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𝑠!! = 72 GeV

protons                                     protons, deuterons

𝑠!! = 115 GeV

protons                                protons, deuterons

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

CM system

𝑥) 𝑥*

CM strongly boosted in the lab system!
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CM system

𝑥) 𝑥*

CM strongly boosted in the lab system!

• LHCb ideal detector to host a fixed target at the LHC!

• Bkw CM region is at reach of a forward spectrometer 
with reaction products at measurable forward angles
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Lab system
𝑦 = 5 𝜃~1°
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𝒔𝑵𝑵
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≈ 𝟔𝟎 ⟹

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

𝟐 ≤ 𝒚𝑳𝑯𝑪𝒃 ≤ 𝟓 ⟹ −𝟑 ≤ 𝒚𝑪𝑴 ≤ 𝟎

CM system

𝑥) 𝑥*

CM strongly boosted in the lab system!

𝒙𝟐 ≈
𝑸
𝒔𝑵𝑵

𝒆2𝒚𝑪𝑴 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

𝐸 #
𝐺𝑒
𝑉/
𝑐$

arXiv:1702.01546v1

AFTER@LHC

−3.0 < 𝑦%& < 0
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𝒎𝒂𝒙 𝒑𝑳∗
~𝒙𝟏 − 𝒙𝟐 < 𝟎

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

• Partial overlap with RHIC kinematics

• 12 GeV Jlab probes large-𝑥 at small 𝑄7

• EIC will mainly focus at small-𝑥 and large 𝑄7
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In the fixed-target configuration LHCb allows to cover
mid-to-large 𝒙 at intermediate 𝑸𝟐 and negative 𝒙𝑭

• Relevant for constraining 
PDFs and nPDFs at high-𝑥

• Can also help to pin-down 
possible contributions from 
intrinsic charm at high-𝑥

PDFs parametrizations 
from global fits

predictions from 
non-perturbative 

models

• Partial overlap with RHIC kinematics

• 12 GeV Jlab probes large-𝑥 at small 𝑄7

• EIC will mainly focus at small-𝑥 and large 𝑄7

𝐸 #
𝐺𝑒
𝑉/
𝑐$

arXiv:1702.01546v1

AFTER@LHC

−3.0 < 𝑦%& < 0

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
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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

13 / 24
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• Access the structure of nucleons in a poorly explored kinematic domain (large-𝑥 at intermediate 𝑄!)
• Measure experimental observables sensitive to quarks and gluons TMDs and GPDs
• Complement present and future SIDIS results (COMPASS/AMBER, Jlab, EIC)
• Test non-trivial process dependence of quarks and gluons TMDs
• Extend our understanding of the strong force in the non-perturbative regime 
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• Measure experimental observables sensitive to quarks and gluons TMDs and GPDs
• Complement present and future SIDIS results (COMPASS/AMBER, Jlab, EIC)
• Test non-trivial process dependence of quarks and gluons TMDs
• Extend our understanding of the strong force in the non-perturbative regime 

Courtesy C. Riedl

• significant experimental progress in the last 15 years!

• many phenomenological extractions available from global analyses

• now entering the precision era

• main results from SIDIS (HERMES, COMPASS, JLAB, → EIC)

Quark TMDs:
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• Measure experimental observables sensitive to quarks and gluons TMDs and GPDs
• Complement present and future SIDIS results (COMPASS/AMBER, Jlab, EIC)
• Test non-trivial process dependence of quarks and gluons TMDs
• Extend our understanding of the strong force in the non-perturbative regime 

• Inclusive hadron production and Drell-Yan in (polarized) 
hadronic collisions offer complementary approaches

Courtesy C. Riedl

• significant experimental progress in the last 15 years!

• many phenomenological extractions available from global analyses

• now entering the precision era

• main results from SIDIS (HERMES, COMPASS, JLAB, → EIC)

Quark TMDs:



Polarized inclusive hard scattering 

ℎ

Probing quark TMDs in polarized pp collisions: inclusive hadron production

𝐴+ =
1
𝑃
𝜎↑ − 𝜎↓

𝜎↑ + 𝜎↓
~
1
𝑃
𝑁.↑ − 𝑁.↓

𝑁.↑ + 𝑁.↓

Main observables in pol. hadron collisions:
Single Transverse Spin Asymmetries (STSAs)
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• Very large asymmetries persistent with energy, up to  𝒔 = 𝟐𝟎𝟎 𝐆𝐞𝐕 !
• Reproduced by various experiments over 40 years!

LO collinear pQCD predicts 𝐴+~𝑂 10/0 but asymmetries as large as 40% have been measured!

ANL 
Ös=4.9 GeV

BNL 
Ös=6.6 GeV

FNAL 
Ös=19.4 GeV

RHIC 
Ös=62.4 

GeV
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Probing quark TMDs in polarized pp collisions: inclusive hadron production
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1. Collinear twist-3 approach (1 hard scale):
(Efremov-Taryaev, Qiu-Sterman, Kanazawa-Koike)
SSA arises from 3-parton (qgq, ggg) correlation function

2.Non-collinear leading twist approach (2 scales):
(Anselmino, D’Alesio et al. )
SSAs arise mainly from Sivers effect
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1. Collinear twist-3 approach (1 hard scale):
(Efremov-Taryaev, Qiu-Sterman, Kanazawa-Koike)
SSA arises from 3-parton (qgq, ggg) correlation function

2.Non-collinear leading twist approach (2 scales):
(Anselmino, D’Alesio et al. )
SSAs arise mainly from Sivers effect
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• Asymmetries above 10 % → strong signature!!
• The effect increases toward more negative CM rapidity

• Nicely matches LHCb acceptance with fixed target!

Lab system
𝑦 = 5 𝜃~1°
⟹ 𝒚𝑪𝑴 ≈ 𝟎

𝑦 = 2 𝜃~15°
⟹ 𝒚𝑪𝑴 ≈ −𝟑 CM system

𝑥) 𝑥*

1. Collinear twist-3 approach (1 hard scale):
(Efremov-Taryaev, Qiu-Sterman, Kanazawa-Koike)
SSA arises from 3-parton (qgq, ggg) correlation function

2.Non-collinear leading twist approach (2 scales):
(Anselmino, D’Alesio et al. )
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𝑝𝑝↑ → 𝜋 + 𝑋

Kanazawa et al. arXiv:1502.04021v3
𝑝𝑝↑ → 𝜋 + 𝑋
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Probing quark TMDs in polarized pp collisions: Drell-Yan

• dominant: C𝑞 𝑥1234 + 𝑞 𝑥536725 → 𝜇8𝜇/

• suppressed: 𝑞 𝑥1234 + C𝑞 𝑥536725 → 𝜇8𝜇/

• Theoretically cleanest hard h-h scattering process

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

• LHCb has excellent 𝜇-ID & reconstruction for 𝜇8𝜇2
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• Sensitive to quark TMDs through TSSAs

