-target systems and based on experimental constraints.

18 15 order to compute the inelastic rate, we use the inelastic cross sections from EPOS, oine;. = 39 mb in pp collisions at /s = 115 GeV, ojpel, =
1.3 b in pXe collisions at ./syy = 115 GeV and oj,e. = 6.2 b in PbXe collisions at ,/syy = 72 GeV, and the instantaneous luminosities of 10** cm—2 s~',
2 x 10% cm™2 s7! and 3 x 102 cm~2 s~! in pp, pXe and PbXe collisions, respectively.
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Fig. 10. The y.ms coverage as a function of the colliding energies per nucleon pair (,/Syn). The red solid lines represent the beam rapidity. The
solid, dashed and dotted black lines respectively show the y.ms coverage for the J/v, T(1S) and W*/~ production. The horizontal lines show the
Yem.s. acceptance of a detector with a pseudo-rapidity coverage in the laboratory frame of 2 < n < 5 for different colliding systems and modes
using the 7 TeV proton and 2.76 A.TeV Pb LHC beams: (1) pp and pA collisions in the fixed-target mode at ./Syv = 115 GeV, (2) PbA collisions
in the fixed-target mode at /syv = 72 GeV, (3) pp collisions in the collider mode at /s = 14 TeV, (4) PbPb collisions in the collider mode at
/Snv = 5.5 TeV, (5) pPb collisions in the collider mode at ./syy = 8.8 TeV, (6) Pbp collisions in the collider mode at ./syv = 8.8 TeV.

4.2.1. ALICE as a fixed-target experiment

The detectors of ALICE [152,160] are optimised for studying the QCD matter created in high-energy collisions of lead
nuclei. They are able to cope with high-multiplicity events and to track charged particles down to pr ~ 0.15 GeV/c at
mid-rapidity.

The Central Barrel (CB) detectors are embedded into the L3 solenoid magnet that provides a field of 0.5 T parallel
to the beam line. The inner most detector, the Inner Tracking System (ITS), tracks charged particles within || < 0.9
and allows one to reconstruct primary and secondary vertices. The two innermost layers of the ITS cover || < 2 and
In] < 1.4 for the first and second layer, respectively. The resolution on the longitudinal position of the primary vertex
ranges from 10 to 150 wm decreasing with the charged-particle multiplicity. The Time Projection Chamber (TPC) provides
track reconstruction as well as particle identification (PID) via the measurement of the specific ionisation energy loss
dE/dx in the gas volume. The phase space covered by the TPC in pseudo-rapidity is |n| < 0.9 with full radial track
length. The TPC acceptance can be extended by considering only 1/3 of the full radial track length (also denoted as “TPC
reduced track length” in the following) at the cost of worsening the momentum resolution. In that case, the pseudo-
rapidity acceptance is 7| < 1.5. The Time Of Flight (TOF) detector extends the PID via the measurement of the flight
time of the charged particles from the Interaction Point (IP). Its pseudo-rapidity coverage is |n| < 0.9. For that purpose
the TO detector located along the beam line measures the event collision time. The CB includes also High Momentum
Particles Identification Detector (HMPID), calorimeters (Electromagnetic Calorimeter: EMCal and Photon Spectrometer:
PHOS) and Transition Radiation Detector (TRD) for particle identification purpose. The transverse momentum relative
resolution measured with both ITS and TPC ranges from 0.8 to 2% for pr = 1 to 10 GeV.

At forward rapidity, the Muon Spectrometer (MS) covers the pseudo-rapidity range 2.5 < n < 4 in the laboratory
frame. It includes a dipole magnet with an integrated field of 3 Tm, five tracking stations and two trigger stations. A
system of absorbers located in front of the tracking and trigger stations and around the beam pipe is used for filtering
out the hadrons and to protect the chambers from secondary particles produced during interactions of large-» primary
particles with the beam pipe. The combined effect of the front absorber and of the iron wall implies the detection of
tracks matching the trigger chambers with p > 4 GeV. The relative muon momentum resolution is p/p ~ 1%.

The ALICE upgrade [161] is scheduled for the second LHC Long Shutdown (LS2) that will take place in 2019, 2020
and 2021, and will exploit the LHC Run 3 and Run 4. In order to allow for a continuous readout at an interaction rate
of 50 kHz in PbPb collisions at /syy = 5.5 TeV, many detectors or their electronics will be upgraded. In pp and pA
collisions, the detector upgrade will allow one to record data with a rate of 200 kHz. Fig. 58 presents a schematic view
of the ALICE detectors for Run 3. A new detector, the Muon Forward Tracker (MFT), a Si-tracking detector, is designed to
add vertexing capabilities to the MS by measuring charged tracks with a high spatial resolution. It is positioned along the
beam axis between the ITS inner barrel and the MS front absorber. The MFT will cover the pseudo-rapidity acceptance
2.5 < n < 3.6. The MFT capability to identify tracks coming from secondary vertices is measured by experimental
resolution on the track offset to the primary vertex, the latter being measured by the ITS. Resolutions below 100 and
1000 pwm are found for pr > 1 GeV in the transverse and longitudinal direction, respectively. These resolutions decrease
with increasing pr down to 25 and 180 pm at large pr in the transverse and longitudinal direction, respectively. It is
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Fig. 11. (a) niap, acceptance (between 2 curves) of the ALICE TPC as a function of the target position (Ziarge) upstream from the nominal IP. Solid
(dashed) lines refer to full (reduced) in the TPC; (b) nab. acceptance of the ALICE MS (solid lines) and MFT (dashed lines) as a function of Zgrget.

worth noting that the mass resolution will be greatly improved for the low-mass di-muon (M,,, < 1.5 GeV) by adding
the MFT to the MS. The mass resolution has been evaluated to be lower than 20 MeV for 1, ¢ and w mesons.

In a fixed-target mode and with a target positioned at the IP, the acceptance of the MFT and MS allow for measurements
in the rapidity regions of —2.3 < ycms. < —1.2 with a 7 TeV proton beam and of —1.7 < ycms. < —0.6 with a
2.76 A.TeV Pb beam. The CB covers the very rear region with a centre-of-mass rapidity of ycms < —3.9 and yems. < —3.3,
respectively, i.e. it allows one to access the very high-x region. The target can also be displaced upstream of the nominal
IP (on the A-side of ALICE, opposite to the MS). Fig. 11 shows the pseudo-rapidity acceptance of some ALICE detectors
as a function of the target position, where the acceptance is computed considering the geometry of the active detectors.
The acceptances are shifted towards the forward region when the target is displaced upstream of the nominal IP, in the
opposite direction of the MS. If the target is displaced by a large amount and if one wants to measure the primary and
secondary vertices precisely, a new vertex detector close to the target is then required. In case of a polarised target, its
polarisation may be modified with the magnetic field of the L3 magnet. This brings additional constraints on the target
position.

The occupancy of the AA collision systems is not an issue in ALICE since the detectors were designed to measure PbPb
collisions at /syy = 5.5 TeV and the average charged-particle multiplicity in a fixed-target mode does not exceed the one
in a collider mode as shown in Fig. 10.

As specified above, the detectors in ALICE will be upgraded in Run 3 in order to cope with an inelastic rate of 50 kHz
in PbPb collisions and 200 kHz in pp and pA collisions, in a collider mode. The rate is essentially limited by the detector
occupancy and, since similar occupancy is expected in 50 kHz PbPb and 4.5 MHz pp collisions, it might be possible to run
up to 1 MHz in pp and pA collisions in a collider mode. This is under discussion in ALICE. In addition, in a fixed-target mode,
a lower detector occupancy is expected and the rate will be limited by the occupancy in the MS acceptance, where the
multiplicity is the largest. By scaling the average charged-particle multiplicities of the fixed-target to the collider mode
in the MS acceptance, an increase in the ALICE readout rate by factors of about two in PbXe and ten in pH collisions,
respectively, can be projected. Further studies are needed to demonstrate if such a higher rate is sustainable.

The MS and the MFT will cover the physics programme described above with the detection of single muon from heavy-
flavours, muon pairs (such as DY) and quarkonia down to low pr. Further works are needed to estimate the level of
background for the critical analyses such as DY in AA collisions and in case the target is displaced upstream from the
ALICE IP. The CB can detect and identify neutral and charged particles in the very backward region. Further studies will
determine if the achievable luminosities allow one to complete some of the physics cases in this rear region.

There are ongoing feasibility studies on the installation of an internal solid target in the ALICE experiment [146]. The
beam splitting option is currently investigated, where the beam halo is deflected by a crystal placed ~ 70 m upstream
from the nominal IP, and the deflected particles hit the target located inside the L3 magnet. The target holder is envisioned
as an adjustable device, which facilitates moving the target from the parking position (outside of the beam pipe) to the
working point, 13 mm from the beam axis [162]. The mechanical design of the system is under study. The target system
could be integrated during LS3 at approximately 5 m from the interaction point (opposite side of the MS), in front of an
existing valve that will be located at 4.8 m from the interaction point in Run 3. The crystal and target devices could then
be used in Run 4.

4.2.2. LHCb as a fixed-target experiment
The LHCb detector [153,163] is a single-arm forward spectrometer, designed for studies of hadrons containing b and/or
¢ quarks. Its pseudo-rapidity coverage in the laboratory frame is 2 < 1 < 5. Such a geometrical coverage offers great
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opportunities when it is used in the fixed-target mode. It comprises a high precision tracking system, two ring-imaging
Cherenkov detectors for the identification of different types of charged hadrons, a calorimeter system to identify photons,
electrons and hadrons, and a muon system for the muon identification. The tracking system includes a silicon-strip vertex
locator (VELO) and four stations with a dipole magnet between the first and the other three stations. It can achieve a
relative momentum uncertainty of charged particles varying from 0.5% to 0.8% for the momentum between a few GeV to
100 GeV. The calorimeter system is composed of a scintillating pad, a preshower detector, an electromagnetic calorimeter,
and a hadron calorimeter. The muon system consists of five muon stations with alternating layers of iron and multiwire
proportional chambers. As described below, some detectors will be upgraded during the LS2 and the LS3, in order to
exploit the LHC Run 3 and Run 4 periods. A schematic view of the upgraded detectors is shown in Fig. 59. The different
subdetectors are as follows:

e VELO. The current VELO of LHCb is composed of 84 single-sided silicon strip sensors, operated in a secondary vacuum
inside the LHC beam pipe [153]. The VELO length is about 1 m along the beam. The pitch of the R sensors varies from
40 to 102 pm, and that of the ¢ sensors varies from 38 to 97 wm. The length of the shortest (longest) strip is 3.8 mm
(33.8 mm) for R sensors; The length of the shortest (longest) strip is 5.9 mm (24.9 mm) for ¢ sensors. The resolution
of the reconstructed primary vertex is 13 um in the x-y plane and 71 um in the z direction, assuming that the
number of tracks of the primary vertex is 25. When the number of tracks reduces, the resolution becomes slightly
worse. The resolution of the impact parameter is about 15 — 50 wm [100,163]. The excellent vertex reconstruction
ability allows one to well separate the primary vertex and the secondary vertex of B or charmed hadron decays. For
the LHCb upgrade during the LS2, the current VELO detector will be completely replaced by a new detector based on
hybrid silicon pixel sensors [164]. The pixel pitch is 50 wm x 50 pm. It will have the same physics performance and
can deliver a readout at 40 MHz. Compared to the current silicon strip VELO, the new VELO can cope with events
with much higher track multiplicity.

e Tracking. The first station of the current tracking system is based on silicon micro-strip. The other three stations,
which are located after the LHCb dipole magnet, are composed of silicon micro-strip inner trackers and straw drift
tube outer trackers. The relative momentum resolution is about 0.5%-1%. The mass resolution of K? mesons is
3.5 (7)MeV if they decay inside (outside) the VELO. For the LHCb upgrade, the first station will be replaced by high
granularity silicon micro-strip planes, and the other stations will be replaced by scintillating fibre trackers [165]. The
momentum resolution will be about 10%-20% better than the current resolution.

e Calorimeter. The electromagnetic calorimeter is composed of a sampling scintillator-lead structure. The hadron

calorimeter is a sampling scintillator-iron structure. The mass resolution of low transverse momentum 7% mesons,

reconstructed with well-separated photons, is 8 MeV. For 7° mesons with transverse momentum greater than 2 GeV,
the mass resolution is around 20 (30) MeV for those reconstructed with well separated (merged) photons. If one uses

converted photons, the resolution of the mass difference between M(u* ™y ) and M(u™ ™) is around 5 MeV for x,

states. LHCb is now discussing an upgrade of the calorimeter that would occur in LS3 and LS4 [166], replacing the

current electromagnetic calorimeter by a silicon-tungsten sampling calorimeter.

Muon system. The muon system includes five rectangular shaped stations. The first station is made of triple Gas

Electron Multiplier detectors, while the other four are composed of multiwire proportional chambers. The di-muon

invariant-mass resolution is about 14 (43) MeV at the J /v (7 (1S)) mass. The muon identification efficiency is above

95% for the tracks with transverse momentum above 1.7 GeV.

e Readout. The current LHCb detector reduces the event rate from 40 MHz to 1 MHz at the first level hardware trigger.

After the LHC LS2, the upgraded hardware trigger will have the capability to read the full event information at a rate

up to 40 MHz.

HERSCHEL detector [167].

LHCb installed a HERSCHEL (High Rapidity Shower Counters for LHCb) subdetector for Run 2 of the LHC. It is a

system of forward shower counters consisting of five scintillator planes with PMTs. These five stations are installed

perpendicular to the beam, their z coordinates are —114m, —19.7 m, —7.5m, +20m, and 4114 m, respectively.

The z direction of the coordinate system is from the VELO to the muon system along the beam, and the origin is the

interaction point inside the VELO. Combining with other LHCb subdetectors, HERSCHEL greatly extends the sensitivity

to detect charged particles at high pseudo-rapidities: —10 < n < —5,—-3.5 <n < —-1.5,2 < n < 5,and 5 < 5 < 10.

The capability of LHCb to cope with high-multiplicity events and the limit on the event charged track multiplicity will
be defined with the ongoing data reconstruction of PbPb collisions at 5 TeV and PbAr collisions at 69 GeV. The occupancy
of the VELO is essential to determine the track reconstruction, since the VELO provides the best position precision among
all subdetectors of the tracking system. As shown in Fig. 19 of Ref. [100], the cluster occupancy in the current VELO varies
from 0.4% to 0.6% depending on the positions of the silicon strips. This result is obtained with a data sample passing
a random trigger on beam crossing, and the average number of visible interactions per beam crossing is @ = 1.7. The
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Fig. 12. (a) J/¢ yield as a function of transverse momentum in pAr collisions. (b) D meson cross-section as a function of centre-of-mass rapidity in
pHe collisions. In both cases, the data are collected by the LHCb detector in the fixed-target mode.
Source: Adapted from [168].

occupancy of the upgraded VELO will be significantly reduced owing to the replacement of silicon strips by hybrid silicon
pixels. As shown in Fig. 20 of Ref. [164], the cluster occupancy is 0.08% for the pixels closest to the IP (0.5 mm). It drops
rapidly below 0.01% as the radius increases. This result is obtained using simulated minimum-bias events at u© = 5.2.
When the difference of the data samples is taken into account, the occupancy of the upgraded VELO is expected to be
reduced by a factor of approximately 20.

As discussed in Section 3.3.1, since the pilot runs of pNe and PbNe in 2012 and 2013, the direct injection system
SMOG [112] is used in the fixed-target mode by injecting different gases inside the VELO vessel. For the 6.5 TeV proton
beams, only special runs, like van der Meer scans or the period corresponding to the ramp up of the beam energy, were
used. The time duration of pHe, pNe and pAr collisions was typically 10-20 h for each year, respectively. For 2.5 TeV proton
beams, the proton-gas data were taken in parallel with pp collisions; the time duration of pHe collisions was around 100 h,
and that of pNe was around 200 hours. Only Neon and Argon gases were used with lead beams. During the PbPb LHC run
in 2015, PbAr data were taken with a time duration of approximately 50 h.

Even though the data taking time was limited, SMOG delivered physics results [116,168]. The LHCb collaboration
reported the anti-proton differential-cross-section measurement in pHe collisions and the pAr run demonstrated the LHCb
capabilities for charmed meson and charmonium reconstruction in the fixed-target mode. Both the J/v» — u™u™ and
D° — K¥x* were measured with an excellent mass resolution and an adequate efficiency [117]. Fig. 12 shows the ratio
of J/ and D° yields evaluated in pAr collisions at ./syy = 110 GeV.

When the SMOG data were taken in parallel with pp or PbPb collisions, the trigger of the SMOG related events was
designed to fully utilise the data acquisition (DAQ) potential. When the DAQ busy time was too large, tighter cuts were
used for the SMOG trigger.

In a fixed-target mode and with a target positioned at the IP, the LHCb detectors probe a rapidity region of —2.7 <
Yems. < 0.3 with a 7 TeV proton beam and of —2.2 < ycms < 0.8 with a 2.76 A.TeV Pb beam. If the target is shifted
by 0.4 (1.5) m on the opposite side of the spectrometer, one obtains the following acceptance by simply considering the
active parts of the detectors including the VELO: —2.7 < Ycms. < 1.3 (—0.7 < yems. < 1.8) with the proton beam and
of —2.2 < yems. < 1.8 (—=0.2 < Yems. < 2.3) with the Pb beam.

Studies were carried out for the installation of polarised and unpolarised high-density gaseous target in the LHCb
experiment [146]. It was proposed to inject the gases in a storage cell (as described in Section 3.3.3) attached to the
end of the VELO RF shields and located at 0.4 m from the nominal IP. This project, denoted SMOG2 [169,170], would
significantly increase the luminosity, by up to a factor of 100. A baseline scenario was discussed in [171] for Run 3 with
the following integrated luminosities: £,y = 150 pb~', £,p = 9 pb~', Lpar = 45 pb~!, Ly = 30 pb~' and Ly, =
22 pb~lat \/syy = 115 GeV as well as Lppar = 50 nb~!, Lppy = 10 nb~! and Lps, = 5 pb~! at /Sy = 72 GeV. SMOG2
will be a first step towards the fixed-target programme described in this paper. The storage cell was also proposed to
be used with a polarised set-up [172] with an atomic-beam source, a gas diagnosis system and a magnet that would
provide a 0.3 T field, transversally to the beam axis. In this case, the target position has to be defined according to the
space availability in front of the VELO vessel. The target cannot be inside the VELO vessel because of the high gas flow
that requires differential pumping system in a separate target chamber. Studies are ongoing with a target displaced by
1 — 2 m from the IP in front of a sector valve which isolates the target chamber from the VELO [173]. In these studies, a
vertex detector is proposed behind the target. An installation of such a polarised target system is not foreseen before LS3.
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Fig. 13. Centre-of-mass-rapidity (y.m..) coverage as a function of the colliding energies per nucleon pair (/Syy) as in Fig. 10. The blue lines represent
the acceptance of the TPC and MS of ALICE. The full, long-dashed and short-dashed lines correspond to targets located at the IP, upstream of the
IP, at Zger = —2.75 and —4.7 m, respectively. The dash-dotted green lines represent the acceptance of the LHCb detector with a target at the IP
and the full green lines with a target upstream of the IP by Zgger = 1.5 m. The long-dashed and short-dashed blue lines as well as the dash-dotted
and full green lines are shifted in energy for a better visibility.

4.2.3. Comparison of possible implementations

Fig. 13 shows the y.ms. acceptances of the ALICE and LHCb detectors for two fixed-target energies, namely /Syy = 72
GeV and 115 GeV. The rapidity coverages with a target position at the nominal IP are shown as full line for ALICE and
dash-dotted line for LHCb. The latter corresponds to the case of LHCb used as a fixed-target detector with the SMOG
system. The acceptances are also shown with two (one) other target positions for ALICE (LHCb), where the acceptance is
determined considering the geometry of the active part of the detector as detailed in Section 4.2.1 and 4.2.2. For a target
located at the IP, the ALICE MS and the LHCb detectors cover the central y. s region as well as half of the backward
rapidity acceptance (Ycms. < 0), while the ALICE CB has the particularity to probe the target-rapidity region and the end
of the phase space (x, — 1 and xr — —1). When the target is shifted on the opposite side of the detector, the rapidity
interval probed is shifted forward. In the ALICE and LHCb cases, the wide y. s range makes these detectors suitable to
study the rapidity dependence of various probes.

