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The LHCb experiment
General purpose forward spectrometer 

Rapidity coverage: 


LHCb upgrade for Run 3 


Factor of 5 increase in luminosity


Major hardware upgrade


Full-software trigger (40 MHz rate) 


Promising preliminary performance in Run 3


Tracking: 
 

 GeV/c


Particle identification:  
better performance than Run 2

2 < η < 5

σp/p ≃ 0.5 − 1.0 %
p ∈ [2,150]
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Collider Mode

s = 14 TeV

sNN = 8.16 TeV

sNN = 5.5 TeV

0.7 0.8 0.9 1

) p→  Efficiency (p

2−10

1−10

1)
 p

→ 
π

 E
ff

ic
ie

n
cy

 (

Run 2

Run 3 2022 MagDown

 [2.0, 4.9]∈ η

 [3, 150] GeV∈p 

[LHCB-FIGURE-2023-019]

[Rita Talk] 

https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta
https://cds.cern.ch/record/2868904?ln=it
https://indico.cern.ch/event/1324160/contributions/5707329/attachments/2778243/4842242/QAT24_rsadek.pdf
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Fixed-target program at LHCb
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2015-2018 
SMOG: first fixed-target program  

Injection of noble gas inside the VELO 


Run 3  
SMOG2 upgrade: openable storage cell 

Significantly higher areal density


More gas species:  
H2, D2, He, N2, O2, Ne, Ar, Kr, Xe


Negligible impact on LHC beam and 
LHCb performance

Fixed-target Mode
The LHCb Fixed-Target configuration

Ø Unique opportunity to study pA/AA collisions on various
targets exploiting the high-energy, high-intensity LHC beams!

Ø Since 2015 can also be operated as a fixed-target experiment
with the SMOG system

Ø Low density noble gases (He, Ne, Ar) injected in the beam
pipe in the VELO region
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!!! = 72 GeV

!!! = 115 GeV

Types of collisions (II): Fixed-Target mode

Lots of interesting analyses with SMOG published or ongoing!

→   See dedicated poster by Shinichi Okamura!

Kinematic coverage: −/ ≤ 0"# ≤ 1 Large 2$
2% < 1

4 Machine Issues

The installation of an openable narrow Aluminum tube of 5 mm inner radius inside the VELO
vessel near the detector boxes requires to check carefully for potential risks related to:

• aperture required for the beam;

• impedance of the system of WFS’s and possible heating and beam instabilities;

• electron cloud and ion build-up phenomena;

An additional important aspect to be considered is the impact of the SMOG2 gas target on the
beam lifetime. These issues are analyzed in the following sections.

4.1 Aperture requirements

The upgraded VELO detector [8, 9] has a minimal distance of nominally 3.5 mm from the beam
axis, an aperture that is considered safe in the expected (HL-)LHC conditions of Run 3 and Run
4 [run34]. For the proposed implementation of the SMOG2 storage cell, it is worth noting that,
assuming a symmetric envelope with respect to the IP, the downstream edge of the VELO always
approaches the beams more closely than the upstream part of the storage cell, as depicted in
Fig. 8.

Figure 8: Side view of the SMOG2+VELO system. The coordinate with respect to the IP and
the radius if the extreme apertures are reported. The beam enters from the left side.
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[SMOG2 TDR]




Mid-to-large  at 
intermediate  and 
negative  

−2.3 ≤ yCM ≤ 0

x
Q2

xF

[Gabriel Talk]

https://cds.cern.ch/record/2673690/
https://indico.cern.ch/event/1324160/timetable/#20240111.detailed
https://indico.cern.ch/event/1324160/contributions/5708447/attachments/2778640/4842884/QaT2024-ccCrossCection.pdf


Shinichi Okamura Quarkonia As Tools 2024 /2112 January 2024

Performance SMOG2+LHCb
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Promising detector performance for fixed-target events in Run 3


Similar tracking and reconstruction performance 


Excellent PID performance 


LHCb can run collider and fixed-target mode simultaneously!

 ReconstructionPVZ
PID Performance

Mass Resolution

[LHCB-FIGURE-2023-019]

[LHCB-FIGURE-2023-001]

[LHCB-FIGURE-2023-001]

https://cds.cern.ch/record/2868904?ln=it
https://cds.cern.ch/record/2868904?ln=it
https://cds.cern.ch/record/2845444?ln=it
https://cds.cern.ch/record/2868904?ln=it
https://cds.cern.ch/record/2845444?ln=it
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Performance SMOG2+LHCb
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SMOG2 can efficiently study heavy-flavour  

~20 min of data-taking in Ar collisions: 
 events 
 events


Good prospectives for other quarkonia 
states (ex. ) 


SMOG2 enables H collisions 

Clean  and  mass peaks

Crucial ingredient for studying the nucleon 
structure and measuring TMDs


SMOG2 is performing above expectations 
LHCb subdetectors are still under 
commissioning

Expecting even better performance in 2024
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Physics opportunity with SMOG2
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Study the nucleon structure 
Collinear PDFs:  
1-dimensional description of the nucleon structure

Transverse Momentum Dependent (TMD) PDFs: 


3D generalisations of collinear PDFs in momentum space

Include also the dependence on the  
parton transverse momentum 


Best process with SMOG2: unpolarised Drell-Yan 
Theoretically cleanest h-h hard scattering process


Dominant process: 


Probe valence quarks of the target at large  


Sensitive to Boer-Mulder TMD  
Describe the transverse momentum distribution of a 
transversely polarised quark in an unpolarised nucleon

k⊥

q̄(xbeam) + q(xtarget) → μ+μ−

x

h⊥
1

Quark TMDs
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• dominant: !" #$%&' + " #)&*+%) → -.-/
• suppressed: " #$%&' + !" #)&*+%) → -.-/

• Theoretically cleanest hard h-h scattering process
Unpolarized Drell-Yan

[Nature 590, 561 (2021)]

• H & D targets allow to study the antiquark content of the nucleon
• SeaQuest (E906):  1̅ # > !3 # ⟹ sea is not flavour symmetric!