𝐴+9: =
1
𝑃
𝜎9:↑ − 𝜎9:↓

𝜎9:↑ + 𝜎9:↓
⟹ , ,…

(𝜙: azimuthal orientation of lepton pair in dilepton CM )
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1
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[arXiv:1807.00603]
Probing quark TMDs in polarized pp collisions: Drell-Yan

• dominant: C𝑞 𝑥1234 + 𝑞 𝑥536725 → 𝜇8𝜇/

• suppressed: 𝑞 𝑥1234 + C𝑞 𝑥536725 → 𝜇8𝜇/

• Theoretically cleanest hard h-h scattering process

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

• LHCb has excellent 𝜇-ID & reconstruction for 𝜇8𝜇2

https://arxiv.org/abs/1807.00603
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(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]
Probing quark TMDs in polarized pp collisions: Drell-Yan

• dominant: C𝑞 𝑥1234 + 𝑞 𝑥536725 → 𝜇8𝜇/
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• Theoretically cleanest hard h-h scattering process

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

• LHCb has excellent 𝜇-ID & reconstruction for 𝜇8𝜇2

https://arxiv.org/abs/1807.00603
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Theory framework well consolidated …but experimental access still extremely limited!

gluon TMDs
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Theory framework well consolidated …but experimental access still extremely limited!

Gluon correlator depends on 2 path-dependent gauge links, different for ISI and FSI:

“Future pointing” 
Wilson line (“+”)

FSI (SIDIS)

“Past pointing” 
Wilson line (“−”)

ISI (DY))

gluon TMDs
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Theory framework well consolidated …but experimental access still extremely limited!

Gluon correlator depends on 2 path-dependent gauge links, different for ISI and FSI:

“Future pointing” 
Wilson line (“+”)

FSI (SIDIS)

“Past pointing” 
Wilson line (“−”)

ISI (DY))

gluon TMDs

[+, +] [−,−] Sign-change relation expected for 
the other T-odd gTMDs 𝒉𝟏

𝒈 and 𝒉𝟏𝑻
>𝒈!
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Theory framework well consolidated …but experimental access still extremely limited!

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

Gluon correlator depends on 2 path-dependent gauge links, different for ISI and FSI:

“Future pointing” 
Wilson line (“+”)

FSI (SIDIS)

“Past pointing” 
Wilson line (“−”)

ISI (DY))

gluon TMDs

[+, +] [−,−] Sign-change relation expected for 
the other T-odd gTMDs 𝒉𝟏

𝒈 and 𝒉𝟏𝑻
>𝒈!
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Theory framework well consolidated …but experimental access still extremely limited!

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

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

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

>7 8,/ “d-type” → symm. colour structure

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

Gluon correlator depends on 2 path-dependent gauge links, different for ISI and FSI:

“Future pointing” 
Wilson line (“+”)

FSI (SIDIS)

“Past pointing” 
Wilson line (“−”)

ISI (DY))

gluon TMDs

[+, +] [−,−] Sign-change relation expected for 
the other T-odd gTMDs 𝒉𝟏

𝒈 and 𝒉𝟏𝑻
>𝒈!



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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Probing gluon TMDs in polarized pp collisions
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Probing gluon TMDs in polarized pp collisions

• Inclusive quarkonia production in (un)polarized pp
interaction (𝑝𝑝(↑) → 𝑄 C𝑄 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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interaction (𝑝𝑝(↑) → 𝑄 C𝑄 𝑋) turns out to be an ideal
observable to access gTMDs (assuming TMD
factorization)
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⁄𝑱 𝝍 ,𝝍+, …
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• TMD factorization requires 𝑞?(𝑄) ≪ 𝑀C. Can look at
associate quarkonia production, where only the relative
𝑞? needs to be small, e.g.: 𝑝𝑝(↑) → ⁄𝐽 𝜓 + ⁄𝐽 𝜓 + 𝑋
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Probing gluon TMDs in polarized pp collisions

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

𝜼𝒄, 𝝌𝒄𝟎, …
𝜼𝒃, 𝝌𝒃𝟎, …
⁄𝑱 𝝍 ,𝝍+, …
𝜰 𝒏𝑺
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• TMD factorization requires 𝑞?(𝑄) ≪ 𝑀C. Can look at
associate quarkonia production, where only the relative
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Probing gluon TMDs in polarized pp collisions

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

• Inclusive quarkonia production in (un)polarized pp
interaction (𝑝𝑝(↑) → 𝑄 C𝑄 𝑋) turns out to be an ideal
observable to access gTMDs (assuming TMD
factorization)
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• TMD factorization requires 𝑞?(𝑄) ≪ 𝑀C. Can look at
associate quarkonia production, where only the relative
𝑞? needs to be small, e.g.: 𝑝𝑝(↑) → ⁄𝐽 𝜓 + ⁄𝐽 𝜓 + 𝑋

…but very challenging at fixed-target kinematics!
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Probing gluon TMDs in polarized pp collisions: inclusive ⁄𝐽 𝜓

• Sheds light on spin-orbit correlations of unpol. gluons inside a transv. pol. proton

• sensitive to color exchange among IS and FS and to gluon OAM

• can be accessed through TSSAs in inclusive heavy meson production
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Probing gluon TMDs in polarized pp collisions: inclusive ⁄𝐽 𝜓

[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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• based on GPM & CGI-GPM
• Expected amplitudes could reach 40% 

in the 𝒙𝑭 < 𝟎 region 

• Sheds light on spin-orbit correlations of unpol. gluons inside a transv. pol. proton

• sensitive to color exchange among IS and FS and to gluon OAM
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LHCspin simulation

 𝑝𝑝 → ⁄𝐽 𝜓𝑋  ( ⁄𝐽 𝜓 → 𝜇𝜇)

[Phys. Rev. D 102, 094011 (2020)]
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[D. Boer: Few-body Systems 58, 32 (2017) ]

Can be measured at RHIC and 
LHCb+LHCspin

gluon TMDs: a synergic attack

Gluon TMDs are difficult to measure. A synergic effort from complementary approaches is necessary.

https://arxiv.org/pdf/1611.06089.pdf
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Gluon GPDs and UPC

3D maps of parton densities in coordinate space
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Gluon GPDs and UPC
Can be accessed at LHC in Ultra-Peripheral collisions (UPC) where a quasi-real 
photon is emitted by the relativistic beam particle. 

3D maps of parton densities in coordinate space
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Gluon GPDs and UPC
Can be accessed at LHC in Ultra-Peripheral collisions (UPC) where a quasi-real 
photon is emitted by the relativistic beam particle. 

At LHC energies, these photons are energetic enough to trigger the
production of hard dileptons and charmonia and bottomonia.

3D maps of parton densities in coordinate space
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Gluon GPDs and UPC
Can be accessed at LHC in Ultra-Peripheral collisions (UPC) where a quasi-real 
photon is emitted by the relativistic beam particle. 

At LHC energies, these photons are energetic enough to trigger the
production of hard dileptons and charmonia and bottomonia.