Tables 11 and 12 show the achievable luminosities using the ALICE and LHCb detectors during one LHC year, if one
considers as a limitation the aforementioned experimental data-taking rates in the collider mode and by considering the
luminosities of Table 9. As specified in Section 4.2.1, a higher rate could be envisioned in some cases since the charged-
particle multiplicity is lower in the fixed-target mode. We have also assumed that ALICE and LHCb could run in the
fixed-target mode during the full year with proton (107 s) and lead beams (10° s) with the corresponding instantaneous
luminosities. In some cases, namely the gas-jet, the storage-cell and the solid target coupled to the beam splitting by a
crystal, the resulting interaction rates are high and close to those expected in the collider mode for the LHC Runs 3 and
4. Additional limitations will arise from various constraints such as the disk storage, the high-level trigger, the radiation
level, the simultaneous running with the collider mode, etc. The Run 3 and Run 4 programmes for ALICE and LHCb are well
settled in the collider mode and any fixed-target-running scenario will have to comply with these programmes. These
constraints are not discussed in this review as they deserve dedicated studies within the experiments. In the following,
we discuss the luminosities obtained with the three technical implementations in both the ALICE and LHCb set-ups and
comment on the luminosity needs for some of the physics cases that will be described in Sections 5.1-5.3.

With LHCb, the luminosity reach with a proton beam on an hydrogen target can be very large, up to yearly luminosity
of the order of 10 fb~!, if one can run at 40 MHz for a full LHC year. As discussed in Section 5.1, this will allow one to
measure hard probes such as W or associated J /¢ production, to collect very large statistics for DY and probe the D meson
production at the most backward rapidity range. For example, DY measurements are very useful to probe the light quark
and anti-quark PDFs at high-x and a low scale, 1, even with a reduced luminosity of 1 fb~!. By using nuclear solid or gas
targets, one can reach luminosities on the order of 100 pb~!, and even more depending on the target option, allowing one
to probe the nuclear PDFs with a very high precision by measuring DY, open heavy flavour and quarkonium production.
With proton and lead beams, the luminosity reach for ALICE is lower than for LHCb because of the lower data-taking
rates. However, the rapidity coverage is complementary as well as the physics reach. Even though with ALICE the yearly
luminosity can be as high as 250 pb~! with a proton beam on a H-gas target, a luminosity of about 40 pb~! with the
ALICE detectors would already allow one to measure low energy p, thanks to the very backward rapidity coverage, in
p+ p — p + X. This measurement would improve our knowledge of the cosmic p spectrum. The p spectrum could be
further measured with various target types, such as He or C with the gas or solid target option, respectively.
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Summary table of the achievable integrated luminosities with the ALICE detector accounting for the data-taking-rate capabilities in the collider mode
and by considering the luminosities of Table 9. As detailed in the text, a higher inelastic rate (I}, ) depending on the collision system could be

envisioned. The inelastic cross sections (o) are taken from EPOS [114,159].

Target ALICE
Proton beam (/syy = 115 GeV) Pb beam (. /syy = 72 GeV)
L Oinel. Finel. fﬁ L Cinel. Tinel. fl:
[em™2 s7'] [mb] [kHz] [pb~!] [em™2 s71]  [b] [kHz]  [nb71]
H' 4.3 x10%° 39 168 43 5.6 x10% 1.8 1.0 5.6 x107!
H, 2.6 x10°! 39 1000 2.6 x10% 2.8 x10% 1.8 50 28
Gas-Jet D! 43 x10®° 72 309 43 5.6 x10% 22 1.2 5.6 x10~!
3He? 8.5 x10%° 117 1000 85 2.0 x10% 25 50 20
Internal gas Xe 7.7 x10®° 1300 1000 7.7 8.1 x107 6.2 50 8.1
target
Ht 2.6 x10%! 39 1000 2.6 x10% 2.8 x10% 1.8 50 28
H, 2.6 x10%! 39 1000 2.6 x10? 2.8 x10% 1.8 50 28
Storage Cell D! 14 x10°" 72 1000 1.4 x10% 22 x10% 22 50 22
3He? 8.5 x10%° 117 1000 85 2.0 x10% 25 50 20
Xe 7.7 x10%° 1300 1000 7.7 8.1 x107 6.2 50 8.1
Internal solid C (500 pm) 2.8 x10%° 271 760 28 56 x10% 33 1.8 56 x107!
tareet on beam  Wire target Ti (500 pm) 14 x10°° 694 971 14 2.8 x10% 47 1.3 2.8 x107!
o & W (184 um) 59 x102 1700 1000 59 - - - -
W (500 pm) - - - - 3.1 x10% 6.9 2.1 3.1 x10~!
£1039 NH] 24 x10° 420 1000 24 2.7 x10% 19 50 2.7
NDJ 1.9 x10® 519 1000 19 22 x107 22 50 2.2
o C (658 pm ) 3.7 x10% 271 1000 37 - - - -
Beam splitting C (5 mm) - - - - 56 x107 33 18 56
Unpolarised Ti (515 wm) 14 x10%° 694 1000 14 - - - -
solid target Ti (5 mm) - - - - 28 x107 47 13 2.8
W(184 pm) 5.9 x10% 1700 1000 5.9 - - - -
W(5 mm) - - - - 3.1 x107 69 21 3.1
Table 12
Same as Table 11 for the LHCb detector.
Target LHCb
Proton beam (,/syy = 115 GeV) Pb beam (/syy = 72 GeV)
L Oinel. Finel. fﬁ L Oinel. Finel. fﬁ
[em=2 s7!']  [mb] [kHz] [pb~1] [em=2 s7!']  [mb] [kHz] [nb~!]
H? 43 x10*° 39 168 43 5.6 x10% 1.8 1 5.6 x107!
H, 1.0 x10® 39 40000 1.0 x10* 1.2 x10%° 1.8 212 1.2 x10?
Gas-Jet D! 43 x10° 72 309 43 56 x10%° 2.2 1 5.6 x107!
3He! 34 x102 117 40000 3.4 x10° 47 x10%® 25 118 47
Internal gas Xe 3.1 x10°! 1300 40000 3.1 x10° 23 x10% 62 186 23
target
H? 92 x10*? 39 35880 9.2 x10° 1.2 x10%° 1.8 212 1.2 x10?
H, 1.0 x10® 39 40000 1.0x10* 1.2 x10%° 1.8 212 1.2 x10?
Storage cell D! 56 x102 72 40000 5.6 x10° 88 x10% 22 194 88
3He! 1.3 x10** 117 40000 1.3 x10* 83 x10%® 25 206 83
Xe 3.1 x10°! 1300 40000 3.1 x10? 3.0 x10% 6.2 186 30
Internal solid C (500 um) 28 x10*° 271 760 28 56 x10% 33 2 5.6 x107"
target on beam  Wire target Ti (500 pm) 1.4 x10%° 694 972 14 2.8 x10%° 47 1 2.8 x107!
halo W (500 pm) 1.6 x10%° 1700 2720 16 3.1 x10% 6.9 2 3.1 x107!
1039 NH] 72 x10°" 420 30240 7.2 x10? 1.4 x10% 19 259 14
ND] 72 x10°" 519 37368 7.2 x10? 14 x10% 22 314 14
Beam splitting
. C (5 mm) 2.8 x10°! 271 7600 2.8 x10% 5.6 x10% 33 18 5.6
Unpolarised ) 31 2 27
solid target Ti (5 mm) 1.4 x10 694 9720 1.4 x10 2.8 x10 47 13 2.8
W (5 mm) 1.6 x10°! 1700 27200 1.6 x10? 3.1 x107 6.9 21 3.1

With a transversally polarised H-gas target, luminosities from about 40 pb~! to 250 pb~! can be expected with ALICE
for one LHC year. As discussed in Section 5.2, this would allow one to access the spin asymmetry of probes such as A
in the CB and J/v in the MS. With a larger luminosity in LHCb, on the order of 10 fb~!, similar rare probes as those
mentioned above for the unpolarised case (W, associated J/v, DY, ...) will be accessible. These studies will definitely

advance our understanding of the internal spin structure of the proton and neutron.
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With a Pb beam on a heavy nuclear target, the luminosity is mainly limited by the impact on the beam lifetime for
the gas target and by the useable beam flux for the beam splitting case. The luminosities do not differ by more than a
factor of four between ALICE (£ = 8 nb~!) and LHCb (£ = 30 nb™!) for PbXe. In the case of the beam splitting option,
large luminosities are also expected (£ = 3 nb~!) for PbW. When the nuclear target is lighter, the Pb beam lifetime is
less affected and the luminosities are larger for the case of LHCb coupled to a gas target. A full programme of heavy-ion
studies can be carried out in the fixed-target mode at the LHC in particular with precise quarkonium measurements, with
studies of the heavy-quark energy-loss mechanism and a rapidity scan of the yield and elliptic flow of identified charged
particles over a broad rapidity range, as discussed in Section 5.3. These studies can be performed with large statistics in
PbA collisions but also in pp and pA collisions (see e.g. Table 20 for the 7" case), with the ALICE and LHCb detectors. In the
latter case, it is not yet established up to which event centrality the tracks can efficiently be reconstructed, in particular
for the heaviest nuclear target such as Xe. As discussed in Section 4.2.2, on-going studies will give more information on
the event-centrality reach with LHCb for the Run 3 and Run 4. A heavy-ion programme is already envisioned in LHCb in
Run 3 with Ar gas target that will allow one to study soft probes as well as hard probes such as open heavy flavour and
quarkonium production.

5. Physics projections

In this section, we review the projected performances for each of the 3 main topics. The assumptions considered
for the generation of pseudo-data for LHCb and ALICE will be given. Figures-of-Merits (FoM) will refer to AFTER@LHCD,
AFTER@ALICE,, or AFTER@ALICEg for pseudo-data generated in the acceptance of LHCb, the ALICE Muon Spectrometer
and the ALICE Central Barrel, respectively.

5.1. High-x frontier for particle and astroparticle physics

The purpose of this section is to address the question whether a modern fixed-target experiment with a record energy
and with high luminosities can help answer problems at the frontier of particle and astroparticle physics. We divide this
section into three parts for which the physics cases are quite distinct. In the first part, we discuss the impact of such an
experiment on our understanding of the high-x structure of nucleons. In the second part, the physics case for the high-x
structure of complex nuclei is considered. Finally, the third part is devoted to astroparticle-physics applications.

5.1.1. Nucleon structure

Much progress has been made in the past 30 years in our understanding of the partonic structure of nucleons.
The parton distribution functions (PDFs) are determined in global analyses [174-179] using a wealth of experimental
information from fixed-target and collider experiments. The analyses are routinely performed at next-to-leading order
(NLO) and next-to-next-to-leading order (NNLO) of perturbative QCD and the uncertainties of the PDFs are carefully
evaluated. Still, at high momentum fractions x, the PDFs are poorly known, in particular the smaller distributions. For
example, the uncertainty of the gluon distribution gets very large at x > 0.4 and the strange, charm and bottom PDFs
are completely unconstrained in this kinematic range. A better understanding of the high-x structure of the nucleon is
warranted for several reasons:

o First, while it is well known that the gluon carries over 40% of the nucleon momentum, most of the gluons
carry a small momentum fraction. On the other hand, in a constituent quark picture, it is rather the gluon
distribution carrying a high momentum fraction which can be interpreted as binding the constituent quarks together.
Furthermore, light-cone models predict a relatively sizeable high-x component of the strange, charm and bottom
PDFs. This means that the higher the probed x-values will be, the better these fundamental aspects of QCD can be
studied. Needless to say, that progress on the high-x gluon, strange and charm PDFs will lead to a refined picture
for the light-quark valence and sea distributions in this kinematic region.

e At the same time, PDFs are a crucial input for making theoretical predictions for observables at the LHC. In many
cases, the PDF uncertainty has become the limiting factor in the accuracy of the predictions. This is particularly true
for processes involving heavy new states in Beyond the Standard Model (BSM) theories where the high-x PDFs are
probed. Clearly, an improved understanding of the high-x PDFs is crucial for BSM searches at the LHC and any future
hadron collider, and AFTER@LHC offers the unique opportunity to study these aspects of high-x hadron structure in
detail.

Kinematic coverage of lepton pair production. As is well known, at leading order (LO) the cross section for DY lepton-pair
production in a collision of two nucleons A and B is given by the following expression:

d*c _ 4 a®

dxidx, — 9sx1Xy

PALACHHEIERACHIHED] (7)
i

where e; is the electric charge of the quark (in units of e) and the sum runs over all active quark flavours. Therefore, it

is clear that this process provides information on the (light) quark sea. Existing DY data which are used in global PDF

analyses come from fixed-target experiments at Fermilab (E866/NuSea, E605) and the LHC.
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Fig. 14. Simplified kinematical reach in x, for DY lepton-pair production with AFTER@LHCb and AFTER@ALICE in pp collisions at /s = 115 GeV

for different muon-pair acceptances and invariant masses. The acceptances in 7752') correspond to different target locations within (a) LHCb and (b)

ALICE. [No pr,, constraint is applied.]

The cross section is usually given as a function of the invariant mass of the lepton pair M) (at LO M? = X;x,s) and
the Feynman variable x; = x; — X, from which the momentum fractions x; ; can approximately be recovered using the

relation x1 2 = (4 /xf + 4t + x¢)/2 where 7 = Mfz/s. Correspondingly, one has in terms of the pair rapidity in the c.m.s.,

YE™S, X1.2 = Mo/ /se i

Fig. 14 shows a simplified kinematical reach with AFTER@LHCb and AFTER@ALICE for DY measurements at /s =
115 GeV considering different (pseudo)rapidity domains'® which follow from the acceptance of the specified detectors
viewed from the different indicated target locations. In the LHCb case, a target located at 0 or —0.4 m offers similar reaches
whereas at —1.5 m the reach is clearly shifted to lower x. In particular, even above the bottomonium region where the
statistics will be limited, one does not access x, = 1 any more. In the ALICE case, even with a remote target, e.g. at
—4.7 m, one can still reach x, = 1 between the charmonium and bottomonium family. The Intermediate Mass Region
(IMR) below the charmonium family, which de facto offers the largest statistics, still covers the valence region in the case
of the ALICE CB. Projection studies of the DY yield in this region, which is complementary to the DIS studies at JLab, would
however essentially rely on the technique used to subtract the combinatorial background. As such, they would be driven
rather by systematical uncertainty projections than by statistical ones. In this context, we will limit ourselves to discuss
DY projections above the charmonium family, namely for M,, > 4 GeV. However, this does not mean at all that IMR DY
studies are not possible with AFTER@LHCb and AFTER@ALICE.

In Fig. 15, the kinematical acceptance for DY lepton-pair production is shown assuming pp collisions at a c.m.s. energy
of /s = 115 GeV with an integrated luminosity of 10 fb~! and a single-muon acceptance of 2 < n}jb- < 5and pr, >
1.2 GeV. It should be noted that each cell contains at least 30 events. For comparison, the kinematic coverage of existing
DY data (E605, E866/NuSea) used in global proton PDF analyses is depicted.?? The NuSea data have been obtained in
800 GeV pp and pd collisions (/s = 38.8 GeV) covering the di-muon mass ranges from 4.2 to 8.7 GeV and 10.85 to
16.85 GeV and the Feynman-xr range from —0.05 to 0.8. As anticipated with our simplified kinematical-reach analysis,
AFTER@LHC will be able to extend the coverage up to even higher x-values close to one. Furthermore, while the NuSea
data are dominated by statistical uncertainties reaching 100% at the kinematic boundaries, AFTER@LHC will considerably
improve the precision due to the higher centre-of-mass energy and the higher luminosity.

The DY measurements at AFTER@LHC provide important tests of nucleon structure. In the limit xx — —1 and moderate
or small invariant masses M,, we have x; ~ Mfl/(s|xp|), X2 > |xg|. For example, for xr = —0.8, My, = 10 (M, = 15) GeV
we have x; >~ 0.8 and x; >~ 0.01 (x; =~ 0.02). In this kinematic region the ratio of the DY cross section in pn collisions with

the one in pp collisions is approximately given by (LO, u(x,), d(x2), s(x2), S(x2) < u,(x2), dy(X2), neglecting Z-exchange):

_o™(pn)  4i(x)d(x) + dxulx2)  4d(x2) +u(x) _ 1+4n,
©oD(pp) T 4u(xp)u(xy) + d(xq)d(xy)  4du(xz) +d(x2) 4+,

(8)

19 1n Fig. 14, we have made the approximation that Y2 ~ pla. ySms. is then obtained by subtracting 4.8 from Y'> which corresponds to the
rapidity shift between the lab. and c.m.s. frames with a 7 TeV beam.

20 we are grateful to V. Bertone from the NNPDF collaboration for providing us the points.
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Fig. 15. Kinematical acceptance for DY lepton-pair production with AFTER@LHCD in pp collisions at /s = 115 GeV with a muon-pair acceptance

of 2 < Y'a}} < 5 and single-muon requirements: 2 < nifb <5 and pf > 1.2 GeV. (a) Di-muon invariant mass vs. x, compared to the existing DY

data [180-183] used in current global PDF fits. (b) x; vs x, for the considered di-muon invariant-mass range of 4 GeV < M,,,, < 15 GeV excluding
7 mass range of 9 GeV < M, < 10.5 GeV. Colours correspond to expected yields of the DY signal in each kinematical region, and each coloured
cell contains at least 30 events. We stress that the bins with a number of counts less that 30 are not shown in these AFTER@LHCb projections,
whereas some of the shown data points from the FNAL experiments include bins with significantly less counts.

where d(x;) =~ ii(x;) has been used to arrive at the third equality and r, = d(x;)/u(x2) =~ d,(x;)/u,(x2). Interestingly,
exactly the same LO parton model expression is found for the ratio of structure functions F(x, QZ)/F§7 (x, Q2) in the limit
x — 1 which corresponds to elastic scattering. As a further consequence, the ratio R is bounded, 1/4 < R < 4, similarly
to the famous bounds for the ratio of DIS functions, 1/4 < Fy'/F) < 4, derived by Nachtmann [184]. The PDFs vanish
for x — 1 and generally, the high-x behaviour of the PDFs at the initial scale Qq is parametrised as xfi(x, Qp) o (1 — x)"i
where b; depends on the parton flavour “i”. Currently, only b,, is relatively well constrained with values in the range
2.6 < by, £ 3.6, which is in agreement with the expectation from counting rules [185] (b,, = bg, = 3), whereas by,
is known to a much lesser extent and varies strongly between 1.4 and 4.6 for different sets of PDFs, see Figs. 2 and 5
in [186].21 Note also that the CJ15 analysis [187] which has a particular focus on the high-x region points to a constant
d(x)/u(x) ~ 0.1 for x — 1 implying R — ~ 0.34. However, for the time being it is reasonable to allow for the possibilities
that r, can vanish, approach a finite value k, or diverge in the limit x — 1 (see Fig. 8 in [186]). Consequently, we find in
the limit x, — 1 that a measurement of R could constrain r, and provide important tests of different models of nucleon
structure [188-193].

Experimentally, it is the ratio of cross sections in pd over pp collisions which is accessible. Neglecting any nuclear
effects in deuterium the ratio can be written as

DY DY
Repn) = T2 _ o™ 1 ) ©
o"¥(pp) ¥ (pp) 4+r1,(x2)
Consequently, we find in the limit x, — 1
2 ;=1
Riyp —> {25 ; r,=0 (10)
5 Ty —> 00

and a sufficiently precise measurement of the ratio will allow one to determine r,(x) = d(x)/u(x) at high-x. In practice, a
full fledged QCD analysis at NLO or NNLO of the data needs to be performed.

