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[NIMA 540 (2005) 68]

See Alex talk!

The LHCspin apparatus

The “final” LHCspin apparatus consists of a new-generation polarized gaseous target to be installed in the
LHCb spectrometer usptream of the VELO
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75-80% transverse 
polarization @ HERMES

VELO vessel

https://arxiv.org/abs/physics/0408137


The plan for the upcoming years
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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) 
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IR3 vs IR4

22

IR4

IR3

Essentially free from instrumentation



L. L. Pappalardo                                                                            LHCspin Kick-off Meeting - December 18 2023 5

IR4 provides several advantages

21

https://indico.cern.ch/event/817655/contributions/3442649/attachments/
1861615/3059737/2019_06_BGV_GasJetTarget.pdf

Not in use, could be replaced by our apparatus



IR4 provides several advantages
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Cables are 
available, as well 

as the rail for 
transporting the 

apparatus 

There are racks 
available



Detector concept
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In the following only some general ideas are presented. Detailed studies will follow once the
consistency, the composition and the expertise of the proto-collaboration will be established.
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Goals:
- proof of principle of the future (large-scale) experiment with LHCb.
- measurement of single-spin asymmetries in inclusive

hadron production in 𝑝𝐻↑ and 𝑃𝑏𝐻↑ (see next slides)

Detector concept at IR4

Needed expertise (apart from pol. target):
- dipole magnet
- tracking detectors (Si strip, SciFi, drift chambers?)
- muon chambers (MWPC?)
- electronics
- DAQ
- slow control
- tracking/reconstruction algorithms
- …

Apparatus:
- jet-target (but could be done also with storage cell)
- full (minimal) spectrometer: dipole magnet,

tracking stations, muon system
- simple PID detectors (Calo, RICH)?

Dipole 
magnet

ABS

BRP

Iron wall

Muon 
chamber

Tracking 
stations
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Detector concept at IR4



Some preliminary ideas for physics measurements
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Possible physics measurements (I)
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Single-spin asymmetries in inclusive ⁄𝑱 𝝍 production in 𝒑𝑯↑ 𝐚𝐧𝐝 𝒑𝑫↑

Ø provides access to polarized gluon TMDs (e.g. gluon Sivers function 𝒇𝟏𝑻
$𝒈)

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.

-0.3

-0.2

-0.1

0

0.1

0.2

0.3
2006 + 2008

 (GeV/c): [0.0, 1.4], [1.4, 6.0]
T

p
 = 200 GeVs+X  atψ J/→p+p

 > 0Fx

N
A

-0.3

-0.2

-0.1

0

0.1

0.2

0.3
2006

 = 0Fx

 (GeV/c)
T

p
0 0.5 1 1.5 2 2.5 3 3.5 4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

2006 + 2008
 < 0Fx

FIG. 4 (color online). Transverse single-spin asymmetry of
J=c mesons plotted against J=c transverse momentum. See
Table V for mean xF values for each point. The error bars shown
are statistical and type A systematic uncertainties, added in
quadrature. Type B systematic uncertainties are not included
but are 0.002 or less in absolute magnitude and can be found in
Table V. An additional uncertainty in the scale of the ordinate
due to correlated polarization uncertainties of 2.4% (3.4%) for
the points with jxFj> 0 (xF ¼ 0) is not shown. See text for
details.
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FIG. 3 (color online). Transverse single-spin asymmetry in
J=c production as a function of xF for 2006 and 2008 data
sets separately, and the combined result; the points for the
combined result have been offset by "0:01 in xF for visibility.
The error bars shown are statistical and type A systematic
uncertainties, added in quadrature. Type B systematic uncertain-
ties are not included but are 0.003 or less in absolute magnitude
and can be found in Table V. Not shown is an additional
uncertainty in the scale of the ordinate due to correlated polar-
ization uncertainties of 3.4%, 3.0%, and 2.4% for the 2006, 2008,
and combined 2006þ 2008 data sets, respectively. See text for
details.

A. ADARE et al. PHYSICAL REVIEW D 82, 112008 (2010)

112008-10

Ø Presently only a few points measured by Phoenix (BNL)

[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.

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.

𝑝𝑝↑ → ⁄𝐽 𝜓 + 𝑋
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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.

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.