- Impact parameter larger than sum of radii
- Process dominated by EM interaction
- Gluon distributions probed by pomeron exchange

3D maps of parton densities in coordinate space
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Gluon GPDs and UPC
Can be accessed at LHC in Ultra-Peripheral collisions (UPC) where a quasi-real 
photon is emitted by the relativistic beam particle. 

At LHC energies, these photons are energetic enough to trigger the
production of hard dileptons and charmonia and bottomonia.

Exlcusive quarkonia production in UPC provides sensitivity to gluon GPDs [PRD 85 (2012), 051502]

Murilo Rangel Tuesday Meeting (21-May-2024)                      Slide6

Ultraperipheral collisions – LHCb publications

Two published papers with 2015 and 2018 data (each with > 30 citations)
JHEP 06 (2023) 146
JHEP 07 (2022) 117

Coherent UPC: 
pomeron emitted 
by entire nucleus

Incoherent UPC:
pomeron emitted 
by single nucleon

- Impact parameter larger than sum of radii
- Process dominated by EM interaction
- Gluon distributions probed by pomeron exchange

3D maps of parton densities in coordinate space

https://arxiv.org/abs/1112.1334
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Recent LHCb UPC results in PbPb
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Figure 2: Dimuon mass distribution for signal candidates in the rapidity range 2.0 < y⇤ < 4.5.
The data are overlaid with the result of the fit.

double-sided Crystal-Ball functions to describe the J/ and  (2S) mass shapes and an
exponential function for the nonresonant background. The fit is performed in the range
2.9 < mµ+µ� < 4.0 GeV/c2. The mass distribution and the corresponding fit are shown in
Fig. 2.

In the second step, the coherent yields are determined with unbinned maximum-
likelihood fits to the ln(p⇤2T ) distributions separately for the candidates inside the J/ and
 (2S) mass windows. The yields of J/ production include contributions from coherent
and incoherent production, and feed-down from  (2S) decays into J/ ( (2S)! J/ X).
Similarly, the  (2S) yields include contributions from both coherent and incoherent
production, while the feed-down contribution from higher-order charmonium excited
states is negligible given the current statistical precision. The quantity ln(p⇤2T ) is used
because the variable p2T is a proxy for the typical momentum exchange, |t| ⇡ p2T, in
an elastic scattering process, and the logarithmic distribution allows one to see the
peak of the data at low exchanged momenta. The coherent production has the smallest
momentum exchange by definition, while the incoherent production gives a relatively
larger transverse momentum to the J/ or  (2S) meson to balance the break-up of
the pomeron-emitting nucleus. The feed-down contribution to J/ production also has
greater transverse momentum than the coherent production to balance the other products
from the  (2S) decay. The ln(p⇤2T ) shapes of coherent, incoherent and  (2S) feed-down
components are taken from STARlight simulation, while the normalisation of these
components are left free in the fit. The nonresonant background consists mostly of the
�� ! µ+µ� process with a slightly lower transverse momentum of the dimuon system
than coherent charmonium production. The distribution also contains a small contribution

4

[JHEP 2023, 146 (2023)]

https://link.springer.com/article/10.1007/JHEP06(2023)146
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The data are overlaid with the result of the fit.
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[JHEP 2023, 146 (2023)]

Diff. cross section vs. 𝑦∗ for coherent ⁄𝐽 𝜓 and 
𝜓 2𝑆  photoproduction, compared with models

0 1 2 3 4 5
y�

0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0
5.5
6.0
6.5

d�
J/
 
/d

y�
[m

b]

LHCb
PbPb

p
sNN = 5.02 TeV

Coherent J/ production
Luminosity unc. : 4.4%

data
stat. unc.
syst. unc.

LO pQCD (GKSZ):

NLO pQCD (FEGLP):

Colour-dipole:

STARlight

LTA
EPS09
nPDF unce.

EPPS21
nPDF unce.
Scale variation

bCGC+BG (GMMNS)
bCGC+GLC (GMMNS)
IP-SAT+BG (GMMNS)
IP-SAT+GLC (GMMNS)
Is fluct. +BG (MSL)
No fluct. +BG (MSL)
Is fluct. +GLC (MSL)
No fluct. +GLC (MSL)
GBW+BT (KKNP)
GBW+POW (KKNP)
KST+BT (KKNP)
GG-hs+BG (CCK)

bCGC+BG (GMMNS)
bCGC+GLC (GMMNS)
IP-SAT+BG (GMMNS)
IP-SAT+GLC (GMMNS)
Is fluct. +BG (MSL)
No fluct. +BG (MSL)
Is fluct. +GLC (MSL)
No fluct. +GLC (MSL)
GBW+BT (KKNP)
GBW+POW (KKNP)
KST+BT (KKNP)
GG-hs+BG (CCK)

0 1 2 3 4 5
y�

0.0

0.5

1.0

1.5

d�
 

(2
S)

/d
y�

[m
b]

LHCb
PbPb

p
sNN = 5.02 TeV

Coherent  (2S) production
Luminosity unc. : 4.4%

data
stat. unc.
syst. unc.

LO pQCD (GKSZ):

NLO pQCD (FEGLP):

Colour-dipole:

STARlight

LTA
EPS09
nPDF unce.

EPPS21
nPDF unce.
Scale variation

bCGC+BG (GMMNS)
bCGC+GLC (GMMNS)
IP-SAT+BG (GMMNS)
IP-SAT+GLC (GMMNS)
Is fluct. +BG (MSL)
No fluct. +BG (MSL)
Is fluct. +GLC (MSL)
No fluct. +GLC (MSL)
GBW+BT (KKNP)
GBW+POW (KKNP)
KST+BT (KKNP)
GG-hs+BG (CCK)

bCGC+BG (GMMNS)
bCGC+GLC (GMMNS)
IP-SAT+BG (GMMNS)
IP-SAT+GLC (GMMNS)
Is fluct. +BG (MSL)
No fluct. +BG (MSL)
Is fluct. +GLC (MSL)
No fluct. +GLC (MSL)
GBW+BT (KKNP)
GBW+POW (KKNP)
KST+BT (KKNP)
GG-hs+BG (CCK)

Figure 4: Di↵erential cross-section as a function y⇤ for coherent (left) J/ and (right)  (2S)
photoproduction, compared to theoretical predictions.

Figure 5: Di↵erential cross-section as a function of p⇤T within the rapidity range 2 < y⇤ < 4.5 for
coherent (left) J/ and (right)  (2S) photoproduction compared to theoretical predictions.

Figure 6: Di↵erential cross-section ratio of  (2S) to J/ coherent photoproduction as a function
of y⇤, compared to theoretical predictions.
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Figure 2: Dimuon mass distribution for signal candidates in the rapidity range 2.0 < y⇤ < 4.5.
The data are overlaid with the result of the fit.
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components are left free in the fit. The nonresonant background consists mostly of the
�� ! µ+µ� process with a slightly lower transverse momentum of the dimuon system
than coherent charmonium production. The distribution also contains a small contribution
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Figure 4: Di↵erential cross-section as a function y⇤ for coherent (left) J/ and (right)  (2S)
photoproduction, compared to theoretical predictions.

