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Abstract

The goal of the LHCspin project is to develop innovative solutions for
measuring the 3D structure of nucleons in high-energy polarized fixed-target
collisions at LHC, exploring new processes and exploiting new probes in a
unique, previously unexplored, kinematic regime. A precise multi-dimensional
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description of the hadron structure has, in fact, the potential to deepen our
understanding of the strong interactions and to provide a much more precise
framework for measuring both Standard Model and Beyond Standard Model
observables. This ambitious task poses its basis on the recent experience
with the successful installation and operation of the SMOG2 unpolarized
gas target in front of the LHCb spectrometer. Besides allowing for interest-
ing physics studies ranging from astrophysics to heavy-ion physics, SMOG2
provides an ideal benchmark for studying beam-target dynamics at the LHC
and demonstrates the feasibility of simultaneous operation with beam-beam
collisions. With the installation of the proposed polarized target system,
LHCb will become the first experiment to simultaneously collect data from
unpolarized beam-beam collisions at

√
s=14 TeV and polarized and unpolar-

ized beam-target collisions at
√
sNN ∼100 GeV. LHCspin has the potential

to open new frontiers in physics by exploiting the capabilities of the world’s
most powerful collider and one of the most advanced spectrometers. This
document also highlights the need to perform an R&D campaign and the
commissioning of the apparatus at the LHC Interaction Region 4 during the
Run 4, before its final installation in LHCb. This opportunity could also
allow to undertake preliminary physics measurements with unprecedented
conditions.

Editorial Committee: V. Carassiti, G. Ciullo, P. Di Nezza, R. Engels, P. Lenisa,
A. Nass, L.L. Pappalardo, B. Parsamyan, M. Santimaria, E. Steffens
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1 Introduction

To understand the complex structure of protons and neutrons in terms of quarks
and gluons is an outstanding task in the field of particle physics [1–3]. Despite
impressive theoretical progress, making precise predictions for nucleon structure
from first principles remains a formidable challenge, and detailed experimental
measurements are crucial for progress in this field. This challenge has been in-
strumental in spurring a series of past experiments worldwide (for recent reviews
see e.g. Refs. [4, 5]), and it serves as a foundational basis for proposals of new-
generation experimental facilities, such as the EIC (US) [6], LHeC (CERN) [7],
and JLab22 (US) [8]. In order to understand the microscopic composition of
the nucleon, the particle physics community has historically placed considerable
reliance on two distinct types of physical quantities: the spatial distribution of
electric charge and magnetic moment, as probed through elastic lepton-nucleon
scattering and described by the Electric and Magnetic Form Factors (FFs) and
the longitudinal momentum distributions of partons, described by the collinear
parton distribution functions (PDFs). The PDFs, in particular, have been mea-
sured in deep inelastic scattering (DIS) experiments in which high-energy leptons
scatter off individual quarks by exchanging a virtual photon [9]. Although FFs
and PDFs have contributed significantly to shape our physical picture of the nu-
cleon, they provide only partial information about its internal structure. The FFs
lack dynamic information regarding the nucleon’s constituents, such as their linear
momenta, while collinear PDFs offer no insight into their spatial distributions or
transverse motion.

A significant advancement in the field is represented by the measurements ac-
cessing the 3-Dimensional structure of the nucleon, thereby accounting for trans-
verse degrees of freedom in momentum and spatial distributions [10–12] through
the connection to specific observables sensitive to either Generalized Parton Dis-
tributions (GPDs) [13] or Transverse Momentum Dependent parton distribution
functions (TMDs) [14]. Particularly important and relevant in the contemporary
context is the measurement of heavy-quarks observables sensitive to the largely
unknown gluon TMDs, such as, e.g., the unmeasured gluon Sivers function [15],
which provides valuable information about the spin-orbit correlations of gluons
inside the nucleon and is sensitive to the unknown gluon orbital angular momen-
tum [16].

The nucleon and parton spin orientations represent a pivotal instrument in
accessing this novel domain of 3D structure of the nucleon. The spin-dependence
of the cross section for processes such as Semi-Inclusive DIS (SIDIS), Drell-Yan or
inclusive production of hadrons in polarized hadron-hadron collisions gives rise to
distinct azimuthal distributions (asymmetries) of the final-state particles. These
asymmetries are expressed as ratios of convolution integrals over parton intrinsic
momentum (structure functions), incorporating specific combinations of TMDs.
Therefore, measuring these asymmetries provides access to the encoded informa-
tion about the TMDs.
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The proposed LHCspin project foresees the possibility to perform a range of
unique and relevant measurements at the LHC exploiting polarized fixed-target
proton-proton and proton-deuterium collisions. Furthermore, the possibility of
merging the LHC heavy-ion program with spin physics will allow, for the first
time, to study polarized lead-proton and lead-deuterium collisions at

√
sNN ∼ 72

GeV.
A realistic possibility for exploiting this access door in a relatively short time

and at relatively low costs is to implement and install a polarized target of gaseous
hydrogen (protons) or deuterium (protons and neutrons) inside an already existing
and highly performing accelerator, such as the LHC. Polarized 3He (acting essen-
tially as a neutron target) could be achievable in a hypothetical future phase with
an upgraded setup. The study of fixed-target collisions with a polarized gaseous
target [12, 17–19] offers several unique advantages:

• a very high polarization degree (up to 85%);

• absence of dilution effects due to the presence of unpolarized materials in
the target;

• possibility to invert very quickly the polarization direction (to reduce sys-
tematics);

• possibility to achieve relatively high luminosities with sufficiently dense tar-
gets;

• precise determination of the beam-gas luminosity;

• negligible effects on the beam life-time;

• possibility to also inject unpolarized gases;

• negligible impact on the LHCb beam-beam physics program and perfor-
mances.

Furthermore, beams at the TeV scale in conjunction with a forward spectrome-
ter allow to access a unique and largely unexplored kinematic regime characterized
by the coverage of the large negative Feynman xF and the large Bjorken-x regions
at intermediate Q2 with beam-gas collisions at

√
sNN ∼100 GeV;

The project benefits from the existence of a polarized gas target system de-
veloped for the HERMES experiment [20] but requires modifications to ensure
that all components of this complex system comply with LHC requirements. In
addition, as detailed in Section 7 of this document, a new absolute polarimeter is
necessary and needs to be developed and commissioned.

Furthermore, part of this technology (e.g. an openable storage cell for the
target gas) has already been implemented at the LHC, in the framework of the
SMOG2 project [21]. Specifically, the SMOG2 cell was installed upstream of the
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LHCb detector, within the LHC primary vacuum, during the LS2 and, is being
successfully employed to collect fixed-target data since the beginning of the Run 3.
In these years of operation, SMOG2 has demonstrated a negligible impact on the
LHCb beam-beam collisions performances and data taking while being operated
simultaneously with the collider mode.

The LHCspin apparatus can be developed and commissioned at the LHC In-
teraction Region 4 (IR4), in a section presently occupied by a Beam Gas Ver-
tex (BGV) device [22], out of operation since years. It is worth noting that our
proposed apparatus could in principle be also used to provide beam parameter
measurements, should the LHC decide to pursue this aspect further.

LHCb, in its scoping document for the Upgrade II [23], clarifies the importance
to perform this specific R&D in the optics of the future upgrade of the SMOG2
system with the LHCspin one.

This document is organized as follows: Chapter 2 focuses on the physics
perspectives with a polarized target at LHCb; Chapter 3 discusses the current
experience of implementing and running an unpolarized target system, including
a storage cell, at LHC and LHCb; Chapter 4 describes the proposed polarized
target system, its main components, and its implementation in LHCb; Chapter
5 presents the simulations and expected performances of polarized fixed-target
collisions with this system implemented in LHCb; Chapter 6 addresses the is-
sue of atomic recombination connected to the storage cell coating and explores
the possibility to develop a polarized molecular target; Chapter 7 illustrates the
main features of an absolute polarimeter, necessary for molecular polarization mea-
surements; Chapter 8 outlines the experimental setup proposed for installation
and commissioning at the Interaction Region 4 and related physics opportuni-
ties; Chapter 9 summarizes the working group organization; finally Chapter 10
presents the conclusions.

2 Spin physics perspectives at LHCb

The primary physics objective of the LHCspin project is to study the spin-dependent
dynamical structure of the nucleon in terms of quarks and gluons degrees of free-
dom, within the unique kinematic domain covered by the setup.

Fixed-target beam-gas collisions with a 7 TeV proton beam occur at a centre-
of-mass energy per nucleon of

√
sNN = 115 GeV and allow to cover backward and

central rapidities in the centre-of-mass frame (−3 < yCM < 0), offering an unprece-
dented opportunity to investigate partons carrying a large fraction of the target
nucleon momentum, i.e. large Bjorken−x values, and a large-negative Feynman-x
(xF ) across a wide Q2 range1 (see Fig. 1).

The proposed research will be pursued by extracting, from the collected polar-
ized fixed-target collisions data, experimental observables that provide access to

1Here Q2 can be approximated to the squared transverse energy of the produced particle. For
example, for inclusive J/ψ production, it is assumed that Q2 ∼ E2

T = m2
J/ψ + p2T,J/ψ.
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Figure 1: Kinematic coverage of LHC fixed-target experiments (orange) compared
to other experiments.

both quarks and gluons transverse-momentum-dependent PDFs (TMDs) and gen-
eralized parton distributions functions (GPDs) (see e.g. [24] for a recent review on
the subject). Specifically, polarized quark and gluon distributions can be probed
by LHCspin through proton collisions on polarized hydrogen and deuterium tar-
gets.

Figure 2 shows how the 5D Wigner distributions [26] connect to the GPD
and TMD functions. Integration over the transverse momentum of Wigner distri-
butions gives rise to the GPDs, while integration over the transverse coordinate
(impact parameter) leads to the TMDs. Leading-twist distributions, probed us-
ing either unpolarized or transversely polarized targets, including Boer-Mulders
(h⊥,q

1 (x, p2T )) [27], transversity (hq1(x, p
2
T )), Sivers (f

⊥,q
1T (x, p2T )) [15] and Kotzinian-

Mulders(worm-gear-L, h⊥,q
1L (x, p2T )) [28] PDFs, provide independent fundamental

information on different quark-nucleon spin and quark transverse momentum cor-
relations and the spin structure of the nucleon.

