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Abstract

Broad and unexplored kinematic regions can be accessed at the LHC with fixed-target pp,
pA and P bA collisions at

p
sNN = 72−115 GeV. The LHCb detector is a fully-instrumented

forward spectrometer able to run in fixed-target mode, and currently hosts a target gas
cell to take data in the upcoming Run 3. The LHCspin project aims at extending this
physics program to Run 4 and to bring polarised physics at the LHC. An overview of the
physics potential and a description of the LHCspin experimental setup are presented.
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1 Introduction

The LHC delivers proton and lead beams1with an energy of 7 TeV and 2.76 TeV per nucleon,
respectively, with world’s highest intensity. Fixed-target collisions, occurring at an energy in
the center of mass of up to 115 GeV, thus offer an unprecedented opportunity to investigate
partons carrying a large fraction of the target nucleon momentum.

The LHCb detector [2] is a general-purpose forward spectrometer specialised in detecting
hadrons containing c and b quarks, and the only LHC detector able to collect data in both
collider and fixed-target mode. The fixed-target physics program at LHCb is active since the
installation in Run 2 of the SMOG (System for Measuring the Overlap with Gas) device [3],
enabling the injection of noble gases in the beam pipe section crossing the VELO (Vertex Lo-
cator) detector at a pressure of O(10−7) mbar. With the SMOG2 upgrade [4], an openable

1A short run with xenon ions was performed in 2017, while an oxygen beam is foreseen for Run 3 [1].
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gas storage cell, shown in Fig. 1, has been installed in 2020 in front of the VELO. This boosts
the target areal density by a factor of 8 to 35 depending on the injected gas species. SMOG2
data will be collected in the upcoming Run 3 with a novel reconstruction software allowing
simultaneous data-taking of beam-gas and beam-beam collisions, as shown in Fig. 2.

Figure 1: SMOG2 storage cell in open (left) and closed (right) configuration.

The LHCspin project [5] aims at extending the SMOG2 physics program in Run 4 and, with
the installation of a polarised gas target, to bring spin physics at LHC by exploiting the well
suited LHCb detector. A selection of physics opportunities accessible at LHCspin is presented
in Sec. 2, while the experimental setup is discussed in Sec. 3.

2 Physics case

The physics case of LHCspin covers three main areas: exploration of the wide physics potential
offered by unpolarised gas targets, investigation of the nucleon spin and heavy ion collisions.
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Figure 2: Left: Reconstruction efficiency for beam-gas (red) and beam-beam (blue)
primary vertices [6]. Right: kinematic coverage of LHCspin (orange) and other ex-
isting facilities.

Unpolarised gas targets Similarly to SMOG2, LHCspin will allow the injection of several
species of unpolarised gases: H2, D2, He, N2, O2, Ne, Ar, Kr and X e with negligible impact
on the LHC beam lifetime. This gives an excellent opportunity to investigate parton distribu-
tion functions (PDFs) in both nucleons and nuclei in the large-x and intermediate Q2 regime
(Fig. 2), which is especially affected by lack of experimental data and impact several fields from
basic QCD tests to astrophysics. For example, the large acceptance and high reconstruction
efficiency of LHCb on heavy flavour enables the study of gluon PDFs, which are a fundamental
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input for theoretical predictions [7], while measurements of heavy-flavour hadroproduction
directly impact prompt muonic neutrino flux knowledge [8]. Searches for an intrinsic charm
component in the proton [9] and prompt antiproton production in pHe collisions [10] are two
other high-profile example measurements that have already been pioneered at LHCb. With
the large amount of data to be collected with LHCspin, nuclear PDFs can also be investigated
in greater detail, helping to shed light on the intriguing anti-shadowing effect [11].

Spin physics Beside standard collinear PDFs, LHCspin will offer the opportunity to probe po-
larised quark and gluon distributions by means of proton collisions on polarised hydrogen and
deuterium. For example, measurements of transverse-momentum dependent PDFs (TMDs)
provide a map of parton densities in 3-dimensional momentum space, as sketched in Fig. 3.
Light quark TMDs, especially in the high-x regime, can be accessed by measuring transverse
single spin asymmetries (TSSAs) in Drell-Yan or weak-boson production processes, while gluon
densities, such as the gluon Sivers function, can be probed via heavy-flavour production. Fig. 3
shows the projected precision for some TSSAs at LHCspin with 10 fb−1 of data.

in the non-perturbative regime of QCD.
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Figure 18: Three-dimensional representation of the u-quark densities in momentum space
(proton tomography) from a recent global analysis [122]. (Courtesy of A. Bacchetta).