Figure 5: Di↵erential cross-section as a function of p⇤T within the rapidity range 2 < y⇤ < 4.5 for
coherent (left) J/ and (right)  (2S) photoproduction compared to theoretical predictions.

Figure 6: Di↵erential cross-section ratio of  (2S) to J/ coherent photoproduction as a function
of y⇤, compared to theoretical predictions.
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Figure 2: Dimuon mass distribution for signal candidates in the rapidity range 2.0 < y⇤ < 4.5.
The data are overlaid with the result of the fit.

double-sided Crystal-Ball functions to describe the J/ and  (2S) mass shapes and an
exponential function for the nonresonant background. The fit is performed in the range
2.9 < mµ+µ� < 4.0 GeV/c2. The mass distribution and the corresponding fit are shown in
Fig. 2.

In the second step, the coherent yields are determined with unbinned maximum-
likelihood fits to the ln(p⇤2T ) distributions separately for the candidates inside the J/ and
 (2S) mass windows. The yields of J/ production include contributions from coherent
and incoherent production, and feed-down from  (2S) decays into J/ ( (2S)! J/ X).
Similarly, the  (2S) yields include contributions from both coherent and incoherent
production, while the feed-down contribution from higher-order charmonium excited
states is negligible given the current statistical precision. The quantity ln(p⇤2T ) is used
because the variable p2T is a proxy for the typical momentum exchange, |t| ⇡ p2T, in
an elastic scattering process, and the logarithmic distribution allows one to see the
peak of the data at low exchanged momenta. The coherent production has the smallest
momentum exchange by definition, while the incoherent production gives a relatively
larger transverse momentum to the J/ or  (2S) meson to balance the break-up of
the pomeron-emitting nucleus. The feed-down contribution to J/ production also has
greater transverse momentum than the coherent production to balance the other products
from the  (2S) decay. The ln(p⇤2T ) shapes of coherent, incoherent and  (2S) feed-down
components are taken from STARlight simulation, while the normalisation of these
components are left free in the fit. The nonresonant background consists mostly of the
�� ! µ+µ� process with a slightly lower transverse momentum of the dimuon system
than coherent charmonium production. The distribution also contains a small contribution
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Figure 4: Di↵erential cross-section as a function y⇤ for coherent (left) J/ and (right)  (2S)
photoproduction, compared to theoretical predictions.

Figure 5: Di↵erential cross-section as a function of p⇤T within the rapidity range 2 < y⇤ < 4.5 for
coherent (left) J/ and (right)  (2S) photoproduction compared to theoretical predictions.

Figure 6: Di↵erential cross-section ratio of  (2S) to J/ coherent photoproduction as a function
of y⇤, compared to theoretical predictions.
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UPC can be studied also in fixed-target mode at LHCb using the LHC beams at energies up to 𝑆K# ≈ 40 𝐺𝑒𝑉.5
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FIG. 3: Transverse momentum distributions for the exclusive vector meson photoproduction in pAr and PbAr collisions
at

√
s = 110 and 69 GeV, respectively. The predictions obtained assuming the LHCb requirements are also presented for

comparison.

dominated by γp interactions. Such behaviour is expected, since the t - behaviour of the γAr interactions is defined
by the nuclear form factor, while in the case of γp the behavior is determined by the nucleon form factor. Due to
the difference of values between these quantities, it is expected a narrower transverse momentum distribution in γAr
than in γp interactions. We have verified that similar conclusions are derived analysing the exclusive ω and J/Ψ
photoproduction in pA collisions. In what follows we will only present the sum of γp and γA contributions.

In Fig. 3 we present our predictions for the transverse momentum distributions associated to the exclusive ρ, ω
and J/Ψ photoproduction in pAr and PbAr collisions at

√
s = 110 and 69 GeV, respectively. For comparison, we

also present the predictions obtained assuming the LHCb requirements. The meson pT spectrum is determined by
the sum of the photon momentum with the exchanged momentum in the interaction between the vector meson and
the target. The photon momentum is defined by the equivalent photon approximation, while the exchanged one is
determined in the case of coherent interactions by the form factor of the target. As pointed out in Ref. [36], in
the case of symmetric collisions (h1 = h2), the overall pT spectrum also is affected by interference from the two
production sources. Such effect will be not present in our case, since we are only considering asymmetric collisions
(h1 ̸= h2). As both the photon and scattering transverse momenta are small, we expect that meson pT spectrum
will be dominated by small values of transverse momentum, being strongly suppressed at large p2T . This behaviour
is observed in Fig. 3. Considering the predictions for pAr collisions, as demonstrated before, the pT distribution is
determined by γp interactions, with the photon coming from the nucleus. As a consequence, the associated predictions
for the production of the different vector mesons are distinct from those obtained in the case of PbAr collisions, which
are determined by γA interactions. In the pAr case, we predict wider distributions. In the case of PbAr collisions,
the pT - behavior of the distributions is determined by the nuclear form factor F (t) [See Eq. (5)], which implies a
faster decreasing at large transverse momenta in comparison to the proton case. We have that the main impact of
the LHCb requirements is the modification of the normalization of the distributions.
In Fig. 4 we present our predictions for the rapidity distributions. As we are considering the collision of non

- identical hadrons, the magnitude of the photon fluxes associated to the two incident hadrons is different, which
implies asymmetric rapidity distributions. Moreover, distinctly from the predictions for the collider mode, where the
maximum of the distributions occur at central rapidities (y ≈ 0), we have that in fixed - target collisions, the maximum
is shifted for forward rapidities. In particular, it occurs in the kinematical range probed by the LHCb detector in the
case of PbAr collisions. As discussed before, this result explains the small impact of the LHCb requirements on the
predictions for the total cross sections for PbAr collisions presented in Table I. In the case of light meson production,
the rapidity distribution is determined by the Reggeon and Pomeron contributions [See Eq. (4)], with the cross section
being determined by the Reggeon one at low energies near the threshold of production. Such energies are probed
at small (y ≤ 2) and large (y ≥ 7) rapidities. Our results indicate that the Reggeon contribution will be strongly
reduced in the kinematical range probed by the LHCb detector. The absence of a reggeonic term and the higher
threshold in the J/Ψ case imply a narrower rapidity distribution. On the other hand, in the case of pAr collisions,
the maximum of the distributions occurs at very forward rapidities, beyond those probed by the LHCb. Although
the LHCb requirements have a large impact on the predictions, in particular at larger nuclei, the values presented
in Table I indicate that the analysis of the exclusive vector meson photoproduction in pA collisions is still feasible.
Finally, our results indicate a faster increasing of the rapidity distribution for the J/Ψ production with increasing of
y in the region y ≤ 4 in comparison to predicted for the other mesons. Such behaviour is directly associated to the

𝑝?  distributions for the exclusive 
vector meson ( 𝜌L, 𝜔, ⁄𝐽 𝜓 ) 
photoproduction in: 
- pAr ( 𝑠++ = 110 GeV)
- PbAr ( 𝑠++ = 69 GeV)
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UPC can be studied also in fixed-target mode at LHCb using the LHC beams at energies up to 𝑆K# ≈ 40 𝐺𝑒𝑉.