2.1 Quark TMDs

The study of quark TMDs is among the main physics goals of LHCspin. Quark
TMDs encode different correlations between the spin of the nucleon, the spin of
the quarks and their intrinsic transverse momentum. A comprehensive knowledge
of the TMDs allows for the construction of 3D maps of the nucleon structure in the
momentum space (often referred to as nucleon tomography), as shown in Fig. 3.

The golden channel for accessing the quark TMDs in hadronic collisions is the
Drell-Yan (DY) process, in which a quark and an anti-quark annihilate to produce
a charged lepton pair (e.g. µ+µ−) in the final state [31]. At the LHC fixed-target
kinematic conditions the dominant contribution to the process is the one where
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Figure 2: Wigner distributions (top) and leading-twist GPDs (bottom, left) and
TMDs (bottom, right) for different combinations of quark and nucleon polarization
states [25]. Distributions marked in red vanish for no orbital angular momentum
contribution to the nucleon spin, while the quantities highlighted in green can be
accessed at LHCspin.

the anti-quark from the proton beam is probed at small-x, and the quark from
the target proton is probed at large-x. By injecting unpolarized hydrogen in the
target one can get sensitivity to the Boer-Mulders function, h⊥1 (x, p

2
T ), through the

azimuthal dependence (cos(2ϕ) modulation) of the DY cross section

dσDY
UU ∝ f q̄

1 ⊗ f q
1 + cos(2ϕ) h⊥,q̄

1 ⊗ h⊥,q
1 , (1)

where f
q(q̄)
1 denotes the unpolarized quark TMD, the symbol ⊗ denotes a convo-

lution integral over the incoming quarks transverse momenta, ϕ is the azimuthal
orientation of the lepton pair in the di-lepton centre-of-mass frame and the sub-
script UU indicates unpolarized beam (first index) and target (second index).
Employing a transversely polarized hydrogen (or deuterium) target enables sensi-
tivity to the transverse-nucleon-spin-dependent quark TMDs, including the Sivers
function, f⊥,q

1T (x, p2T ), and the transversity PDF, hq1(x, p
2
T ), through a measurement

of the corresponding Transverse Single-Spin Asymmetries (TSSA):

1

P

σ↑ − σ↓

σ↑ + σ↓ ∼ A
sin(ϕs)
UT sin(ϕs) + A

sin(2ϕ−ϕs)
UT sin(2ϕ− ϕs) + · · · , (2)

where P denotes the effective target polarization degree (e.g. 80%) and ϕs the
azimuthal angle of the target transverse polarization with respect to the reaction
plane. The azimuthal amplitudes, denoted as A

sin(ω(ϕ,ϕs))
UT , with ω(ϕ, ϕs) indicating

the relevant combinations of the azimuthal angles ϕ and ϕs, provide direct access
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Figure 3: Left: Up quark densities in momentum space [29]. Right: Distortion of
the up and down quark distributions in the momentum space when spin is taken
into account [30]. These images are elaborated starting from real data and show
that the distortion for up- and down-quarks is opposite.

to the combinations of quark TMDs, e.g.:

A
sin(ϕs)
UT ∼ f q̄

1 ⊗ f⊥,q
1T

f q̄
1 ⊗ f q

1

, A
sin(2ϕ−ϕs)
UT ∼ h⊥,q̄

1 ⊗ hq1
f q̄
1 ⊗ f q

1

, etc. (3)

The accumulated knowledge on transversity PDF is based on existing SIDIS mea-
surements from HERMES [32, 33] and COMPASS [32, 34–39] experiments, and is
mainly restricted to valence quarks and to a relatively limited x region. The PDF
is of considerable interest for two principal reasons. Firstly, it is one of the three
TMDs that survive integration over quark transverse momentum (along with the
f1 and g1 distributions). Secondly, a precise determination of its first moment,
the tensor charge, could set stringent constraints on physics beyond the Standard
Model [40]. The two time-reversal-odd (T-odd) TMDs, i.e. the Sivers and the
Boer-Mulders functions, are expected to have an opposite sign when extracted
from DY data with respect to the same quantities extracted in SIDIS [41]. This
fundamental QCD prediction is being addressed by several experiments operat-
ing at different energies (COMPASS [42, 43], STAR [44], SPINquest [45]). In this
respect, the primary advantages of LHCspin in comparison with COMPASS and
SPINquest fixed-target measurements are primarily attributable to the absence of
a dilution factor, resulting from the intrinsically pure nature of the target, and the
significantly enhanced mass resolution, attributable to the absence of an absorber
in front of the spectrometer. This, in conjunction with the different and unique
kinematic coverage, makes future LHCspin measurements highly competitive, yet
complementary to those conducted at COMPASS and SPINquest. In addition
to the sign-change studies for T-odd PDFs, isospin effects can be investigated by
comparing results from p-H and p-D collisions. Projections for DY measurements
with a transversely polarized target evaluated at the LHCb fixed-target kinematics
and based on an integrated luminosity of 10 fb−1 are shown in Fig. 4 [46].

A recently published study [47] has introduced an innovative data-driven method-
ology employing deep neural networks for a minimally biased extraction of the
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Figure 4: Left: projections of TSSAs as a function of x for DY events at the LHCb
fixed-target kinematics compared to theoretical predictions. Right: projected pre-
cision for selected azimuthal asymmetry amplitudes with DY data in a specific
rapidity interval, as a function of the di-lepton invariant mass [46].

SU(3) flavor-dependent Sivers function, enabling a rigorous assessment of the ex-
traction quality, precise uncertainty propagation, and systematic error quantifica-
tion as a function of kinematics. These new approaches will ensure an enhanced
reliability in the extraction of TMDs from future measurements, including those
to be performed with LHCspin.

In the context of LHCspin measurements involving a longitudinally polarized
target, access to the Kotzinian-Mulders h⊥,q

1L TMD, also referred to as Worm-gear-
L PDF, becomes a viable prospect. The corresponding DY asymmetry is given by
the following ratio of convolutions:

A
sin(2ϕ)
UL ∼ h⊥,q̄

1 ⊗ h⊥,q
1L

f q̄
1 ⊗ f q

1

, (4)

This PDF provides a detailed description of transversely polarized quarks within
a longitudinally polarized nucleon. Experimental efforts have been made to mea-
sure the corresponding effect in SIDIS by HERMES, JLab, and COMPASS experi-
ments. However, the available data is rather limited in precision, leaving significant
gaps in our understanding of this particular PDF. In principle, with a longitudi-
nally polarized target (and an unpolarized beam) one could also have access to
the g1 function (collinear or TMD) by exploiting the charged-current DY process,
where a W boson is exchanged [48]. This process could also provide sensitivity to
the g1T TMD function if, instead, a transversely polarized target is used. However,
both measurements are expected to be difficult to achieve at fixed-target energies.

2.2 Gluon TMDs

While first phenomenological extractions of quark TMDs have been performed
in recent years, mainly using available SIDIS data, gluon TMDs are presently
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largely unexplored. Measurements of observables sensitive to gluon TMDs, such
as, e.g. the gluon Sivers function [49], represent nowadays the new frontier of this
research field. Given that heavy quarks are predominantly produced via gluon-
gluon fusion at the LHC, the production of quarkonia and open heavy-flavour states
represents the most efficient method of studying gluon dynamics inside nucleons
and probing gluon TMDs [50, 51]. In particular, the LHCb detector is optimized
for measurements of heavy-meson production, such as J/ψ, ψ′, D0, ηc, χc, χb, etc.,
and thus has potential to become a unique and highly efficient facility for these
studies.

While the unpolarized f g
1 and the linearly polarized (Boer-Mulders) h⊥,g

1 gluon
TMDs can be accessed through the study of the azimuthal dependence of the
spin-independent cross section, the gluon TMDs that require a transversely po-
larized nucleon, such as the gluon Sivers function f⊥,g

1T , can be probed through a
measurement of corresponding target transverse-spin asymmetries:

1

P

σ↑ − σ↓

σ↑ + σ↓ ∝ [f g
1 (xb, pT,b)⊗ f⊥,g

1T (xt, pT,t)]sin(ϕs) + · · · , (5)

where the indices b and t denote the beam and the target proton, respectively.
Figure 5 (left) shows the xF dependence of several model predictions for these
TSSAs in inclusive J/ψ events [52]. Asymmetries as large as 30-40 % could be
expected in the negative xF region, where the LHCspin sensitivity is highest.

Since transverse-momentum-dependent QCD factorization requires pT (Q) ≪
MQ, where Q denotes a heavy quark, the ideal inclusive process to be studied with
a polarized hydrogen target is associated quarkonium production, e.g.:

pp↑ → J/ψ + J/ψ +X, pp↑ → J/ψ + ψ′ +X, pp↑ → Υ+Υ+X, etc., (6)

where only the relative pT has to be small compared to MQ. Asymmetries as large
as 5 % are predicted as a function of the relative pT for the cos(2ϕ) and cos(4ϕ)
modulations of the unpolarized cross-section for quarkonium-pair production [53],
as shown in Fig. 5 (right).

Comparisons between forthcoming data to be collected at the LHCspin and
model-dependent calculations of polarized time-reversal even [54] and odd [55]
gluon TMDs are expected to offer invaluable guidance in unveiling the full three-
dimensional dynamics of gluons within unpolarized and polarized protons.

2.3 GPDs

While TMDs provide a “tomography” of the nucleon in momentum space (see
Fig. 3), complementary 3D maps can be obtained in the spatial coordinate space
by measuring GPDs (see Fig. 6, left panel). Correlating transverse position and
longitudinal momentum, GPDs provide an access to the parton orbital angular
momentum, whose contribution to the total nucleon spin can be inferred via the Ji
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Figure 5: Theoretical predictions for (left) TSSAs in inclusive J/ψ production [52];
(right) cos(2ϕ) asymmetry amplitudes of the unpolarized cross section for di-J/ψ
production as a function of the relative transverse momentum [53].

sum rule [56]. The essentially unknown gluon GPDs can be experimentally probed
at LHC in exclusive quarkonia production in Ultra-Peripheral Collisions (UPCs),
which are dominated by the electromagnetic interaction, in events where a pomeron
exchange with the target nucleon occurs [57] (Fig. 6, right). First measurements of
J/ψ and ψ(2S) production in UPC in PbPb collisions have recently been reported
by the LHCb collaboration [58–60]. The LHCspin polarized target opens the
possibility to measure TSSAs in UPCs, and therefore potentially access the Eg

GPD [61], which has never been measured so far and represents a key element of
the proton spin puzzle.