• beam sea quarks probed at small #
• target valence quarks probed at large #

Sensitive to unpol. and BM TMDs for 56 ≪ 899
(violation of Lam-Tung relation)

1:;;<= ∝ ?@!A⨂?@A + cos 2G ℎ@I, !A⨂ℎ@I,A

K∼
ℎ @I
⨂
ℎ @I

E866 @ FNAL

[PRL 102  2009 182001]

• LHCb has excellent --ID & reconstruction for -.-/

• Lattice QCD: M̅(#) ≠ M (#)
[arXiv:1809.04975]

• proton sea more complex 
than originally thought!

• intrinsic heavy quarks?
• Still a lot to be understood
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The LHCspin project
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The LHCspin project
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ABS

BR
P

TC

Run 5Polarised Mode

The LHCspin project

The LHCspin project aims to bring spin physics at the LHC through the implementation of a new-generation
polarized gaseous fixed target in the LHCb spectrometer.

The SMOG2 realization sets the basis for the development of a future polarized gas target for LHCb
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SMOG SMOG2 LHCspin
Run 2 Run 3 Run 4

!!! = 72 GeV

protons                                     protons, deuterons

!!! = 115 GeV

protons                                protons, deuterons

Types of collisions (III): Polarized Fixed-Target

LHCspin: development of a 
new generation of polarised 
targets (baseline HERMES)


LHCb: excellent capabilities 
to reconstruct quarkonia


First spin-physics program  
@ LHC 
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Overview of the setup
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Atomic Beam Source (ABS)1

Input: unpolarised molecules


Output: high intensity, collimated, 
polarised atomic beam

LHC 
beam

[NIMA 540 (2005) 68-101] 

Target Cell (TC)2

T-shaped openable storage cell


Dipole holding magnet 
(transverse polarisation)

Diagnostic System3

Target Gas Analyser: 
atomic fraction


Breit-Rabi Polarimeter:  
polarisation degree

ABS

BR
P

TC

https://arxiv.org/abs/physics/0408137
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Target cell and magnet

11

Dipole Magnet

 mT, to maintain transverse polarisation


Uniformity , to suppress  
beam-induced depolarisation


Superconductive coils + iron yoke 


Possibility to rapidly invert the polarity

B ≃ 300

ΔB/B ∼ 10 %

Target Cell

Almost same position of the SMOG2 cell  
(  cm,  cm)


Inject both unpolarised and polarised gas 
(only way to bring polarised physics at LHC)


 up to ,  

L = 20 D = 1

P 70 % ΔP/P ∼ 10 − 15 %

[PoS (SPIN2018)]
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Recombination and cell coating
The inner coating of the storage cell is a crucial aspect of the R&D. It is needed to:

ü minimize e-cloud related beam instabilities

→ ensure low Secondary Elecron Yield (SEY)

→ can be monitored through measurement of H recombination with a TGA

ü minimize H depolarization due to wall collisions

ü Studies are ongoing in order to understand if carbon films 
with low SEY cope with the required recombination rate of 
polarized H atoms injected in the storage cell

ü Carbon coated cell prototypes have been produced at CERN 
and are being analysed at Juelich Forschungszentrum.

Cell Coating

 

 

 

Yoke

Coils

ABS

LHC 
beam

Minimise  depolarisation 
due to wall collisions


Ensure low Secondary 
Electron Yield (SEY)


Current coating:  
Amorphous Carbon 


Challenging R&D ongoing

H↑

https://pos.sissa.it/346/098


Physics opportunities



Shinichi Okamura Quarkonia As Tools 2024 /2112 January 2024

The physics goal of LHCspin

13

Study strong interaction in the non-perturbative regime of QCD 

Provide detailed map of the nucleon partonic structure


Interpretation of any high-energy process involving hadrons


Polarised target: access to several TMDs 

Access to quark and gluon TMDs


Complement present and future SIDIS results  
(HERMES, COMPASS, JLAB, …EIC):


Study process dependence (non-universality)


Quarkonia as Tools to study Gluon TMDs 

Experimental access very limited (PHENIX, COMPASS)


LHCspin + LHCb: a unique facility to study gTMDs


Gluon Sivers function: f⊥,g
1T
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https://arxiv.org/abs/1703.10157
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Gluon TMDs
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Process Observable

Transverse Single Spin Asymmetry (TSSA)

AN =
1
P

A =
1
P

σ↑ − σ↓

σ↑ + σ↓

Inclusive C-even quarkonia production 
e.g.  ideal process to study gluon TMDs


Associate quarkonia production 
allows broader kinematic range for TMD factorisation 
but statistically limited in fixed-target collisions

ηc, χc0

Probing the gluon Sivers funct.
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• Sheds light on spin-orbit correlations of unpol. gluons inside a transv. pol. proton
• sensitive to gluon OAM
• can be accessed through the measurement of the TSSAs in inclusive heavy meson production

() =
1
*
+↑ − +↓
+↑ + +↓ ∝ "!%$" &, , '$, ⨂"" &- , '$- ⨂/+""→//" sin30 +⋯

LHCspin simulation

 !! → ⁄$ %&  ( ⁄$ % → '')

Predictions for pol. FT meas. at LHC (LHCspin-like) [Phys. Rev. D 102, 094011 (2020)]
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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.
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preserved. While, in principle, the polarization uncertain-
ties do not affect AN symmetrically due to the fact that
AN / 1

P , the difference in the value of the uncertainties

scaling to larger and smaller magnitudes of AN is less than
the precision shown.

As the functional form of the asymmetry in xF and pT is
completely unknown, no correction has been made for
potential smearing effects. A simulation study was per-
formed assuming a linear dependence of AN on xF, and it
was found that smearing effects were less than 10% of the
value of the input asymmetry.