With LHCspin photo-production of ⁄𝑱 𝝍 in polarized UPC of proton (or lead) beams with 
𝑯↑ target can be studied, providing constraints to the essentially unknown gluon GPD 𝑬𝒈
which plays a crucial role in the Ji sum rule:

J.P. Lansberg et al. / Physics Letters B 793 (2019) 33–40 37

Fig. 4. Rapidity-differential cross sections of the photo-produced J/ψ in the labo-
ratory frame, from the Starlight generator for case 4. The dashed line corresponds 
to the case where the proton is the photon-emitter, the solid line corresponds to 
the case where the gold nucleus is the photon-emitter. kinematic cuts on η and pT
(see text) were applied to both contributions.

where the collection of an integrated luminosity of 400 pb−1 oc-
curred. According to our Starlight simulations, one could expect 
the production of about 41 000 J/ψ in the STAR acceptance5. Our 
simulations suggest that the J/ψ photo-production rate in pH↑

collisions at AFTER@LHC is about a factor five bigger than at RHIC 
per year.

In 2023, STAR is expected to collect 1.75 pb−1 of Aup↑ colli-
sions. According to Starlight, one would expect the production of 
40 000 J/ψ with the gold nucleus as the photon source6. In PbH↑

collisions, the J/ψ photo-production yield at AFTER@LHC would 
be smaller by at least one order of magnitude with respect to RHIC 
Aup↑ collisions.

4. Evaluation of the STSAs within the GPD formalism

The most common theoretical framework to describe exclu-
sive photo-production of vector quarkonia [29] in the collinear 
factorisation is based on the generalised parton distributions 
(GPDs) [30–37]. In this section, we derive the relation between 
the J/ψ STSA and the gluon GPDs.

4.1. Elements of kinematics

According to Fig. 5, q is the photon momentum, p (resp. p′) is 
the incoming (resp. outgoing) proton momentum and pψ the J/ψ
momentum. Then, we define:

# = p′ − p , P = p + p′

2
, Wγ p = √

sγ p, t = #2 ,

(q − #)2 = p2
ψ = M2

ψ , ξ =
M2

ψ

2W 2
γ p − M2

ψ

, (3)

where ξ is the fraction of the longitudinal momentum transfer.

5 In [23], a similar study was performed with the SARTRE MC generator, account-
ing for, on top of kinematic cuts, all trigger and reconstruction efficiencies. The 
expected number of detected photo-produced J/ψ was found to be 11000.

6 A similar study with the SARTRE MC generator [23] with kinematic cuts as well 
as all trigger and reconstruction efficiencies gives 13000 expected events.

Fig. 5. Typical Feynman graph for the Born (LO) contribution to J/ψ photo-
production off a proton with a gluon GPD.

To parametrise the momenta of the particles in the process, 
it is convenient to introduce two light-cone vectors: n2

+ = n2
− =

0 , n+n− = 1 . Any vector a is then decomposed in the following 
way: aµ = a+nµ

+ + a−nµ
− + a⊥ , a2 = 2a+a− − →

aT
2 .

We choose the coordinate frame in which the momenta are 
given by:

q =
(W 2

γ p − m2
N)

2(1 + ξ)Wγ p
n− , p = (1 + ξ)Wγ p n+ + m2

N

2(1 + ξ)Wγ p
n− ,

p′ = (1 − ξ)Wγ p n+ + (m2
N +

→
#T

2)

2(1 − ξ)Wγ p
n− + #⊥ ,

# = −2 ξ Wγ p n++

⎛

⎝ ξ m2
N

(1 − ξ2)Wγ p
+

→
#T

2

2 (1 − ξ)Wγ p

⎞

⎠n−+ #⊥ ,

(4)

where mN is the nucleon mass. We are interested in the kinematic 
region where the invariant transferred momentum,

t = #2 = −
(

4 ξ2

1 − ξ2 m2
N + 1 + ξ

1 − ξ

→
#T

2
)

, (5)

is much smaller (in absolute value) than M2
ψ . In the scaling limit 

the variable ξ parametrises the plus component of the momentum 
transfer.

4.2. The STSA in terms of the GPDs

The factorisation formula at the leading order in αs , in which 
the quark contribution is absent, reads:

M = 23√πeeqε⋆(pψ ) · ε(pγ )

M3/2
ψ

√
Nc ξ

R(0)

1∫

−1

dx T g(x, ξ) F g(x, ξ, t) (6)

where: eeq is the electric charge of the heavy quark (ec = 2/3, 
eb = −1/3), Nc = 3, R(0) is the J/ψ radial wave function at 
the origin in the configuration space, ε(pψ ) (resp. ε(pγ )) is the 
polarisation vector of the J/ψ (resp. γ ) and T g(x, ξ) the gluon 
hard-scattering amplitude, describing the partonic subprocesses 
γ g → (c̄c)g which, at LO, reads:

T g(x, ξ) = ξ

(x − ξ + iε)(x + ξ − iε)
αs(µR) . (7)

The hard-scattering amplitudes at NLO were calculated in [29,38,
39].
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FIG. 3: Transverse momentum distributions for the exclusive vector meson photoproduction in pAr and PbAr collisions
at

√
s = 110 and 69 GeV, respectively. The predictions obtained assuming the LHCb requirements are also presented for

comparison.

dominated by γp interactions. Such behaviour is expected, since the t - behaviour of the γAr interactions is defined
by the nuclear form factor, while in the case of γp the behavior is determined by the nucleon form factor. Due to
the difference of values between these quantities, it is expected a narrower transverse momentum distribution in γAr
than in γp interactions. We have verified that similar conclusions are derived analysing the exclusive ω and J/Ψ
photoproduction in pA collisions. In what follows we will only present the sum of γp and γA contributions.

In Fig. 3 we present our predictions for the transverse momentum distributions associated to the exclusive ρ, ω
and J/Ψ photoproduction in pAr and PbAr collisions at

√
s = 110 and 69 GeV, respectively. For comparison, we

also present the predictions obtained assuming the LHCb requirements. The meson pT spectrum is determined by
the sum of the photon momentum with the exchanged momentum in the interaction between the vector meson and
the target. The photon momentum is defined by the equivalent photon approximation, while the exchanged one is
determined in the case of coherent interactions by the form factor of the target. As pointed out in Ref. [36], in
the case of symmetric collisions (h1 = h2), the overall pT spectrum also is affected by interference from the two
production sources. Such effect will be not present in our case, since we are only considering asymmetric collisions
(h1 ̸= h2). As both the photon and scattering transverse momenta are small, we expect that meson pT spectrum
will be dominated by small values of transverse momentum, being strongly suppressed at large p2T . This behaviour
is observed in Fig. 3. Considering the predictions for pAr collisions, as demonstrated before, the pT distribution is
determined by γp interactions, with the photon coming from the nucleus. As a consequence, the associated predictions
for the production of the different vector mesons are distinct from those obtained in the case of PbAr collisions, which
are determined by γA interactions. In the pAr case, we predict wider distributions. In the case of PbAr collisions,
the pT - behavior of the distributions is determined by the nuclear form factor F (t) [See Eq. (5)], which implies a
faster decreasing at large transverse momenta in comparison to the proton case. We have that the main impact of
the LHCb requirements is the modification of the normalization of the distributions.
In Fig. 4 we present our predictions for the rapidity distributions. As we are considering the collision of non