𝑝𝑝↑ → ⁄𝐽 𝜓 + 𝑋

Ø Promising predictions for full measurement with LHCb + pol. target

𝐴( =
1
𝑃
𝜎↑ − 𝜎↓

𝜎↑ + 𝜎↓
∝ 𝑓+,

-. 𝑥/, 𝑘-/ ⨂𝑓. 𝑥0, 𝑘-0 ⨂𝑑𝜎..→11. sin𝜙2 +⋯

• describes spin-orbit correlations of unpol. gluons inside a transv. pol. proton
• sensitive to (unknown) gluon OAM

Ø find more in backup slides

https://arxiv.org/abs/2007.03353


Possible physics measurements (II)
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Measurement of 𝑨𝑵 single-spin asymmetries for hadron production in 𝑷𝒃𝑯↑ UPC (𝒑↑𝑷𝒃 → 𝒉𝑷𝒃𝑿)
Ø Two mechanisms can contribute:

- TMD approach: process dominated by Sivers function
- collinear twist-3 approach: process dominated by twist-3 fragmentation functions

Ø Predictions available (based on twist-3 approach)

The numerical evaluations for AN, as defined in (16), are
shown on Fig. 1 as a function of Ph⊥, and for fixed xF,
while in Fig. 2, in full lines, we show the results as a
function of xF for fixed yh, for π! and π0 atffiffiffi
s

p
¼ 200 GeV. We have used the fragmentation contri-

bution to calculate the polarized cross section (as described
in the previous paragraph), while the unpolarized cross
section is given by the first two contributions in Eq. (5).
The results on Fig. 1 demonstrate AN of the order of a

few percent with AN negative for πþ and π0 and positive for
π−. The largest AN is found for πþ, while for π0, it is about a
factor of two smaller than for πþ. Additionally, AN shows
a mild Ph⊥ dependence and an overall increase in magni-
tude with xF for all charges as seen from Fig. 1 and also
summarized on Fig. 2 (full lines). The results bear some
qualitative similarity to the typical SIDIS results; see e.g.,
Fig. 5 in Ref. [40]. The monotonic increase of AN with xF is
typical also for p↑p collisions; however, the magnitude of
AN in p↑p is about 10%. On the other hand, in p↑p
collisions, AN > 0 for πþ and π0, while AN < 0 for π−,
which is the opposite of the case of UPC. This difference is

due to the additional t-channel gluon exchanges in the qg
contribution, dominating the high energy pp cross section,
while such analogous contributions are absent in the qγ
contribution to the UPC cross section.
To expand on this sign difference, we use the QCD

equation of motion relation [first in Eq. (13)] to write the
fragmentation contribution to the polarized cross section
Eq. (10) as

dΔσfrag
d2Ph⊥dyh

¼ 8MhPh⊥αemαs
S

sinðΦS − χÞ

×
Z

1

xmin

dx
x

Z
1

zmin

dz
z3

δðŝþ t̂þ ûÞ
X

a

e2aha1ðx; μ2Þ

×
"#

H⊥ð1Þ;a
1 ðz; μ2Þ − z

dH⊥ð1Þ;a
1 ðz; μ2Þ

dz

$

× Δσ̂H⊥
1
þHaðz; μ2Þ

z
Δσ̂H

þ 2

z

Z
∞

z

dz0

z02
P
#

1

ð1=z − 1=z0Þ2

$

× ImĤa
FUðz; z0; μ2ÞΔσ̂ĤFU

%
; ð18Þ

where

Δσ̂H⊥
1
¼2Δσ̂H≡8CF

1

û
; Δσ̂ĤFU

≡4

û

#
1

Nc

ŝ
t̂
þNc

$
: ð19Þ

Equation (18) has an identical structure (apart from the
overall numerical coefficient and the explicit form of the
hard factors) as in p↑p collisions; see Eq. (9) in Ref. [11].
Reference [11] found that the third term in its Eq. (9) gives
the largest contribution to AN . In Fig. 2, we plot the
corresponding contribution in p↑A UPC, which is the third
term in Eq. (18). Unlike in the p↑p case, it is seen from
Fig. 2 that this term contributes to AN with an opposite sign
from the remaining terms in the cross section and also that
it gets completely overcompensated by the remain-
ing terms.

FIG. 1. AN as a function of Ph⊥ for πþ, π−, and π0 and for several values of xF at
ffiffiffi
s

p
¼ 200 GeV.

FIG. 2. AN as a function of xF for πþ, π−, and π0 at yh ¼ 3.0
and

ffiffiffi
s

p
¼ 200 GeV. The total contribution and the contribution

from the third term in Eq. (18) are shown by full and dashed lines,
respectively.