The measured asymmetry at forward xF is negative,
!0:086" 0:026" 0:003, with a statistical significance
from zero of 3:3!, suggesting a nonzero trigluon correla-
tion function in transversely polarized protons and, if well
defined as a universal function in the reaction pþ p !
J=c þ X, a nonzero gluon Sivers function. Two indepen-
dent trigluon correlation functions exist [33,47]. In princi-
ple, based on a single nonzero measured SSA, a lower
bound could be placed on a combination of the two tri-
gluon correlation functions. However, it should be noted
that the two functions could have opposite signs, leading to
partial cancellations in the asymmetry, so correlations of
larger magnitude would not be excluded. In order to extract
the two independent correlation functions, a second mea-
surement in which the functions enter in a different combi-
nation would be necessary. Such a measurement could be

the transverse SSA for open charm (Dþ or D0) or open
anticharm (D! or !D) in SIDIS [33,34] or pþ p [31], or
direct photons in pþ p [47].
A nonzero transverse SSA in J=c production in pþ p

generated by gluon dynamics may seem surprising given
the SSAs consistent with zero in midrapidity neutral pion
production at PHENIX [35] and semi-inclusive charged
hadron production at COMPASS [11]. However, the details
of color interactions have been shown to play a major role
in SSAs [28], so further theoretical development will be
necessary before we fully understand the relationships
among these measured asymmetries. As discussed in
Ref. [23], a nonzero transverse SSA in J=c production
in polarized pþ p collisions generated by a gluon Sivers
TMD would be evidence against large contributions from
color-octet diagrams for J=c production. If a gluon Sivers
TMD is in fact well defined and nonzero, a new experi-
mental avenue has been opened up to probe the J=c
production mechanism, a long-standing question in QCD.
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A. ADARE et al. PHYSICAL REVIEW D 82, 112008 (2010)

112008-10

Heavy-quark production 
Most efficient way to 
access gluon dynamics  


Gluon fusion: main 
channel @LHC

Fourier decomposition 

: dominant term in the expansion


: azimuthal amplitude  
sensitive to Gluon Sivers function

sin(ϕS)
Asin(ϕS)

Asin(ϕS) ∝ f g
1 ⊗ f⊥g

1T

Gluon Sivers function

Dominant term

AN ∝ Asin(ϕs) sin(ϕS) + . . .
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Current experimental access to gTMDs

15

Probing the gluon Sivers funct.
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• Sheds light on spin-orbit correlations of unpol. gluons inside a transv. pol. proton
• sensitive to gluon OAM
• can be accessed through the measurement of the TSSAs in inclusive heavy meson production
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Predictions for pol. FT meas. at LHC (LHCspin-like) [Phys. Rev. D 102, 094011 (2020)]
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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.
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preserved. While, in principle, the polarization uncertain-
ties do not affect AN symmetrically due to the fact that
AN / 1

P , the difference in the value of the uncertainties

scaling to larger and smaller magnitudes of AN is less than
the precision shown.

As the functional form of the asymmetry in xF and pT is
completely unknown, no correction has been made for
potential smearing effects. A simulation study was per-
formed assuming a linear dependence of AN on xF, and it
was found that smearing effects were less than 10% of the
value of the input asymmetry.

The measured asymmetry at forward xF is negative,
!0:086" 0:026" 0:003, with a statistical significance
from zero of 3:3!, suggesting a nonzero trigluon correla-
tion function in transversely polarized protons and, if well
defined as a universal function in the reaction pþ p !
J=c þ X, a nonzero gluon Sivers function. Two indepen-
dent trigluon correlation functions exist [33,47]. In princi-
ple, based on a single nonzero measured SSA, a lower
bound could be placed on a combination of the two tri-
gluon correlation functions. However, it should be noted
that the two functions could have opposite signs, leading to
partial cancellations in the asymmetry, so correlations of
larger magnitude would not be excluded. In order to extract
the two independent correlation functions, a second mea-
surement in which the functions enter in a different combi-
nation would be necessary. Such a measurement could be

the transverse SSA for open charm (Dþ or D0) or open
anticharm (D! or !D) in SIDIS [33,34] or pþ p [31], or
direct photons in pþ p [47].
A nonzero transverse SSA in J=c production in pþ p

generated by gluon dynamics may seem surprising given
the SSAs consistent with zero in midrapidity neutral pion
production at PHENIX [35] and semi-inclusive charged
hadron production at COMPASS [11]. However, the details
of color interactions have been shown to play a major role
in SSAs [28], so further theoretical development will be
necessary before we fully understand the relationships
among these measured asymmetries. As discussed in
Ref. [23], a nonzero transverse SSA in J=c production
in polarized pþ p collisions generated by a gluon Sivers
TMD would be evidence against large contributions from
color-octet diagrams for J=c production. If a gluon Sivers
TMD is in fact well defined and nonzero, a new experi-
mental avenue has been opened up to probe the J=c
production mechanism, a long-standing question in QCD.
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SIDIS measurements: 160 GeV/c muon beam and 
transversely polarised proton target in 2010


: ~6600 signals candidates in 2010 data
J/ψ

Inclusive  measurements in polarised  


: ~ 21’000 signal candidates in 2006+2008 data

J/ψ pp

J/ψ
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If we assume that Araw
Siv |bg equals the asymmetry measured in the side-bands (Sec. 2), we can

subtract it using the equation (4). The e↵ect of subtraction is small (Tab. 1), because of the

large event to background ratio.

Table 1. The raw asymmetries and the final asymmetries.

z 2 [0.3, 0.95] z 2 [0.95, 1.05] z 2 [0.3, 0.95] z 2 [0.95, 1.05]
Araw

Siv �A Araw
Siv �A ASiv �A ASiv �A

Signal band �0.010 0.031 �0.034 0.018 — — — —

Side bands �0.025 0.031 �0.030 0.024 — — — —

Background subtracted �0.006 0.039 �0.034 0.021 �0.05 0.33 �0.28 0.18

The actual Sivers asymmetry is obtained from the raw one by division by the average target

polarization P = 80 % and the dilution factor f = 0.15, which takes into account the fraction of

polarizable nuclei in the target material. The final results are shown in Tab. 1 and on Fig. 8.
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Figure 8. The final Sivers asymmetry.

5. Conclusion and Outlook

In the whole 2010 run data, 2 230 and 4 450 J/ events in the lower (inclusive) and the higher

(exclusive) z-bins are found. The statistics is small, because of rareness of the process. The

Sivers asymmetry, extracted in this initial study by a simple double-ratio method, is found to

be compatible with zero in the lower z bin and to have a slight preference for negative values in

the higher z bin.