- identical hadrons, the magnitude of the photon fluxes associated to the two incident hadrons is different, which
implies asymmetric rapidity distributions. Moreover, distinctly from the predictions for the collider mode, where the
maximum of the distributions occur at central rapidities (y ≈ 0), we have that in fixed - target collisions, the maximum
is shifted for forward rapidities. In particular, it occurs in the kinematical range probed by the LHCb detector in the
case of PbAr collisions. As discussed before, this result explains the small impact of the LHCb requirements on the
predictions for the total cross sections for PbAr collisions presented in Table I. In the case of light meson production,
the rapidity distribution is determined by the Reggeon and Pomeron contributions [See Eq. (4)], with the cross section
being determined by the Reggeon one at low energies near the threshold of production. Such energies are probed
at small (y ≤ 2) and large (y ≥ 7) rapidities. Our results indicate that the Reggeon contribution will be strongly
reduced in the kinematical range probed by the LHCb detector. The absence of a reggeonic term and the higher
threshold in the J/Ψ case imply a narrower rapidity distribution. On the other hand, in the case of pAr collisions,
the maximum of the distributions occurs at very forward rapidities, beyond those probed by the LHCb. Although
the LHCb requirements have a large impact on the predictions, in particular at larger nuclei, the values presented
in Table I indicate that the analysis of the exclusive vector meson photoproduction in pA collisions is still feasible.
Finally, our results indicate a faster increasing of the rapidity distribution for the J/Ψ production with increasing of
y in the region y ≤ 4 in comparison to predicted for the other mesons. Such behaviour is directly associated to the
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Using the STARLIGHT MC generator, the AFTER collaboration has studied the ⁄𝐽 𝜓 → 𝜇𝜇 differential photo-production cross 
section for polarized UPC at LHCb fixed-target kinematics (LHCspin conditions)

Constrainig gluon GPDs in polarized UPC
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Fig. 1. ylab- (a & c) and pT -differential (b & d) J/ψ photo-production cross sections from Starlight, for case 1 and 2. The yearly yields are given by the right vertical 
axis. The blue curves have been produced without applying kinematic cuts, while the red curves are produced by applying the η and pT cuts described in the text. The 
photon-proton center of mass energy Wγ p range probed is also shown on the top axis of the left plot.

Fig. 2. ylab- (left) and pT -differential (right) J/ψ photo-production cross sections from Starlight for Case 3. The blue curves have been produced without applying kinematic 
cuts, while the red curves are produced by applying the η and pT cuts described in the text.

Ultra-Peripheral 𝒑𝑯↑ collisions:
- 𝑠++ = 115 𝐺𝑒𝑉
- 𝑝?

M > 0.4 𝐺𝑒𝑉
- 2 < 𝜂M < 5

PLB 793 (2019) 33-40

Assuming 10 𝑓𝑏/) corresponds to a yearly yield of ~ 2×10N
photo-produced ⁄𝐽 𝜓 in the LHCb acceptance. 

Constrainig gluon GPDs in polarized UPC
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Fig. 2. ylab- (left) and pT -differential (right) J/ψ photo-production cross sections from Starlight for Case 3. The blue curves have been produced without applying kinematic 
cuts, while the red curves are produced by applying the η and pT cuts described in the text.

Ultra-Peripheral Pb𝑯↑ collisions:
- 𝑠++ = 72 𝐺𝑒𝑉
- 𝑝?

M > 0.4 𝐺𝑒𝑉
- 2 < 𝜂M < 5
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Fig. 2. ylab- (left) and pT -differential (right) J/ψ photo-production cross sections from Starlight for Case 3. The blue curves have been produced without applying kinematic 
cuts, while the red curves are produced by applying the η and pT cuts described in the text.

Ultra-Peripheral 𝒑𝑯↑ collisions:
- 𝑠++ = 115 𝐺𝑒𝑉
- 𝑝?

M > 0.4 𝐺𝑒𝑉
- 2 < 𝜂M < 5

PLB 793 (2019) 33-40

Assuming 10 𝑓𝑏/) corresponds to a yearly yield of ~ 2×10N
photo-produced ⁄𝐽 𝜓 in the LHCb acceptance. 

Assuming 0.1 𝑝𝑏/) corresponds to a yearly yield of ~ 10O
photo-produced ⁄𝐽 𝜓 in the LHCb acceptance (challenging).
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through UPCs. In the present analysis we study two modes: 
proton-hydrogen and lead-hydrogen collisions at AFTER@LHC. Us-
ing the EPA, we can calculate the hadronic cross section as the 
convolution of the Weizsacker-Williams photon fluxes with the 
photo-production cross section:

σ hAhB =
∫

dk
[

dnA

dk
σγ hB + dnB

dk
σγ hA

]
(15)

Assuming that the hadron B is polarised, the (hadronic) STSA, AN

can be expressed in terms of the (photonic) STSA Aγ
N :

AN = σ hAh↓
B − σ hAh↑

B

σ hAh↓
B + σ hAh↑

B

=
∫

dk dnA
dk

[
σγ h↓

B − σγ h↑
B

]

σ hAhB
(16)

=
∫

dk dnA
dk

σγ h↓
B −σγ h↑

B

σγ hB
σγ hB

σ hAhB
=

∫
dk dnA

dk Aγ
N σγ hB

∫
dk

[
dnA
dk σγ hB + dnB

dk σγ hA

]

To get the most realistic predictions for the asymmetry in UPCs, 
we are using the GPD-based prediction for Aγ

N given by Eq. (14). 
However, it is well known that the normalisation of the J/ψ pro-
duction cross section based on GPDs is plagued by large uncertain-
ties. Since no data exist, it is therefore expedient to rather resort 
to a parametrisation of the unpolarised cross section like the one 
used in Starlight [20], namely

σ (γ + p → J/ψ + p) = σP

[

1 − (mN + m J/ψ )2

W 2
γ p

]2

W ϵ
γ p (17)

with σP = 4.06 nb and ϵ = 0.65. The y and pT distributions for 
these cases are shown on the Fig. 1.

Our predictions for the STSAs for AFTER@LHC along with their 
statistical uncertainties8 in the kinematics relevant for the GPD ex-
traction are presented as a function of Feynman-x (xF )9 on Fig. 7. 
It clearly indicates that AFTER@LHC is able to pin down E g , es-
pecially in pH↑ collisions; in the PbH↑ case, the uncertainties are 
significantly larger. For the considered parametrisation of E g such 
an asymmetry for RHIC is negligible. One can indeed see on Fig. 6
that it rapidly vanishes with photon-proton center of mass en-
ergy. However one has to remember that this prediction is strongly 
model dependent as the GPD E g is poorly known. The results from 
measurements at RHIC could therefore give some new information 
if E g is very different than what was considered so far.