Drell-Yan lepton-pair production and PDFs. In order to estimate the possible impact of the DY lepton-pair production in pp
collisions at AFTER@LHC on the PDFs, we have performed a profiling analysis [ 194] using the xFitter package [ 195]. For this
purpose we have used pseudo-data constructed out of NLO QCD predictions for the rapidity distributions in the c.m.s. using
the MCFM programme [ 196] and projected experimental uncertainties adding the statistical uncertainty from the DY yield
and the uncertainties from the subtraction of the combinatorial background in quadrature. The statistical uncertainties
were estimated assuming a yearly integrated luminosity of £,, = 10 fb~!. No additional systematic uncertainty has
been taken into account. The pseudo-data have been generated for several bins in the invariant mass of the muon pair

21 Needless to say that the exponents for the gluon and the quark sea are very poorly known.
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Fig. 16. DY lepton-pair-production cross section in pp collisions as a function of the muon-pair c.m.s. rapidity for the invariant mass 4GeV < M,,,, <
5GeV, with p’T‘ > 1.2 GeV. The NLO theory predictions obtained using CT14 PDFs are overlaid by pseudo-data.

My, € [4,51,15,61,[6,71, (7, 8] GeV and M,,, > 10.5 GeV) and have been constructed such that the central values of
the “measurements” and predictions coincide. This is illustrated in Fig. 16 for the invariant-mass bin 4 < M,,,, < 5 GeV.
In some cases the uncertainties are smaller than the data points and therefore not visible.”2 As can be seen, the band
showing the uncertainty of the theory prediction due to the NLO CT14 PDF uncertainties is much larger than errors of the
simulated data.

The effect of the profiling analysis, showing the decrease of the PDF uncertainties after including these data in a PDF
global fit, is presented in Figs. 17 (logarithmic in x) and 18 (linear in x) for the light-quark (f = u, d, u, d) distributions.
To be precise, for each of these PDFs the upper and lower curves delimiting the bands are defined as

1
Ri(x,Q) =1 M\/Zm(x,@ —fi(x, Q)I2, (11)

where fo(x, Q) is the central PDF and fi(x, Q) are the 'i-th’ error PDF in the plus or minus direction and a sum over all
eigenvector directions is performed. Remarkably, Fig. 17 shows a sizeable reduction of the PDF uncertainties not only
in the high-x but also in the intermediate and small x region (x ~ 0.1... 10~4). The effect is largest for the u and u
distributions but it is also substantial for the d and d PDFs. The main focus of this section is the high-x region which
is highlighted in Fig. 18. Here it can be seen that our knowledge of the valence quark distributions can be considerably
improved for x > 0.4 where the effect is again more pronounced for the up quark. However, even some information on
the light quark sea at high-x can be obtained.

Additionally, we have considered a scenario with luminosity reduced by a factor 10, i.e. £,, = 1fb~!. From Figs. 17 and
18, it is clear that even such a reduced statistics will allow for a substantial reduction of the current PDF uncertainties.

W boson production close to the threshold. Due to the high c.m.s. energy of 115 GeV, it is possible to study the production
of W bosons close to the production threshold.2> Assuming a yearly integrated luminosity of 10 fb~!, we expect roughly
250 W and 60 W~ events per year before taking into account the experimental efficiencies.”* These event numbers are
based on NNLO cross sections calculated by integrating over the pseudo-rapidity range 2 < n';b‘ < 5 and imposing a
requirement of p‘,i > 10 GeV on the transverse momentum on the W-decay lepton using FEWZ [197] together with NNLO
CT14 PDFs [5]. The factorisation and renormalisation scales have been chosen to be ur = ur = My . For convenience, the
cross sections at NLO and NNLO along with the event numbers and the PDF uncertainties are summarised in Table 13 for
a selection of p% kinematic cuts.

In Fig. 19, we show NNLO predictions for the differential cross section for W+ production in pp collisions at AFTER@LHC
as a function of the transverse mass My for the case of p‘} > 10 GeV (left) and the transverse momentum pf of the
produced lepton (right). The yellow band represents the PDF uncertainty and the error bars represent the uncertainty

22 Note that the covered rapidity range in the c.m.s. is from —2.8 < ycms. < 0.2 such that there are no generated data at rapidities ycm,s. > 0.2.
23 Note that the cross section for Z boson production is too low to be accessible at AFTER@LHC.

24 These numbers are for one leptonic decay channel. In a more realistic estimate, it will be necessary to sum up the electron and muon channels
taking into account the different efficiencies.
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Fig. 17. Impact of the DY lepton-pair production in pp collisions at /s = 115 GeV on the PDF uncertainties. The u, d, ii and d PDFs from CT14 [5]
are plotted as a function of x at a scale Q = 1.3 GeV before and after including AFTER@LHCb pseudo-data in the global analysis using the profiling
method [194,195]. Two scenarios with different integrated luminosities were considered: inner band: £,, = 10 fb~!, middle band: £,, = 1 fb~!
(the outer band represents current PDF uncertainties).
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Fig. 18. Same as in Fig. 17 on a linear scale highlighting the high-x region.

Table 13

Cross sections in [fb] at NLO and NNLO integrated over the pseudo-rapidity range 2 < nljb‘ <5 and imposing a cut p; > 10 GeV. The results have
been obtained for pp collisions at /s = 115 GeV with FEWZ [197] using the NLO and NNLO CT14 PDFs [5], respectively. The renormalisation and
factorisation scales have been set to ug = ur = My. The asymmetric uncertainties have been calculated using the error PDFs. The expected number
of events has been obtained with a yearly luminosity of 10 fb~!.

pp w+ w-
NLO NNLO Counts/year NLO NNLO Counts/year
ph > 10 Gev 225748 259728 259 + 49 55713 6.2111 62+ 13
pk > 20 Gev 19437 2313 23+ 12 038792 050102 5425
ph > 30 Gev 0.28%991 0271573 27+438 0.03579033 0.047903 0.4+0.7

due to renormalisation/factorisation scale variation by a factor 2 around the central scale choice ur = ur = My . As can
be seen, the PDF uncertainty dominates over the scale uncertainty for My > 20 GeV. It is also interesting to note that the
Mr distribution peaks at My ~ 25 GeV far below My, .

In the following, we illustrate that even a rough measurement of the W cross section at AFTER can provide interesting
information on the high-x behaviour of the light sea quarks. The LO cross section for W boson production reads

do _ 27 Gr
do 32
where the momentum fractions x;, are related to the (c.m.s.) rapidity of the W boson in the usual way, x;, =
(My, /+/5)e*. Assuming a diagonal CKM matrix and neglecting the contribution from the sc-channel one can easily derive

D Wil [ x0)8 (e) + @ (x1)af ()] (12)
ij
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Fig. 19. NNLO cross section in [fb/GeV] for W production in pp collisions at AFTER@LHC as a function of (a) the transverse mass Mr and (b) the
transverse momentum p% of the produced lepton. The cross section has been obtained by integrating over the pseudo-rapidity range 2 < n, < 5
(in the laboratory frame) using FEWZ [197]. For the Mr-distribution (left) p§ > 10 GeV has been imposed. The yellow bands represent the PDF
uncertainty and the error bars represent the uncertainty due to renormalisation/factorisation scale variation by a factor 2 around the central scale
choice ugr = ur = My.

the following ratio of cross sections:

o pn — W+ W) - L(pp > W +W") Cop—>Wr+w)
RW — y y = — J
on— W+ W)+ Z(pp - WH +W-) @(pd —> W+ W)

_ [u0a) — da)Ifi(xz) — d0x)] + [(x1) — d0a)]u(xz) — d(xz)]
[u(x1) + d(x)][E(x2) + d(x2)] + [A(x1) + d(x1)[u(x2) + d(x2)]
At central rapidity, x; = X, = x, the ratio reduces to the remarkably simple expression

w (1—1',,)(1—1‘5)

R"(Yems = 0) TSR (14)
where r,(x) = d(x)/u(x) and ry(x) = t_i(x)/ﬁ(x) at x ~ 0.3. Therefore, even a rough measurement of this ratio with about
30% precision could provide valuable information on the barely known ratio r, = a/ﬁ at high x. This would already
compete with the existing E866 measurements [183] and 10% precision would be welcome, which could be obtained by
accumulating W data over a couple of years. On the other hand, we estimate that such a measurement will not be able
to compete with the possible future SeaQuest DY measurements [198].

Another interesting aspect is that a measurement of vector-boson production close to the threshold could serve as a
proxy for searches of new heavy resonances at the LHC. As was highlighted above the W-boson production at AFTER@LHC
is predominantly off-shell. Therefore, one can expect a similar behaviour for a heavy new resonance with a mass close to
the c.m.s. energy. The current mass limits for such heavy resonances are typically on the order of 3 to 4 TeV depending
on the model. With increasing statistics even higher resonance masses will be probed, and we are approaching the region
of the production threshold where the high-x PDFs are probed and the PDF error becomes the dominant theoretical
uncertainty in precision calculations [199,200]. Furthermore, soft gluon resummation effects are expected to become
important [199] which could be partially tested at AFTER@LHC.

(13)

25

The charm quark PDF at high x. The high-x heavy-quark PDFs can be important for BSM physics in which new heavy
particles have couplings to the SM fermions which are proportional to the fermion mass or for models which predom-
inantly couple to the second and/or third generation [201]. Most global analyses of PDFs rely on the assumption that
the charm and bottom PDFs are perturbatively generated by gluon splitting, ¢ — QQ, and do not involve any non-
perturbative degrees of freedom. It is clearly necessary to test this hypothesis with suitable QCD processes. Conversely,
a non-perturbative, intrinsic contribution to the heavy-quark PDF in the proton comes from QCD diagrams in which the

25 At central rapidity in the c.m.s., y = 0, one has x; = X, = My /+/s. However, as shown in Fig. 19, most W bosons are produced off-shell. In
that case one can effectively replace x; = x, ~ M*//s with M* ~ 35 GeV.
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Fig. 20. Impact of the uncertainty on the charm content of the proton on the D° yield as a function of p; compared to projected uncertainties from
the measurement of the D° yield in pp collisions at /s = 115 GeV in the LHCb acceptance. The grey (resp. blue) zones correspond to yields computed
with charm PDFs including BHPS-like (resp. sea-like) IC [217,218]. The filled areas correspond to yields computed with up to (x..z) = 2% (resp. 2.4%)
and the hashed areas up to (x.,z) = 0.57%(resp. 1.1%). The dashed red curves indicate the factorisation scale (ur) uncertainty on the 'no-IC’ yield
obtained by varying ur between mr and 2mr with m% = m? + p%. Systematic uncertainties of 5% are included and the statistical uncertainty for the
background subtraction is assumed to be negligible which is reasonable assuming LHCb-like performances, see [117]. The rates were computed by
assuming an average efficiency of (¢) = 10% and B(D° — Km) = 3.93%.

heavy-quark pair is attached by two or more gluons to the valence quarks. It thus depends on the non-perturbative
intrinsic structure of the proton [202-204]. For a recent review, see [205].

There are extensive indications for charm production at high x, which are, however, not yet fully conclusive and new
data from the LHC, a future EIC and a fixed-target experiment like AFTER@LHC will be necessary. One example is the
EMC measurement of c(x, Q2) in muon DIS [206]. The rate observed by the EMC was found to be approximately 30 times
higher at x = 0.42, Q2 = 75 GeV? than predicted by gluon splitting [207]. In a more recent analysis, the EMC data have
been described in the context of a fitted charm quark distribution which increases the stability of the fit with respect to
variations of the charm quark mass [208]. In this study, the NNPDF collaboration found a fitted high-x component peaking
atx ~ 0.5 and carrying about 1% of the total proton momentum. At the same time, they observed that the EMC data cannot
be fitted with a perturbatively generated charm PDF and the additional parameters, effectively parametrising the high-x
intrinsic component, are needed to describe these data. Therefore, there is already some evidence for a high-x intrinsic
charm (IC) component carrying about 1% of the total momentum of the proton.2® IC also predicts the observed features of
the ISR data for g(—‘;(pp — AcX) [209] and more recently by SELEX [210]. In this process, the comoving c, u and d coalesce
to produce the A, at high xg, where xr = X, + x, + x4. Other observations at high xr include Ay, A, single and double
quarkonium, double-charm baryons ccu, ccd, we refer to [205] for a more complete overview. We also note here recent
works [211-213] providing predictions for doubly heavy baryons, B, mesons and all-charmed tetra quarks at AFTER@LHC
based on the intrinsic heavy-quark mechanism, showing that this mechanism should dominate at high x; allowing for
its observation at AFTER@LHC and potentially confirming the existence of the IC. Z. production at AFTER@LHC was also
studied from DGLAP-generated charm in [214]. Besides, the production of the hidden charm pentaquark P was found to
peak, for the AFTER@LHC kinematics, at about y,. >~ 1.4 [215] using the same formalism as that of a previous study for
the LHC kinematics [216].

A non-perturbative IC component modifies the predictions for a number of processes at the LHC such as inclusive D
meson production [219,220] or the associated production of a heavy quark with a photon [221] or Z + ¢ production [208].
However, in these examples, one has to go to relatively large transverse momenta or to very forward rapidities to expect
a sizeable effect.

Simply owing to the large boost between the laboratory frame and the c.m.s., the fixed-target mode is the ideal set-up
to uncover an excess of charm at high x. To illustrate this statement, we show, in Fig. 20, the relative yield uncertainty
for inclusive D° meson production at AFTER@LHC for three rapidity bins (2 < Y. < 3, 3 < Yiab. < 4,4 < Yiap. < 5) as
a function of the transverse momentum (Pr po) of the D° meson. An integrated luminosity of 10 fb~! has been assumed
to compute the expected yields - accounting for the expected efficiency and the branching ratio - from the theoretical
cross sections which have been obtained using the set-up described in [205]. From these yields, we derived the expected
uncertainties shown in the figures. The blue and grey bands (and hatched zones) correspond to two IC models. As can be

26 As we mentioned in Section 4.2.2, LHCb using the SMOG system has recently reported a charm production measurement [168] which in principle
should, as we advocate here, constrain the IC magnitude. Unfortunately, in the absence of an H target and of a thorough data meta-analysis including
theory uncertainty, such current constraints are in fact very weak.
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Table 14

Isolated J/v 4+ y production for three bins in the c.m.s. rapidity of the pair. From left to right: the average x,, the partial contributions to the
cross section from the gg-initiated and gg-initiated subprocesses (multiplied by the J/y branching into di-muons) [73] respectively, and the order
of magnitude of the expected number of events per year assuming a luminosity of 10 fb~! and a detector efficiency on the order of unity.

Isolated J /v + y (x2) ~ M%e’yw Ogg X By, [fb] g3 X By [fb] Counts/year

YSms] <05 0.10 ©(100) 0(0.2) ©(1000)

—15 < [Y$™5] < —05 025 o(50) 0(0.2) o(500)

—25 <YM < ~15 0.60 o(10) ©(0.04) o(100)
Table 15

J/¥ +]/¥ production for five bins in the laboratory rapidity of the pair. From left to right: the average x,, the partial contributions to the cross
section from the gg-initiated and qg-initiated sub-processes (with the J/y branchings into di-muons) and the order of magnitude of the expected
number of events (via di-muon pairs) per year assuming a luminosity of 10 fb~! and a detector efficiency on the order of unity.

I/ +J/v (x2) ~ %e“yﬂf‘s' oge X B2, [fb] ogg X B%,, [fb] Counts/year
45 <Y <5.0 0.13 o(5) o(1) o(50)

4.0 <Y <45 0.29 0(50) 0(10) 0(500)

35 <Y <40 0.45 0(50) 0(10) 0(500)

3.0 <Y <35 0.60 0(10) 0(10) 0(100)

25 <yl <30 0.77 o(5) o(2) 0(70)

vy

seen, even for Py po < 15 GeV the expected precision of the measurement will clearly allow one to considerably constrain
such IC model, by up to an order magnitude. At such large x, the perturbative charm is indeed suppressed.

The gluon PDF at high x. The available data from DIS structure functions and from DY lepton-pair production provide only
rather weak constraints on the gluon PDF, particularly at high x. Important information on the gluon density can be drawn
from inclusive-jet data and from top-quark-pair-production data. In the latter case, the differential distributions (y;, ¥,
p%, myz) have been shown to considerably reduce the uncertainty of the gluon PDF at high x [222]. Nevertheless, these
data provide constraints at quite large factorisation scales ur ~ 100 GeV and the knowledge of the gluon PDF at x > 0.5
remains limited.

Let us discuss here a number of possibilities to obtain information on the gluon PDF offered by the AFTER@LHC
programme. As can be seen in Fig. 3, open heavy-flavoured mesons and heavy quarkonia will be abundantly produced
at AFTER@LHC covering an important region in the (x, mr) plane. As should be clear from the discussion above on the
charm quark PDF, the gluon and the heavy-quark distributions are inextricably linked. Therefore, in the context of a global
analysis, the heavy-quark data have the potential to constrain both the heavy-quark and the gluon distribution at high
x. It should also be noted that, in the case of b quark production, the contribution from an intrinsic bottom component
is expected to be very small [201]. One should mention that normalised rapidity distributions of D and B mesons from
LHCb have been already used with success to study low-x gluon [223,224].

In addition to the inclusive heavy-quark observables, the associated production of a heavy quarkonium with a photon
is sensitive to the high-x gluon distribution. This is illustrated in Table 14 which shows that this process is largely
dominated by the gluon-gluon initiated subprocess probing x, values in the range from 0.1 to 0.6, whereas at such large
x single-inclusive-quarkonium production is presumably largely from (heavy) quark induced channels.

Along these lines one can also study double-J /v production which is dominated by the gg-channel up to large values
of the target x;, as is shown in Table 15. It is also interesting to notice that AFTER@LHC provides the unique opportunity
to study double parton scatterings and double parton correlations in the nucleon at energies around 100 GeV via di-J /v
production [225], where the similar studies already exist at the Tevatron and the LHC [226,227].

Another interesting observable which probes the gluon distribution directly at LO via the qg — yq subprocess is
inclusive prompt-photon production. It was shown that the theoretical pQCD predictions at NLO describe well the collider
data for c.m.s. energies ranging from 200 GeV to 7 TeV [228]. However, a series of measurements carried out at c.m.s.
energies /s ~ 20 = 40 GeV by the fixed-target E706 experiment [229-231] were not well described by NLO pQCD
calculations [232-234]. This discrepancy was only partially cured by the inclusion of resummed soft-gluon contributions
in the theoretical predictions [235-239]. Therefore, a new measurement at AFTER@LHC at /s = 115 GeV would be
interesting in itself to shed additional light on the data-theory discrepancy at fixed-target energies. Furthermore, such a
measurement has the potential to improve our knowledge of the gluon distribution at x > 0.3 provided isolated photons
can be measured with transverse momentum pr > 10 = 20 GeV [228].

5.1.2. Nuclear structure

As a fixed-target experiment, AFTER@LHC allows one to study pA collisions with different nuclei A and some
fundamental open questions can be addressed in this case. More than 30 years ago, the EMC collaboration discovered
that nuclear structure functions in DIS are suppressed compared to the prediction from the naive combination of free
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Fig. 21. Kinematical acceptance for DY lepton-pair production with AFTER@LHCb in pXe collisions at ,/syy = 115 GeV with a muon-pair acceptance

of 2 < Y:j‘f- < 5 and single-muon requirements: 2 < r;';‘” < 5 and p# > 1.2 GeV. Projections for pXe collisions are done by applying a nuclear

scaling factor (Ax.) to the cross sections obtained from the pp simulations. [For £yx. = £, the pXe yields are thus Ay. times larger than the pp
yields]. (a) Di-muon invariant mass vs. x, compared to the existing DY data [180-183] used in current global PDF fits. (b) x; vs x, for the considered
di-muon invariant-mass range of 4 GeV < M) < 15 GeV excluding 7" mass range of 9 GeV < My < 10.5 GeV. Colours correspond to expected
yields of the DY signal in each kinematical region, and each coloured cell contains at least 30 events.

proton and neutron structure functions in the high-x region [4]. The physics mechanism behind this EMC effect is still
not fully understood and subject of an active experimental programme at the Jefferson Laboratory [240,241].