A future improvement could be made utilizing the unbinned maximum likelihood asymmetry

extraction method, which is well suited for small data samples. Also, a simple Monte Carlo

simulation testing whether the measured xg|model distribution is compatible with the model [6]

would be an interesting continuation of this study. Finally, looking at all the COMPASS

transverse data would increase the statistics, but at most by a factor of 2.
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Predictions for polarised FT measurements at LHCb 


Expected up to 40 asymmetry for  

LHCspin potential: distinguish among theoretical 
predictions of Gluon Sivers function 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4 Physics observables

To emulate the polarisation of the target gas, a procedure developed at HERMES, described in Ap-
pendix C of [12], is used. This allows to investigate the acceptance on LHCspin events and the LHCb
detector e↵ects on the physics observables.
A variable called ⇢ is computed based on the particle (e.g. J/ ) x, pT and � angle values:

⇢ =
1

2


1 +

✓
a1 + a2

x � x

xmax
+ a3

pT � pT

pT max

◆
sin�+

✓
b1 + b2

x � x

xmax
+ b3

pT � pT

pT max

◆
sin 2�

�
(15)

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 ⇢, a �1 tag is assigned to the event, and +1 otherwise. This tag is used as
the polarisation state of the event and introduces a spin-dependence in the simulation. In particular,
Eq. 15 emulates a Sivers amplitude at the first order in the Taylor expansion of pT and x.
The distribution of simulated J/ ! µ+µ� events in the xF � pT plane is shown in Fig. 8 (left).
This channel is used in the following for developing a measurement of the gluon Sivers function with
LHCspin. This observable is investigated in [13], where two models predict a sizeable asymmetry in the
negative Feynman-x emisphere, as shown in Fig. 8 (right), for LHCspin kinematics. Roughly based
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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.
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Figure 8: Left: xF � pT spectrum of simulated J/ ! µ+µ� events. Right: predicted asymmetry for
polarised p-H collisions at

p
s = 115 GeV [13]

on this prediction, the chosen parameters for Eq. 15 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. 11 by counting the events having a given polarisation state.
This is performed with two methods.

4.1 Method 1: fitting the azimuthal dependence

Data are split into 2D xF � pT bins, and further divided into � bins, where the spin asymmetry is
computed according to Eq. 11, and the uncertainty is evaluated by propagating Poissonian uncertainties
on N" and N#. 100% polarisation without uncertainty is used in this first set of results. For each
x � pT bin, the � modulation is fitted with the function:

f = a1 sin�+ a2 sin 2�, (16)

with the constraint a2 < a1/413. The results are shown in Fig. 9.
The fitted amplitudes are compatible with the parameters used in the generated model (Eq. 15), i.e.

no bias is observed. Within the available statistics, corresponding to about two weeks of data-taking,
there is no sensitivity to fit for a second harmonic with the chosen binning scheme. The results for
the first harmonic amplitudes are summarised in Fig. 10 together with luminosity statistics, evaluated
from the method described in Sec. 2. As expected, the amplitudes are consistent with the generated

13Given the available statistics, this constraint prevents the fit to converge to too large a2 values.
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Simulated  k unpolarised MC events  
(PYTHIA8 + EPOS)


Spin dependence 
introduced in the simulation using a simple model for the 
polarised cross section, corresponding to 


Sinusoidal azimuthal dependence  
observed in bins of  consistent with the model (no bias)


Fit pseudo-data with harmonic functions 
 and extract amplitudes 


Few days of data-taking can provide sufficient precision


Just a starting point 
to be refined and tested with different models
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Figure 9: Fits to azimuthal modulations.

value and a mild, increasing trend is observed as xF (x) gets smaller (larger). With the chosen binning
scheme, 10% Sivers amplitudes are expected to be measured with order 1% error in just two weeks of
LHCspin data-taking, assuming a negligible contribution from the polarisation degree.
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Figure 10: Fitted amplitudes for the main harmonic in the first (left) and second (right) pT bin.

4.1.1 E↵ect of the polarisation degree

The e↵ect of the knowledge of the polarisation degree is investigated by repeating the fits to data
points (i.e. asymmetries) where the uncertainty on the polarisation is added in quadrature to the
statistical one. The results are reported in Table 3.

pT (MeV) xF a1 (�P = 0%) a1 (�P = 5%) a1 (�P = 20%) a1 (�P = 50%)
[0,1500] [-0.70,-0.09] 0.090 ± 0.013 0.089 ± 0.013 0.087 ± 0.014 0.087 ± 0.022
[0,1500] [-0.09,-0.06] 0.104 ± 0.011 0.104 ± 0.012 0.103 ± 0.016 0.100 ± 0.027
[0,1500] [-0.06,-0.04] 0.098 ± 0.012 0.098 ± 0.013 0.097 ± 0.016 0.094 ± 0.027
[0,1500] [-0.04,0.05] 0.118 ± 0.014 0.117 ± 0.014 0.114 ± 0.017 0.113 ± 0.030

[1500,6000] [-0.70,-0.09] 0.093 ± 0.010 0.092 ± 0.010 0.090 ± 0.013 0.089 ± 0.023
[1500,6000] [-0.09,-0.06] 0.108 ± 0.011 0.108 ± 0.011 0.108 ± 0.015 0.107 ± 0.027
[1500,6000] [-0.06,-0.04] 0.105 ± 0.012 0.105 ± 0.012 0.104 ± 0.015 0.103 ± 0.026
[1500,6000] [-0.04,0.05] 0.105 ± 0.011 0.105 ± 0.012 0.102 ± 0.015 0.102 ± 0.026

Table 3: Fitted values for a1 with various uncertainties on the polarisation degree.

With the available statistics, the precision on the a1 extraction is limited by the statistics if the
error on the polarisation 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 e↵ect amounting to 30�40% of the statistical error. At 50%, the statistical and systematic
errors are comparable.
Notice that independent fits are performed in each kinematic bin: a simultaneous fit with common
parameters is under development.