5. Conclusions

In conclusion, we have evaluated the expected J/ψ photo-
production cross sections for a LHCb-like detector used in fixed-

8 These are evaluated as follows. The photo-produced J/ψ yields (N) obtained 
with Starlight and the evaluated magnitude of the STSA, defined as:

AN = 1
Peff

N↑ − N↓

N↑ + N↓ , (18)

allows one to evaluate N↑ and N↓ (N = N↑ + N↓), i.e. the number of photo-
produced J/ψ for an up (down) target polarisation orientation where Peff is the 
effective polarisation of the target. From these, we have evaluated the statistical un-
certainty on AN (δAN ) as:

δAN = 2
Peff(N↑ + N↓)2

√
N↓2δ↑2 + N↑2δ↓2 (19)

with δ↑ (δ↓) the relative uncertainties on the J/ψ yields with up (down) polarisa-
tion orientation.

9 xF is defined as: xF = 2(M J/ψ/
√

s) sinh(ycms), where ycms is the J/ψ rapidity 
in the cms frame and √s the cms energy.

Fig. 7. Expected STSAs in exclusive J/ψ photo-production from UPCs with a proton 
beam (a) and a lead beam (b) on an transversely polarised hydrogen target. We 
present the predictions for two bins in pT , shifting them slightly on the x-axis for 
better visibility.

target mode (AFTER@LHCb) with the 7 TeV p and 2.76 TeV Pb LHC 
beams and compared them to those expected at RHIC. The use of 
the fixed-target mode allows one to probe a very different kine-
matics at much larger x in the polarised nucleons.

Using a polarised-internal-gas target with a storage cell, we ex-
pect to be able to record a fraction of a million of photo-produced 
J/ψ ’s with the p beam and about one thousand with the Pb beam. 
The latter case has the great advantage that the photon emitter is 
dominantly the Pb nucleus. With target densities about 2 orders of 
magnitude smaller, it seems complicated to perform such a mea-
surement with the Pb beam without a storage cell, except for the 
case of polarised 3He↑ for which the injected gas flux can be in-
creased. The latter case is particularly interesting as it allows one 
to probe polarised neutrons.

We have then used a model of the GPD E g to predict the mag-
nitude of the STSA. When folded with the expected size of the 
statistical samples and the target polarisation, we have found that 
STSAs can be measured with an absolute precision from 1 to 4%
for pH↑ collisions and 10 to 30% for PbH↑ collisions. The acces-
sible range in xF is from 0 down to −0.35 (for the pH↑) or to 
−0.25 (for the PbH↑). Overall, we consider these results as a con-
firmation that the first measurement of the GPD E g can be made 
in the fixed-target mode at the LHC by 2025.

Finally, let us emphasise that gaseous deuterium and helium (3 
and 4) (un)polarised targets can be used with AFTER@LHCb [15]. 
The expected luminosities are at least as large as those dis-
cussed here. If one can ensure that the nucleus stays intact, this 
would provide new means to study the GPDs of these light nu-
clei [43–54].
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an asymmetry for RHIC is negligible. One can indeed see on Fig. 6
that it rapidly vanishes with photon-proton center of mass en-
ergy. However one has to remember that this prediction is strongly 
model dependent as the GPD E g is poorly known. The results from 
measurements at RHIC could therefore give some new information 
if E g is very different than what was considered so far.

5. Conclusions

In conclusion, we have evaluated the expected J/ψ photo-
production cross sections for a LHCb-like detector used in fixed-

8 These are evaluated as follows. The photo-produced J/ψ yields (N) obtained 
with Starlight and the evaluated magnitude of the STSA, defined as:

AN = 1
Peff

N↑ − N↓

N↑ + N↓ , (18)

allows one to evaluate N↑ and N↓ (N = N↑ + N↓), i.e. the number of photo-
produced J/ψ for an up (down) target polarisation orientation where Peff is the 
effective polarisation of the target. From these, we have evaluated the statistical un-
certainty on AN (δAN ) as:

δAN = 2
Peff(N↑ + N↓)2

√
N↓2δ↑2 + N↑2δ↓2 (19)

with δ↑ (δ↓) the relative uncertainties on the J/ψ yields with up (down) polarisa-
tion orientation.

9 xF is defined as: xF = 2(M J/ψ/
√

s) sinh(ycms), where ycms is the J/ψ rapidity 
in the cms frame and √s the cms energy.

Fig. 7. Expected STSAs in exclusive J/ψ photo-production from UPCs with a proton 
beam (a) and a lead beam (b) on an transversely polarised hydrogen target. We 
present the predictions for two bins in pT , shifting them slightly on the x-axis for 
better visibility.

target mode (AFTER@LHCb) with the 7 TeV p and 2.76 TeV Pb LHC 
beams and compared them to those expected at RHIC. The use of 
the fixed-target mode allows one to probe a very different kine-
matics at much larger x in the polarised nucleons.

Using a polarised-internal-gas target with a storage cell, we ex-
pect to be able to record a fraction of a million of photo-produced 
J/ψ ’s with the p beam and about one thousand with the Pb beam. 
The latter case has the great advantage that the photon emitter is 
dominantly the Pb nucleus. With target densities about 2 orders of 
magnitude smaller, it seems complicated to perform such a mea-
surement with the Pb beam without a storage cell, except for the 
case of polarised 3He↑ for which the injected gas flux can be in-
creased. The latter case is particularly interesting as it allows one 
to probe polarised neutrons.

We have then used a model of the GPD E g to predict the mag-
nitude of the STSA. When folded with the expected size of the 
statistical samples and the target polarisation, we have found that 
STSAs can be measured with an absolute precision from 1 to 4%
for pH↑ collisions and 10 to 30% for PbH↑ collisions. The acces-
sible range in xF is from 0 down to −0.35 (for the pH↑) or to 
−0.25 (for the PbH↑). Overall, we consider these results as a con-
firmation that the first measurement of the GPD E g can be made 
in the fixed-target mode at the LHC by 2025.

Finally, let us emphasise that gaseous deuterium and helium (3 
and 4) (un)polarised targets can be used with AFTER@LHCb [15]. 
The expected luminosities are at least as large as those dis-
cussed here. If one can ensure that the nucleus stays intact, this 
would provide new means to study the GPDs of these light nu-
clei [43–54].

where 𝐴+
K incorporates the GPDs 𝐻7 and 𝐸7 through their 

gluonic CFFs ℋ7 and ℰ7, and is pretty large at moderate 𝑊K#
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through UPCs. In the present analysis we study two modes: 
proton-hydrogen and lead-hydrogen collisions at AFTER@LHC. Us-
ing the EPA, we can calculate the hadronic cross section as the 
convolution of the Weizsacker-Williams photon fluxes with the 
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with σP = 4.06 nb and ϵ = 0.65. The y and pT distributions for 
these cases are shown on the Fig. 1.