Two quark TMDs are involved in unpolarized processes: the standard unpolarized
distribution function f q

1 and the Boer-Mulders function h?,q
1 [123]. Even if it requires

no target polarization, the Boer-Mulders function is in fact a polarized TMD because it
depends on the quark transverse polarization. More specifically, it describes the correlation
between the quark transverse polarization and transverse momentum. It is noteworthy that
this correlation results in specific azimuthal modulations of the unpolarized cross-section.

In the last 15 years, significant progresses have been achieved in the comprehension
of the quark TMDs in Semi-Inclusive DIS (SIDIS) experiments (Hermes, Compass,
JLAB) [124]. High-energy pp collisions constitute a complementary approach. In particular,
fixed-target pp collisions at the LHC, with a beam energy at the TeV scale, will give
access to these objects for unique kinematic conditions (high x, at moderately high
Q2). Furthermore, by comparing the results obtained in SIDIS with those from hadronic
collisions, it is possible to perform stringent tests of QCD factorization, evolution and
universality. For instance, the Boer-Mulders function mentioned above has the peculiar
property of being naive-T-odd. This implies that its definition must include a proper
gauge-link (Wilson line) that manifests in a soft-gluon exchange between the ejected quark
and the color field of the nucleon remnant. In general, gauge links are process-dependent
and this leads to the remarkable fact that naive-T-odd TMDs (such the Boer-Mulders
and the Sivers functions) are not universal. In particular, they are expected to have
opposite sign when measured in Drell-Yan and SIDIS processes [125]. A solid experimental
verification of this direct QCD prediction is eagerly awaited.

At LHCb, the quark f q
1 and h?,q

1 TMDs can be probed in Drell-Yan processes, exploiting
the excellent reconstruction capabilities for muon-pairs. The unpolarized Drell-Yan cross-
section can be written as

�DY
UU / A f q

1 ⌦ f q̄
1 + B h?,q

1 ⌦ h?,q̄
1 cos 2� , (1)

where the subscript UU denotes that both beam and target are unpolarized, the symbol ⌦
indicates a convolution integral over the quark transverse momenta, and � is the azimuthal
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Figure 39: Expected statistical uncertainty on asymmetries in DY production at AFTER@LHCb, computed all for Lpp = 10 fb�1

andPe↵. = 0.8. The rapidity has been integrated over the bins specified in the plots, as well as the mass in bins of dM = 1 GeV. [The
statistical uncertainties are calculated using following expressions: �(Asin �S

UT ) = 1/Pe↵.⇥
p

2/
p

S + 2B, �(Acos 2�S
UU ) = 2

p
2/
p

S + 2B
and �(Asin(2�±�S )

UT ) = 2/Pe↵. ⇥
p

2/
p

S + 2B, where S is the signal yield, B is the background yield and Pe↵. is the effective
polarisation in a given measurement.]

extractions of h?g
1 have been performed yet. Recently, it has been proposed to access both f g

1 and h?g
1 in

di-J/ and ⌥ production in hadronic collisions [347, 344], for which data with sensitivity to transverse
momenta have been collected at the LHC. It is expected that h?g

1 reaches its maximal size in the small-x
regime [53, 348, 349, 350]. Its role in different x-regions has yet to be explored. Factorisation proofs have
recently been provided for ⌘c,b production [351, 352]. It is also expected to be constrained from azimuthal-
asymmetry measurements at the future EIC and the LHeC [353, 315], and also possibly from measurements
at RHIC and the LHC [339].

The impact of linearly polarised gluons in H0 production has been addressed e.g. in [354, 355, 356,
332]. Their effect has been predicted for gluon fusion into two photons in [357, 339], for (pseudo)scalar
quarkonium production in [69, 70], for vector quarkonium production in [358, 359] and for H0 plus jet
production in [340]. Associated production of quarkonium and Z boson has been investigated in [360].
Associated production of quarkonium plus one photon [71] 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 ⌘b,c production [361, 69, 70] and double J/ 
production [223], can be investigated within the AFTER@LHC programme.