4.2 Method 2: plain asymmetry

The data are split into a 2D xF � pT binning, and Eq. 11 is directly applied in each bin to compute
the asymmetry. Fig. 11 shows the results of this computation as a function of x under two pT regions,
with a linear fit superimposed. This method can be employed if large, ��integrated asymmetries are
foreseen, which is not the case for the current parameter choice.
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Expected performance for different scenarios

18

𝐴𝑁 =
1
𝑃

𝐴 =
1
𝑃

𝑁 − 𝑁
𝑁 + 𝑁

 ~ 10%


Data-taking time: 2.5 days

ΔP/P

How much data-taking time to get 
precise measurement on ? 

 cm 


 cm  s   (Run 4)


2 different asymmetry hypothesis 
 



, 4 different scenarios: 

 ~ 0%

 ~ 10%

 ~ 20%

 ~ 30%

AN

θH ∼ 3.7 × 1013 −2

ℒ ∼ 1.6 × 1032 −2 −1

A = 2 %
A = 10 %

P ∼ 70 %
ΔP/P
ΔP/P
ΔP/P
ΔP/P

A = 10 %

 ~ 20%


Data-taking time: 1 day

ΔP/P

A = 2 %

Cell target 
realistic scenario



Outlook and summary
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The plan for the upcoming years

L. L. Pappalardo                                                                            LHCspin Kick-off Meeting - December 18 2023 12

Necessary pre-requisites for the approval of the project at LHCb (Run5):

• R&D campaign for the apparatus towards the final setup for LHCb
• feasibility studies in a dedicated experimental area served by LHC 

beams 

Plan:
• LS3 (2026-28): Installation of existing setup (ABS + polarimeter 

from COSY) + minimal spectrometer for simple (but unique!) 
physics measurements

• Run4 (2029-32): 
- In-beam polarimetry studies (Paolo’s talk)
- first polarized measurements at the LHC

• Two sites have been identified in the LHC tunnel (IR3, IR4) 

Pre-requisites for the approval of the LHCspin project at LHCb (Run5) 

R&D campaign for the apparatus towards the final setup for LHCb


Feasibility studies in a dedicated experimental area (IR3, IR4) served by LHC beams


Proto-collaboration is being formed with all the necessary expertise 

Polarimetry


Spectrometer

@

SMOG2
Installation 

ABS + polarimeter from COSY


Minimal spectrometer

Data-taking 

In-beam polarimetry studies


First polarised measurements at 
the LHC

3

2

4

1
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SMOG2: unpolarised LHCb fixed-target program 

Preliminary performance above the expectations


Good prospectives for quarkonia reconstruction: 


First study of TMDs: access to Boer-Mulders function 


LHCspin: first-spin physics program @ LHC


HERMES-like polarised target setup


Challenging R&D but worth the effort!


Polarised physics opportunities 

Nucleon tomography in momentum space


First insights on gTMDs 


Comparison with SIDIS experiments

J/ψ, ηc, χc0, . . .

h⊥
1

+

SMOG2



Backup
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Figure IV.2.3: SMOG2 cell overview. Figure from Ref. [164].

Figure IV.2.4: Beam radial aperture as a function of the distance from the LHCb nominal
interaction point in di�erent beam configurations. For all scenarios, the storage cell radius,
whose position is indicated by a red line, is safely above the limits. Figure from Ref. [166], with
vertical lines added by the authors of Ref. [164].

• the cell is made of two halves which, as the rest of the VELO detector, can be
retracted from their operating position while the LHC beams are being injected
and tuned, and closed when stable beams are declared. In order to account for
the variations of the exact VELO closed position, only one of the two SMOG2 cell
halves is rigidly connected to the VELO, while the other is equipped with a spring
system to ensure enough movement flexibility. The closed (left) and open (right)
positions of the cell are shown in Fig. IV.2.1;
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https://arxiv.org/abs/1901.08002
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Quark & Gluon TMDs

24

Significant experimental progress in the last 15 years! 


Main results from SIDIS  
(HERMES, COMPASS, JLAB, → EIC) 


Drell-Yan in h-h collisions (LHC): offers a 
complementary approach to SIDIS (COMPASS, RHIC) 


Several extractions already available from global analyses 


Now entering the precision era 
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Leading twist:  
8 gluon TMDs

Theory framework well consolidated ...but 
experimental access still extremely limited! 


Main differences with Quark TMDs:


Different naïve-time-reversal properties 


Process dependence originating by ISI/FSI 
encoded in the gluon correlator gauge links


Quarkonia as Tools to study Gluon TMDs
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The jet target option

Alternative solution with jet target also under evaluation:
• lower density (~10!" atoms/*+") → about a factor of 40 smaller
• higher polarization (up to 90%)
• lower systematics in P measurement (virtually close to 0)
• Compatible with SMOG2 setup

Distance ABS – beam axis configuration 2

286

ABS

Pol

PFJ + SMOG2 cel - View 2

ABS

Pol SMOG2

Jet Target vs Storage Cell
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Jet Target

✅ Higher polarisation  
(  up to 90%)


✅ Lower systematics in  
polarisation ( ~ 1-2 %)


✅ Compatible with SMOG2

P

ΔP/P

✅ High target density
 atoms/cm  

✅ Luminosity in Run 5 

θ ∼ 3.7 × 1013 2

ℒ ∼ (2 − 4) × 1032cm−2s−1

❌ Small target density: 
(  atoms/cm )


❌ Luminosity  factor  
smaller

∼ 1012 2

∼ 40

❌ Depolarisation due to 
wall collisions 
 (  up to 70%)


❌ Significant systematics 
uncertainty on polarisation 
( ~ 10-15%)

P

ΔP/P

LHCspin

19/02/2021 1V. Carassiti - INFN Ferrara

PGT cellVELO 
vessel

LHC 
beam

Target Cell

LHC 
beam
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Kinematic coverage for  
for different cell positions


-hadrons will have the largest 
product of cross section and 
reconstruction efficiency


Exotic probes and -hadrons are also 
possible


Unique opportunity to probe gluon 
TMDs over a broad  range!

ηc, D0, Λ+
c , Υ

c

b

x

Marco Santimaria /11LHCspin kick-off 12/2023 4

Heavy flavour channels: examples
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• c-hadrons will have the 

largest product of cross 
section and reconstruction 
efficiency

• Exotic probes and b-hadrons 
are also possible

• This is just a portion of the 
expected data (see later)
 unique opportunity to 

probe gluon TMDs over a broad 
x range!