SINGLE SPIN ASYMMETRIES IN ULTRAPERIPHERAL … PHYS. REV. D 98, 094025 (2018)

094025-5

Lastly, we study the nuclear dependence of AN . In Fig. 3,
we focus on πþ and reduce RA from the original value
RA ¼ 6Rp to RA ¼ 3Rp and RA ¼ Rp, with the last two
choices appropriate for a p↑Al and p↑pUPCs, respectively.
We find that AN decreases in magnitude by decreasing RA.
The quantitative effect is, however, rather small, as the
nuclear dependence, to a large extent, cancels in the ratio.

V. CONCLUSIONS

We have studied single spin asymmetries in ultraper-
ipheral p↑A collisions. We have provided a set of formulas
for an unpolarized and transversely polarized p↑A → πX
cross section. The final expressions for the polarized cross
section, contained in Eqs. (A1), (A4), (A6), and (14),
describe the twist-3 quark-gluon, twist-3 gluon, and the
twist-3 fragmentation contributions, respectively, thus fully
accounting for all the known sources of single spin
asymmetries within the twist-3 collinear framework.
While these results are straightforward adaptations of the
Q2 → 0 limit in SIDIS, the explicit expressions turn out to
be rather simple, demonstrating the advantage of the UPC
channel as a new probe of the distribution functions of the
polarized proton.
In order to illustrate the potential of the UPC channel, we

have performed a numerical calculation of the SSA in the
forward region at

ffiffiffi
s

p
¼ 200 GeV. We assumed that the

dominant source to the asymmetry is the twist-3 fragmen-
tation contribution. While this assumption seems to be
supported by the calculation in p↑p collisions [10,11], we
can check it with the UPC channel. Using the central values
of the most recent extractions of the transversity distribu-
tion and the twist-3 fragmentation functions from Ref. [29],
our findings point to an asymmetry of the order of a few
percent. A notable feature is that AN for πþ (π−) is negative
(positive), in contrast to the pp case in which it is positive

(negative) and large. As the RHIC is presently conducting
polarized pA collisions, this prediction can be tested by
tagging the UPC events. It would be interesting to perform
a more complete calculation by adding also the twist-3
quark-gluon contribution. Nevertheless, we hope these first
results are encouraging enough for future experimental
extractions of SSA in UPC.
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APPENDIX: TWIST-3 QUARK-GLUON AND
TWIST-3 GLUON CONTRIBUTIONS

In this Appendix, we collect the main formulas for the
twist-3 quark-gluon and the twist-3 gluon contributions to
the cross section of the p↑γ collision. The relevant formula
for the twist-3 quark-gluon contribution to the SIDIS cross
section was calculated in Refs. [22,23], and below we
follow the notation from Ref. [23]. We first concentrate
on the contribution from the Qiu-Sterman function
GFðx; y; μ2Þ, which is also the first k⊥-moment of the
Sivers function; see Sec. II A in Ref. [23] for the explicit
definition. The relevant cross section, see Eq. (80)
[Eq. (85)] in Ref. [23] for the quark (gluon) fragmentation
channel, in the Q2 → 0 limit is

dΔσVqq̄g
d2Ph⊥dyh

¼−
2πMNPh⊥αemαs

S
sinðΦS−χÞ

×
Z

1

xmin

dx
x

Z
1

zmin
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z3

δðŝþ t̂þ ûÞ

×
X

a

e2a

"h
δaDh=qðz;μ2Þσ̂

Vq
D1þDh=gðz;μ2Þσ̂

Vg
D1

i

×
#
x
d
dx

Ga
Fðx;x;μ2Þ−Ga

Fðx;x;μ2Þ
$

þδa½Dh=qðz;μ2Þðσ̂
Vq
H1þ σ̂VqF1ÞþDh=gðz;μ2Þðσ̂VgH1

þ σ̂VgF1Þ&Ga
Fð0;x;μ2Þ

%
; ðA1Þ

where δa ¼ 1 for the quark and δa ¼ −1 for the antiquark.
The relevant hard factors, see Eqs. (81)–(84) and (86)–(89)
in Ref. [23] (for convenience, we have divided the original
expressions by qTẑ, while keeping the same notation), in
the Q2 → 0 limit are

FIG. 3. AN as a function of xF for πþ at yh ¼ 3.0 andffiffiffi
s

p
¼ 200 GeV. The three different curves stand for the choices

for the radii of the nuclei RA.