A modern precision measurement of the DY lepton-pair production at AFTER@LHC would allow one to study the EMC
effect in this process (at high negative x; and with much higher precision) and to compare it to the DIS case. In addition,
as in the nucleon case, nuclear PDFs (nPDFs) are determined in global analyses of DIS and DY data [7-10,242,243] and are
a crucial ingredient to predict cross sections for hard processes in pA and AA collisions at the LHC. Compared to the proton
PDFs, the nPDF determinations are clearly lagging behind both at the level of sophistication but, most importantly, due to
the much smaller number of experimental constraints. Currently, the analyses are statistically dominated by DIS data with
only about 90 data points from the DY process entering the fits. Incorporating data from various processes is essential for
flavour separation in PDF analyses. Therefore, the access to the DY data with a wide kinematic coverage will provide a
unique opportunity not only for more precise PDF determinations but will also allow one to test their universality which
is a fundamental property of QCD and the basis for all high energy hadron scattering computations.

The kinematic reach of AFTER@LHC (Fig. 21) would allow one to probe much higher x, (target x) values than the
currently available data (data points in Fig. 21) for a variety of targets. In particular, AFTER@LHC could shed new light on
the origin of the EMC effect by verifying its presence/absence in DY lepton-pair production. As Fig. 21 shows, a modern
precision measurement of DY lepton-pair production at AFTER@LHC covering a wide range in invariant masses of the
lepton pairs and extending to higher x; would lead to significant improvements over the current state of the art and
would be complementary to results from a future Electron-lon-Collider (EIC). Clearly, it would be an invaluable input for
nuclear PDF determinations.

As an example we present here a reweighting analysis [245-248] showing the potential impact of the DY lepton-pair
production data from AFTER@LHC in pXe collisions on the nCTEQ15 nPDFs. In this analysis, we have used pseudo-data for
the nuclear modification factors R'Y. = o3¢ /(Ax oY) as a function of the rapidity in five bins of lepton-pair invariant mass:
4 GeV <M, <5GeV,5GeV <M,, <6 GeV,6 GeV <M, <7 GeV,7 GeV <M, <8 GeV and M,,,, > 10.5 GeV,
in order to estimate the effect these data can have on the current nPDFs. A selection of the pseudo-data together with the
corresponding theory predictions is shown in Fig. 22, where we have assumed the following luminosities: £y, = 10 fb~!
and Lpx. = 100 pb~! for the pseudo-data.

In Fig. 23, we display the nPDFs before and after the reweighting using the AFTER@LHC Rx. pseudo-data. We can
see a significant decrease of the errors for up and down quark distributions showing the potential of the AFTER@LHC to
constrain nPDFs. In practice, due to the limited amount of data, the current nPDF errors are considerably underestimated
and the actual importance of these data cannot be fully demonstrated in this kind of study. However, Fig. 21 clearly
shows how complementary the kinematical coverage of AFTER@LHC will be compared to the current DY data for the
nPDF determination. Similarly to the proton case, the W* data could be used for a determination of the high-x nPDF in
particular the light-quark-sea distributions.

Additionally, we have also investigated what the impact of such DY measurements on nPDFs would be in case less
data would be collected. For this purpose, we have assumed 10 times reduced luminosities for both pp and pXe samples.
The results for such a scenario are presented in Fig. 24 which shows that even in this case one can obtain a substantial
reduction of uncertainties for up and down distributions.
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Fig. 23. Uncertainty on nCTEQ15 nPDFs before and after the reweighting using R;’)‘{e AFTER@LHCb pseudo-data in the range indicated in Fig. 21. The

plots show ratio of nPDFs for tungsten (W) and the corresponding uncertainties compared to the central value at the scale Q = 1.3 GeV.

AFTER@LHC is also able to constrain the high-x nuclear gluon distribution, which is the least known nPDF. A prime
example we show here is to use heavy-flavour production at AFTER@LHC, where the gluon shadowing effect on J /4 and
T production in pPb collisions at AFTER@LHC energies has been studied in Ref. [249]. We now discuss the potential of
both open and hidden heavy-flavour mesons (D°, /v, BT, T(1S)) production in pXe collision at /syy = 115 GeV to pin
down the high-x gluon density in nPDF by performing a Bayesian-reweighting analysis. A similar study in the LHC energies
has been carried out in Ref. [244]. We have used the data-driven approach proposed in Ref. [250] to fit matrix elements
of the heavy flavour hadrons, and then folded them with the proton CT14 PDFs and nCTEQ15 [8] nPDFs to get the yields
and the nuclear modification factors.?’

The pseudo-data are generated to match the central theoretical predictions. Their projected statistical uncertainties
are estimated by assuming the yearly integrated luminosities £,, = 10 b1, Lpxe = 100 pb~! and the reconstruction
efficiency & = 0.1. The branching ratios of D° — K=, Bt — K(J/¥ — utu~),J/¥ — putp~ and T(1S) — ptp~ have
also been taken into account. For D° and B*, their charge-conjugated particles are also summed up. After considering a 2%
systematic error and a 5% global error, the nuclear modification factors Ryx. for the four hadron productions are shown
in Fig. 25 before (red bands) and after (blue bands) reweighting, together with the variations of factorisation scales. The
uncertainty from the factorisation scale can be the dominant theoretical error after nPDF reweighting as already pointed
out in Ref. [244]. The impact of these pseudo-data can be transferred into nPDFs as illustrated in Fig. 26 and 27. We can
see that even accounting for the scale uncertainty, a substantial reduction of nPDF uncertainty at high-x values (x > 0.3)
is still achieved. It clearly demonstrates the uniqueness of the AFTER@LHC programme in exploring gluon densities in
nuclei especially at high x.

27 The calculations are carried out using the framework of HELAC-Onia [251,252].
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Fig. 24. Same as Fig. 22 (upper row) and Fig. 23 (lower row) with luminosities reduced by a factor 10: £,, = 1 fb~' and Lpxe = 10 pb~'.

It is important to note here that the above projections for the constraints on the gluon nPDF were obtained assuming
only the modification of nPDFs and the absence of other cold nuclear matter effects, or that such other effects can be
subtracted. At LHC collider energies, this kind of leading-twist-factorisation approach was applied with success to a large
class of existing data [244]. At lower energies, especially in the backward region, quarkonium break up will likely play a
role and should be separated out. For that matter, the extensive access of AFTER@LHC to quarkonium excited-state studies
will be crucial. Another example of an effect that can matter when gluons are involved is the coherent energy loss. It was
recently studied in the context of AFTER@LHC [253] and results in a modification of the pA cross-sections compared to the
pp one which is depicted in Fig. 28 for /v and 7" in terms of Rps. Combining all the heavy-flavour related measurements
possible at AFTER@LHC will certainly allow one to disentangle all these effects in order to perform a reliable fit of the
gluon nPDFs using these data.

5.1.3. Astroparticle physics

Recently, measurements of cosmic rays (CRs) with very high energies, ranging from about tens of MeV up to hundreds
of TeV, became possible for many particle species (e* [254,255], y [256,257], v [258,259], p [260], p [261], A [262-264])
and attracted much attention. The mechanism responsible for the generation of such Ultra High-Energy CRs (UHECRs) is
still under intense discussion, with two main scenarios: (i) the acceleration of particles due to astrophysical phenomena
and (ii) dark matter decay/annihilation. The mechanism generating CRs can only be determined if we can identify
characteristic shapes of the spectrum such as sharp cutoffs which will indicate the decay of massive dark matter particles.
In such precision tests of CRs, the spectrum has to be accurately determined, thus naturally requiring precise investigations
of other sources acting as backgrounds. Here we present two cases where the AFTER@LHC programme can play a critical
role.

UHECR neutrinos and the proton charm content. The terrestrial observation of UHE neutrinos lately became possible thanks
to IceCube, with the highest energy recorded on the order of PeV [258,259]. Atmospheric neutrinos, generated by the weak
decays of final-state particles of the collisions between CRs and atmospheric nuclei, are however an important background
to these ground observations of cosmic neutrinos. The major source of these atmospheric neutrinos is from the weak
decay of hadrons. Those originating from the decay of long-lived mesons, like 7 and K mesons, dominate the energy
spectrum below 10° GeV. Those with energy above 10°> GeV are from charm-hadron decays. Indeed charmed hadrons
lose significantly less energies in the atmosphere than 7 and K because they decay almost instantaneously.
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Fig. 25. Projection of the statistical uncertainties on the Ry, for (a) D% (b) J/4, (c) BY, and (d) Y(1S) production in pXe collisions compared to
the uncertainties encoded in nCTEQ15 nPDFs, which are representative of typical nPDF uncertainties, evaluated at different typical choices of the
factorisation scale, up, varied about wg like in [244]. A 2% uncorrelated systematic uncertainty and a 5% global uncertainty are also shown. The
projected statistical uncertainties are estimated assuming the yearly integrated luminosities of £,, = 10 fb~! and Lpxe = 100 pb~.

The yield of neutrinos from charm naturally follows that of charmed hadrons produced in the collisions of UHECRs and
atmospheric nuclei. An accurate evaluation of the charm hadroproduction cross section is therefore crucial to assess their
importance. The charm production from pp scattering was first evaluated in perturbative approaches, which considered
charm quark-anti-quark pairs virtually created by the gluon splitting g — cc. This contribution is mostly relevant at low
x in the target PDF [265,266] which can also be shadowed.

The relevance of a nonperturbative charm content (or IC) in the projectile proton was also recently considered [267].
Just as most global analyses of PDFs rely on the assumption that the charm and bottom PDFs are generated perturbatively
by gluon splitting, most of the studies of neutrino fluxes were based on the same assumption. The intrinsic charm however
has a harder distribution [202,203] (for a recent review, see [205]) and tends to predict charmed hadrons at higher
energies, which would result into higher energy neutrinos.
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Fig. 26. nCTEQ15 nPDFs before and after the reweighting using R,x. pseudo-data shown in Fig. 25 for (a) DO, (b) J/v, (c) BY, (d) T(1S) production
at AFTER@LHCb. The plots show ratios Rff of gluon densities encoded in nCTEQ15 over that in CT14 PDFs at scale Q = 2 GeV.

As we discussed in Section 5.1.1, the AFTER@LHC programme offers a novel playground to study the excess of charm
at high x. Not only a detector such as that of LHCb used in the fixed-target mode can access the high negative x, it also
has a wide coverage close to 40% [268] of the weighted charm cross section, x,%do /dxg which is quasi proportional to the
neutrino flux. As a comparison, in the collider mode, it covers less than 10% of the same weighted cross section [269]. In
other words, the charmed hadron measurements of the AFTER@LHC programme can provide the most decisive constraints
on the non-perturbative charm content in the proton in the region relevant to understand the neutrino-from-charm flux.
Fig. 29 shows the uncertainties on the neutrino flux due to that on the IC in the projectile proton [270] (see also [267]).

Anti-proton cross section and UHECR Monte-Carlo tuning. Among the cosmic rays, the anti-protons (p) are the object of a
specific attention. In the current understanding, p are almost always of secondary origin, i.e. created through high-energy
scatterings between the interstellar matter and primary cosmic rays, which were mainly generated by acceleration in
supernova remnants [271-273]. Cosmic p were measured by the AMS-02 experiment in the range of 1 GeV to 400 GeV
with a typical accuracy of 5% [261]. On the theory side, the spectrum of secondary p can be predicted using diffusion
equations with the p production cross section as input [274-276]. The determination of the discrepancy between the
above two can open a new window on the indirect detection of dark matter or unknown astrophysical mechanisms of
CR acceleration.

The accurate evaluation of the cosmic p spectrum requires a precise knowledge of their production cross section for
several nuclear channels. The nuclear primary CRs are composed of p, “He, '2C, N, 0. Other nuclei need not to be
considered due to their small contribution to p production. Moreover, the interstellar matter, which acts as a fixed target
for the cosmic p production, is composed of p and “He. Other nuclei acting as targets are negligible. The estimation of the
contribution of p-production cross sections for each nuclear channel to the p spectrum is roughly 50% for p+p — p+ X,
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Fig. 27. Same as Fig. 26 using a linear x axis in order to highlight the high-x region.
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Fig. 28. J/v (left) and T (right) nuclear modification factor in pPb, pCa, and pCu collisions at /s = 114.6 GeV resulting from the coherent energy
loss.
Source: Adapted from [253].

30%-40% for p+*He— p + X (p, “He can either be the target or the projectile), 5% for “He +*He— p + X, and 5% for
p+A — p+X with A= 12C, N, 150 [277]. The other channels contribute in all less than 5%.
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Fig. 29. Impact of the uncertainties on the charm content of the proton on the neutrino flux [Courtesy of V. Gongalves, based on [270]]. The
uncertainties on the D yield correspond to Fig. 20 with the use of the BHPS and sea-like IC.

Here we note that, in unveiling new astrophysical phenomena, the most energetic region of the cosmic p spectrum
is the most interesting, since the determination of the high-energy CR source (whether it is due to dark matter
decays/annihilations or astrophysical accelerations) relies on the shape of the CR spectrum in the high-energy region.
It is thus required to quantify the high-energy part of the production cross section of secondary p. At the partonic
level, the generation of highly energetic p is dominantly due to the collision of two gluons with highly asymmetric
momentum fractions, and the p production cross section off two nuclei is sensitive to the gluon content of the nuclei
at high momentum fraction, which is not very well known. Precise measurements of p production off nuclei are therefore
important to improve quantitative predictions of the cosmic p spectrum.

Currently, the production cross sections of pp — p + X and p+*He— p + X (“He as target) were measured [116] and
[278] in the energy range of AMS-02 [279-281]. In particular, the LHCb experiment with SMOG measured the production
of p from the scattering of p beam off “He target in the range of p momentum 12 GeV-110 GeV [116,277] and contributed
to the improvement of the prediction of the secondary cosmic p spectrum. In this context, we note that AFTER@ALICEcg
(i.e. the ALICE Central Barrel (CB) used in the fixed target mode) can measure very slow p, with almost zero momentum.
The production of such slow p (which are apparently outside the range measurable by AMS-02) with the LHC p beam
corresponds to the highest possible energies in the inverse kinematics, where the nuclear target (C, N, O, He) travels at
TeV energies, hit an interstellar p at rest and produces a p in the limit of xr — 1.

Having this observation in mind and considering any arbitrary stable nucleus as target, let us discuss more precisely
the cases which can be studied with AFTER@ALICEcz and AFTER@LHCb assuming the additional possibility of 1°0 beam, as
envisioned at LHC for a short period in Run 3 [282]. Using a gas target, the p+*He — p-+X process (with p as a projectile)
with slow emerging p falls within the acceptance of ALICE. Fig. 30 shows the p kinematical reach?® for the ALICE CB for
pp collisions for which the ALICE CB performances are similar as for pHe collisions. As expected, p with momenta as low
as a few hundred MeV (which correspond to a rapidity difference between the He target and the p, Aynep, as low as
0.4) can easily be detected. Such p with small Ayyep for “He +p — p + X correspond to the high-energy tail of the “He
+p — P + X process (*He as projectile), which is one of the leading process in the cosmic p spectrum. Similarly, using
C, N or O targets, one can study the high-energy p tail for (C,N,0)+p — p + X. To the best of our knowledge, no other
experimental set-up can cover this high-energy limit.

With an oxygen beam, the study of the low-energy p in the laboratory frame from 0 +p — p + X as well as from
160 + “He — p + X processes would become possible; this corresponds to the actual astrophysical situation. In such a
case, AFTER@ALICEg would be able to access the very low energy domain, whereas the LHCb coverage would be similar
as for previous He studies, i.e. from 10 to 100 GeV.'®0 is the most abundant nucleus in our universe after H and He, such
that such experimental measurements will likely reduce the uncertainty of the cosmic p spectrum.

28 The purpose of this plot is to show the kinematical range and the statistics available in the fixed-target set-up. We do not expect to obtain
different results by using another Monte-Carlo code such as EPOS for instance.
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Fig. 30. The expected kinematical coverage for p production obtained with PYTHIAS. for AFTER@ALICEcg with a displaced vertex at Zgrger = —4.7 m

from the nominal ALICE IP. Results are obtained assuming reduced track length in TPC, which gives the TPC acceptance of 1.35 < n < 2.50 and the
TOF acceptance of 0.27 < n < 1.58.

5.2. Spin physics

This section focuses on the case for spin physics at AFTER@LHC, which is very competitive in the worldwide context.
It can be divided into two parts. The first relies on the use of a polarised target to carry out many SSA measurements of
common probes with a high precision, but also to measure - for the first time - SSA on rare perturbative probes which
would remain unaccessible otherwise.?? As such, AFTER@LHC opens a novel domain of investigation of the Sivers-like
effects for several years, in order to eventually access and (indirectly) constrain the OAM of the gluons and quarks in the
proton, but also in the neutron and the deuteron. Such a quest of measuring the parton OAM goes along with a complete
tridimensional tomography of the momenta of the partons confined in hadrons.

The second part of the spin physics case relies on the very large luminosities to be accumulated thanks to the fixed-
target mode, combined with an acceptance towards low transverse momenta at high x in the target. This allows one to
probe in a systematic way a class of azimuthal asymmetries related to the violation of the Lam-Tung relation [68] in DY
production, and potentially [69] to the Boer-Mulders effect [67]. AFTER@LHC also allows one to study its counterpart in
the gluon sector, with probably the first systematic measurement of the distribution of the linearly-polarised gluons in
unpolarised nucleons at large momentum fractions.

STSAs can be described by nonperturbative twist-2 TMD matrix elements and nonperturbative twist-3 collinear matrix
elements (CT3) in different kinematic regions: the TMD picture holds when there are two separate scales (such as the
transverse momentum ¢r and the invariant mass M of the lepton pair in DY production with Aqcp < qr < M), whereas
the CT3 picture holds when one single hard scale is present (such as the transverse momentum py of a pion produced
in hadronic collisions with Aqcp < pr). Both non-perturbative descriptions can in general be related in the overlapping
kinematic region in gr by means of coefficients which are perturbatively calculable (see e.g. [283,284] for some caveats in
this respect). Both twist-2 TMD and twist-3 collinear matrix element contain essential information on the spin structure of
the nucleon and their knowledge is intertwined. AFTER@LHC will test with high precision whether these two formalisms
offer the right description of SSAs.

We first discuss the (target) STSAs (i.e. Ay = Ayr), both for quark-induced and gluon-induced processes, which give
access to both quark and gluon Sivers functions and several 3-parton correlation functions. Then we present the prospects
for the measurement of spin-related azimuthal asymmetries in unpolarised hadron collisions, which also probe either the
quark or the gluon content of the nucleon. Besides the discussion of spin and azimuthal asymmetries, we also elaborate
on the relation between the TMDs that can be constrained by AFTER@LHC and the OAM. Next we discuss the use of
ultraperipheral collisions to access GPDs through exclusive photoproduction processes and quarkonium production. Finally
we discuss the possibility to constrain the strange-quark-helicity distribution at large x through A production.

29 Iet us recall that in this c.m.s. energy range, RHIC offers significantly lower luminosities with a limited access to high x in the polarised nucleons.
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5.2.1. Quark Sivers effect
The STSA, Ay, can be experimentally defined (in a schematic way) as>°

1 ot -0t

_ , 15
N Prot + ot (15)

where o) is a differential-production cross section of particles produced with the target spin polarised upwards
(downwards), and Peg is the effective polarisation. Ay is of particular interest because it was predicted to be small
(Av o« mg/pr ~ 0(107%) in the collinear pQCD approach at the leading twist, while the measured Ay reaches 0.1 at
high xr (= x1 — x;) in polarised collisions over a broad range of energy [64,286,287]).

As introduced in Section 2, Ay can be addressed either using the TMD formalism through the Sivers function, or
using the CT3 formalism through 3-parton correlation functions. One of the most important predictions, shared by both
approaches, is the sign change of this asymmetry between SIDIS and DY processes. We explain below how AFTER@LHC
can contribute to precisely measure this sign change.

Moreover, the accurate measurements to be performed by AFTER@LHC will help constrain the non-perturbative input
that enters the TMD evolution kernel [48,288-293], which has an important effect on the STSA (see e.g. [294,295]).