Figure 6: Left: Nucleon tomography in coordinate space. Right: Access to gluon
GPDs in UPC.

2.4 Heavy ion collisions

Finally, the opportunity to use a polarized target in conjunction with the LHC
heavy-ion beams paves the way for unique measurements that combine heavy-ion
physics and spin physics. One such possibility concerns the study of collective phe-
nomena in heavy-light systems through ultrarelativistic collisions of heavy nuclei
with transversely polarized deuterons [62, 63]. Polarized deuteron targets provide
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a unique opportunity to control the orientation of the formed fireball by measuring
the elliptic flow relative to the polarization axis (ellipticity). The spin-1 deuteron
nucleus is prolate (oblate) in the j3 = ±1 (j3 = 0) configuration, where j3 is the
projection of the spin along the polarization axis. The deformation of the target
deuteron can influence the orientation of the fireball in the transverse plane, as
shown in Fig. 7.

Another interesting topic consists in studying inclusive hadron production in
ultra-peripheral proton-nucleus collisions as a new channel to investigate the as-
sumed dominance of the contribution from twist-three fragmentation functions to
the single spin asymmetries [64].

LHCspin is the only facility where these measurements can be performed in the
near future, thanks to the availability of the high-intensity LHC heavy-ion beams
and the possibility of using a transversely polarized hydrogen and deuterium target.

Figure 7: Left: sketch of a ultra-relativistic collision of a lead nucleus against a
transversely polarized deuteron in two different angular momentum projections.
Right: ellipticity with respect to the polarization axis as a function of the collision
centrality at LHCspin kinematics [63].

3 The present LHCb fixed-target system

Among the LHC experiments, LHCb is the only one that can run both in collider
and fixed-target mode. During the LHC Long Shutdown 2, the SMOG2 system has
been installed in LHCb [65,66]. It uses a storage cell for the target gas, installed at
the upstream edge of the LHCb VErtex LOcator (VELO) detector and a gas feed
system with multiple injection lines, which allows for precise density measurements
as well as for the possibility to inject more gas species, including hydrogen and
deuterium. The design of the storage cell and its arrangement inside the VELO
vessel are shown in Fig. 8.
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Figure 8: Left: SMOG2 storage cell mounted inside LHCb, in front of the VELO
detector. Right: details of the storage cell.

3.1 The SMOG2 experience

The SMOG2 system was commissioned using the early Run 3 LHC beams and
operated continuously during the 2024 data taking period. The system operated
by injecting H2, D2, He, Ne, and Ar gases during proton beam operations, and Ne
and Ar when circulating lead beam, producing 0.3 fb−1 beam-gas collision data.
It was clearly observed that gas injection does not affect LHC beam lifetimes, and
essentially no impact on the spectrometer performance was observed.

Moreover, thanks to the well separated beam-beam and beam-gas interaction
regions achievable with the use of the storage cell, simultaneous collider and fixed-
target data takings were performed, as shown in Fig. 9, where the p-p (collider)
and p-Ar (fixed-target) primary vertex regions along the beam direction are very
well separated.

Figure 9: Distributions of primary vertices along the beam direction acquired
during a simultaneous collider (pp) and fixed-target (pAr) data taking.

The SMOG2 storage cell [67, 68] consists of an open-ended tube positioned
around the beam path, as schematically shown in Fig. 10. Gas is injected at the
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center of the tube of length L from where the molecules or atoms diffuse towards
both ends.

Figure 10: Scheme of the SMOG2 tubular storage cell with length L and inner
diameter D. Injection occurs in the center with flow rate Q, resulting in a trian-
gular density distribution ρ(z) with maximum ρ0 at the center.

In the cylindrical storage cell of length L, the gas forms a triangular pressure
profile with maximal density ρ0 at the center and an average target areal den-
sity θ = ρ0 · L/2. At the typical densities used in the SMOG2 storage cell, gas
diffusion occurs in the molecular flow regime, where wall collisions dominate and
re-emissions angles follow the Knudsen’s cosine law [69]. The flow rate and the
corresponding volume density can be determined through (i) the Analytic Method
(AM) employing parameters such as the cell geometry, the gas molecular mass, and
the wall temperature, or with (ii) Numerical Simulations, such as the Molflow+
program [70].

3.1.1 Mechanical design and construction

The SMOG2 cell consists of two halves, rigidly connected to the two VELO detec-
tor box. Due to the large transverse size of the LHC beam at the injection energy
of 450 GeV, the cell is kept open together with the VELO boxes during beam
injection and tuning, and closed once the stable beam condition is reached. The
core of the storage cell consists of a tube connected on one side to the upstream
beam pipe and on the other side to the VELO Radio-Frequency (RF) box [71].
The tube has a length L of 20 cm, an inner diameter D of 1 cm (in the closed po-
sition), and a wall thickness of 200 µm. It is followed by a short conical extension,
made out of the same piece of aluminum, allowing the diameter to be adapted to
the one of the upstream beam pipe. Two 5 cm wide side wings provide a lateral
sealing. In Fig. 11, the main dimensions of the half cell are reported. Figure 12
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Figure 11: Dimensions of one half of the cell and its transition cone pointing to
the upstream side of the VELO.

shows the CAD transverse view of the cell installed in the VELO vessel, whereas
Fig. 13 shows the cell system in its closed position.

The cell is rigidly mounted to the VELO boxes by two cantilevers screwed to
the flange of the VELO RF boxes. One half of the cell is rigidly fixed to the
detector box, while the other one is mounted on a spring system that allows for
an adequate flexibility when reaching the closed position. During the installation
phase, the alignment system of the fixed half-cell enabled the centering of the cell
axis with respect to the VELO detector axis.

Two Cu-Be2 Wake Field Suppressors (WFS) positioned at the upstream and
downstream ends of the cell ensure electrical continuity, Fig. 14.

Figure 15 shows a picture of the storage cell in front of the VELO RF foil,
within the VELO vessel, during the SMOG2 installation in 2020.

The temperature of the SMOG2 cell is monitored using five K-Type twisted
pair thermocouple wires. The values read by the sensors provide the temperature
profile along the cell, affecting the conductance of the injected gas and allowing for
the estimate of the integrated areal density of the cell and the beam-gas luminosity.

3.2 Interference with LHC

To maximize the gas density within the storage cell, such to obtain the highest
possible beam-gas luminosity for a given injected flux, the conductance of the
storage cell has to be as small as possible. This condition can be obtained by
either enhancing the length of the cell or by reducing its internal diameter. The
minimal diameter of the cell is limited by the beam size in correspondence of the
cell position. A minimal aperture of the cell has to be ensured to avoid any direct
interaction of the beam with the cell material. The beam size depends on different
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Figure 12: Overall view of the VELO vessel with the storage cell (in dark blue)
positioned just upstream of the RF boxes (light green). The distances of the cell
edges from the beam-beam interaction point are indicated in yellow, covering 200
mm from -536.5 mm to -336.5. The red star indicates the injection position when
the injection type is chosen to be as for the previous SMOG system.

Figure 13: Zoom on the storage cell to show the supports and attachment to
the VELO RF boxes and upstream beam pipe ring (light blue) via wake field
suppressors (in gold).
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Figure 14: Details of the upstream WFS and its connection to the beam pipe
flange.

Figure 15: Picture of the storage cell, in closed position, installed in front of the
VELO RF foil inside the VELO vessel.
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factors and varies a lot along the LHC ring. Therefore, a careful inspection of the
beam size at the cell position had to be performed in order to ensure an adequate
and safe aperture.
At LHCb, the upgraded VELO detector has, in its closed position, a minimal
nominal distance of 3.5mm from the beam axis, an aperture that is considered
safe in the expected (HL-)LHC conditions of Run 3 and Run 4 [72]. In nominal
conditions the aperture is always limited by the downstream part of the RF boxes,
Fig. 12. However, for a precise determination of the minimal allowed aperture,
several effects must be taken into account, including the transverse offset imposed
by the beam crossing configuration, waist shift, beta-beating, and the expected
orbit shift during the physics fill. Furthermore, several machine configurations need
to be studied, with baseline optics as well as smaller values of β∗, both horizontal
and vertical crossing configurations, and also special runs like β∗-leveling, ion
runs and van der Meer scans. These studies have been performed for the case
of the SMOG2 cell and have shown that the minimum allowed aperture over the
longitudinal range of the SMOG2 storage cell is imposed by the van der Meer scan
configuration, and amounts to 3mm (assuming that the storage cell is centered
around the closed orbit at every fill), see Fig. 16. Based on these studies, a 5mm
storage cell inner radius, which accommodates these tolerances with a sufficient
margin, was considered the best compromise between aperture and luminosity
requirements.

Figure 16: Minimum aperture for all studied scenarios for the SMOG2 cell. A 0.1
mm offset due to orbit drifts is assumed. The figure is from Ref. [73] while the
vertical red line, representing the SMOG2 storage cell edge, has been added by
the authors of this document.

Bunched beams with 40 MHz bunch frequency and high bunch charge represent
strong sources of electromagnetic fields. The general rules for guiding these beams
safely are: (i) to surround them with conducting surfaces that vary as smoothly
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as possible in cross-section in order to keep the RF field close to the beams, and
(ii) to avoid excitation of cavity-like structures or other resonating systems. Elec-
tromagnetic simulations were used to clarify the impact of the WFS system of
the SMOG2 cell on the LHC. This consisted of eigenmode calculations, frequency
domain wire simulations, and time-domain wakefield simulations. The simulations
revealed that the LHC longitudinal and transverse beam stability is not altered
significantly by the addition of the SMOG2 storage cell. Additionally, no evi-
dence has been found that the SMOG2 setup modifies longitudinal and transverse
resonant modes in both open and closed positions [74].