Several processes can be measured at the proposed AFTER@LHC programme in order to constrain
h?g

1 in yet unexplored kinematic regions. In Table 17 we show those in which the effect of the presence
of h?g

1 is the modulation of the transverse-momentum spectrum, referred to as “qT modulation”, while in
Table 18 we show those for which h?g

1 creates an azimuthal modulations of the spectrum, referred to as
“cos n� modulation”. We notice that in all the mentioned processes the same h?g

1 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 h?g

1 through all these processes.
At AFTER@LHC, it will be possible to study the potential TMD factorisation breaking effects [362]

in the production of �c0 and �c2 [69]. Moreover, ⌘c production at low transverse momentum [351] will
be accessed, complementing the high transverse momentum region measured by LHCb and going beyond
RHIC’s capabilities.

73

Figure 3: Left: up quark densities in momentum space [12]. Right: projected preci-
sion for some TSSAs with Drell-Yan data [7] with x2 being the longitudinal momen-
tum fraction of the target nucleon and M`` the dilepton invariant mass.

It is also attractive to go beyond a 3-dimensional description by building observables which
are sensitive to Wigner distributions [13] and to measure the elusive transversity PDF, whose
knowledge is currently limited to valence quarks at the leading order [14], as well as its inte-
gral, the tensor charge, which is of direct interest in constraining physics beyond the Standard
Model [15].

Heavy ion collisions Thermal heavy-flavour production is negligible at the typical temper-
ature of few hundreds MeV of the system created in heavy-ion collisions. Quarkonia states
(cc, bb) are instead produced on shorter timescales, and their energy change while traversing
the medium represents a powerful way to investigate Quark-Gluon Plasma (QGP) properties.
LHCb capabilities allow to both cover the aforementioned charmonia and bottomonia studies
and to extend them to bottom baryons as well as exotic probes. QGP phase diagram explo-
ration at LHCspin can be performed with a rapidity scan, complementing RHIC’s beam-energy
scan, while flow measurements will greatly benefit from the excellent LHCb identification
performance on charged and neutral light hadrons. An interesting topic joining heavy-ion col-
lisions and spin physics is the dynamics of small systems which can be probed via ellipticity
measurement in lead collisions on polarised deuterons [16].
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3 Experimental setup

The LHCspin experimental setup is in R&D phase and calls for the development of a new
generation polarised target. The starting point is the setup of the HERMES experiment at
DESY [17] and comprises three main components: an Atomic Beam Source (ABS), a Target
Chamber (TC) and a diagnostic system. The ABS consists of a dissociator with a cooled nozzle,
a Stern-Gerlach apparatus to focus the wanted hyperfine states, and adiabatic RF-transitions for
setting and switching the target polarisation between states of opposite sign. The ABS injects
a beam of polarised H or D into the TC, which is located into the LHC primary vacuum. The
TC hosts a T-shaped openable storage cell, sharing the SMOG2 design, and a dipole holding
magnet, as shown in Fig. 4.
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Figure 4: The TC drawing with the magnet coils (orange) and the iron return yoke
(blue) enclosing the storage cell. The VELO vessel and detector box are shown in
green and grey, respectively.

The diagnostic system continuously analyses gas samples drawn from the TC and comprises
a target gas analyser to detect the molecular fraction, and thus the degree of dissociation, and
a Breit-Rabi polarimeter to measure the relative population of the injected hyperfine states.
An instantaneous luminosity of O(1032) cm−2s−1 is foreseen for pH collisions at Run 4.

4 Conclusion

The fixed-target physics program at LHC has been greatly enhanced with the recent installation
of the SMOG2 gas storage cell at LHCb. LHCspin is the natural evolution of SMOG2 and aims at
installing a polarised gas target to bring spin physics at LHC for the first time, opening a whole
new range of exploration. With strong interest and support from the international theoretical
community, LHCspin is a unique opportunity to advance our knowledge on several unexplored
QCD areas, complementing both existing facilities and the future Eletron-Ion Collider [18].

Funding information The project leading to this application has received funding from the
INFN (Italy) and the European Union’s Horizon 2020 research and innovation program.
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