Drell-Yan production. DY lepton-pair production is a unique tool to study the Sivers effect, because it is theoretically
very well understood and the Sivers function f#(x, k%) for quarks (which represents the difference of number densities
of unpolarised quarks with transverse momentum kr and collinear momentum fraction x for a given two opposite
configurations of the transverse spin of the proton) is predicted to have an opposite sign for DY and SIDIS processes:

i oy = =g (%, K diois - (16)
Within the TMD formalism, and up to angular integrations, Ay in pp' collisions can be schematically written as
~ filGa k) ®f1#_a("2’ kz,)
. 13 @ fil(xa, k)

where f]q stands for the unpolarised quark TMD PDF, and ® represents a convolution in momentum space and a sum over
quark and anti-quark flavours.

The verification of the sign change of the Sivers function is the main physics case of the DY COMPASS programme [78],
which recently performed the first measurement of the asymmetry in DY production [81], and the experiments E1039 [77]
and E1027 [296] at Fermilab. The AFTER@LHC programme will allow one to further investigate the quark Sivers effect by
measuring DY STSA [297,298] over a wide range of x* (= x,) and masses. With the high precision that AFTER@LHC will
be able to achieve, one will accurately measure the Sivers function, if the sign change happens to be already established
by the mentioned experiments. In case the asymmetry turns out to be small and these experiments cannot get to a
clear answer, then AFTER@LHC will be able to confirm/falsify the sign change. Table 16 shows a compilation of the
relevant parameters of future or planned polarised DY experiments. As can be seen, the AFTER@LHC programme offers
the possibility to measure the DY Ay in a broad kinematic range with an exceptional precision.

The DY measurement is the key to validate/falsify the Sivers effect for quarks. At AFTER@LHC, the target-rapidity range
corresponds to a negative xr where the Ay asymmetry is predicted to be large (Fig. 31) with large theoretical uncertainties.
Fig. 31(a) shows the expected precision for DY Ay measurement at AFTER@LHC for £ = 10 fb~! (which corresponds to
one year of running),>! compared to two different theoretical predictions: AD’AM [298] and EIKV [294]. These two works
performed fits of Ay in SIDIS data, available for x? < 0.3, using two different theoretical set-ups. The uncertainty band of
AD’AM curve represents the statistical uncertainty of their fitted parameters after performing a variation of the total x? of
about 20, while the one of EIKV is obtained by using the replica method (see e.g. Ref. [291]) with an effective variation of
the total x2 of about 1; this explains the difference of width among the curves. Thus the DY data at AFTER@LHC will put
strict constraints on the Sivers effect for quarks, help to discriminate among different approaches, and accurately test one
of the most important predictions of the TMD factorisation formalism, i.e. its sign change w.r.t. SIDIS. In addition, given
that this effect can be framed as well within the CT3 approach, AFTER@LHC will obtain very useful data to constrain also
the 3-parton correlation functions.

AFTER@LHC with a gas target offers also a unique opportunity for studies of STSA in polarised p+>He" collisions. These
have been studied at JLab Hall-A by several DIS/SIDIS experiments in the last two decades (see e.g. [307,308]), which the
AFTER@LHC programme could then complement. Such reactions give access to polarised neutrons and thus to the Sivers
functions in a neutron which can in principle shed some light on its isospin dependence. Let us also note that a polarised
deuterium target can also provide a proxy to a polarised neutron target. Fig. 31(b) shows the statistical-uncertainty

(17)

30 Notice that another singled-out direction is needed, as the transverse momentum of the produced particles. See e.g. [285] for more details.
31 The statistical uncertainty § on Ay is calculated as &y, = m (8,104)2 4+ (8,101)2, where §, = /o + 2B, o is the cross section
o

for a given configuration and B is the background in that measurement. The yields are calculated at fixed y}fﬁ' = [2.5,3.5,45], fixed M, =
[4.5,5.5,6.5,7.5,8.5] GeV and integrating over the transverse momentum of the lepton pair.
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Table 16

Compilation inspired by [1,27] of the relevant parameters for the future or planned polarised DY experiments. The effective polarisation (Pef) is
a beam polarisation (where relevant) or an average polarisation times a (possible) average dilution factor (f) (for a gas target, similar to the one
developed for HERMES [102,299]) or a target polarisation times an average dilution factor (f) (for the targets used by COMPASS and E1039). For the
AFTER@LHCb, AFTER@ALICEcg and AFTER@ALICE,, lines, the numbers correspond to a gas target with a storage cell (see Table 11 and Table 12)
and 4 < My, < 9 GeV (for the x' range). F is the (instantaneous) spin figure of merit of the set-up defined as 7 = £ Pezfr > Ai, with £ being the
instantaneous luminosity. We stress that the values of F between different set-ups should be compared with care as it does not account for isospin
and nuclear effects (via the variation of f for instance) or acceptance effects neither for any energy or kinematical dependences of the DY production
cross section which both alter the measured rates and the uncertainty of the asymmetry measurements. We refer to Section 3.2 for more details.

Experiment Colliding systems ~ Beam energy [GeV]  +/s [GeV]  x' clem™2 s Py Flam 2 s
AFTER@LHCb: z = 0 0.05 - 0.95
AFTER@LHCb: z = —0.4 m pH' 7000 115 0.02+095 9.2 x 10* 80% 5.9 x 10%
AFTER@LHCb: z = —1.5 m 0.01+0.15
AFTER@LHCb: z = 0 0.05 -~ 0.95
AFTER@LHCb: z = —0.4 m p>He’ 7000 115 0.02+095 1.3 x10% 23% 2.1 x 10%
AFTER@LHCb: z = —1.5 m 0.01+0.15
AFTER@LHCb: z = 0 0.05 +0.95
AFTER@LHCb: z = —0.4 m pD! 7000 115 0.02+0.95 5.6 x 10% 78% 6.8 x 10%
AFTER@LHCb: z = —1.5 m 0.01+0.15
AFTER@ALICE,: z =0 0.10 + 0.70
AFTER@ALICE,: z = —-47 m  pH' 7000 115 0.08-0.35 2.6 x 10! 80% 1.7 x 10°
AFTER@ALICEs: z = —4.7 m 0.40 - 0.95
7~ NH} . 2.0 x 10% 16% 8.7 x 10°!
COMPASS (CERN) [300] - 5LiD 190 19 0.05+0.55 o0 0w 2% 39 % 102
PHENIX/STAR (RHIC) [301] p'p? collider 510 0.05-0.10 2.0 x 10* 50% 5.0 x 10°
E1039 (FNAL) [302] pNH] 120 15 0.10-0.45 3.9 x 10* 15% 15 x 10
E1027 (FNAL) [296] p'H, 120 15 0.35+090 1.0 x 10% 60% 7.2 x 10%*
NICA (JINR) [303] p'p collider 26 0.10+-0.80 1.0 x 10* 70% 4.9 x 10*!
fSPHENIX (RHIC) [304] p'p? collider 200 0.10-0.50 8.0 x 10°! 60% 2.9 x 10°!
fSPHENIX (RHIC) [304] ptpt collider 510 0.05+0.60 6.0 x 10* 50% 1.5 x 10
PANDA (GSI) [305] pHT 15 5.5 0.20-0.40 2.0 x 10* 20% 8.0 x 10%
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Fig. 31. (a) Two predictions (denoted AD’AM [298] and EIKV [294]) of the DY Ay as a function of x' at AFTER@LHC, compared to the projected
precision of the measurement [306]. The bands are filled in the region where the fits use existing SIDIS data, i.e. for x' < 0.3, and hollow where
they are extrapolations. (b) Similar projections for the DY Ay as a function of x" in p+>He" collisions at /s = 115 GeV [306]. [In both cases, the
bars show the statistical uncertainties for the quoted luminosities accounting for the background subtraction and polarisation-dilution effects].

predictions for DY measurements. In the case of *He®, a polarisation of P = 70% can be achieved [102]. However, the
effective polarisation, Pef;, is diluted by a factor of 3 since only the neutron is polarised in the *He'. The projections
for 3He" are prepared based on simulations for pp collisions and applying corrections to account for change in signal and
background yields. The combinatorial background is proportional to the number of binary nucleon-nucleon collisions N,
thus the background increases by a factor Ne,; =~ +/3 compared to pp. An additional isospin factor of 9/6 for DY studies
is included. The available integrated luminosity of 2.5 fb~! will allow for an exploratory measurement for DY production
and precision study for quarkonium production (see Section 5.2.2).
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In addition, DY production with an unpolarised fixed-target will be extremely valuable to study the simplest TMD
function at large x, namely the unpolarised TMD PDF [55,291,292,309-311]. A good knowledge of unpolarised TMDs is of
fundamental importance in order to validate our understanding of their scale evolution and to reliably study azimuthal
and spin asymmetries, as they always enter the denominators of these quantities.

Pion and kaon production. Pion and kaon STSAs have been extensively studied in the last three decades at Fermilab
and BNL with hadron beams and at Jefferson Lab, CERN (COMPASS) and DESY (HERMES) with lepton beams (see e.g.
[28-32,307,312,313]), observing large asymmetries in the valence region at large x!, which motivated the introduction
of the Sivers effect. As for now, similar studies have not been carried out with hadron beams on 3He, thus on a polarised
neutron target, which however could give us original insights on the flavour symmetries of the correlation between the
partonic transverse momentum and the nucleon spin. Along these lines, the AFTER@LHC programme relying on the LHCb
and/or ALICE detectors, can play a crucial role.

Indeed, as shown in Fig. 32, the predicted Ay for pion production with a neutron (a-b) and proton (c-d) target,
based on the generalised parton model (GPM) approach (which is an extension of the parton model to include the
transverse-momentum dependence)®? and the CT3 approach,?? both indicate a “flavour” sign change.

From a pQCD point of view, pion and kaon production at AFTER@LHC can thus improve the current knowledge of the
CT3 matrix elements involved in the production and fragmentation mechanisms [315], and help to clarify if the pion and
kaon STSAs are really mainly generated by the Collins mechanism, as recently suggested [43].

W= boson production. So far, only the valence u and d quark Sivers functions have been constrained, while sea-quark
Sivers functions remain largely unknown [294]. In this sense, STSAs for vector-boson production offer a complementary
tool to STSAs for DY production, giving access to the flavour dependence of the Sivers function. Moreover, they can also
serve to test the sign change of the Sivers effect with respect to SIDIS.

As explained in Section 5.1.1, roughly 250 (off-shell) W and 60 (off-shell) W™~ per year are expected to be collected
with a luminosity of 10 fb~!. These yields would allow one to achieve a statistical uncertainty for Ay of roughly 0.1—0.2.34
This uncertainty is comparable to the precision of the Ay measurement for W* — *v in p' 4 p production at RHIC [79].
In 2017 the STAR experiment carried out a measurement of the transverse single-spin asymmetry in pt + p — W*/z°
aiming at a statistical precision on the level of 5% [80]. The AFTER@LHC W* measurement will cover a different range in
x'. As such, measurements at AFTER@LHC and RHIC will be complementary.

In general, both transverse and longitudinal polarisations of a gas target are feasible, as it was demonstrated by the
HERMES experiment. In that case, a set-up with longitudinal polarisation target was used in 1996-2000 and then changed
to a transverse one in 2001 [126]. Therefore, we finally comment on the possibility to constrain the sea-quark-helicity
distributions at AFTER@LHC by measuring the spin asymmetries for a longitudinally polarised target. At the leading order
in ay, the asymmetries for W and W~ bosons are simply related to the (helicity) PDFs as

qwt o SEOG) — gl ) - gl 0) - gln)fitn)
u X T ey Ao X Uiy i)
FHoxnfie) + floa)f (x2) [ Ge) + () )

where g{ is the helicity PDF of the quark g. Dedicated simulations are however needed to quantify such constraints.

(18)

Direct-photon production. The quark Sivers effect can also be studied via direct-photon production STSAs. Fig. 33 shows
the expected Ay as a function of the photon pr for xr = —0.2 (i.e. in a range accessible by LHCb) for both aforementioned
approaches. Contrary to the DY and m production cases, the predicted signs of Ay differ. This is related to the sign
“mismatch” issue (see e.g. [316]). Even though the magnitude of Ay is the largest at low pr (<1 GeV) where the background
is probably very challenging and the application of pQCD questionable, measurements with a precision on the order of
1% for xr = —0.2 should however be sufficient to discriminate between the predictions of both approaches for pr above
5 GeV.

By measuring Ay for quark-induced processes which do not involve fragmentation, in particular prompt photons
(compared to charged and neutral pions and kaons), the AFTER@LHC programme will allow one to distinguish the Sivers
and Collins mechanisms [27,317], and in turn constrain the quark contribution to the transverse spin of the proton, along
with the constraints from DY production data.

5.2.2. Gluon Sivers effect
DY production is the golden process to access the intrinsic transverse motion of quarks in a nucleon. However, there
is no analogous process to probe the gluon content, which is both experimentally clean and theoretically well-controlled.

32 . . . . . . . . . glu/neutron __ . 1d/proton
The isospin symmetry is used to implement the neutron Sivers functions by using the extracted proton ones in Ref. [298]: f;; =fir

and f /"o = fLPOCN This is supported by the STSA on deuteron target measured by COMPASS [32,314], well compatible with zero. These
predictions include both Sivers and Collins contributions, which are added together in the estimates of the central values as well as of the statistical
uncertainty bands.

33 The isospin symmetry is used again to implement the neutron twist-3 matrix elements by using the extracted proton ones in Ref. [43].
34 The uncertainty is calculated in the same way as for DY Ay, and we assumed that the background is negligible.
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Fig. 32. Predicted Ay for pion production as a function of (a) transverse momentum pr and (b) rapidity y, in the AFTER@LHC kinematics for a
neutron target (accessible with >He'), based on both GPM and CT3 formalisms. (c-d): same as (a-b) but for a proton target.
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Fig. 33. Prediction for the direct-photon Ay as a function of pr [298,315] for xr = —0.2. No theoretical uncertainties are shown for the CT3 prediction.

For instance, H® boson production serve as such a process, since it is a gluon-gluon fusion process into an observed colour
singlet, but it is experimentally demanding in terms of luminosity and energy.
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Fig. 34. Projections for the statistical precision of open charm Ay as a function of (a) x; at fixed pr and of (b) ycm.s.&pr, at \/sSyy = 115 GeV and 10
fb~! of luminosity using a LHCb-like detector. The D° yields are taken from FONLL [325,326] calculations within the LHCb acceptance; the efficiency
and the S/B ratio are extrapolated from [117]. For most of the points, statistical uncertainties are smaller than the marker size. Estimates in (a) for
different pr bins were made assuming bin width dpr = 1 GeV, and were displaced vertically for a better visibility. The theory curves represent the
SIDIS predictions for quarks and gluons, along with the positivity upper bound of the gluon Sivers effect [327,328].

Currently, one of the best tools at our disposal is the production of quarkonia. In fact, a major strength of AFTER@LHC
is the large production rates for open heavy-flavour mesons and quarkonium states. The expected rates for a single year
of data taking are roughly 106 7" and 10° J/+. In addition, these processes are mainly sensitive to the gluon content
of the colliding hadrons. They are very useful probes to precisely access and constrain the gluon Sivers effect, which is
essentially unknown [63,318]

Moreover, due to the inherent process dependence of the TMDs, different processes will probe different gluon TMD
functions [75,319]. In fact, the generalised universality of gluon TMDs is more involved than that of the quark TMDs, due
to the richer gauge-link structure in their operator definition. In particular, in the case of the gluon Sivers function, it is
known that all the functions that can be probed in different processes can be reduced to only two independent ones [75].
The AFTER@LHC programme offers a unique possibility to test all these theoretical predictions, either confirming them or
quantifying the potential discrepancies, if any.

Open heavy-flavour production. The Ay for open heavy-flavour production gives access to the gluon Sivers effect (see
e.g. [320,321]). It also offers the possibility to study the process dependence of Ay, by measuring charm quarks and
anti-quarks separately [322], being a unique probe of the C-parity odd twist-3 tri-gluon correlator [323,324].

Fig. 34 shows the estimated statistical precision for charmed-meson Ay at backward and mid-rapidity (in the c.m.s.).
As can be seen, even in the case of a moderate target polarisation we would expect a very precise measurement for
pr < 5 GeV. Such measurements can only be performed at AFTER@LHC. It can definitely be achieved in the Kz decay
channel, and possibly in the lepton-decay channel, despite of the presence of many sources for the background (see
e.g. [329]).

Fig. 35 shows the estimated statistical precision for open bottom Ay, measured via non-prompt J /v, as a function of
pr at mid-rapidity, which is similar to that of the prompt charmonium at the sub-percent level. It is thus clear that such
a measurement would open a new era of precision studies of STSAs for open heavy-flavour production.

Vector quarkonium production. Fig. 36(a) shows the estimated uncertainties at AFTER@LHC for the 7" Ay as a function of
x¢ in pp collisions at 4/s = 115 GeV, while Fig. 36(b) shows the projected uncertainties for J /v compared to the already
existing measurements at /s = 200 GeV [33,66]. With the expected charmonium yields [331] these results are only
limited by the systematic uncertainties, and can thus give a very precise access to the gluon content of the proton over
a much wider x range than at RHIC. As for now, the experimental measurements are compatible with zero, which could
be due to the following reasons: first, the gluon Sivers function might be zero; second, the effect of the Sivers function
might disappear when integrated over pr, in case it has a node; third, the dominant J /v production mechanism might be
via colour-octet transitions, whose STSA in pp collisions is thought to vanish as compared to the STSA for colour-singlet
transitions [332]. However, we note that the arguments in support of the latter reason are derived at leading-twist, and
thus deviations on the order of 10--20% of the measured asymmetry should certainly not be excluded. On the other hand,
the generation of such a STSA through a Collins-like fragmentation mechanism has not been discussed in the literature. In
any case, the precise measurements performed within the AFTER@LHC programme can give us a handle to discriminate
the discussed scenarios.

Fig. 37 shows the expected statistical precision for J/y» Ay with an ALICE-like detector for pp' collisions with 45 pb~!
of luminosity. The expected J/v and the background yields were extrapolated from the J/v-rapidity spectrum and the
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lines in (b) denote the widths of the kr bins used for the calculations. [Adapted from [331].].

signal-to-background ratios of [333] with the procedure described in [306]. The signal-to-background ratio at 115 GeV is
1.2 and an efficiency of 13% was assumed [334].

C-even quarkonium production. The production of C-even states can fruitfully be investigated [70,71,335,336]. With a
LHCb-like detector,” STSA measurements for x., x», and 5. are possible as demonstrated by studies of various x.
states [337,338] in the busier collider environment down to a transverse momentum pr as low as 2 GeV. LHCb allowed
for the first study of inclusive 5. production [339] above pr = 6 GeV as well as non-prompt 7.(2S) [340]. Prompt studies
are definitely within the LHCb reach [341]. At lower energies, the reduced combinatorial background will definitely
allow one to access lower pr with very reasonable statistics. Indeed, the cross section for pseudoscalar-charmonium
production should be similar to that of the vector ones. The main differences in the expected yields come from likely
smaller branchings (with the notable exception of the KK decay) and detection efficiencies. Measuring the STSA of 7,
also gives a clean access to tri-gluon correlation functions [342] but also, if one can measure its pr dependence, to the
transverse momentum dependence of the gluon Sivers function relevant for hadron-induced reactions.

Associated production. Associated-production channels [71,72,343-348] are fundamental tools to access the gluon Sivers
effect and also probe the gluon TMD sector in general. Even if the production rates are lower than for single production,
they would allow one to probe the TMD evolution mechanism [288,336] by tuning the mass of the final state.

A few different processes are potentially interesting in this context, for instance J /v —J /¥, J/¥ —y,y —y, T (nS)—y.
The J /v —] /¥ production seems to be the most practical one since the yields are not too small [225] and the measurement
is relatively straightforward (compared, for instance, to direct y studies). Fig. 38 shows the Ay for double J /v production
as a function of the transverse momentum of the pair, kr, and the corresponding x,. We consider two scenarios for the
analysis of Ay as a function of kr: bins with a fixed width of 1 GeV (dkr = 1 GeV, red points) and bins with equal number
of yields. Here, we model the k; dependence as a Gaussian distribution with the width o = 2 GeV. The x,-integrated Ay
will allow for the determination of the STSA with a few percent precision, and the Ay(kr) gives access - for the first time
- to the kr dependence of the gluon Sivers TMD up to k;r ~ 4 GeV.