The electro-mechanical features of the storage cell of the proposed (LHCspin)
polarized target system (geometry, materials, electric contacts, WFS, etc.) will be
very similar to those of the SMOG2 cell, so a similarly negligible impact on the
beam stability is expected. Nonetheless, dedicated simulation studies are in order
to quantify the impact of the WFS system.

3.2.1 Impact on beam lifetime

With the injection of gas into the storage cell, the circulating beams undergo
additional collisions which contribute to decrease their intensity. Defining the
lifetime τloss of the beams as the time interval in which the intensity of the beams
is reduced to 1/e of the initial one due (solely) to collisions with the target gas,
one has: Nb(t) = Nb(0) · exp(−t/τloss). The lifetime τloss depends on the total
beam-gas interaction cross section σpA and on the instantaneous luminosity L via
the following equation

τloss =
Nb

L · σpA(100 GeV )
=

1

frev · θ · σpA(100 GeV )
, (7)

where frev = 11245 Hz is the beam revolution frequency and θ is the areal den-
sity of the target gas, expressed in atoms/cm2. The total beam-gas cross sec-
tion is estimated in terms of the proton-proton cross section at

√
s = 100 GeV,

σpp(100 GeV ) ≃ 0.050 b through the approximated relation

σpA ≃ A2/3σpp, (8)

where A denotes the atomic/molecular mass of the target gas species. To ensure a
marginal impact on the beam intensity, the lifetime τloss must be much larger than
the typical duration of a LHC fill (≈ 10 − 15 hours). Considering as a reference
the geometry of the SMOG2 storage cell (L = 20 cm,D = 1.0 cm) and different
injection fluxes at room temperature, ranging from 1015 to 1017atoms/s, the re-
sulting beam lifetimes for light gases (e.g. H, D) is several orders of magnitude
above this limit, as shown in Fig. 17.
Even assuming a relatively high injected flux of 1017 hydrogen atoms per second, a
beam lifetime of the order of ∼ 6×103 hours is expected under normal conditions,
which largely exceeds the duration of a typical fill.

21



1 10 210
A (atomic mass)

210

310

410

510

610

 (
ho

ur
s)

lo
ss

τ

T = 293.0 K, D = 1.0 cm, L = 20.0 cm

 atoms/s15F1 = 10

 atoms/s15F2 = 5 10

 atoms/s16F3 = 10

 atoms/s16F4 = 6.5 10

 atoms/s17F5 = 10

Figure 17: Beam lifetime as a function of the target gas atomic mass for different
hypoteses of injected fluxes. The horizontal dotted line at 20 hours represents the
maximal duration of a typical LHC fill.

3.2.2 Impact of H2 injection

Electron multipacting has been observed in particle accelerators with positively
charged beams, leading to the formation of electron clouds that may cause beam
instabilities, pressure rise, and heat loads. To suppress this effect, two types of
coating materials are used for the LHC beam pipes: Ti-Zr-V (NEG) [75, 76] and
amorphous carbon (a-C) [77, 78]. The low secondary electron yield (SEY) of the
NEG coating is achieved after reducing the surface oxides by heating in vacuum at
a temperature above 180 ◦C for a few hours (a process called activation). However,
after activation, the Ti-Zr-V film pumps hydrogen and other reactive species by
gettering effect. As hydrogen is one of the gases to be injected as a target, the
gettering effect of the NEG film could compromise the stability and reproducibility
of the gas density in the storage cell. Differently from the NEG, the a-C coating
does not require any activation process and is inert with respect to the injected
gases. For these reasons it was decided to use a-C as a coating material for the
internal surface of the SMOG2 storage cell. However, while this solution is optimal
for the case of unpolarized gases, in a polarized gas target the cell coating has also
to preserve as much as possible the atomic polarization. Dedicated studies on this
specific aspect are reported in Section 6.

The injection of molecular (H2) and, especially, of atomic (H) hydrogen thus
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Figure 18: RF foil sticking coefficient as a function of the longitudinal position z
for different periods of injected H2 (left) or N2 (right). Each dot represents the
sticking coefficient of a facet, with z indicating the longitudinal coordinate of its
center and being z = 0 the upstream boundary of the RF foil.

requires dedicated studies to address possible issues related to potentially detri-
mental effects on the NEG coating and to set realistic fluxes and injection time
limits to the operation of the gas feed system. Dedicated Molflow+ simulations
and laboratory measurements have been performed for the case of (unpolarized)
molecular hydrogen, as detailed in [66].

Figure 18 presents the results of the simulated sticking coefficient evolution
with the z coordinate and the injection time. On the left, for H2, the onset of
saturation begins after around 20 hours of injection and, after 100 hours, the satu-
ration only reaches the central region of the first 100mm of RF foil, corresponding
to around 2% of the total area. On the right, for N2, the saturation onsets after the
first minutes from the injection and progresses much faster, as expected, reaching
up to 200 mm, corresponding to more than 15% of the total area, after 10 hours.
The results of these simulations, together with direct measurements on NEG sam-
ples in laboratory, assured that the level of saturation prospected in the RF box
during Run 3 operation causes no safety issue to the LHC operations.

4 A polarized internal gas target for LHCb

The apparatus of the polarized target comprises four main components: an Atomic
Beam Source (ABS), a vacuum chamber hosting the storage cell and surrounded
by the dipole magnetic field, an absolute polarimeter and a Breit-Rabi polarimeter
(BRP). It is proposed to be installed at the IP8 during the LHC Long Shutdown
4, in the VELO alcove upstream of the LHCb spectrometer, as shown in Fig. 19.

• The ABS

The ABS (see e.g. Ref. [20]) consists of a dissociator to produce an atomic
hydrogen gas, a beam forming system (nozzle, skimmer, collimator) to cre-
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Figure 19: Conceptual design of the full setup installed in the VELO alcove. On
the left side of the VELO vessel, the vacuum chamber is visible, along with the
ABS on the top and the BRP on the bottom. The absolute polarimeter is not
shown.

ate a supersonic atomic beam, a sextupole system to focus atoms with z-
component of the electron spin of +1/2 and defocus those with -1/2 based
on the Stern-Gerlach principle, and high frequency transitions to interchange
hyperfine state populations (Fig. 20). This way the H-atoms are nuclear-spin
polarized and are then injected into the storage cell.

A new dedicated ABS should be designed for LHCb in order to use up-to-
date technology. High remanence sextupole magnets will allow for higher
atomic beam acceptance and for larger gap spaces between the magnets.
This reduces rest gas attenuation in the magnet system and thus increases the
ABS output intensity. New turbomolecular pumps with compression ratios
for hydrogen as high as 106, will lead to a drastically reduced forepumping
system compared with previous ABSs. This allows for a more compact set-
up which facilitates integration in the experiment. The design of a new ABS
would need dedicated calculations to optimize the intensity, new tools are
available [79] and will be employed and developed further.

• The vacuum chamber

The ABS injects a beam of polarized hydrogen or deuterium into the storage
cell, to be located in the LHC primary vacuum along the beam pipe section
upstream of the VELO. The storage cell, based on the same concept of the
SMOG2 one, is placed inside a vacuum chamber and surrounded by a dipole
magnet, as shown in Fig. 21. The chamber will be fabricated from low-
carbon AISI 316L stainless steel. The magnet generates a 300 mT static
transverse field with a homogeneity of 10% over the full volume of the cell,
which is necessary to maintain the transverse polarization of the gas inside
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Figure 20: Schematic drawing of an ABS.

the cell, and to avoid beam-induced depolarization [80]. A key difference
with SMOG2 is the need to use proper storage cell coating which maintains
a high level of nuclear polarization (see Section 6).

• Absolute polarimeter

The studies conducted during the R&D phase have revealed that, based
on the cell coating material (Section 6), only the molecular polarization of
the gas survives the wall collisions (while the atomic polarization is largely
lost). An absolute polarimeter will be therefore required. The calibration
and commissioning of the absolute polarimeter will be conducted at the IR4,
as described in Section 7.

• Breit-Rabi polarimeter

The BRP will be used for proper calibration of the ABS RF-transition units.
The working principle and performance of a Breit-Rabi polarimeter are de-
scribed in Ref. [81].

• The safety system
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Figure 21: A drawing of the LHCspin vacuum chamber (yellow) hosting the storage
cell. The chamber is inserted between the coils of the magnet (orange) and the
iron return yoke (blue). The VELO vessel and RF box are shown in green and
grey, respectively.

The entire apparatus will be designed and realized in accordance with the
LHC safety system. Two gate valves will separate the ABS and BRP from
the LHC primary vacuum.

With this apparatus installed upstream of the upgraded LHCb spectrometer,
high-precision polarized fixed-target data will be collected for the first time at LHC
during the Run 5, in parallel with collider data, as discussed in Section 5.

5 Performance and physics measurements

In this section, expected LHCspin event rates and performance for p-H collisions
are provided for several physics channels of interest.

5.1 Expected event rates

The expected yields are computed by projecting early SMOG2 results and assume
the current (Run 3) reconstruction and selection efficiency, i.e. the expected per-
formance increase of the upgraded LHCb detector [82] is conservatively neglected.

The SMOG2 data considered here have been collected in 2022 in only 18 min-
utes of p-Ar collisions with an injection pressure of p = 9.7×10−8 mbar. The clean
invariant mass of J/ψ → µ+µ− events reconstructed with this dataset is shown in
Fig. 22.

The nucleon areal density for a triangular density profile [84] can be computed
as:

θSMOG2 =
p

kBT
× L

2
××AAr = 1.88× 1012 nucleons/cm2, (9)
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Figure 22: Reconstructed J/ψ → µ+µ− decays from p-Ar collision collected with
SMOG2 [83].

where a cell length of L = 20 cm, a gas temperature T = 300 K and AAr = 40 have
been used. Each nucleon is assumed to contribute incoherently to the production
cross section, i.e. nuclear effects are neglected.