SANJIN BENIĆ and YOSHITAKA HATTA PHYS. REV. D 98, 094025 (2018)

094025-6

Phys. Rev. D98, 094025 (2018)

Ø A Phoenix measurement exists on forward neutron production in 𝒑↑𝑨𝒍 and 𝒑↑𝑨𝒖 UPC at 𝑠'' = 200 𝐺𝑒𝑉

Phys. Rev. C95, 044908 (2017)

More ideas for physics measurements will be considered once the features 
of the apparatus will be more definite.  

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.98.094025
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.95.044908
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Ø LHCspin allows for a rich and peculiar physics program at LHC at unique conditions (backup slides)

Ø Full-scale experiment with LHCb proposed for Run5

Ø Exploit Run4 for R&D and first polarized measurements

Ø Experimental setup to be installed during LS3 at IR3 or IR4

Ø Complexity of the apparatus (and physics goals) critically dependent on the consistency and
expertise of proto-collaboration



Backup
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Kinematic conditions for fixed-target collisions at LHC

Lab system
𝑦 = 5 𝜃~1°
⟹ 𝒚𝑪𝑴 ≈ 𝟎

𝑦 = 2 𝜃~15°
⟹ 𝒚𝑪𝑴 ≈ −𝟑

𝜸 =
𝒔𝑵𝑵
𝟐𝒎𝒑

≈ 𝟔𝟎 ⟹

Assuming pA collisions with 𝐸) ≈ 7 𝑇𝑒𝑉 ⟹ 𝒔𝑵𝑵 ≈ 𝟏𝟏𝟓 𝑮𝒆𝑽

𝟐 ≤ 𝒚𝑳𝑯𝑪𝒃 ≤ 𝟓 ⟹ −𝟑 ≤ 𝒚𝑪𝑴 ≤ 𝟎

Complementarity is the key!

• Partial overlap with RHIC kinematics

• 12 GeV Jlab probes large-𝑥 at small 𝑄A

• EIC will mainly focus at small-𝑥 and large 𝑄A

𝒙𝟐 ≈
𝑸
𝒔𝑵𝑵

𝒆D𝒚𝑪𝑴

𝒙𝑭 =
𝒑𝑳∗

𝒎𝒂𝒙 𝒑𝑳∗
~𝒙𝟏 − 𝒙𝟐 < 𝟎

In the fixed-target configuration
LHCb allows to cover mid-to-large 𝒙
at intermediate 𝑸𝟐 and negative 𝒙𝑭.
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The LHCspin apparatus

• Compact superconductive dipole magnet for static transverse field 
to maintain polarization inside the (𝑩 = 𝟑𝟎𝟎𝒎𝑻 ; ⁄∆𝑩 𝑩~𝟏𝟎%)  

• Possibility to switch from dipole magnet to solenoid to realize
a Longitudinal polarized target

• Need to modify main flange of VELO vessel (inward)
• No need for additional detectors!



The jet target option

Alternative solution with jet target also under evaluation:
• lower density (~10!" atoms/𝑐𝑚") → 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
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Kinematic conditions for fixed-target collisions at LHC

Lab system
𝑦 = 5 𝜃~1°
⟹ 𝒚𝑪𝑴 ≈ 𝟎

𝑦 = 2 𝜃~15°
⟹ 𝒚𝑪𝑴 ≈ −𝟑

𝜸 =
𝒔𝑵𝑵
𝟐𝒎𝒑

≈ 𝟔𝟎 ⟹

Assuming pA collisions with 𝐸) ≈ 7 𝑇𝑒𝑉 ⟹ 𝒔𝑵𝑵 ≈ 𝟏𝟏𝟓 𝑮𝒆𝑽

𝟐 ≤ 𝒚𝑳𝑯𝑪𝒃 ≤ 𝟓 ⟹ −𝟑 ≤ 𝒚𝑪𝑴 ≤ 𝟎

Complementarity is the key!

• Partial overlap with RHIC kinematics

• 12 GeV Jlab probes large-𝑥 at small 𝑄A

• EIC will mainly focus at small-𝑥 and large 𝑄A

𝒙𝟐 ≈
𝑸
𝒔𝑵𝑵

𝒆D𝒚𝑪𝑴

𝒙𝑭 =
𝒑𝑳∗

𝒎𝒂𝒙 𝒑𝑳∗
~𝒙𝟏 − 𝒙𝟐 < 𝟎

In the fixed-target configuration
LHCb allows to cover mid-to-large 𝒙
at intermediate 𝑸𝟐 and negative 𝒙𝑭.
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Quark TMDs

• dominant: ]𝑞 𝑥1234 + 𝑞 𝑥536725 → 𝜇8𝜇9

• suppressed: 𝑞 𝑥1234 + ]𝑞 𝑥536725 → 𝜇8𝜇9

• 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):  𝑑̅ 𝑥 > ]𝑢 𝑥 ⟹ sea is not flavour symmetric!