5.2.3. Quark-induced azimuthal asymmetries

In Section 5.2.1 we discussed the extraction of the Sivers asymmetry from the DY production cross-section. However
this process can also give valuable information on other asymmetries, and thus on other TMDs. In fact, the cross-section
for a transversely polarised target (and an unpolarised beam) can be schematically written in terms of the following
structure functions [349]:

cos2¢ h1lq(xl ’ k%r) ® hllq(XZv kgr)

1 (19)
T k8D 8 fl. k)
sings f]q(xla k%r) ®f1#q(X27 k%'r) (20)
u f]q(xlv k%r) ®f1q(x2s k%r) ’
1 1§
Aﬁ¥(2¢+¢5) _h (x1, ki) ® hyf (%2, K3yp) 1)

Flx1, 130 ® fl(xa, k)

35 That is, assuming a detector that has a good momentum and energy resolution for muons, a decent energy resolution for photons, PID for
protons and anti-protons and excellent vertexing capabilities.
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Fig. 39. Expected statistical uncertainty on asymmetries in DY production at AFTER@LHCb, computed all for £,, = 10 fb~! and Per. = 0.8. The
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where S is the signal yield, B is the background yield and P is the effective polarisation in a given measurement.]

Aﬁ;(zas—qbs) ~ (% k) ® Iﬁ(xz, k2;)
Foa, k) ® fl(xa, k2;)

where h! is the transversity, h;? the Boer-Mulders function and h;; the pretzelosity (f{ and f;:* are the already introduced
unpolarised TMD PDF and the Sivers function, respectively). Again ® stands for a convolution in momentum space, and
a sum over parton flavours is understood. The superscript on the A’s means that we weight the cross-section with that
angular term to single out the corresponding angular modulation.

Let us focus on the Boer-Mulders function h;-, which encodes the correlation between the quark transverse spin
and its transverse momentum, namely it represents a spin-orbit effect for the quark inside an unpolarised proton. This
function, like the quark Sivers function, is naive time-reversal odd (T-odd), and thus it changes sign under time-reversal
transformations.>6 In particular, a sign change is predicted for hlL probed in SIDIS and DY production. Moreover, it might
help explain [69] the violation of the Lam-Tung relation in unpolarised DY reaction [68]. Hints about the transverse
momentum dependence of the Boer-Mulders function hf have been extracted from SIDIS data in [350]. AFTER@LHC will
contribute to the study of the Boer-Mulders function in DY production, shedding light on its process dependence and on
the TMD formalism in general.

In Fig. 39 we show the expected precision achievable at AFTER@LHC for different angular modulations of the DY
production cross-section in different kinematic regions (rapidity, invariant mass, momentum fraction in the (un)polarised
target nucleon). We note that AZOJM could be measured without a polarised target and that asymmetries with faster
modulations are usually determined with a poorer precision.

(22)

5.2.4. Gluon-induced azimuthal asymmetries

In the quark case, there are two leading-twist TMDs, as we have discussed, the unpolarised flq(x, k%) and the Boer-
Mulders hfq(x, k%) functions. For a gluon in an unpolarised proton, the relevant functions are the unpolarised distribution
FE(x, k%) and the distribution of linearly polarised gluons h;*(x, k2) [53,54].

The phenomenology of h]lg is potentially easier than that for the Boer-Mulders function in the quark case, because it
is T-even and matched onto the twist-2 unpolarised collinear distributions f{*9, whereas hllq is matched onto the twist-3
collinear matrix elements, which are so far unknown. However, no experimental extractions of hllg have been performed
yet. Recently, it has been proposed to access bothflg and hfg in di-J /v and 7" production in hadronic collisions [348,351],
for which data with sensitivity to transverse momenta have been collected at the LHC. It is expected that hf‘g reaches its
maximal size in the small-x regime [54,352-354]. Its role in different x-regions has yet to be explored. Factorisation proofs
have recently been provided for 7. , production [355,356]. It is also expected to be constrained from azimuthal-asymmetry
measurements at the future EIC and the LHeC [319,357], and also possibly from measurements at RHIC and the LHC [343].

The impact of linearly polarised gluons in H® production has been addressed e.g. in [336,358-360]. Their effect has been
predicted for gluon fusion into two photons in [343,361], for (pseudo)scalar quarkonium production in [70,71], for vector
quarkonium production in [362,363] and for H? plus jet production in [344]. Associated production of quarkonium and Z

36 Naive time reversal stands for time reversal but without the interchange of initial and final states [48].
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Table 17

Expected gqr modulations generated by hllg for a selection of quarkonium-production observables,
along with the expected yields and x, ranges derived from x, = MeYems. /. /s for a rapidity coverage
—2.8 < Yems. < 0.2 and /s = 115 GeV. The modulation expectations are meant to approximately
account for TMD evolution effects [71].

Process Expected yield X, range M [GeV] gqr modulation
ne [70,71] 0(10°) 0.02 +0.5 o(3) 0-+80%
Xco(1P) [70] 0(10%) 0.02 + 0.5 o(3) 0-+80%
Xxc2(1P) [70] 0(10) 0.02 = 0.5 o(3) < 1%

Xbo(nP) [70] 0(10%) 0.1+1 0(10) 0+ 60%
xp2(nP) [70] 0(10%) 0.1+1 0(10) < 1%

Table 18

Expected azimuthal asymmetries generated by hfg for a selection of quarkonium-associated-production observables, along with the expected yields
and x, ranges derived from x, = Me"<ms /./s for a rapidity coverage —2.8 < Ycms < 0.2 and /s = 115 GeV (Y. refers to the rapidity of the
observed 2-particle system). The modulation expectations are meant to approximately account for TMD evolution effects [348].

Process Expected yield X, range M [GeV] cos 2¢p modulation cos 4¢ modulation
J/v+vy [72] 1000 -+ 2000 0.1+0.6 o(10) 0-+5% 0+2%
J/v +]/¥ [351] 300 =+ 1500 0.1+0.8 8+12 0-+8% 0-+20%

boson has been investigated in [364]. Associated production of quarkonium plus one photon [72] is also promising, due to
the possibility of producing final states with different invariant masses, suited thus to be analysed using TMD factorisation
and to test TMD evolution. This process, together with 7, . production [70,71,365] and double J /4 production [225], can
be investigated within the AFTER@LHC programme.

Several processes can be measured at the proposed AFTER@LHC programme in order to constrain hfg in yet unexplored
kinematic regions. In Table 17 we show those in which the effect of the presence of h]lg is the modulation of the
transverse-momentum spectrum, referred to as “qr modulation“, while in Table 18 we show those for which hng creates
an azimuthal modulation of the spectrum, referred to as “cosn¢ modulation“. We notice that in all the mentioned
processes the same h]l‘g function is probed, since the gauge-link structure is the same. As can be seen, overall the
AFTER@LHC programme offers a great opportunity to constrain hfg through all these processes.

At AFTER@LHC, it will be possible to study the potential TMD factorisation breaking effects [366] in the production of
Xco and xc [70]. Moreover, 1, production at low transverse momentum [355] will be accessed, complementing the high
transverse momentum region measured by LHCb and going beyond RHIC'’s capabilities.

As already mentioned for the case of quark TMDs, the AFTER@LHC programme can be useful also to better constrain
the simplest of the gluon TMDs, i.e. the unpolarised gluon TMD PDF, which remains so far unconstrained (see however a
first attempt in [351]). Like its quark counterpart, it enters the denominators of all spin and azimuthal asymmetries, and
thus its knowledge is fundamental in order to reliably study any TMD-related asymmetry.

5.2.5. From TMD PDFs to the partonic orbital angular momentum

On top of providing a handle on the intrinsic spin of partons, the TMD formalism intuitively connects with the orbital
angular momentum of the quarks through the correlations proportional to the partonic transverse momenta. In fact,
conservation of total angular momentum imposes that off-diagonal TMDs (i.e. those with AL = (A" — A)— (A" — A) # 0,
where A" and A" are the initial (final) target and parton light-front helicities) would vanish in the absence of the orbital
angular momentum (OAM). Some of these off-diagonal TMDs appear to be experimentally sizeable [31,32,367], confirming
henceforth the presence of a significant amount of OAM inside the nucleon. This rises the question as to whether TMDs
can be used to quantify more precisely the OAM.

It has been observed within many effective quark models that the expectation value of the canonical quark OAM can
be expressed in terms of some TMDs [368-371]

(L9 ) / dxd’k. [h](x, k%) — gf,(x, k%)]

can

(23)
2
- / dxdky 5 hif(x, k).

Unfortunately, it has also been shown that the validity of these relations cannot be extended to QCD [372-374].
Although not exact, they remain phenomenologically interesting as they provide at least some indication about the sign
and the magnitude of the canonical quark OAM. Note that the results can be quite different [375,376] from the kinetic
quark OAM derived from the Generalised Parton Distributions (GPDs) through the Ji relation [14] which contains also
quark-gluon interactions.
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Table 19
The Bethe-Heitler cross section and number of events predicted [389] for three different modes of
operation for AFTER@LHC [Note that the assumed luminosity in [389] may not correspond to yearly

luminosities].
opy (pb) Luminosity Events year~!
p on Pb 1940 pb 0.16 fb~'year™! 3 x10°
pon H 7.1 pb 20 fb~! year™! 1.4 x 10°
Pb on H 5500 pb 11 nb~! year™! 6 x 10°

Interestingly, Burkardt [377,378] suggested that the quark Sivers TMD fﬁq(x, ki) and the quark GPD E%(x, &, t) could
be related by a chromodynamic lensing mechanism

I -
/ @iy K 12 ) o / @by (b, ) (St x By, ). £90x, B, (24)
where Z(b, ) is called the lensing function and £9(x, bi) = ‘g:ﬁ e~b1-A1 Ei(x, 0, —Ai), Sy is the transverse spin of the

proton, while & and t = —Ai are the longitudinal and transverse components of the momentum transfer. The Sivers
function could then be used to constrain the GPD E? and hence the kinetic OAM via the Ji relation. Despite some support
from model calculations [352,378-380], such a relation can hardly be put on a firmer theoretical ground. A variation of it
has however been used by Bacchetta and Radici [381] to fit SIDIS data for the Sivers effect with the integral constrained
by the anomalous magnetic moments, leading to a new estimate of the total angular momentum (]lfm), in good agreement
with most common GPD extractions [382-386]. A similar relation may a priori hold in the gluon sector, but has never
been investigated so far.

In fact, one should not expect any direct quantitative relation between TMDs and OAM since the latter requires some
information about the correlation between the position and the momentum of the parton, information which is integrated
out at the TMD level. However, TMDs provide essential information about several angular-momentum correlations [387]
and can be used to constrain, to some extent, the nucleon wave function, indirectly providing us with valuable information
about its OAM content. Thus the AFTER@LHC programme, with its unique capabilities of measuring quark and gluon TMDs,
and in particular Sivers functions, can shed light on the partonic OAM by giving us a handle to constrain it.

5.2.6. Ultraperipheral collisions

Ultraperipheral collisions (UPCs) provide a unique way to study photoproduction processes in hadron-hadron inter-
actions [388], also in the fixed target experiments [389]. Such processes are conveniently described in the Equivalent
Photon Approximation, where the relation between the hadron-hadron cross section, (d)o"", and the (differential) cross
section for a photo-hadron scattering (ha or hg), (d)o”"8, is naturally given by the following convolution in the photon
momentum, k,,, of the photon fluxes dn/dk, from each hadron and the aforementioned photo-hadron cross section:

dnha dnhs
d”A"B=/dl — do"s(k — do""a(k ) 25
? ‘V[dky o7 k) + dk, 7 ( V)] (25)

The relevant parameters of such photon beams, for various projectiles and targets at AFTER@LHC, can be found in Table
1 of [389].

Exclusive photoproduction processes which can be studied in the UPCs allow one to probe the internal structure of
hadrons in terms of GPDs [390,391], which through the Ji’s sum rule are directly related to the total OAM carried by
quarks and gluons. They also allow one to explore the tri-dimensional “tomography” of hadrons [392].

One of such exclusive processes, that has not yet been measured, is Timelike Compton Scattering (TCS) [393],
contributing to exclusive lepton-pair photoproduction. Although the purely electromagnetic Bethe-Heitler (BH) amplitude
gives much larger contributions than the TCS one, it is possible to study the interference term between TCS and BH
processes, which may be projected out through the analysis of the angular distribution of the produced leptons. Such an
interference then allows one to extract information on the GPDs. The ratio of these two contributions for the kinematics
relevant to AFTER@LHC was found to be of the order of 10% [389].

Table 19 gathers the BH cross section, the luminosity and the yearly expected lepton-pair yields in 3 operation modes>’
in the kinematical region where the TCS-signal extraction is possible. With a magnitude of 10% for the interference term,
the azimuthal modulation should be observable in the 3 cases.

We also note that the cross sections for 7, production by photon-pair fusion has been derived in [389]. This process,
in particular in this energy range, is sensitive to the method used to compute the photon flux in the pp case. We
found out that 10* 7. can be produced per year in pp UPCs with AFTER@LHC. The same paper also discussed possible

37 The Pb target should be considered as an illustrative case for a heavy nuclear target.
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Fig. 40. Rapidity-differential (a) and pr-differential (b) cross sections of the photoproduced J/¢ in the laboratory frame for pH with 7 TeV proton
beam, from the STARLIGHT generator [395]. The blue curves have been produced without applying kinematical cut, while the red curves are produced
by applying cuts on the two daughters of the J/¢ (2 < n* < 5 and p} > 0.4 GeV/c) which correspond to a LHCb-like detector. For (a), the upper
x axis indicates the corresponding invariant mass of the initial yp system, W, ,, which is equal to that of the final J/v/p system.

Source: Adapted from [396].
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Fig. 41. Rapidity-differential (a) and pr-differential (b) cross sections of the photoproduced J/v in the laboratory frame for PbH with 2.76 A TeV
Pb beam, from the STARLIGHT generator [395]. The blue curves have been produced without applying kinematical cut, while the red curves are
produced by applying cuts on the two daughters of the J/¥ (2 < n* < 5 and p’; > 0.4 GeV) which correspond to a LHCb-like detector.

Source: Adapted from [396].

competing hadronic processes via pomeron or odderon exchanges. These could be separated out by a careful analysis of
the transverse-momentum dependence of the produced particles. n. production from yy fusion in UPCs at AFTER@LHC
was also discussed in [394].

Exclusive /¢ production [397] draws a lot of attention due to the fact that at the leading order it is only sensitive to
gluon GPDs. It has already been measured in the ultraperipheral collisions at LHCb, ALICE and CMS in the collider mode.
However, the AFTER@LHC programme would create a unique possibility to study STSAs in such a process [398], which
are sensitive to the yet unknown GPD E, [399], an important piece of the spin sum rule. An analogue UPC process [400],
where a J/v is (semi-)inclusively photoproduced, would however give access to the gluon Sivers function.

In [396,398] two LHC fixed-target operation modes were studied: proton-hydrogen and lead-hydrogen collisions. The
y distribution and pr distribution for those cases are shown in the Figs. 40 and 41. The statistical uncertainties in the
bins relevant for the GPD extraction are presented in the Fig. 42, and indicate that AFTER@LHC is able to perform the
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Fig. 42. Statistical uncertainty projections for the STSA in exclusive J/vy photoproduction in UPCs of a proton beam (a) and a lead beam (b) on a
hydrogen target.
Source: Adapted from [396].

first determination of E;. The exclusive vector-meson photoproduction in UPCs at AFTER@LHC was also studied in [401],
including that of the light p and @ mesons.

5.2.7. Accessing the strange quark-helicity densities at high x

The distributions of longitudinally polarised (anti-)quarks inside a nucleon are far from well known. For instance, there
are still sizeable uncertainties in the case of anti-quarks (see e.g. [402]). Specifically, the understanding of the distribution
of polarised strange and anti-strange quark distributions (As and As, respectively), and their possible asymmetry is one
of the most intriguing open quests in hadronic physics. Besides of being a key information on the structure of matter,
it is also an essential ingredient of theoretical calculations in astrophysics (As enters the hydrodynamical modelling
of core-collapse supernova explosions [403,404]). As of today, the precise value of As remains unknown, although the
experimental data of COMPASS [22] and several lattice calculations [405-409] are suggesting a small negative value while,
at large x, HERMES data hint at a slightly positive value [410]. The region where the quarks carry the majority of the proton
momentum (high x, x ~ 1) is of special importance. It is pivotal to reveal the content of nucleons observed in nature:
both the quark structure and the total spin of a nucleon are in fact arising from the (valence) quark PDFs at high x.
Currently, insufficient data exist in this kinematic range, which leads to unacceptably large uncertainties in the extracted
polarised quark PDFs at x — 1. For example, the d/u quark ratio at high x remains a puzzle (see Section 5.1.1). In general,
any additional data at high x can reduce the uncertainties in the determination of (un)polarised quark distributions. The
AFTER@LHC programme provides opportunities for such studies. The ALICE CB detector used in the fixed-target mode
covers extremely backward rapidities in the c.m.s., corresponding to x — 1 in the target (see Section 4.2.1).

Moreover, the ALICE CB detector excels in particle identification and is capable of measuring identified hadrons (for
example 7%, K, Ks0 mesons and A baryons). It can therefore provide data to study quark and anti-quark densities at
x — 1. Specifically, it gives access to the strange quark helicity densities at high x via the measurement of the longitudinal
spin transfer D;; from a longitudinal polarised target to A and A hyperons. So far, only limited set of experimental D;
results exist [411,412] and [413,414] and their precision is far from being satisfactory.

The A (and A) baryons, which contain a strange (anti-strange) quark, are popular tools in studies of spin effects in
high-energy collisions because of their self-spin analysing decays in pz~ (pz™). In this decay, a proton is preferably
emitted along the spin direction of a parent baryon, which gives a convenient access to the spin orientation of the latter.
In practice, Dy, is defined as the ratio of the difference of the inclusive cross sections with a positive or negative polarisation
to their sum for a given target polarisation:

Opp= >4~ — Opp~ - A<

Dj = (26)

Opp= 4~ + Opp= s a
where the — and < signs denote positive or negative helicities. Within perturbative QCD, Dy, is sensitive to both polarised
quark densities and polarised fragmentation functions. However, the interpretation of the experimental data depends
on the assumed theoretical model of a fragmentation function. Besides the strange quark, the spin transfer from u and
d quarks could contribute to D;] (see for example [415]); D} provides a cleaner probe of polarised anti-strange quark
density. In what follows, we will omit the A superscript of Dj].

For the evaluation of the expected statistical precision of D;; measurements, we assumed that one will use a similar
technique as in [411]. We estimated the statistical uncertainty on Dy, taking o (D;;) = ﬁ ﬁ where P is an effective target
polarisation, @, = 0.750 4 0.010 [416] is the weak decay parameter and N is the overall A yield registered in the ALICE
detector. The A production is simulated with the PYTHIA8 event generator, and our estimation takes into account the
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Fig. 43. The statistical precision expected for the longitudinal spin transfer D;; to A hyperons with the ALICE detector and a target located ahead
from the ALICE TPC at Zigee = —4.7 m. The A yields are calculated using PYTHIA, taking into account the acceptance of the ALICE TPC detector and
a realistic reconstruction efficiency of A baryons in the ALICE experiment [417].

geometrical acceptance of the ALICE CB detector for the A daughters and the overall A reconstruction efficiency [417].
Fig. 43 shows the expected statistical precision of D;; as a function of (a) the transverse momentum and (b) x~ for a
target located in front of the ALICE TPC detector along the beam direction (Zerger = 470 cm). The assumed integrated
luminosity reflects the expected performance of the ALICE TPC detector and the target polarisation corresponds to a
polarised hydrogen gas-jet target (see Section 3.3.2 for details).