The areal density for the LHCspin cell filled with atomic hydrogen can instead
be estimated as:

θLHCspin =
1

2

ϕ

C
L = 3.7× 1013 atoms/cm2, (10)

where ϕ = 6.5 × 1016 atoms/s is the expected flux from the atomic beam source
(Sec. 4), Lcell = 20 cm the length of the LHCspin cell and C = 17.5 l/s the
expected conductance of the cell (two open-ended half-length tubes) plus the feed
tube, computed according to [85]:

C = Ccell +Ctube = 2× 3.81

√
T

M

D3

Lcell/2 + 4/3D
+ 3.81

√
T

M

D3

Ltube + 4/3D
, (11)

where T = 300 K is the gas temperature,M = 1 the molecular mass, D = 1 cm the
cell and tube diameter and Ltube = 10 cm the length of the feed tube, respectively.
A triangular density profile is again assumed, giving the factor 1/2 in Eq. 10. The
areal density of a jet target (i.e. without a storage cell) would be around 40 times
lower in case of hydrogen injection.

The ratio of LHCspin/SMOG2 event rates can therefore be obtained via the
scaling factor:

f =
θLHCspin

θSMOG2

× ϵ

ϵSMOG2

× NRun3
b

NSMOG2
b

=
3.7× 1013

9.36× 1011
× 3.24× 2808

1735
= 208 , (12)
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where the number of colliding bunches has been scaled from the 1735 used in
SMOG2 to the nominal 2808, and the efficiency correction accounts for known de-
tector inefficiencies during the commissioning phase of LHCb. The beam current,
i.e. the total amount of circulating protons in the LHC ring is assumed to remain
at the Run 3 value of 1.4× 1011 though it is likely to increase in Run 4 and Run 5.

The results of the projections are given in Tab. 1, which reports the expected
weekly rate of fully-reconstructed and selected events as well as a total yield ob-
tained across 120 weeks of data-taking, corresponding to a full run.

Channel Events / week Total yield

J/ψ → µ+µ− 2.6× 107 3.1× 109

D0 → K−π+ 1.3× 108 1.6× 1010

ψ(2S) → µ+µ− 4.6× 105 5.5× 107

J/ψJ/ψ → µ+µ−µ+µ− (DPS) 1.7× 101 2.1× 103

J/ψJ/ψ → µ+µ−µ+µ− (SPS) 5.1× 101 6.1× 103

Drell Yan (5 < Mµµ < 9 GeV) 1.5× 104 1.8× 106

Υ → µ+µ− 1.1× 104 1.3× 106

Λ+
c → pK−π+ 2.6× 106 3.1× 108

Table 1: Estimated weekly reconstructed and selected event rates at LHCspin and
the total yield over a Run (120 weeks) for various channels.

Estimates for several channels are provided by scaling their expected yield
relatively to J/ψ → µ+µ− as provided in [86–88]. Di-J/ψ events produced via
Double Parton Scattering (DPS) are estimated via the pocket formula [89]:

σ(J/ψJ/ψ)DPS =
1

2

σ(J/ψ)2

σeff
→ σ(J/ψJ/ψ)DPS

σ(J/ψ)
≈ 6× 10−5 , (13)

having used σeff ≈ 10 mb from [90] and σ(J/ψ) ≈ 1226 nb per nucleon from [91].
According to Ref. [90], single parton scattering (SPS) is expected to be about three
times more frequent.

Luminosity at Run 4 The above estimates do not rely on the knowledge of
the instantaneous luminosity. This can anyway be computed as

L =
dNp

dt
× θ = frev ×Nb ×Np × θ = 1.6× 1032 cm−2s−1, (14)

where frev = 11245 Hz is the LHC revolution frequency, Nb = 2808 is the number
of colliding bunches, Np = 1.4×1011 is the number of protons in each bunch and the
areal density is given by Eq. 10. With 120 weeks of data-taking this corresponds
to an integrated luminosity of 5.8 fb−1 at the end of the Run 4.
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5.2 Expected precision on TSSAs

Fig. 23 shows the data-taking time needed for each polarity state to reach a given
precision on a transverse-target single spin asymmetry (TSSA). The TSSA is de-
fined as

AN =
1

P

N↑ −N↓

N↑ +N↓ ≡ A

P
, (15)

where P is the polarization degree and N↑(↓) denote the particle yields per each
target polarization state.
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Figure 23: Number of fully-reconstructed events and data-taking time to reach a
given precision on a spin asymmetry at LHCspin with four different polarization
degrees and related uncertainties.

The four curves represent the uncertainty on AN coming from both the sta-
tistical uncertainty and the systematic uncertainty associated with the knowledge
of the polarization degree. It is remarkable that an absolute precision better than
0.01 can be attained in just few minutes of data-taking on J/ψ → µ+µ− decays
and similar high-statistics channels.

As an example, if P = 0.70 ± 0.07 and A = 5%, with 10000 collected events
one has AN = 0.0714 ± 0.016, i.e. a relative precision of about 22%. If instead
P = 0.90± 0.01, then AN = 0.0714± 0.011, i.e. a relative precision of about 20%.

Of course the interplay between statistical and systematic errors also depends
on the kinematic binning choice: a good knowledge of the polarization degree
is mandatory for a precise AN measurement on high-statistics channels, while a
low-statistic channel, or a poorly populated kinematic region of a high-statistics
channel, does not benefit from it since AN will be statistically limited.

5.3 Kinematic coverage and efficiencies

The LHCb performance for LHCspin data are analyzed in this section by means
of full LHCb simulations.
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Simulated samples of several decays are generated with Pythia [92], configured
specifically for LHCb [93], with the colliding proton beam momentum set to match
the momentum per nucleon of both the beam and the target in the centre-of-mass
frame. The four-momentum of the decay products is then embedded into p-H
minimum bias events generated by the EPOS-LHC event generator [94]. The
interaction of the generated particles with the detector, along with its response,
are simulated using the Geant4 toolkit [95, 96], as described in Ref. [97]. The
simulated samples are reconstructed and analyzed using the same software tools
employed for data processing.

p-H interaction vertices are simulated with a flat distribution over a broad
region, covering PVz ∈ [−800, 200] mm where PVz is the z coordinate (along
the beam line) of the Primary Vertex (PV). A triangular density distribution has
shown to yield similar kinematic coverage.

The simulated x−Q2 distribution of J/ψ → µ+µ− events is investigated in four
20 cm-long colliding regions, representing four possible z positions of the LHCspin
cell: [−560,−360] mm, which represents the SMOG2 cell position, i.e. the closest
possible position to the VELO, together with three upstream configurations as
indicated in Fig. 24. These results indicate a broad kinematic coverage, which is
enlarged as the gas cell is brought closer to the vertex locator.
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Figure 24: Kinematic coverage in the x−Q2 plane.

Fig 25 shows the efficiency of reconstructing the PV and both tracks in J/ψ →
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µ+µ− decays as a function of the J/ψ rapidity in the four considered cell positions.
Again, as the cell is placed further upstream, the rapidity coverage shrinks, albeit
no dedicated vertexing and tracking algorithms have been used for this study.
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Figure 25: Reconstruction efficiencies for J/ψ → µ+µ− events.

5.4 Analysis of pseudo-data

To create a pseudo-dataset for LHCspin, the polarization of the target gas is
emulated by weighting events according to a given function [33]. A variable called
ρ is computed based on the J/ψ x, pT and ϕ angle values:

ρ =
1

2

[
1 +

(
a1 + a2

x− x

xmax

+ a3
pT − pT
pT max

)
sinϕ+

(
b1 + b2

x− x

xmax

+ b3
pT − pT
pT max

)
sin 2ϕ

]
(16)

where the overline denotes the average and max indicates the largest value in
the pT or x spectrum. For each event, a random number between 0 and 1 is
extracted according to a flat distribution: if the outcome is greater than ρ, a
−1 tag is assigned to the event, and +1 otherwise, representing the polarization
state. In particular, Eq. 16 emulates a Sivers amplitude at the first order in the
Taylor expansion of pT and x, with the second harmonic accounting for a possible
higher-twist contribution.

The distribution of simulated J/ψ → µ+µ− events in the xF−pT plane is shown
in Fig. 26 (left). This sample is used in the following to emulate a measurement of
the gluon Sivers function (GSF) with LHCspin. The GSF is investigated in [52],
where several models are shown to predict a sizeable asymmetry in the negative
Feynman-x hemisphere (Fig. 26, right) in the kinematic range of LHCspin. Qual-
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FIG. 7: Maximized values for AN for the process pp" ! J/ + X at
p

s = 115 GeV and PT = 3 GeV as a function of xF (left
panel) and at y = �2 as a function of PT (right panel), obtained adopting the CGI-GPM and GPM approaches, within the CS
model and NRQCD (BK11 set). Notice that here negative rapidities correspond to the forward region for the polarized proton.

IV. CONCLUSIONS

In this paper we have extended, and somehow completed, a detailed analysis of SSAs for J/ production in pp
collisions within a phenomenological TMD scheme. This study started in a previous paper, where, employing the
Color-Singlet Model for quarkonium formation, we compared the Generalized Parton Model and the Color-Gauge-
Invariant GPM. It has been then continued quite recently in a second work, adopting the NRQCD framework within
the GPM. Here we have eventually considered its extension within the CGI-GPM. The main interest of this analysis
is to see whether and to what extent one can extract information on the poorly known gluon Sivers function, focusing
only on this specific process.

We have considered all relevant subprocesses in NRQCD, both for the 2 ! 1 and the 2 ! 2 channels, including
e↵ects of initial and final state interactions, in the one-gluon-exchange approximation. This leads to the introduction
of new color factors, diagram by diagram, and the computation of modified hard scattering amplitudes. In such a way
one can move the process dependence, coming from ISIs and FSIs, into the hard parts, factorizing the corresponding
TMDs. One, well-known, outcome of this approach is the appearance of two independent gluon Sivers functions,
referred to as the d-type and the f -type distributions.

We have then calculated the maximized contributions to AN , separately for the gluon and the quark Sivers e↵ects,
adopting the kinematics of the PHENIX experiment, for which data are available. The main findings are that the
quark as well as the d-type gluon Sivers functions, even if maximized, give almost negligible contributions to the SSA,
leaving at work, as in the CSM, only the f -type GSF. On the other hand, within NRQCD this contribution is also
generally quite small and could be relatively sizeable only at forward rapidities and PT around 2-3 GeV, at least for
the two LDME sets considered.