→

Marco Santimaria /20IWHSS 2023

Introduction and motivation Prompt atmoshperic neutrinos Forward charm production IceCube data Summary

The concept of intrinsic charm in the nucleon
The intrinsic charm quarks ⇒ multiple connections to the valence quarks of the proton

strong evidence for internal strangeness and somewhat smaller for internal charm

global experimental data put only loose
constraints on the Pic probability

dfferent pictures of non-perturbative cc̄ content:

sea-like models

valence-like models

we use the IC distributions from the
Brodsky-Hoyer-Peterson-Sakai (BHPS) model as
adopted in the CT14nnloIC PDF

x

2−10 1−10 1

3−10

2−10

1−10

1

xc(x,Q), comparisonxc(x,Q), comparison

CT14nnloIC (Sea-like HS)
CT14nnloIC (Sea-like LS)
CT14nnloIC (BHPS 3.5%)
CT14nnloIC (BHPS 1%)
Q = 1.41e+00 GeV

G
e
n

e
ra

te
d

 w
it

h
 A

P
F

E
L

 2
.7

.1
 W

e
b

x

1−10 1

4−10

3−10

2−10

1−10

xc(x,Q), comparisonxc(x,Q), comparison

CT14nnloIC (BHPS 1%)

CT14nnlo (90% c.l.)

Q = 1.41e+00 GeV

G
e

n
e

ra
te

d
 w

it
h

 A
P

F
E

L
 2

.7
.1

 W
e

b

the presence of an intrinsic component implies a
large enhancement of the charm distribution at
large x (>0.1) in comparison to the extrinsic
charm prediction

the models do not allow to predict
precisely the absolute probability Pic
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• high-  nucleon and nuclei structure is poorly known 
at all scales

x
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Figure 1: (a) CT14nlo gluon PDF relative uncertainties [5] in a proton as a function of the gluon momentum fraction x at three
values of the factorisation scale, µF , (b) Gluon-gluon-luminosity uncertainty computed for three sets of proton PDFs as a function
of the invariant mass (MS) of a to-be produced system at

p
s = 13 TeV. For y ⇠ 0, x ' MS/

p
s at the LHC (indicated on the upper

x axis). The kinematics of the AFTER@LHC programme is mainly that of high x where the uncertainties blow up. Plot done
thanks to the APFEL programme [6].

Figure 2: Compilation of the gluon nuclear PDF relative uncertainties [7, 8, 9, 10] in a lead nucleus at a factorisation scale (here
denoted Q) of 2 GeV.

provide a unique window on the sea quarks. A precise measurement of the gluon EMC and of its nuclear
number (A) dependence, combined with precise DY data at high x, would provide decisive insights into the
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Figure 1: (a) CT14nlo gluon PDF relative uncertainties [5] in a proton as a function of the gluon momentum fraction x at three
values of the factorisation scale, µF , (b) Gluon-gluon-luminosity uncertainty computed for three sets of proton PDFs as a function
of the invariant mass (MS) of a to-be produced system at

p
s = 13 TeV. For y ⇠ 0, x ' MS/

p
s at the LHC (indicated on the upper

x axis). The kinematics of the AFTER@LHC programme is mainly that of high x where the uncertainties blow up. Plot done
thanks to the APFEL programme [6].

Figure 2: Compilation of the gluon nuclear PDF relative uncertainties [7, 8, 9, 10] in a lead nucleus at a factorisation scale (here
denoted Q) of 2 GeV.

provide a unique window on the sea quarks. A precise measurement of the gluon EMC and of its nuclear
number (A) dependence, combined with precise DY data at high x, would provide decisive insights into the
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[PRD 93 (2016) 033006]

• Gluon PDFs are least known, 
accessed with heavy flavours: 
a strength point of LHCb!

• Investigate the 
structure of nuclei: EMC 
effect still to be 
understood

•  get more insight into 
the anti-shadowing 
region ( )

→

x ∼ 0.1

• Study the Intrinsic 
Charm component in 
the proton, first 
measurement done 
with SMOG on 

• Provide crucial 
inputs for neutrino 
fluxes, UHECR and 
DM annihilation

pHe

• with IC
• without IC
[R. Maciula @ lowx22]

[JHEP 05 (2017) 004] [ARNPS 61 (2011) 467-489]

[ArXiv:1807.00603]
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certainty in our baseline model, the covariance matrix of
data errors alone (Cdata) would already give enough free-
dom to allow for a very good agreement between the data
and the secondary flux prediction; (ii) Considering only
the statistical uncertainties in the data and the uncer-
tainties in the model (�stat and Cmodel), this prediction
is marginally consistent with the data at the 2� level,
with the KS test leading to an even better p-value. Also
note the relevance of the KS test (as opposed to the �2

test) to spot error overestimates, in the case of �tot and
Cmodel; (iii) In the most realistic case considering both
Cdata and Cmodel, p-values are very good for both the �2

and KS test. Thus, not only is a secondary origin for
the locally measured p̄’s statistically consistent with the
data, but, as shown by these considerations, it is also ro-
bust with respect to error mismodelling in either model
or data errors.

TABLE I. Respective p-values for di↵erent sources of errors.
We take dof= 57, i.e. the number of p̄ data. Total errors on

data are defined to be �tot =
q

�2
stat + �2

syst.