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

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

𝑑𝜎;;<= ∝ 𝑓>
?@⨂𝑓>

@ + cos 2𝜙 ℎ>
$, ?@⨂ℎ>

$,@

𝜈
∼
ℎ >$
⨂
ℎ >$

E866 @ FNAL

[PRL 102  2009 182001]

• LHCb has excellent 𝜇-ID & reconstruction for 𝜇I𝜇D

• Lattice QCD: 𝑠̅(𝑥) ≠ 𝑠 (𝑥)
[arXiv:1809.04975]

• proton sea more complex 
than originally thought!

• intrinsic heavy quarks?

• Still a lot to be understood
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https://www.nature.com/articles/s41586-021-03282-z?proof=t
https://arxiv.org/abs/0811.4589
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Transv. polarized Drell-Yan

Quark TMDs

• Sensitive to quark TMDs through TSSAs

𝐴'<= =
1
𝑃
𝜎<=↑ − 𝜎<=↓

𝜎<=↑ + 𝜎<=↓
⟹ , ,…

(𝜙: azimuthal orientation of lepton pair in dilepton CM )

• Extraction of qTMDs does not require knowledge of FF

• Verify sign change of Sivers function wrt SIDIS

• Test flavour sensitivity using both H and D targets

[arXiv:1807.00603]

[arXiv:1807.00603]
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Gluon TMDs
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Theory framework well consolidated …but experimental access still extremely limited!

T-even T-odd

q 𝐡𝟏
𝐪

𝐡𝟏
%𝐪

g 𝐡𝟏
%𝐠 𝐡𝟏

𝐠

• Also the gTMD phenomenology is enriched by the process dependence originating by ISI/FSI encoded in the gauge links.

• The gluon correlator depends on 2 path-dependent gauge links, resulting in a more complex process dependence

Similar naming/notation of quark TMDs, but there are important differences!

• the linearity gTMD (ℎ>
7) is completely unrelated to the 

quark transversity (ℎ>
@), and has no collinear counterpart

• different naïve-time-reversal properties

• E.g. there are 2 types of 𝑓>
7 and ℎ>

$7:     + + = − − Weizsacker-Williams  (WW)    ; + − = − + DiPole (DP)        

• 2 indep. GSF:      𝑓>C
$7 8,8 “f-type” → antisymm. colour structure ;    𝑓>C

$7 8,9 “d-type” → symm. colour structure

• Depending on their combinations, there are 2 independent versions of each gTMD that can probed in different
processes and can have different magnitude and width and different 𝑥 and 𝑘C dependencies!

“Future pointing” 
Wilson line (“+”)

“Past pointing” 
Wilson line (“−”)



Probing the gluon TMDs
In high-energy hadron collisions, heavy quarks are dominantly produced through gg fusion:

The most efficient way to access the gluon dynamics inside the
proton at LHC is to measure heavy-quark observables
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• Due to the larger masses this condition is more easily matched in the case of
bottomonium, where TMD factorization can hold at larger 𝑞C (although very
challenging for experiments!)

• TMD factorization requires 𝑞C(𝑄) ≪ 𝑀D. Can look at associate quarkonia
production, where only the relative 𝑞C needs to be small:

E.g.:   𝑝𝑝(↑) → ⁄𝐽 𝜓 + ⁄𝐽 𝜓 + 𝑋

• Inclusive quarkonia production in (un)polarized pp
interaction (𝑝𝑝(↑) → 𝑄 ]𝑄 𝑋) turns out to be an ideal
observable to access gTMDs (assuming TMD factorization)

𝜼𝒄, 𝝌𝒄𝟎, …
𝜼𝒃, 𝝌𝒃𝟎, …
⁄𝑱 𝝍 ,𝝍*, …
𝜰 𝒏𝑺

𝑔$

𝑔%
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𝑔$

𝑔% /
⁄𝑱 𝝍 + ⁄𝑱 𝝍
𝚼 + 𝚼
…

𝚼 + 𝚼

𝚼 + 𝚼⁄𝑱 𝝍 ⁄+𝑱 𝝍

⁄𝑱 𝝍 ⁄+𝑱 𝝍

Predictions based on CSM + TMD evolution for 𝑥+~𝑥A~10DN at forward rapidity  [EPJ C 80, 87 (2020)] Azimuthal amplitudes ~ 𝟓%!! 