With a single year of data taking it will be possible to measure D;; with sub-percent precision for x~ — 1; however,
the pr reach is limited due to the proximity of the end of the phase space. Therefore, these results could be a challenge
for theoretical calculations, given the relevance of perturbative QCD calculations in these predictions. Anyhow, such data
could give a unique opportunity to study polarised strange and anti-strange quark distributions at x™ — 1.

As a final remark, we note that similar studies with a LHCb-like detector remain to be explored.

Strange-quark-transversity distribution. The integrated quark transversity, also called the nucleon tensor charge, is a
useful input in the search for new physics beyond the standard model, especially in the context of the electric dipole
moment [418,419] or the neutron beta decay [420]. The quark transversity of light quarks has recently been extracted
through a TMD-evolution analysis of the Collins azimuthal asymmetries in e™e~ annihilation and SIDIS processes [421],
as well as through a global analysis of ep DIS and pp collisions [422]. The tensor charges deduced from the above analyses
are consistent with each other, but are in conflict with recent lattice QCD results [407,423-425]. The extraction of the
nucleon tensor charge from experimental data is now under intense debate, and an improvement of the analysis of DIS
experimental data considering hadrons in jet final states was recently proposed [426,427].

Complementary measurements of the transverse-spin transfer Dyr to hyperons can be carried out within the
AFTER@LHC programme with a similar precision as that for Dy, discussed above. Dt is sensitive to both the transversity
distribution of s and 5 and transversely-polarised fragmentation functions. Thus, D7 gives insight into transversity
distribution of quarks which has never been extracted from experimental data (as well as the transversely-polarised
fragmentation functions). However, the extraction of the nucleon tensor charge would require a reliable model of the
fragmentation functions.

Recent lattice calculations suggest a small value of 8s ~ 0(1073) for the strange quark contribution to the nucleon
tensor charge [425,428]. Recently the STAR experiment reported Dy in polarised proton-proton collisions at /s = 200
GeV at mid-rapidity (that is, in the low-x regime), and indeed Dyr is compatible with zero within uncertainties [429]. The
sea-quark distributions (at large x) will hardly be measurable at any other experimental facility, and thus the AFTER@LHC
programme might provide a very useful handle to further constrain the nucleon tensor charge and the transversely
polarised fragmentation functions.

5.3. Heavy-ion physics

Despite considerable progress achieved in the last three decades at AGS, SPS, RHIC and LHC in understanding the
properties of the hadronic matter at extreme conditions [95,97,430-432] produced in high-energy proton-nucleus and
nucleus-nucleus collisions, crucial aspects of the resulting system remain obscure. Important open questions regarding
the properties of a new phase of matter, assumed to be a Quark-Gluon Plasma (QGP), remain to be addressed:

1. the nature of the phase transition between the hadronic matter and the deconfined phase of quarks and gluons;
2. the transport properties of this medium, including its specific shear viscosity;
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3. the interaction of hard partons with this medium and their energy loss via collisional and radiative processes;
4, the flavour dependence of the energy loss in the hot medium;
5. the thermodynamic properties of this hot medium.

In the following text, we focus on two types of observables used in QGP studies: modification of hadron yields in
heavy-ion (or proton-nucleus) collisions compared to proton-proton reactions, and anisotropy of the azimuthal-angle
distribution of hadrons in the final state. We quantify the medium effects on hadron yields using the nuclear modification
factor, Raa (or Rpa), which is a ratio of invariant yields in AA (pA) interactions, normalised by the respective numbers of
binary collisions, and yields in pp collisions. If heavy-ion reactions are a simple superposition of pp interactions, then
Ras ~ 1. The azimuthal anisotropy is conventionally quantified using a Fourier series of the particle azimuthal angle ¢
distribution with respect to the reaction plane ¥ (a plane defined by the beam and a vector connecting the centres of
colliding nuclei):

d*N
dprd¢

where v, is called the directed flow, v,, the elliptic flow and wvs, the triangular flow, etc.. The anisotropy parameters
v, provide information about the early dynamics of the created system and the collective behaviour of hadrons under
study. They can shed more light on the equation of state and the thermodynamic properties, like the shear-viscosity n
to entropy-density s>° ratio n/s, of the QGP. Since v, are measured using final-state particles, they can contain signals
from the QGP phase, fluctuations from the initial conditions as well as some final-state effects such as correlations of the
decay products from short-lived hadron decays or jet correlations. There are several different experimental approaches
to determine the v, parameters, for example using two- or multi-particle correlations. In general, the latter are the most
sensitive to the collective behaviour of these particles.

The AFTER@LHC heavy-ion programme will take place at the c.m.s. energy of 72 GeV with a 2760 GeV Pb beam. With
lighter species the c.m.s. energy is only slightly larger.>* The Beam Energy Scan (BES) programme at RHIC has shown
that in AuAu collisions at ,/syv = 62 GeV the produced hadrons have a large elliptic flow [433-435] and jet-quenching
effects were observed [436]. These results suggest that quarks and gluons are probably deconfined in this energy range,
which implies that AFTER@LHC will be capable of studying both the properties of this deconfined medium and the phase
transition. The large kinematic coverage of the available detectors together with different colliding systems, and high
luminosities, will allow AFTER@LHC to deliver data that can provide definitive answers to aforementioned questions. The
purpose of this section is to demonstrate how AFTER@LHC will be able to address them.

o Y~ 2va(pr) cos(n(¢p — W) (27)
n=1

5.3.1. Precise quarkonium studies in new rapidity and energy domains

Since more than thirty years, studies of the production of various quarkonium states in heavy-ion collisions have
been performed in order to provide insights into the thermodynamic properties of a possible deconfined matter, via the
observation of a sequential melting of quarkonia. However, global analyses including SPS, RHIC and LHC data clearly
show that such endeavour is much more complex than initially thought [94,95,437]. Many facts support this viewpoint:
the complexity of both charmonium and bottomonium feed-downs combined with the absence of measurements of
direct yields; the competition with conventional nuclear effects (see Section 5.1.2 for a discussion of one of them, the
modification of the PDF in a nucleus), the intrinsic complexity of modelling such a new state of matter and the fate
of these bound states when they cross it and finally the smaller cross section of these hard probes compared to light
flavoured hadrons.

Indeed, while quarkonium production in AA collisions was predicted to be suppressed (relative to the pp case) due to
the (Debye-like) screening of the QQ potential in the deconfined medium, where the coloured charges are mobile, it is
now becoming clear that dynamical effects beyond such a static screening should be taken into account. These are due to
the Landau damping following from the inelastic scatterings of the pair with the constituents of the deconfined medium,
or to colour rotations of the colour-singlet QQ pair leading to its dissociation. Conversely, these colour rotations may
also lead to quarkonium regeneration. At high energies, the charmonium production can even be more complex with the
possibility of the recombination of uncorrelated charm and anti-charm quarks produced in the same collisions.

The bottomonium case seems to provide an easier path to (partially) achieve the goal of using quarkonium sequential
suppression as a thermometer. Indeed, the three states are observable*” in the di-muon channel and bb recombination is
far less likely. This is even more true in the energy range of AFTER@LHC. This will be the object of the first quarkonium
section.

In what concerns the charmonium family, in spite of significantly larger cross sections, the situation is much more
intricate and unquestionably calls for measurements which have never been done. Merely improving the precision of

38 Not to be confused with the centre-of-mass energy +/s.
39 For 2890 GeV Xe beam, /Syy = 73.7 GeV.

40 Despite the aforementioned caveats related to the oversimplified picture of the thermometer based on the uniqueness of the Debye screening,
it is in any case mandatory to measure more than 2 states to calibrate it and then to “measure” a temperature.
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Fig. 44. (a) The 7'(nS) signal after the (like-sign) uncorrelated-background subtraction with the expected statistical uncertainties in PbXe collisions
at /syv = 72 GeV in the 1" acceptance range of 3 < Y"f‘l’ < 5, for a LHCb-like detector. No nuclear modifications are assumed, Lppxe = 30 nb~'. (b)
Statistical-uncertainty projections for measurements of the nuclear modification factors Rppxe and Rpxe [441]. The uncertainties are calculated using
the yields given in Table 20. [Adapted from [433].].

Table 20
T(nS) signal yields (S) and signal-over-combinatorial-background ratios (S/B) for pp, pXe and PbXe collisions at ,/syy =72 GeV and 3 <y < 5
assuming LHCb-like performances [441] with [ £p, = 250pb™", [ Lyxe =2pb~" and [ Cppxe = 30nb7".

(1S) S S/B 7(25) S S/B 7(35) S S/B
pp 1.33 x10° 29.0 pp 2.92 x10? 8.2 P 1.37 x10% 10.3
pXe 1.39 x 103 7.8 pXe 3.06 x10? 22 pXe 1.44 x10? 2.8
PbXe 4.33 x10° 1.8 x107! PbXe 9.56 x10? 5.0 x1072 PbXe 4.49 x10? 6.2 x1072

past studies is bound to be insufficient. Indeed, the (2S) state is likely too fragile to fit in any - idealised - thermometer
picture. In addition, the access to information about a third state, in this case the y, triplet via feed-down measurements,
has been shown to be close to impossible since there is no consensus, after 20 years of data, on whether they indicate
that the x. suppression is closer to that of the (2S) or of the J/. In this context, AFTER@LHC can play a crucial role by
providing completely novel observations ranging from direct-x.-suppression measurements to new correlations studies.
This will be the object of the second quarkonium section.

Measurements of the 3 T'(nS) states in pp, pA and AA collisions. In this context, we find it useful to start by discussing the
unique reach of AFTER@LHC for 7°(nS) production in pp, pA and AA collisions as a function of the system size (for various
colliding systems or vs. collision centrality), pr and rapidity, in PbA collisions at /Sy = 72 GeV. This lies nearly half way
between the SPS and RHIC energy ranges and significantly lower than the only existing studies by CMS at the (collider
mode) LHC [438-440]. Although the relative suppression of the 7 (nS) cannot readily be used as a thermometer, it will
bring crucial new inputs for our understanding of the nature of the hot medium created in this energy range as opposed
to that presently available at the LHC.

Fig. 44(a) shows the di-muon invariant-mass distribution in the 7°(nS) mass range for a single year of data taking with
a LHCb-like set-up. The expected T'(nS) yields are clearly large enough with the excellent resolution of LHCb to clearly
distinguish each T'(nS) state in an energy domain where 7'(nS) studies are extremely demanding. The yields together
with the signal over background ratios in pp, pXe and PbXe collisions are also gathered in Table 20. Projections of the
statistical precision of the nuclear modification factors for the 7°(nS) states measured in pXe and PbXe collisions are
presented in Fig. 44(b). The statistical uncertainties take into account the background-subtraction procedure using the
like-sign method. If needed, this can further be improved by using the mixed-event technique. The predictions do not
include potential modifications of the 7°(nS) yields due to the nuclear effects.

Fig. 45 shows the expected relative suppression Rr(ns)/r(]5)4l in the improved Comover Interaction Model (iCIM)
recently applied to describe the Y (nS) suppression at the LHC [442]. It can be seen as an effective approach to deal
with quarkonium suppression, accounting for the Landau damping - the pair gets broken by a scattering with a gluon -
and the colour rotation — a scattering with a gluon turns the pair into a colour-octet state which cannot hadronise any
more. Predictions in other approaches are expected to yield similar suppressions. Given the foreseen accuracy of 7" (nS)
measurements, the AFTER@LHC programme will allow one to verify such predictions in a completely new energy domain.

41 The relative suppression R is defined as the double ratio of excited 7 states to the Y'(1S) in AA and pp collisions, Rygs)ras) =
[Y(nS)/T(1S)]aa/[ T (nS)/ T (1S)],p [438,443].
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Fig. 45. The relative suppression of the excited 7°(nS) states to the 7 (1S) as a function of the energy in iCIM [442].
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Fig. 46. (a) J/¢ and ¥/(2S) signal after the (like-sign) uncorrelated-background subtraction with the expected statistical uncertainties for PbXe
collisions at \/Syy = 72 GeV in 2 < yems. < 5 for f Lpbxe = 30 nb~'. No nuclear modifications are assumed. (b) Projected statistical precision of the
nuclear modification factor as a function of the laboratory rapidity in PbXe (Rppxe) and pXe (Rpxe) at /Syw = 72 GeV, assuming the uncorrelated-
background subtraction with the like-sign technique using [ £y, = 250 pb™", [ Lyxe =2 pb™!, [ Lppxe = 30 nb~! which fits in one month of Pb ion
run. Calculations were done for a LHCb-like detector performance.

Source: Adapted from [441].

Advanced charmonium studies in heavy-ion collisions. In addition to studies of the 7°(nS) states, the AFTER@LHC programme
will explore an array of new charmonium observables that are virtually not accessible elsewhere. As compared to the SPS
experiments, the higher energies at AFTER@LHC allow for quarkonium-correlation studies. None have been carried out
so far in pA and AA collisions. The use of a detector like LHCb (or maybe the joint usage of the ALICE CB (to detect a
photon and a muon) along with the muon arm (to detect the second muon) like in [444]) without any absorber enables
X studies at backward rapidities where the multiplicities are reduced. As compared to RHIC and LHC experiments, which
have to cope with a large combinatorial background, studies of the 5, suppression should be within reach in pA collisions
and, possibly, in the most backward part of the acceptance, in semi-central AA collisions. These studies would rely on the
natural access towards negative rapidities in the c.m.s., on large luminosities typical of the fixed-target mode and on more
modern detectors as compared to those used in the 90’s at the SPS and, to a lesser extent, to the ageing RHIC detectors.

The particularly large pA rates (orders of magnitude larger than those reachable at the collider LHC and RHIC) with a
wide rapidity coverage are also crucial to disentangle between the different sources of the charmonium suppression.
In that regard, the interpretation of such studies, in an energy range where the charm recombination cannot be
relevant [445], will also be much easier. This asset should not be underestimated.

Overall, one expects the measurements of ¥/(2S), xc,J/¥+J/v¥ and J /vy +D productions and correlations to be possible,
each of them with enough precision to bring in constraints to the charmonium-suppression puzzle. As an illustration,
Fig. 46(a) shows a di-muon invariant mass distribution for PbXe collisions at /Sy = 72 GeV in the J /v and (2S) mass
ranges. It is clear that the background is well under control yielding a very precise determination of the charmonium
rates. With such a background for the J/v, we find legitimate to highlight the possibility for the aforementioned more
demanding studies.
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Fig. 47. Expected statistical uncertainties of Rep for D° mesons measured by a LHCb-like detector in PbPb collisions at /syy =72 GeV for f Lpbpp =
7 nb~ 1.
Source: Adapted from [330].

Correspondingly, the statistical projections of the nuclear modification factors in pXe and PbXe collisions as a function
of the rapidity presented on Fig. 46(b)*? allows us to expect a precision at the per cent level for the | /¥ and ¥ (2S) cases,
depending on the rapidity. Without a doubt, more differential studies as well as elliptic flow v, measurements will also
be possible. Projections for the other charmonium-like observables remain to be done. However, we anticipate that they
should show a precision around the five per cent level, which would be a clear breakthrough in the field since none of
them are within the reach of any other experiment at present. Finally, let us stress that the present discussion only relied
on a single target, Xe. However, almost independently of the target implementation (see Section 3), a few other species
could be used — even during a single year. This will allow for systematic studies of the A dependence of the nuclear
effects to be complemented with that of the centrality.

5.3.2. Study of the heavy-quark energy loss and their interaction with the surrounding nuclear matter

Heavy quarks (charm and bottom) are unique tools to study and characterise the QGP properties. They are produced
in hard scatterings at the early stage of the nuclear collisions and lose their energy while traversing the hot and dense
medium. The energy loss and elliptic flow of open heavy-flavour hadrons are sensitive to the dynamics of the medium:
such measurements could be used to determine the fundamental properties of the QGP, such as the transport coefficients,
including g (which characterises the (squared) momentum transfer per mean free path of the fast partons) and the charm
quark diffusion coefficients. Precision measurements of the elliptic flow of heavy quarks can give insights into the degree
of thermalisation of the created nuclear matter (i.e. whether it is in a local thermal equilibrium or not) and can help
discriminate between different models of the heavy-quark interactions with the QGP [95].

A significant suppression of open heavy-flavour production at high pr and a significant elliptic flow of the heavy quarks
were observed at the top RHIC energy [446-449]. These experimental data can be described assuming two main effects:
a medium-induced gluon radiation (radiative energy loss, dE/dx;.q) and a collisional energy loss, dE /dxc.y, due to binary
interactions of the quark with other objects in the QGP. A major difficulty in modelling the heavy-quark energy loss is
that the relative contributions of dE/dx. and dE/dx;,q are still not precisely known [95] and need to be constrained
using experimental data. To better understand the interplay between both mechanisms, precise measurements of the
individual suppression of charm and bottom quark yields are necessary. Fig. 47 shows calculations of the central-to-
peripheral nuclear modification factor Rep®® for D mesons as a function of pr in two rapidity ranges assuming dE /dXcon O
dE /dx:,q as the sole source of suppression. Since both mechanisms have a different pr and rapidity dependence, the high
quality D° data to be provided by AFTER@LHC in PbA collisions at ,/syy =72 GeV in different rapidity ranges can help pin
down dE /dx;aq and dE /dxcoy.

With the high-statistics data accessible at AFTER@LHC, heavy-flavour azimuthal correlations (D — D, J/y¥ — D) and
heavy-flavoured jets can also be studied to further understand the heavy-quark in-medium interactions. Simultaneous
precise measurements of the D-meson elliptic flow and the nuclear modification factor will improve the determination
of the QGP transport properties. In addition, correlation measurements of heavy-flavour pairs will provide new means to
disentangle collisional from radiative interactions and to test Langevin against Boltzmann transport approaches [450]. In
general, the temperature and mass dependences of the transport coefficients can be extracted with precise R4y and v,

42 statistical projections were calculated with the same assumptions as in the case of 7°(nS) predictions.
43 Rcp is the ratio of the yields in central and peripheral collisions, normalised by the respective numbers of binary collisions.
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measurements for B and D at various beam energies. AFTER@LHC will clearly extend such studies towards the low-energy
domain.

Furthermore, the study of D mesons is a natural continuation of the investigation of the J/v and v(2S) formation and
dissociation in nucleus-nucleus collisions. Precise measurements of the D yields in pA and AA collisions are necessary to
constrain the initial-state cold nuclear matter effects, that is the modification of the cc production due to shadowing/anti-
shadowing (see Section 5.1.2). In that sense, D mesons are part of the useful measurements to establish a baseline to
understand how the QGP affects quarkonium production. As we also discussed earlier, the nuclear effects on bottom-quark
production can be also studied via B — ]/ in pA collisions with a good precision (see also [330]).

5.3.3. Soft probes at large rapidities — a precise tool to study the bulk properties of the nuclear matter

One of the unique assets of the AFTER@LHC programme stems from an expected large rapidity coverage. The combined
acceptance of the LHCb detector and the central barrel of the ALICE experiment covers the range of —5.2 < y“™* < 0.7 in
the case of the 2.76 TeV Pb beam — such a wide kinematic acceptance is not accessible in any collider experiment. Both
detectors also offer excellent particle identification abilities, which altogether provide a large lever arm for studies related
to the longitudinal expansion of the nuclear matter in heavy-ion collisions. In contrast, most of the heavy-ion experiments
were designed to study the transverse dynamics of such a system at mid-rapidity, thus the longitudinal evolution is hardly
accessible there.

The longitudinal dynamics of a system created in nuclear collisions is a topic of intensive experimental [451-453]
and theoretical [454-457] studies via azimuthal flow, flow correlations and decorrelation measurements. The two- and
multi-particle pseudo-rapidity correlations allow for an examination of the long-range collective phenomena, e.g. the
ridge, as well as the initial-state fluctuations. The studies of the flow (de)correlation vs. rapidity offer an independent test
of theoretical calculations that assume collective dynamics (collective flow). Most of them involve a hydrodynamic phase
of the system evolution. Since the flow-decorrelation effect increases with the decreasing c.m.s. energy [458], AFTER@LHC
will provide an excellent setting for such an analysis thanks to the aforementioned large rapidity coverage. Moreover, a
measurement of the directed flow v; of charmed mesons as a function of rapidity was proposed recently to map out
the three-dimensional distribution of the nuclear matter produced in heavy-ion collisions [459]. The large D meson yields
expected in AFTER@LHC will facilitate such a study with an unparallelled precision. In the following paragraphs, we discuss
a few examples of other studies involving the “soft” (low pr) probes that are pivotal for our understanding of the QGP
properties and the QCD phase diagram.