Error considered �2/dof p-value (�2) p-value (KS)

�stat 23 0 0

�tot 1.69 8.3 ⇥ 10�4 0

Cdata 0.85 0.79 0.97

�stat and Cmodel 1.32 0.05 0.99

�tot and Cmodel 0.37 1.0 0.01

Cdata and Cmodel 0.77 0.90 0.86

Conclusions — Percent-level details in the model
predictions now matter, as do more subtle aspects of the
data error treatment. In this paper we have presented a
major upgrade of the p̄ flux prediction and analysis by:
(i) using the latest constraints on transport parameters
from AMS-02 B/C data, (ii) propagating all uncertain-
ties (with their correlations) on the predicted p̄ flux, and
(iii) accounting for correlated errors in p̄ data. The multi-
component nature of the systematic error, with di↵erent
R-dependencies and correlation lengths, has a crucial im-
pact on the analysis, and was not captured in more sim-
plified treatments as in Ref. [44]. With these novelties,
we unambiguously show that the AMS-02 data are con-
sistent with a pure secondary astrophysical origin. We
stress that this conclusion is not based on a fit to the
AMS-02 p̄ data, but on a prediction of the p̄ flux com-
puted from external data. Our results should hold for
any steady-stade propagation model of similar complex-
ity, as they all amount to the same “e↵ective grammage”
crossed to produce boron nuclei (on which the analysis
is calibrated), with roughly the same grammage entering
the secondary p̄’s. We have checked that this conclusion
is robust with respect to a variation by a factor of a few
of the correlation lengths of the AMS-02 systematic un-
certainties. Also, recent analyses of Fermi-LAT data are

(a)

(b)

(c)

FIG. 2. Comparison of p̄ model and data (a), along with resid-
uals and 68% total confidence interval for the model (grey)
together with the transport (blue), the parents (red) and the
cross sections (green) contributions (b). The residuals of the
eigen vectors of the total covariance matrix as a function of
the pseudo-rigidity R̃, as well as their distribution are shown
in (c) and in the inset.

suggestive of a spatial dependent di↵usion coe�cient, no-
tably di↵erent in the inner Galaxy [77]. Moving to more
complex scenarios containing the 1D framework consid-
ered here as limiting case would broaden theory space,
but would not alter our conclusions on the viability of
secondary production to explain antiproton data. On the
technical aspects, more computationally expensive meth-
ods could allow one to go beyond the quadratic assump-
tion (i.e. assuming multi-Gaussian error distributions)
embedded in the covariance matrix of errors. For more
advanced applications, sampling techniques like Markov
chain Monte Carlo could be used (e.g., [78]). However,
a significant improvement in our perspectives for DM
searches in the p̄ flux can only be achieved by simul-
taneously reducing the systematics in the data and the
errors of the modelling. On the data side, a covariance
matrix of errors directly provided by the AMS-02 collab-

[ArXiv:1906.07119]

• pair creation occurs in hard QCD scattering at leading order [101] as in
Fig. 2.5a. The corresponding qq̄ annihilation is less significant as the gluon
pdfs are dominant at the LHC energies [102].

• flavour excitation occurs when a b quark from one proton is excited on
mass shell by scattering against a parton of the other proton, as shown in
Fig. 2.5b.

• gluon splitting is when a g ! bb̄ branching occurs in the initial or final
state shower, as depicted in Fig. 2.5c.

2. flavour excitation, a bb̄ pair from the sea is excited in the final state as one108

of the b quarks undergoes a hard QCD scattering with a parton (Fig.?);109

3. gluon splitting, when the bb̄ pair arises from a g ! bb̄ splitting either in the110

initial or the final state;111

The dominant parton diagrams that determines the bb̄ production depends on112

quark and gluon abundances inside the protons, in other words it depends on the113

parton pdfs and therefore ultimately on the collision energy. The LHC operated at114

7 TeV and 8 TeV during runI and is now operating at 13 TeV for runII. At these115

energies the gluon pdfs are greatly dominant (Ref?), so that we can think of LHC116

as a gluon collider. Among the leading diagrams for b production in Fig. ???,117

those who have gluons in the initial state are far dominant.118

g119

b120

b̄121

q122

q̄123

124

Once a b quark is produced, it will interact with another quark in the strong125
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(c)

Figure 2.5: Pair creation (a), flavour excitation (b) and gluon splitting (c) pro-
cesses.

Fig. 2.6 shows the relative importance of these production mechanisms for pp

collisions over a wide range of energies, indicating the flavour excitation as the
most favorable at LHC.
The bb̄ pair production peaks at small angles with respect to the beam direction,
as shown in Fig. 2.4b. In a recent paper, the LHCb collaboration reported two bb̄

production cross section measurements which, extrapolated to the full solid angle,
give [103]:

�pp!bb̄ ⇠ 295 µb (
p

s = 7 TeV),

�pp!bb̄ ⇠ 600 µb (
p

s = 13 TeV). (2.5)

The above results display a linear behaviour of the bb̄ cross section as a function of
the energy, with the consequent strong advantage of increasing the collision energy.
Following Eq. (2.5), about 6 ⇥ 1011

bb̄ pairs are produced at LHC per fb�1.
Once a b quark is produced, it will interact with another quark in the strong field to

37

c, b

c, b

[PRD 105 (2022) 014001]

[PRL 122 (2019) 132002]

Unpolarised targets: PDFs
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Goal Process Observable

Nucleon tomography


Test one of the most 
important predictions of the 
TMD factorisation formalism: 
( f⊥,q

1T )DY = − ( f⊥,q
1T )SIDIS

Clean process


LHCb well suited to 
reconstruct di-  final stateμ

[from L. Pappalardo SPIN2021]
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[arXiv:1807.00603] 

[from L. Pappalardo SPIN2021]

Simulated Projections

Theoretical prediction of the  
 Strict constraints on the Sivers effect for quarks


Expected precision for different angular modulations 
of the DY production as a function of  

 verify the change of sign 


ADY
N

→

Mℓℓ
→ ( f⊥,q

1T )DY = − ( f⊥,q
1T )SIDIS

Marco Santimaria /11LHCspin kick-off 12/2023 6

Polarised Drell-Yan

• Kinematics (~30k events):
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Figure 31: (a) Two predictions (denoted AD’AM [294] and EIKV [290]) of the DY AN as a function of x" at AFTER@LHC,
compared to the projected precision of the measurement [302]. The bands are filled in the region where the fits use existing SIDIS
data, i.e. for x" . 0.3, and hollow where they are extrapolations. (b) Similar projections for the DY AN as a function of x" in
p+3He" collisions at

p
s = 115 GeV [302]. [In both cases, the bars show the statistical uncertainties for the quoted luminosisities

accounting for the background subtraction and polarisation-dilution effects].

polarisation, Pe↵ , is diluted by a factor of 3 since only the neutron is polarised in the 3He". The projec-
tions for 3He" are prepared based on simulations for pp collisions and applying corrections to account for
change in signal and background yields. The combinatorial background is proportional to the number of
binary nucleon-nucleon collisions Ncoll, thus the background increases by a factor Ncoll ⇡

p
3 compared to

pp. An additional isospin factor of 9/6 for DY studies is included. The available integrated luminosity of
2.5 fb�1 will allow for an exploratory measurement for DY production and precision study for quarkonium
production (see section 5.2.2).