Probing the gluon TMDs: inclusive quarkonia-pair production

https://arxiv.org/abs/1909.05769


Probing the gluon Sivers funct.

• 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

𝐴' =
1
𝑃
𝜎↑ − 𝜎↓

𝜎↑ + 𝜎↓
∝ 𝑓>C

$7 𝑥3 , 𝑘$3 ⨂𝑓7 𝑥1 , 𝑘$1 ⨂𝑑𝜎77→DD7 sin𝜙H +⋯

𝑔$

𝑔%

𝑫𝟎, 2𝑫𝟎
⁄𝑱 𝝍 ,𝝍′
𝚼
…

LHCspin simulation

 𝑝𝑝 → ⁄𝐽 𝜓𝑋  ( ⁄𝐽 𝜓 → 𝜇𝜇)

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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https://arxiv.org/abs/2007.03353


Can be measured at the EIC

Can be measured at RHIC & LHC 
(including LHCb+SMOG2/LHCspin)

[D. Boer: Few-body Systems 58, 32 (2017) ]

Can be measured at RHIC and 
LHCb+LHCspin

A synergic attack to gTMDs
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https://arxiv.org/pdf/1611.06089.pdf
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UPC and gGPDs

LHCspin could allow to access the GPD 𝑬𝒈 (a key ingredient of the Ji sum rule)

Can be accessed at LHC in Ultra-Peripheral collisions (UPC)

- Impact parameter larger than sum of radii
- Process dominated by EM interaction
- Gluon distributions probed by pomeron exchange
- Exclusive quarkonia prod. sensitive to gluon GPDs [PRD 85 (2012), 051502]

3D maps of parton densities in coordinate space

[N
S 28 (2012), 1]

[N
PA 982 (2019) 247]

First results from 
LHCb in PbPb UPC

coherent ⁄𝑱 𝝍 prod.

https://arxiv.org/abs/1112.1334
https://www.ilnuovosaggiatore.sif.it/issue/10
https://www.sciencedirect.com/science/article/pii/S0375947418303506?via%3Dihub
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Merging spin physics with heavy-ion physics

Unpol. deuterons: the 
fireball is azimuthally 
symmetric → 𝒗𝟐 ≈ 𝟎.

𝒋𝟑 = ±𝟏 → prolate fireball 
stretched along the pol. 
axis, corresponds to 𝒗𝟐 < 𝟎

𝒋𝟑 = 𝟎 → oblate fireball 
corresponds to 𝒗𝟐 > 𝟎

• probe collective phenomena in heavy-light systems through ultra-
relativistic collisions of heavy nuclei with trasv. pol. deuterons

• polarized light target nuclei offer a unique opportunity to control 
the orientation of the formed fireball by measuring the elliptic 
flow relative to the polarization axis (ellipticity).

𝑠(( = 72 GeV

pol. deuteron

Predictions for LHC FT kinematics

[PRC 101 (2020) 024901]

el
lip

tic
ity

https://arxiv.org/abs/1906.09045


• PbA collisions at 𝒔𝑵𝑵 ≈ 𝟕𝟐 𝐆𝐞𝐕 (using unpolarized gas: He, N, Ne, Ar, Kr, Xe)
- Study of QGP formation (search for predicted sequential quarkonium suppression)

cQc states: ⁄J ψ , χP, ψ′,… 
Different binding energies, different 
dissociation temperatures → medium 
thermometer

LHC @ 5.02 TeV

LHC 
fixed target

More physics reach with unpolarized FT reactions
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• pA collisions (using unpolarized gas: He, N, Ne, Ar, Kr, Xe)
- constraints on nPDFs (e.g. on poorly understood gluon antishadowing at high 𝒙)
- studies of parton energy-loss and absorption phenomena in the cold medium
- reactions of interest for cosmic-ray physics and DM searches

• Intrinsic heavy-quark
- 5-quark Fock state of the proton may contribute at high 𝑥!
- charm PDFs at large 𝑥 could be larger than obtained from conventional fits

[S.J. Brodsky et al., Adv.High Energy Phys. 2015 (2015) 231547]

[PRD 75 (2007) 054029] 

https://arxiv.org/abs/hep-ph/0701220