Therefore, while within the GPM, the GSF could be easily constrained by PHENIX SSA data for J/ production
alone, the situation in the CGI-GPM is quite di↵erent. Indeed, if one adopts the CSM, the f -type GSF (the only one
active) gives still a potentially sizeable contribution; on the contrary, in full NRQCD it could be hardly constrained,
and definitely not in the backward region.

We have also presented some maximized estimates of AN , for the kinematics reachable at LHC in a fixed target
mode, showing similar features as those discussed for PHENIX setup.

More data, with higher statistics, could certainly help in shedding light on the role of the gluon Sivers function, as
well as on its process dependence.

Acknowledgments

This work is financially supported by Fondazione Sardegna under the project Quarkonium at LHC energies, CUP
F71I17000160002 (University of Cagliari). This project has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement N. 824093.

Figure 26: Left: xF − pT spectrum of simulated J/ψ → µ+µ− events. Right:
predicted asymmetry for polarized p-H collisions at

√
s = 115 GeV [98]

itatively based on this prediction, the chosen parameters for Eq. 16 are a1 = 0.1,
a2 = a3 = 0.05 and b1 = 0.02, b2 = b3 = 0.01, i.e. a 10% amplitude with a mild
dependence on the kinematics.
The TSSA can now be computed via Eq. 15 by counting the events having a given
polarization state as described in the following.

The pseudo data are split into 2D xF −pT bins, and further divided into ϕ bins,
where the spin asymmetry is computed according to Eq. 15. The uncertainty is
evaluated by propagating the statistical uncertainties on N↑ and N↓ and a 100%
polarization degree is assumed at this stage. For each x−pT bin, the ϕ modulation
is fitted with the function:

f = a1 sinϕ+ a2 sin 2ϕ. (17)

The results are shown in Fig. 27. The fitted amplitudes are compatible with the
parameters used in the generated model (Eq. 16), i.e. no bias is observed. Within
the available statistics, which correspond to about two days of data-taking, a
1% relative precision can be attained whereas the fit is not sensitive to a second
harmonic with the chosen binning scheme.

The impact of the uncertainty in the polarization degree on this measurement
is evaluated by repeating the fits, incorporating the polarization degree uncer-
tainty at each data point. Within the available statistics, the precision on the
a1 extraction is limited by the statistics if the error on the polarization degree
is 5%. The uncertainties on the a1 values are less than 10% bigger with respect
infinite precision on P . However, if the error on P grows to 20%, the results show
a systematic effect amounting to 30 − 40% of the statistical error. At 50%, the
statistical and systematic errors become comparable.
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Figure 27: Fits to azimuthal modulations in eight different pT − xF bins.
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6 Atomic recombination and cell coating

The areal density of a polarized hydrogen jet target produced by an ABS is limited
to about < 1012 atoms/cm2. This limitation can be overcome using T-shaped
tubular storage cells (SC), which have been employed at several storage rings
[67,68,99–102]. The straight T-beam tube serves to compress the gas injected via
a side tube, or via a capillary as in the case of the unpolarized SMOG2 target. The
incoming polarized atoms from the ABS beam collide with the inner wall of the
cell a number of times (typically 100) before exiting the cell, boosting the target
density by approximately two orders of magnitude with respect to a free particle
jet.

As for the jet target, a magnetic holding field is required inside the storage
cell to define the polarization direction and prevent depolarization due to beam-
induced fields. When injecting ”pure” hyperfine substates (mF = +1 or −1)2

into the cell, a relatively small magnetic field of a few mT is sufficient. In this
configuration, the atomic flux from the ABS is reduced to 50% of its maximum
value compared to using two substates. Alternatively, injecting hydrogen atoms in
two substates with a defined nuclear spin mI but different electron spin projection
mJ = ±1/2, maximizes the intensity. However, a magnetic field several times the
critical field Bc(H) = 50.7 mT is then required to decouple electron and proton
spins and achieve the highest polarization level. For deuterium, the situation is
more favorable, with a critical field of only Bc(D) = 11.4 mT.

Maintaining nuclear polarization during frequent collisions of polarized hydro-
gen or deuterium atoms with the wall of the storage cell is crucial. Many studies
on storage cell coatings have been performed in the last decades [68,101,103–110].
At the 30 GeV HERA electron storage ring (HERA-e), a polarized H and D gas
target has been operated from 1996 to 2002 by the HERMES collaboration. The
40 cm long, thin-walled storage cell, with Drifilm coating, was operated at about
100 K under conditions that led to the formation of a stable water-ice layer. Polar-
ization measurements performed by using a Breit-Rabi polarimeter, consistently
showed values exceeding 80% of the maximum during long periods, with minimal
recombination.

Unfortunately, Drifilm coating, a Fluorine compound, is not allowed at the
LHC near beamline surfaces. Currently, the only relevant coating complying with
CERN rules is amorphous carbon (a-C). This led to the idea to investigate the
residual proton polarization in molecules after recombination of polarized H on an
a-C surface.

2mF is the projection of the total angular momentum along the quantization axis (the direc-
tion of the holding field).
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6.1 Measurements with a Amorphous Carbon Coating

Coatings for storage cells were studied using a dedicated setup at FJZ Jülich 3.
The original task of this apparatus was to measure nuclear spin polarization in H2,
D2, and HD molecules formed after the recombination of polarized atoms.

Figure 28: The design of the experimental setup at FZ Jülich: The ANKE-ABS is
feeding a storage cell inside a superconducting solenoid (1 T) with polarized hydro-
gen/deuterium atoms. Inside the cell, the atoms can recombine on the wall surface
into molecules. An electron beam from the left ionizes atoms and molecules, pro-
ducing p and H+

2 ions, which are then accelerated into the Lamb-shift polarimeter
where the nuclear polarization is measured.

3In collaboration with the University of Cologne, the PNPI, Gatchina, Russia, and CERN.

35



The apparatus (see fig. 28) consists of an ABS injecting atoms into a SC with
the coating to be studied, and a reaction chamber with a storage cell inside a
superconducting solenoid (1 T). Inside the cell, atoms can recombine at the walls
into molecules. Atomic and molecular ions produced by electron bombardment
within the SC are accelerated into a Lamb-shift polarimeter, where the nuclear
polarization is measured. The T-shaped glass cell was a-C coated in collaboration
with CERN. Further details of the procedure are described in the appendix.

The measurements with this cell revealed a high recombination rate of over
93%, along with a molecular polarization value in molecules of up to Pm ∼ 0.64
(see Fig.29), which is the polarization of H2 after n wall collisions in an external
magnetic field B. Pm can be described by

Pm(B, n) = Pm0 e
−n

(
Bc,m

B

)2

, (18)

where Pm0 represents the molecular polarization induced by the recombination pro-
cess, and Bc,m = 5.4 mT is the critical magnetic field of the hydrogen molecule.
This indicates that about 74% of the atomic polarization was preserved during the
recombination process. Furthermore, during more than one week of measurement,
no water film was built up on the cold cell surface (∼ 100 K) inside the supercon-
ducting solenoid, because this water film would suppress the recombination [111].

Figure 29: Measurement of the proton polarization pz as a function of the external
magnetic field Bz along the cell. Following Eq. 24 (in Appendix), the number
of protons from atoms (a) and molecules (b) can be determined to calculate the
recombination rate on the amorphous carbon coating. The overlaid fit function is
pz(B) = pz0 · e(−b/B)2 .
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6.2 A polarized molecular gas target

Since a well-established surface coatings such as water ice, aluminum, or Teflon
are not viable options for LHC, an amorphous carbon coating appears to be the
only feasible solution so far. The recent investigations showed a nearly complete
recombination of atoms into molecules on this surface, along with polarization
values reaching up to pz ∼ 0.64. The statistical uncertainty in such experiments
is proportional to ∼ 1/(ρ · p2z), where ρ is the gas target density. Since the target
density of a molecular target, at the same ABS flux, increases with

√
2, the loss

in polarization to about 50% is partially compensated. Thus, this new type of
molecular Polarized Gas Target will offer a comparable figure-of-merit as previously
employed atomic storage-cell targets.

For nuclear-polarized molecules, where the proton spins are aligned in a paral-
lel configuration, meaning the molecule is in an ortho-state with a symmetric spin
wave function, the rotational magnetic moment J , must be odd. Thus, at room
temperature, most of the molecules will have J = 1, which then couples to the
nuclear spins I. During wall interactions, the projections mJ = +1 or −1 of the
rotational magnetic moment can flip, potentially altering the nuclear spins projec-
tion along the quantization axis, i.e. the nuclear polarization is rapidly lost. To
prevent this depolarization during wall collisions, a strong magnetic field is needed
to decouple the nuclear spin from the rotational magnetic moment J . Depending
on the number of wall collisions (Eq. 18), which is mostly determined by the cell’s
diameter and length, a magnetic field between 0.2 and 0.3 T is needed along the
cell.

In conclusion, using a storage cell with an amorphous carbon coating represents
a promising strategy to increase the effective target thickness of a polarized fixed
target system for LHCb, although further measurements are needed to consolidate
the results and better understand the conditions for producing a high density, high
polarization molecular target. This approach would represent a highly innovative
target system. However, because standard method for polarization measurements
used for atomic targets can not be applied, a novel target polarization measurement
method must be established. We propose to perform that by calibrating a direct
high energy proton-proton elastic scattering asymmetry, as described in Sec. 7.

7 Development of an absolute polarimeter

As discussed in Sec. 6, if the system will be equipped with a storage cell coated
with amorphous carbon, a very high degree of atomic recombination is expected
due to wall collisions. Given that the Breit-Rabi polarimeter cannot be used for
measuring the nuclear polarization of molecules, a different approach is in order.

Absolute polarimetry, based on Coulomb-Nuclear Interference (CNI) [112], is
a viable option. This technique has been successfully adopted at RHIC, although
with a beam energy more than one order of magnitude lower [113–115] than the
LHC top energy. Theoretical predictions of the expected analyzing power (AN)

37



for proton-proton elastic scattering at LHC energies driven by Coulomb-Nuclear
Interference have been elaborated [116–118] (Fig.30, left), but need to be validated
experimentally. This method requires the identification of elastically scattered
protons produced in the collision of the 7 TeV proton beam on the polarized
target gas. At the LHC, the emitted proton energy is expected to range between
1 and 6 MeV, with recoil angles close to 90 degrees (Fig.30, right).