Determination of the temperature dependence of the ratio of the shear viscosity to the entropy density: n/s. The shear
viscosity n (or the ratio of the viscosity to the entropy s, 1/s), is one of the most fundamental properties of the QGP.
Yet, our understanding of »/s is far from satisfactory. Indeed, n/s cannot directly be measured: it must be derived from
a comparison of the experimental data and theoretical calculations (for example hydrodynamic models). After decades
of developments, these models reached a high predictive power for the QGP macroscopic behaviour at RHIC and LHC
energies. Until recently, such calculations focused on the transverse dynamics of the QGP at mid-rapidity. Intense efforts
have been made to include the medium longitudinal expansion in hydrodynamic models (see e.g. [454]). These calculations
indicate that particle yields and the azimuthal anisotropy coefficients v, measured at large rapidities are powerful tools
to study the medium 7 /s and its temperature dependence (see Fig. 6) [91].

The AFTER@LHC programme is well suited for these new frontiers of the QGP hydrodynamic studies, providing a large
rapidity coverage to measure several particle azimuthal asymmetries and the possibility to obtain large statistics for
different targets. Fig. 48(a)-(b) show particle yields as a function of pseudo-rapidity (7p.) in mid-central (20%-30%) PbW
and PbXe collisions at ,/syy =72 GeV obtained using EPOS. The expected statistical uncertainties on the elliptic flow (v;)
measurement for identified hadrons with 10 million 20%-30% central PbW and PbXe events (i.e. 100 million minimum-bias
events) are presented in Fig. 48(c)-(f). Even this small data sample, corresponding to an integrated luminosity of 14 pwb~!
for PbW and 16 wb~! for PbXe collisions, will allow for a precision study of v, over a very broad rapidity range. Such
high-quality data will allow for an accurate determination of the temperature dependence of n/s.

We believe that the AFTER@LHC programme is essential to advance our knowledge of the QGP macroscopic properties.
This programme will complement and continue the existing studies of v, with high precision thus providing a detailed
account of the system evolution (including transverse and longitudinal dynamics) between SPS and the top RHIC energy.
As such, AFTER@LHC will be a perfect place to study collective effects in the system produced in pA to PbA collisions. It
will provide high precision studies of the QCD matter, complementary to the ones performed at the RHIC BES programme.

The rapidity scan: a new tool to study the QCD phase diagram. Thermal-model calculations indicate that the baryonic
chemical potential up and the temperature T depend on the rapidity [87]. The recent calculations using the Hadron
Resonance Gas (HRG) model [88] and a viscous hydro+cascade model vHLLE+UrQMD [86] show that in PbPb collisions
at AFTER@LHC pup strongly varies with the rapidity: 0 < ug < 250 MeV (as VHLLE+UrQMD predicts, see Fig. 5(b)) or
even 80 MeV< up < 400 MeV (given by the HRG model, Fig. 49(b)). These up values cover a large fraction of the ug
range accessible at the RHIC BES programme [90,460], as illustrated by Fig. 49(a). The wp Vs. Ycm.s. dependence suggests
that one can perform a “rapidity scan” of the QCD diagram [88,461], complementary to the BES programmes at RHIC and
SPS. Measurements of correlations and fluctuations of the conserved quantities (electric charge, baryon and strangeness
number, etc..) in small rapidity windows could provide a new approach to search for the QCD critical point and possible

62



C. Hadjidakis, D. Kikota, J.P. Lansberg et al.

g T T T3
FE PbW sy = 72 GeV ® pion E
10°EF o ¢ o kaon -
E centrality 20-30% o proton 3
g 102 é— + antiproton _é
'% 10 =
:2) 3 3
s 1F 3
< - -
E LN E
LY :
1073 i MR * L f*‘. MEETETE BT Sra | 3
-10 -5 0 5 10 15 20
T’llab
(a)
015
[ POW sy =72 GeV OO ]
0.1 LHCb ALICE J
[ epion =mpion o ]
© - kaon = kaon >HHHHHHHJI
F ep mp -
~005-.p «p =
> C -0.00 . . . ]
2.5 3 35 4 4.5 5
N nlab T
T 1. | . ‘ | T
OfF—t+ T ‘
- l 10 M events (Ldi = 14 ub™) ]
N centrality 20-30% ]
-0.05 _ALICE, ZTd.r ot =0 LHCb ]
— 0 1 2 3 4 5
T]Iab
(©)
0006_’ L L U L L L B
r PoW sy =72 GeV  centrality 20-30% b
0.0041~ 10 M events (Ldt = 14 pub™) 7
0.002F %hhﬁh#h##ﬁﬁﬁ#b@b—
E ‘ ‘ I ]
N Jedy Jo 0 L
> O: "I ‘\r T I'rT b
—0.002F LHCb ALICE -
[ epion =mpion 1
| ekaon m=kaon ALICE, ZTa,gm =-47m i
-0.004 op ap - .
C °P =p LHCb b
. v b v b b T T T T
0.006 —1 0 1 2 3 4 5
T]lab
©

Physics Reports 911 (2021) 1-83

wWg—r— T
F PbXe \[syy = 72 GeV = pion
103 - € VS ¢ e kaon
E centrality 20-30% ¢ proton
g 102 é_ ' + antiproton
Z 10F
;é; E
s IF
< 107 E L
102k f
PR 1
-10 -5 5 10 15 20
1’]lab
(b)
O.]J_’"|""|""|""I""I""I""|_
[ PbXe sy =72 GeV 0T j
0.1 LHCb ALICE .
[ epion mpion Q 1
[ ekaon =kaon >HHHHHHH\:
F ep p -
«~0.05-.p P ]
e C J L B T B R R no ]
0' _I_* Ll | ]
JEM R ‘ 10 M events (Ldt = 16 b
N centrality 20-30% ]
~0.05ALICE. 2, . =0 LHCb g
-1 0 1 2 3 4 5
T]Iab
(d
0.006
r PbXe \syn =72 GeV  centrality 20-30% ]
0.0041~ 10 M events (Ldt = 16 pb™) 7
0.002F- | Rebbrpeprennnens]
- L], 1
o™
- % TTTree :
—0.002F LHCb ALICE .
[ epion =pion ]
I ekaon =kaon ALICE, ZTargC[=‘4-7m 4
~0.004F .p " wp N 3
C P =p LHCb ]
. Lo by v b v by T T T T
0.006 -1 0 1 2 3 4 5
nlab

®

Fig. 48. Identified particle multiplicities per event in a simulation of (a) 5500 and (b) 9600 events of mid-central PbW and PbXe collisions at ,/Syy = 72
GeV and centrality 20%-30% from EPOS [114,159]. (c)-(f) Projections of the statistical uncertainty on the measurement of the pr-integrated (pr > 0.2
GeV for an ALICE-like set-up and pr > 0.5 GeV for a LHCb-like detector) elliptic flow of identified hadrons as a function of the pseudo-rapidity in the
laboratory frame for two target locations for ALICE. The points for a LHCb-like detector in (e) and (f) were shifted vertically for clarity. Projections
in (c) and (e) correspond to 10 million mid-central PbW collisions and the integrated luminosity £pw = 14pub~!, and the results in (d) and (f)
represent 10 million mid-central PbXe events and Lpyx. = 16 ub’l.

evidences of the first-order phase transition. However, the interpretation of such a data could be a challenge since the
origin of the up vs. rapidity dependence is an open question. For example, it might result from a superposition of different
rapidity spectra of particles produced in a single, homogeneous fireball; or a product of small subdomains with different
g and T values, moving with different longitudinal velocities. In the latter case, one could indeed perform phase-diagram
studies by varying the particle rapidity. Nevertheless, the large rapidity coverage of the AFTER@LHC project, combined
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Fig. 49. (a) The baryonic chemical potential up as a function of y. s and (b) the temperature T as a function of up in 0%-10% most central PbPb
collisions at ./Syv = 72 GeV from the Hadron Resonance Gas model calculations [Adapted from [88]]. The two series of results represent calculations
that use two sets of particle densities as the input (with or without the & and £2 baryons). The uncertainties on the points arise from an assumed
relative uncertainty of 10% on the particle yields measured in AFTER@LHC.

with an excellent particle identification capabilities of the ALICE and the LHCb detectors, makes it a perfect place for such
a “rapidity scan” of the QCD phase diagram.

5.3.4. Search for a collective dynamics of partons in small systems at low energies

One of the recently most discussed topics in the heavy-ion community is the possibility of collective motion of partons
and formation of QGP droplets in so-called small systems such as dAu, pA and even in pp collisions. These considerations
were triggered by an observation of long-range angular correlations of hadrons in high-multiplicity pp events at the
LHC [462], and later in pPb collision at the LHC [463] and dAu at RHIC [464]. At first, it was a surprise since such
correlations were earlier observed only in heavy-ion collisions. Another unexpected result was a large asymmetry of
azimuthal angle distributions of hadrons produced in high multiplicity dAu [464] and pPb collisions [465]. A large, positive
v, seen in the heavy-ion collisions is usually interpreted as an indication of collective interactions on the partonic level,
thus of a possible QGP formation. Surprisingly, the values of v, observed in small systems are comparable to the ones
observed in AuAu and PbPb collisions for the similar multiplicity events. Positive flow parameters were registered in
essentially all kinds of hadronic collisions with energies as low as ./syy =19.6 GeV [466]. Moreover, there is a significant
positive elliptic flow of heavy-flavour particles and strange baryons in the pA collisions at the LHC [467,468], although its
magnitude is lower than the v, of light hadrons. There are also hints of non-zero v, of heavy quarks in dAu collisions at
/SNy = 200 GeV at RHIC.

In addition, other intriguing phenomena were observed in high-multiplicity pp interactions. The production of multi-
strange hadrons in such pp collisions is enhanced [469], on a level remarkably similar to the results seen in PbPb collisions.
Moreover, heavy-flavour-particle yields (both the open-heavy flavour and charmonium) increase fast with the number of
charged particles produced in a pp collision [470-472]. A few different models are able to qualitatively reproduce such a
behaviour, for example, the string percolation approach [473] or EPOS [474]. While these approaches significantly differ,
they all assume some sort of collective interactions on the parton level.

Several explanations for the collective behaviour in small systems were suggested: formation of QGP droplets
[475-478], parton escape with kinetic transport [479], coherent effects driven by a colour glass condensate [480], as well
as more basic QCD derivations of string formation [481]. AFTER@LHC is in the optimal position to address this issue and
discriminate between the proposed scenarios. The luminosity available with AFTER@LHC is orders of magnitude larger
than that at RHIC. The differential measurement of D and /¢ production and azimuthal asymmetries v, will be possible
in pp and pA collisions. Fig. 50 shows the charged-particle-density distribution in pp collisions at 115 GeV from EPOS.
AFTER@LHC will be able to probe very rare events, with a multiplicity of the order of 15 times larger than the average,
and larger. The precision studies as a function of rapidity, transverse momentum and event multiplicity will shed new
light on the problem at hand. As an example, Fig. 51 shows a statistical precision of the measurement of the elliptic flow
v, of D? in pPb collisions with AFTER@LHC in two rapidity ranges — the statistical uncertainty is at a sub-percent level for
pr < 3 GeV. While very limited number of model predictions exist for charmed hadron v, in small-system collisions (for
example the POWLANG [482] and Colour-Glass-Condensate (CGC) predictions [483] for pPb collisions at ./syy = 8 TeV), one
may consult relative variation of predictions for v, of D° in heavy-ion collisions at RHIC [446] to assess the discrimination
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Source: Adapted from [330].

power of the proposed measurement at AFTER@LHC. At transverse momentum pr ~ 2 GeV the difference between theory
results is significantly larger than the estimated statistical uncertainty on D° v, in Fig. 51. Thus, together with the nuclear
modification factor Rypp, these data will provide means to precisely determine a possible collective behaviour of heavy
quarks and quantify the cold-nuclear-matter effects. Moreover, high-luminosity data samples available at AFTER@LHC will
allow v, to be measured for identified hadrons with multi-particle-correlation methods over a wide rapidity range. This
gives a useful handle on the collective effects in small systems. Consequently, AFTER@LHC offers novel opportunities to
study these effects at low energies with multiple probes and over a broad kinematic range.
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Fig. 52. Di-muon invariant-mass distributions (4 < M,+,- < 8 GeV) from DY, cc and bb productions registered with a LHCb-like detector, for PbXe
collisions at /Syy = 72 GeV with fﬁpbe =30 nb~!, assuming Rys = 1, in the integrated rapidity range of 2 < y**lab. < 5 (a) and divided into
the following ranges: 2 < yjs < 3 (b), 3 < yliy <4 (c) and 4 < yjs <5 (d). For (b-d), the upper x-axis represents the corresponding x; values
in a given rapidity range and invariant-mass bin. The combinatorial background is not presented and systematic uncertainties resulting from the
background subtraction with the event-mixing technique are not included. [Adapted from [433].].

5.3.5. Test of the factorisation of the initial-state nuclear effects in AA collisions with Drell-Yan lepton-pair production

Initial-state effects observed in pA collisions are currently extrapolated to AA collisions assuming that the effects
factorise linearly, that is, that the effects associated to initial-state sources are independent in each nucleon-nucleon
binary collision. This naive assumption can be tested using electromagnetic probes: high-p; isolated photons (inverse
Compton process), DY, W and Z bosons. These probes are produced from initial-state partons and do not interact with
the nuclear medium. The nuclear modifications observed for isolated photons, W and Z bosons measured by CMS at
mid-rapidity [484-486] are smaller than ~20% in PbPb collisions. These results rule out a scenario of a large suppression
due to initial-state effects in heavy-ion collisions. However, they cannot test whether processes observed in pA collisions
are magnified in AA collisions given the small nuclear modifications observed in pA collisions to start with. Theoretical
work such as that performed in [487] indicates that initial-state effects can be modified in AA collisions with respect to pA
since the natural scale of a given process is boosted and thus affected by initial-state effects with a different magnitude.
A conclusive experimental test of such a phenomenon from pA to AA collisions needs to be performed in a broad x
range where significant variation of the nuclear modifications is expected in pA collisions (see the pA physics section,
Section 5.1.2).

The physics programme of AFTER@LHC includes the precise measurements of the DY process which can probe initial-
state effects on quarks in several AA collision species. The greatest challenge in the DY measurements in colliders is
the large correlated background from b +b — B* +B~ — Il and ¢ + ¢ — D' + D~ — [*I". This background is
much smaller at the AFTER@LHC c.m.s. energy in PbA collisions. The large combinatorial background typically expected
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Fig. 53. DY signal-over-combinatorial-background ratio (S/B) for a LHCb-like detector as a function of the di-muon invariant mass, for PbXe collisions
at /syv = 72 GeV with fz:pbxE =30 nb~! and for 2 < yp. < 5,2 < Yiap. < 3,3 < Yiap. < 4 and 4 < yj. < 5. The solid lines represent the S/B
with the selection condition for DY single-muon p; > 1.2 GeV, and dashed lines represent the S/B with p; > 0.7 GeV. No nuclear modifications
assumed. [Adapted from [441].].

Table 21

DY yields (x10%), uncorrelated background yields (x10°) and DY over the uncorrelated background ratios (x10~3) for
PbXe collisions at ,/syyv = 72 GeV in 4 di-muon invariant-mass ranges between 4 and 8 GeV and three rapidity ranges
between 2 and 5, with single p satisfying pr > 1.2 GeV. The results hold for LHCb-like performances and Lppxe = 30

nb~ 1.

M. 4-5 GeV M,,.: 5-6 GeV

signal (x10%) bkg. (x10%) S/B (x1073) signal bkg. S/B
Yiab.: 2-3 11.48 4.38 2.6 4.77 0.76 6.3
Yiab.: 3-4 26.85 121.90 0.2 15.58 36.6 0.4
Yiab.: 4-5 15.33 45,08 03 8.28 8.05 1.0

M,,.: 6-7 GeV M,,.: 7-8 GeV

signal bkg. S/B signal bkg. S/B
Yiab.: 2-3 1.92 0.14 13.9 0.82 0.03 28.1
Yiab.: 3-4 8.80 9.68 0.9 5.11 2.42 2.1
Viab.: 4-5 5.09 1.68 3.0 278 0.44 6.3

in PbA collisions can precisely be determined with the mixed-event technique and the large expected amount of like-sign
di-leptons in order to reduce uncertainties in the combinatorial-background normalisation. Fig. 52 shows the invariant
mass distributions of the di-muon pairs in different rapidity intervals, and Fig. 53 shows the signal-to-background ratios
in PbXe collisions at /sy = 72 GeV. Table 21 shows the DY signal and background yields and signal-to-background
(S/B) ratios in these reactions. Overall, the background is significant in the low-mass range (M,,,: 4-5 GeV), but it will
be suppressed by imposing a stringent cut on the muon transverse momentum. Fig. 53 indicates, that the S/B increases
significantly when a single muon cut of pj > 1.2 GeV is applied, compared to the p} > 0.7 GeV case. Nonetheless, while
the measurement could be challenging in some kinematic ranges, the expected yields will allow for a definitive test of
factorisation of the initial-state effects from pA to AA collisions.

6. Conclusions

Unlike the Fermilab-Tevatron and DESY-HERA colliders (with proton beams in the TeV range), no fixed-target
programme was planned for the LHC. In this review, we have put forward a strong physics case for such a programme both
for the multi-TeV proton and ion LHC beams. Such a physics case relies on extensive theory work and projection studies
which have been performed with LHCb- and ALICE-like detectors allowing for high-precision studies in the backward
hemisphere of pp, pA and AA collisions.

These projections cover the 3 main research axes of the physics case, namely that of the nucleon and nucleus structure
at high momentum fractions, that of the nucleon-spin decomposition in terms of the partonic degrees of freedom and
that of the properties of the nuclear matter at extreme conditions such as those resulting from ultra-relativistic heavy-ion
collisions.

They are relevant for different possible implementations which we have reviewed including the state-of-the-art
solutions provided by modern polarised gas targets or by splitting the beam with a bent crystal. For each of the
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Fig. 54. Schematic view of the polarised H-jet system used at BNL-RHIC collider [103] that consists of an Atomic Beam Source, a turbo-molecular
pumping system and a Breit-Rabi polarimeter.

possible implementations, we have also detailed the expected luminosities compatible with the LHCb and ALICE detector
capabilities. For a number of studies where such projections are not yet available, we have collected the existing theory
predictions for e.g. cross sections, spin and azimuthal asymmetries or nuclear modification factors.

Overall, we believe that the present review constitutes a very solid basis for the elaboration of a rich and fruitful LHC
fixed-target programme starting as early as 2020.
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Fig. 58. Schematic view of the ALICE detectors for the LHC Run 3, after the upgrades [161].
Source: Figure courtesy of CERN.

Appendix

A.1. Schematic view of the H-jet system used at the BNL-RHIC collider
See Fig. 54.

A.2. Possible setup of the beam-splitted option upstream of LHCh
See Fig. 55.

A.3. Schematic view of the E1039 target

See Fig. 56.
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Fig. 59. Schematic view of the LHCb detectors for the LHC Run 3 [164,165]. The main subsystems include the Vertex Locator, the Silicon Micro-strip
Upstream Tracker (UT), the Scintillating Fibre (SciFi) Tracker, the Muon Chambers (M2-M5), the Hadron Calorimeter (HCAL), the Electromagnetic
Calorimeter (ECAL) and the RICH detectors.

Source: Figure courtesy of CERN.

A.4. Schematic view of the COMPASS target
See Fig. 57.

A.5. Schematic view of the ALICE detectors
See Fig. 58.

A.6. Schematic view of the LHCb detectors
See Fig. 59.
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