In addition, DY production with an unpolarised fixed-target will be extremely valuable to study the
simplest TMD function at large x, namely the unpolarised TMD PDF [305, 306, 307, 54, 287, 288]. A
good knowledge of unpolarised TMDs is of fundamental importance in order to validate our understanding
of their scale evolution and to reliably study azimuthal and spin asymmetries, as they always enter the
denominators of these quantities.

Pion and kaon production. Pion and kaon STSAs have been extensively studied in the last three decades
at Fermilab and BNL with hadron beams and at Jefferson Lab, CERN (COMPASS) and DESY (HERMES)
with lepton beams (see e.g. [27, 28, 29, 30, 308, 309, 31, 303]), observing large asymmetries in the valence
region at large x", which motivated the introduction of the Sivers effect. As for now, similar studies have not
been carried out with hadron beams on 3He, thus on a polarised neutron target, which however could give
us original insights on the flavour symmetries of the correlation between the partonic transverse momentum
and the nucleon spin. Along these lines, the AFTER@LHC programme relying on the LHCb and/or ALICE
detectors, can play a crucial role.

Indeed, as shown in Fig. 32, the predicted AN for pion production with a neutron (a-b) and proton (c-d)
target, based on the generalised parton model (GPM) approach (which is an extension of the parton model
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• Projections of polarised DY with  of 
data from [ArXiv:1807.00603] :

10 fb−1
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Moreover, the accurate measurements to be performed by AFTER@LHC will help to constrain the non-
perturbative input that enters the TMD evolution kernel [47, 284, 285, 286, 287, 288, 289], which has an
important effect on the STSA (see e.g. [290, 291]).

Drell-Yan production. DY lepton-pair production is a unique tool to study the Sivers effect, because it is
theoretically very well understood and the Sivers function f?q

1T (x, k2
T ) for quarks (which represents the dif-

ference of number densities of unpolarised quarks with transverse momentum kT and collinear momentum
fraction x for a given two opposite configurations of the transverse spin of the proton) is predicted to have
an opposite sign for DY and SIDIS processes:

f?q
1T (x, k2

T )DY = � f?q
1T (x, k2

T )SIDIS . (16)

Within the TMD formalism, and up to angular integrations, AN in pp" collisions can be schematically
written as

AN ⇠
f q
1 (x1, k2

T1) ⌦ f?q̄
1T (x2, k2

T2)

f q
1 (x1, k2

T1) ⌦ f q̄
1 (x2, k2

T2)
, (17)

where f q
1 stands for the unpolarised quark TMD PDF, and ⌦ represents a convolution in momentum space

and a sum over quark and anti-quark flavours.
The verification of the sign change of the Sivers function is the main physics case of the DY COMPASS

programme [77], which recently performed the first measurement of the asymmetry in DY production [80],
and the experiments E1039 [76] and E1027 [292] at Fermilab. The AFTER@LHC programme will allow
one to further investigate the quark Sivers effect by measuring DY STSA [293, 294] over a wide range of x"

(= x2) and masses. With the high precision that AFTER@LHC will be able to achieve, one will accurately
measure the Sivers function, if the sign change happens to be already established by the mentioned experi-
ments. In case the asymmetry turns out to be small and these experiments cannot get to a clear answer, then
AFTER@LHC will be able to confirm/falsify the sign change. Table 16 shows a compilation of the relevant
parameters of future or planned polarised DY experiments. As can be seen, the AFTER@LHC program
offer the possibility to measure the DY AN in a broad kinematic range with an exceptional precision.

The DY measurement is the key to validate/falsify the Sivers effect for quarks. At AFTER@LHC,
the target-rapidity range corresponds to a negative xF where the AN asymmetry is predicted to be large
(Fig. 31) with large theoretical uncertainties. Fig. 31(a) shows the expected precision for DY AN measure-
ment at AFTER@LHC for L = 10 fb�1 (which corresponds to one year of running) 47, compared to two
different theoretical predictions: AD’AM [294] and EIKV [290]. These two works performed fits of AN in
SIDIS data, available for x" . 0.3, using two different theoretical setups. The uncertainty band of AD’AM
curve represents the statistical uncertainty of their fitted parameters after performing a variation of the total
�2 of about 20, while the one of EIKV is obtained by using the replica method (see e.g. Ref. [287]) with an
effective variation of the total �2 of about 1; this explains the difference of width among the curves. Thus
the DY data at AFTER@LHC will put strict constraints on the Sivers effect for quarks, help to discrim-
inate among different approaches, and accurately test one of the most important predictions of the TMD
factorisation formalism, i.e. its sign change w.r.t. SIDIS. In addition, given that this effect can be framed

47The statistical uncertainty � on AN is calculated as �AN =
2

Peff (�#+�")2

p
(��"�#)2 + (��#�")2, where �� =

p
� + 2B, � is

the cross section for a given configuration and B is the background in that measurement. The yields are calculated at fixed
yLab.
µµ = [2.5, 3.5, 4.5], fixed Mµµ = [4.5, 5.5, 6.5, 7.5, 8.5] GeV and integrating over the transverse momentum of the lepton pair.
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• Precise measurements but also unique features:

• Verify the sign change of the Sivers TMD in DY 
wrt SIDIS:

• + isospin effect with polarised deuterium

6

• To access the transverse motion of partons inside a 
polarised nucleon: measure TMDs via TSSAs at high  
(and low )
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Theoretical Predictions

Kinematic coverage with ~30k events 
(  )


A good precision can be attained with ~1M 
events and 20-40 MeV mass resolution


Dedicated trigger lines can be implemented 

pp → μ+μ−

⇄

https://arxiv.org/abs/1807.00603
https://indico2.riken.jp/event/3082/contributions/17021/attachments/10631/15074/Pappalardo_SPIN2021.pdf