Figure 30: Left: Theoretical estimations of the analyzing power AN as a function of
the invariant momentum transfer −t at LHC beam energies, for different collision
systems. Right: Schematic representation of the recoil detector concept [116–118].

It is worth noting that, to validate the estimates of analyzing power, the proton-
proton left-right asymmetries measured by the detector system must be calibrated
in parallel with the measurement of the target polarization obtained from the
Breit-Rabi polarimeter using a polarized atomic beam generated by the ABS.

7.1 The experimental setup

The absolute polarimeter system to be developed (Fig.30, right) lays its founda-
tions on a decade-long experience at the RHIC accelerator, whose setup consists
of the following key components:

• Polarized Atomic Hydrogen Jet Target - provides the polarized atomic
beam, which crosses the LHC proton beam perpendicularly.

• Scattering Chamber - the enclosed volume where the collisions between
beam protons and target protons occur. The Recoil detectors are mounted
directly on the flanges on both sides of the beamline.

• Recoil Detector - utilize silicon detectors to identify recoil protons and
measure their kinetic energy and time-of-flight (TOF) to select elastic scat-
tering events, as described in Sec.7.2.
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• Breit-Rabi Polarimeter (BRP) - measures the nuclear polarization of the
atomic hydrogen of the Atomic Jet.

• Target Gas Analyzer (TGA) - measures the atomic-to-molecular fraction
of the Atomic Jet.

7.2 Recoil Detector

The recoil detector has the function of detecting recoil protons from beam-target
collisions and measuring their energy. The time-of-light (TOF) technique is then
used to identify and select elastically scattered protons, whose left-right asymmetry
will allow the determination of the analyzing power.

In particular, the RHIC setup can be described as follows [113–115]:

• The detectors select events within a specific TOF interval around the ex-
pected value for recoil protons of a given energy. The silicon detectors are
positioned to the left and right with respect to the magnetic holding field of
the jet target at a distance of approximately 70 cm. Each detector is 70.4 ×
50 mm2 in size with a 4.4 mm readout pitch, covering an azimuthal angle of
15◦ centered on the horizontal mid-plane.

• The silicon strip detectors are 400 µm thick, such to fully absorb recoil
protons with kinetic energies up to 7 MeV. The energy calibration of the
silicon detectors can be performed using Am (5.486 MeV) and Gd (3.183
MeV) sources placed near the detectors. For the case of RHIC, a resolution
of ∆TR = 0.6 MeV has been achieved for stopped protons. For protons with
higher energies that punch through the detectors, the energy is corrected
using the detector thickness and energy loss tables for silicon.

• The TOF of the recoil protons is measured relative to the bunch crossing
time provided by the accelerator RF clock. The kinetic energy (TR) of the
recoil proton is related to its TOF by the non-relativistic relation:

TR = 0.5 ·Mp ·
(

D

TOF

)2

, (19)

where Mp is the mass of the proton, D is the distance from the interaction
point to the detector, and TOF is the measured time-of-flight. At RHIC,
the TOF resolution of approximately 3 ns has been achieved, accounting for
the intrinsic time resolution of the detectors and the beam bunch length.

• The mass of the undetected forward-scattered system (missing mass) must be
reconstructed to identify elastic scattering events. Events are selected based
on the correlation between the recoil angle and kinetic energy, ensuring they
match the expected values for elastic scattering.
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• The selected event yield is sorted by kinetic energy bins and further cate-
gorized by spin states (target up-down) and detector side (left-right). This
allows for the calculation of raw asymmetries and precise measurements of
the analyzing power (AN).

7.3 Measurement of the Analyzing Power AN

The selected event yield is binned according to recoil energy TR. Within each
TR bin, events are further categorized based on spin states (target up or down)
and detector side relative to the target polarization axis (Left or Right). The raw
asymmetries are then computed using the square-root formula, which effectively
cancels out luminosity and acceptance effects [119].

ϵtarget =

√
NL

↑N
R
↓ −

√
NR

↑ N
L
↓√

NL
↑N

R
↓ +

√
NR

↑ N
L
↓

. (20)

The analyzing power AN can be derived from the measurement of the raw
asymmetries using the formula:

AN = −ϵtarget
PT

1

1−RBG

, (21)

where PT is the target polarization, as measured by the Breit-Rabi polarimeter,
and RBG represents the background fraction for each recoil energy TR bin. The
background contributions include: (a) particles from calibration sources, (b) beam
scraping, and (c) beam scattering from the unpolarized residual target gas. At
RHIC, the dominant component was (c), due to unfocused molecular hydrogen,
which was accounted for as a dilution factor affecting the target polarization. Con-
sequently, RBG was estimated to be between 0.02 and 0.03, based on contributions
from components (a) and (b).

Based on the RHIC experience and depending on the desired level of accu-
racy, it may be beneficial to install a movable Target Gas Analyzer before the
first sextupole magnet of the Breit-Rabi polarimeter. This would allow for peri-
odic measurements of the molecular content during the beam time, reducing the
aforementioned systematic error.

8 The polarized jet target at the IR4

The amorphous carbon coating provides a unique opportunity to use a storage cell
containing high-density polarized molecular hydrogen. This, however, requires to
develop an absolute polarimeter which must be designed and calibrated directly at
the LHC. The most suitable location for this R&D is the LHC Interaction Region 4
(IR4), where the absence of dense LHC equipment and the relatively low radiation
levels (comparable to those at the main four experiment interaction points) make
this area particularly well suited.
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8.1 Description

A polarized jet target similar to the HJET-polarimeter [120] used at RHIC/BNL
is proposed to be used at the IR4. It would consist of a polarized atomic beam
source (ABS) to produce a jet of polarized hydrogen atoms, a target chamber with
a holding field magnet, a Breit-Rabi polarimeter (BRP) to analyze the polarization
of the hydrogen jet and an absolute polarimeter to measure the analyzing power of
the elastic polarized p-p scattering4. The knowledge of the analyzing power in this
energy range will be crucial for the later measurements at LHCb. The proposed
setup is sketched in Figs. 31 (stand alone) and 32 (within the LHC tunnel).

Figure 31: CAD of the polarized gas target system, showing the main components
and the dimensions of the apparatus.

The ABS of the HERMES/PAX-experiments [20] will be adapted for this pur-
pose. It has been recently relocated to INFN-Ferrara, Italy in order to provide
the necessary refurbishment and to make it compliant with a future installation
in the LHC. The target chamber, along with a holding field magnet to define the
spin axis of the hydrogen jet atoms, is highlighted in green in Fig. 33. However,
to finalize the drawing, tracking calculations have to be conducted to optimize
the beam path of the atoms through the ABS, target chamber, and BRP. This is
currently ongoing by adapting the software described in Ref. [121].

4Similar arguments can be used in case of p-d scattering.

41



Figure 32: CAD model of the target system implementation in the LHC tunnel at
IR4.

8.2 Polarized beam aperture

The HERMES-ABS was optimized to inject a high intensity polarized atomic beam
into the injection tube of a storage cell [20]. Therefore the size of the atomic beam
had to be smaller than 10mm, the diameter of that injection tube. For IR4 a
high density polarized atomic beam is necessary. Therefore the ABS needs to be
optimized to that using the aforementioned tracking programs. Fine tuning can
be done using several parameters (hydrogen flux and nozzle temperature in the
dissociator) to change the velocity and the velocity spread of the atomic beam
within a certain range [79], which affect the trajectories through the sextupole
components in the ABS. Using these techniques, the beam focus as well as the beam
size can be adjusted. Diameters below 10mm in a free jet have been achieved [120].

8.3 The vacuum chamber

The vacuum chamber, made of 3-mm-thick stainless steel (AISI316L - low carbon),
has been designed to closely resemble an extension of the beam pipe (see Fig. 33).
This helps maintaining the impedance at a normal level and makes simulations
easier. Ongoing simulations [122] will also determine whether an internal screen
is recommended. Apart from the tube connecting the ABS and the BRP, the two
flanges for the upstream and downstream vacuum pumps, as well as the connection
to the two cylinders (positioned at 45◦ to optimize the arm length), are visible in
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Fig. 31. These cylinders will contain the detectors for identifying the recoil protons
produced in the CNI scattering process.

Figure 33: Detailed view of the vacuum chamber.

A holding field of up to approximately 300 mT will surround the vacuum
chamber. The magnetic field can be produced by simple Helmholtz coils (yellow
circles in Fig. 31) in the case of a jet beam target. In its final configuration for
LHCb, however, the presence of an extended storage cell requires the installation
of a dipole magnet.

8.4 The Beam Gas Vertex system

The beam-gas vertex (BGV) detector [123] is an instrument designed to non-
invasively measure the transverse beam size in the LHC by reconstructing tracks
from beam-gas interactions. This system uses a gas target that creates local pres-
sure bumps (nominally 1 × 10−7 mbar) and detects tracks originating from the
same beam-gas interaction vertex. A BGV detector was installed at IR4 in 2016 as
part of the R&D for the High-Luminosity LHC project (see Fig. 34); however, the
plan is to dismantle the system during LS3. The LHCspin setup could not only
take the place of the BGV, essentially substituting a simple gas target with a more
complex one, but, if properly adapted for the purpose, also serve as a detector for
beam size and emittance measurements.

8.5 Physics opportunities

Due to the uniqueness of the collisions of a 7 TeV proton beam against polarized
hydrogen at rest, the possibility of physics measurements with a minimal experi-
mental setup at IR4, ahead of the installation in LHCb, is under study.
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Figure 34: The Beam Gas Vertex system at the IR4.

The scintillating fiber trackers, infrastructure and services of the existing BGV
system [123], shown in Fig. 34, represent a solid starting point to further develop
an experimental setup.

In Fig. 35, a simple spectrometer concept is shown which includes a series
of tracking stations, a dipole magnet, and muon stations placed behind an iron
shielding.

Momentum resolution at the percent level can be attained for tracks with
momentum up to 10 GeV considering 10 position measurements performed with
O (1 mm) resolution, a magnetic bending power of O (1 T ·m) and a few meters
of total lever arm. Full simulation with GEANT4 [95,96,124] are under development
to estimate more realistic performance and to determine the kinematic coverage
whose main limitation is represented by the transverse size of the cavern.

9 Working Group organization

The R&D work is organized into Working Groups that are operating in parallel.
The current division of the groups is as follows:

• Polarized Atomic Beam Source;

• Breit-Rabi Polarimeter;
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Figure 35: An experimental setup at the IR4. From left to right: the polarized gas
target, a first tracking detector, a dipole magnet, the second tracking detector, an
absorber wall, and a muon detector.

• Absolute Polarimeter;

• Mini Spectrometer at the IR4;

• Physics channels;

• Integration into LHCb.

10 Conclusions

Over the last 20 years, the first measurements of azimuthal asymmetries in Semi-
Inclusive Deep Inelastic Scattering have highlighted the critical role of the nucleon’s
non-collinear degrees of freedom in shaping its 3-D dynamical structure. This in-
sight has been reinforced by theoretical advancement, including the development
of new theory frameworks and formalisms, QCD-inspired models and phenomeno-
logical fits, and lattice QCD calculations. A wealth of significant data has been
published across various kinematic domains, and more is expected in the near
future.

In this context, the unique opportunity to use LHC beams – both proton and
heavy-ion – for polarized fixed-target measurements at a significantly reduced cost
is particular compelling and unique. Moreover, LHCspin findings not only have
the potential to anticipate parts of the upcoming US based Electron-Ion Collider
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program on polarized physics but also provide complementary measurements and
approaches.

A diverse research program that extends beyond the energy frontier is a funda-
mental component of the European Particle Physics Strategy. In its initial phase at
the LHC Interaction Region 4, and later installed at LHCb, LHCspin will be able
to deliver high-quality polarized data in the coming years, exploring a unique kine-
matical domain. These contributions will have a substantial impact on advancing
our understanding of the complexities of the strong interaction.
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Appendix: Coating studies at FZJ

As discussed in Section 6, the apparatus used for the coating studies conducted at
the Research Center FZJ in Jülich (Germany), consists of an ABS, which was also
used for the polarized target of the ANKE@COSY experiment, a reaction chamber
with a storage cell inside a superconducting solenoid and a Lamb-shift polarimeter
to measure the nuclear spin polarization of the atoms and molecules (see Fig. 28).
When the polarized atoms enter the storage cell it is important that the magnetic
field on their trajectory is always non-vanishing, otherwise the polarization might
be lost. Changes of the field direction is not a problem if the precession of the
electron spin is fast enough (∼ GHz) that the spin will follow this field changes
adiabatically due to the relatively slow velocity of the atoms (∼ 1000 m/s). The
nuclear spin is coupled to the electron spin and will just follow. Depending on
the surface coating, the atoms might recombine into molecules or stay as atoms
inside the cell. The cell itself is made from fused quartz with an inner diameter
of 11 mm and a length of 400 mm. Inside, it is coated with a thin gold layer to
induce a constant electric potential along the cell, that is isolated to the support
system by the fused quartz itself. On top of the gold layer, 200 nm of amorphous
Carbon was added5 by sputtering from a carbon electrode (see fig. 36).

An electron beam of about 150 eV is focused into the cell and ionizes atoms
and molecules. The electric potential of the cell (0.3 - 2 keV) accelerates the
produced p and H+

2 ions into the Lamb-shift polarimeter (LSP) where the nuclear
polarization can be determined for both ions independently.
The first component of the LSP is a Wien filter that separates the ions due to
their different velocities. Their intensities are either measured with a Faraday
cup or with a photomultiplier at the end of the LSP and gives a first hint of the
recombination rate in the storage cell (see fig. 37).

5P. Costa Pinto, Technology Department, CERN.
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Figure 36: A conventional storage cell and the production of a 200 nm amorphous
Carbon coating by sputtering.

Figure 37: The mass spectra of the ion beam leaving the cell, produced by varying
the electric field of a Wien filter as function of time. The intensity can be measured
with a Faraday cup directly or by interactions with the vacuum chamber wall in
front of a photomultiplier.

In the next step, the ions reach a Cesium cell where metastable hydrogen atoms
in the 2S1/2 state are produced by charge exchange with Cs vapor. The efficiency
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for the p+Cs→ H2S+Cs
+ reaction is 10−15%, about 40 times higher compared to

that of the production from H+
2 . As long as this charge exchange process occurs in

a strong magnetic field the nuclear spin of the protons is conserved and, therefore,
only dedicated hyperfine substates are populated. E.g., a proton with mI = +1/2
can catch an electron with mJ = +1/2 or −1/2 to build the hyperfine substates
α1 (|mJ = +1/2,mI = +1/2 >) or β3 ((|mJ = −1/2,mI = +1/2 >) only.
Afterwards, the spinfilter will quench all metastable atoms into the ground state
1S1/2, but at resonant conditions of a longitudinal magnetic and a transversal
electric field in combination with an induced radio-frequency of 1.60975 GHz,
metastable atoms in a single hyperfine state can survive. These residual metastable
atoms are than quenched into the ground state with a strong electric field (Stark
effect) and the produced Lyman-α photons are registered with a photomultiplier
as function of the magnetic field. By that (see Fig. 38) the amount of protons with
spin up (N+1/2) and down (N−1/2) can be compared to measure the polarization

Pz =
N+1/2−N−1/2

N+1/2+N−1/2
of the primary beam directly (see Fig.38) [125,126].

Figure 38: The intensity of the Lyman-α photons as function of time when the
magnetic field in the spinfilter is ramped. In this example, protons of the primary
H+

2 ions with s = +1/2 will contribute to the first and with s = −1/2 to the
second resonance. Thus, the polarization of the molecules in the storage cell is
determined as Pz = 0.56± 0.02.

The superconducting solenoids encircling the storage cell generate a powerful
magnetic field up to 1 T, ensuring that the electron and nuclear spin of hydro-
gen or deuterium atoms are decoupled and couple to the external magnetic field
separately. Despite continuous collisions with the cell’s surface coating, the polar-
ization of these atoms persists as long as they remain within that magnetic field.
However, if the coating facilitates the recombination of atoms into their elementary
molecules (H2, D2, or HD), these molecules may lose their nuclear polarization
even in significantly stronger magnetic fields. This is attributed to wall collisions
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inducing random changes in the molecule’s rotational angular momentum projec-
tion mJ that is coupled with the nuclear spins of both protons mI within the
molecule. This coupling is nearly 10 times less than the coupling to the electron
spin, i.e. Bc = 5.4 mT compared to Bc = 50.7 mT, but it will lead to a transition
of the nuclear spin state. Notably, the recombination process itself can result in
polarization loss.
According to T. Wise et al. [127], the molecular polarization Pm of H2 after n wall
collisions in an external magnetic field B, can be described by

Pm(B, n) = Pm0 e
−n

(
Bc,m

B

)2

, (22)

where Pm0 represents the molecular polarization induced by the recombination
process and Bc,m = 5.4 mT denotes the critical magnetic field of the hydrogen
molecule. The distribution of the number of wall collisions is characterized by the
probability density functionW (n) = α e−αn, with α being a parameter determined
by the surface material and storage cell geometry [128]. Thus, the mean value of

such an exponential distribution is ñ = ln(2)
α

, which can be utilized to calculate the
weighted average:

P̄m(B) =
Pm0

1 + ñ
ln(2)

(
Bc,m

B

)2 . (23)

The electron beam produces protons by ionizing hydrogen atoms and can also
interact with H2 molecules, generating both H+

2 ions and protons. Consequently,
when the Wien filter is employed to filter out protons, the polarization of the
corresponding ion beam Pp(B) encompasses both, the polarization of the fraction
a of protons Pa originating from the ionization of their respective atoms and the
polarization of the fraction b of those protons arising from the molecules:

Pp(B) = aPa + bP̄m = aPa +
bPm0

1 + ñ
ln(2)

(
Bc,m

B

)2 . (24)

Now, the nuclear polarization of the protons and the H+
2 ions can be mea-

sured as a function of the applied magnetic field B along the cell. A fit to the
measurement for the H+

2 ions delivers the original molecular polarization after
the recombination Pm0 and the average number of wall collisions ñ following equa-
tion 23. The corresponding measurement for the protons (see Fig. 29) can be fitted
with equation 24 and the known polarization of the hydrogen atoms from the ABS
(Pa ∼ 0.9), which does not depend on the magnetic field, to get the amount of
protons from the atoms a and the molecules b. Due to the know cross sections
for the ionization reactions H + e → p + 2e and H2 + e → p + H + 2e [106] the
recombination rate can be directly determined.

Accordingly, the measurements with the amorphous carbon coated cell deliv-
ered surprisingly a large recombination rate of > 93%, but at the same time a
polarization value up to Pm ∼ 0.64. Thus, about 74% of the atomic polarization
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was preserved in the recombination process. In addition, during more than one
week of measurement no water film was built up on the cold cell surface (∼ 100 K)
inside the superconducting solenoid, because this water film would suppress the
recombination [111].
Following the literature in astrophysics, the large recombination rate of the hydro-
gen atoms hints to photon-induced recombination on the amorphous carbon coated
surface. The only possible photon source for this process is the dissociator of the
ABS, which is a bright source for photons of the Balmer lines (transitions from
n = 3 → n = 2). Of course, the energy of these photons (< 3.4 eV) is not enough
to break the C-H bond (4.3 eV) on the amorphous carbon surface. But at the same
time an even larger amount of Lyman photons (transitions from n = 2 → n = 1)
at energies 10.2 < Ephoton < 13.6 eV must be produced. These photons cannot be
detected easily outside the dissociator, because they will be fully absorbed by the
glass tube around the dissociator plasma, which must be cooled during operation.
But they can leave the plasma via the nozzle and follow the trajectories of the hy-
drogen atoms through the ABS into the storage cell. To prove this thesis a small
modification of the apparatus was made: Inside the storage cell an aluminum rod
with a highly polished surface deflected the Lyman photons onto the beam line
of the LSP. Another mirror inside the quenching chamber deflected them into the
photomultiplier that is dedicated to these photon energies. These measurements
allowed to estimate the number of photons reaching the storage cell: a number
of about 1018/s was found, which is definitely enough to drive the recombination
process [129].
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