Our predictions for the STSAs for AFTER@LHC along with their 
statistical uncertainties8 in the kinematics relevant for the GPD ex-
traction are presented as a function of Feynman-x (xF )9 on Fig. 7. 
It clearly indicates that AFTER@LHC is able to pin down E g , es-
pecially in pH↑ collisions; in the PbH↑ case, the uncertainties are 
significantly larger. For the considered parametrisation of E g such 
an asymmetry for RHIC is negligible. One can indeed see on Fig. 6
that it rapidly vanishes with photon-proton center of mass en-
ergy. However one has to remember that this prediction is strongly 
model dependent as the GPD E g is poorly known. The results from 
measurements at RHIC could therefore give some new information 
if E g is very different than what was considered so far.
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Fig. 7. Expected STSAs in exclusive J/ψ photo-production from UPCs with a proton 
beam (a) and a lead beam (b) on an transversely polarised hydrogen target. We 
present the predictions for two bins in pT , shifting them slightly on the x-axis for 
better visibility.

target mode (AFTER@LHCb) with the 7 TeV p and 2.76 TeV Pb LHC 
beams and compared them to those expected at RHIC. The use of 
the fixed-target mode allows one to probe a very different kine-
matics at much larger x in the polarised nucleons.

Using a polarised-internal-gas target with a storage cell, we ex-
pect to be able to record a fraction of a million of photo-produced 
J/ψ ’s with the p beam and about one thousand with the Pb beam. 
The latter case has the great advantage that the photon emitter is 
dominantly the Pb nucleus. With target densities about 2 orders of 
magnitude smaller, it seems complicated to perform such a mea-
surement with the Pb beam without a storage cell, except for the 
case of polarised 3He↑ for which the injected gas flux can be in-
creased. The latter case is particularly interesting as it allows one 
to probe polarised neutrons.

We have then used a model of the GPD E g to predict the mag-
nitude of the STSA. When folded with the expected size of the 
statistical samples and the target polarisation, we have found that 
STSAs can be measured with an absolute precision from 1 to 4%
for pH↑ collisions and 10 to 30% for PbH↑ collisions. The acces-
sible range in xF is from 0 down to −0.35 (for the pH↑) or to 
−0.25 (for the PbH↑). Overall, we consider these results as a con-
firmation that the first measurement of the GPD E g can be made 
in the fixed-target mode at the LHC by 2025.

Finally, let us emphasise that gaseous deuterium and helium (3 
and 4) (un)polarised targets can be used with AFTER@LHCb [15]. 
The expected luminosities are at least as large as those dis-
cussed here. If one can ensure that the nucleus stays intact, this 
would provide new means to study the GPDs of these light nu-
clei [43–54].
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target mode (AFTER@LHCb) with the 7 TeV p and 2.76 TeV Pb LHC 
beams and compared them to those expected at RHIC. The use of 
the fixed-target mode allows one to probe a very different kine-
matics at much larger x in the polarised nucleons.

Using a polarised-internal-gas target with a storage cell, we ex-
pect to be able to record a fraction of a million of photo-produced 
J/ψ ’s with the p beam and about one thousand with the Pb beam. 
The latter case has the great advantage that the photon emitter is 
dominantly the Pb nucleus. With target densities about 2 orders of 
magnitude smaller, it seems complicated to perform such a mea-
surement with the Pb beam without a storage cell, except for the 
case of polarised 3He↑ for which the injected gas flux can be in-
creased. The latter case is particularly interesting as it allows one 
to probe polarised neutrons.

We have then used a model of the GPD E g to predict the mag-
nitude of the STSA. When folded with the expected size of the 
statistical samples and the target polarisation, we have found that 
STSAs can be measured with an absolute precision from 1 to 4%
for pH↑ collisions and 10 to 30% for PbH↑ collisions. The acces-
sible range in xF is from 0 down to −0.35 (for the pH↑) or to 
−0.25 (for the PbH↑). Overall, we consider these results as a con-
firmation that the first measurement of the GPD E g can be made 
in the fixed-target mode at the LHC by 2025.

Finally, let us emphasise that gaseous deuterium and helium (3 
and 4) (un)polarised targets can be used with AFTER@LHCb [15]. 
The expected luminosities are at least as large as those dis-
cussed here. If one can ensure that the nucleus stays intact, this 
would provide new means to study the GPDs of these light nu-
clei [43–54].

where 𝐴+
K incorporates the GPDs 𝐻7 and 𝐸7 through their 

gluonic CFFs ℋ7 and ℰ7, and is pretty large at moderate 𝑊K#
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through UPCs. In the present analysis we study two modes: 
proton-hydrogen and lead-hydrogen collisions at AFTER@LHC. Us-
ing the EPA, we can calculate the hadronic cross section as the 
convolution of the Weizsacker-Williams photon fluxes with the 
photo-production cross section:

σ hAhB =
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σγ hB + dnB
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Assuming that the hadron B is polarised, the (hadronic) STSA, AN

can be expressed in terms of the (photonic) STSA Aγ
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To get the most realistic predictions for the asymmetry in UPCs, 
we are using the GPD-based prediction for Aγ

N given by Eq. (14). 
However, it is well known that the normalisation of the J/ψ pro-
duction cross section based on GPDs is plagued by large uncertain-
ties. Since no data exist, it is therefore expedient to rather resort 
to a parametrisation of the unpolarised cross section like the one 
used in Starlight [20], namely

σ (γ + p → J/ψ + p) = σP
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1 − (mN + m J/ψ )2

W 2
γ p

]2

W ϵ
γ p (17)

with σP = 4.06 nb and ϵ = 0.65. The y and pT distributions for 
these cases are shown on the Fig. 1.

Our predictions for the STSAs for AFTER@LHC along with their 
statistical uncertainties8 in the kinematics relevant for the GPD ex-
traction are presented as a function of Feynman-x (xF )9 on Fig. 7. 
It clearly indicates that AFTER@LHC is able to pin down E g , es-
pecially in pH↑ collisions; in the PbH↑ case, the uncertainties are 
significantly larger. For the considered parametrisation of E g such 
an asymmetry for RHIC is negligible. One can indeed see on Fig. 6
that it rapidly vanishes with photon-proton center of mass en-
ergy. However one has to remember that this prediction is strongly 
model dependent as the GPD E g is poorly known. The results from 
measurements at RHIC could therefore give some new information 
if E g is very different than what was considered so far.

5. Conclusions

In conclusion, we have evaluated the expected J/ψ photo-
production cross sections for a LHCb-like detector used in fixed-

8 These are evaluated as follows. The photo-produced J/ψ yields (N) obtained 
with Starlight and the evaluated magnitude of the STSA, defined as:

AN = 1
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N↑ + N↓ , (18)

allows one to evaluate N↑ and N↓ (N = N↑ + N↓), i.e. the number of photo-
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effective polarisation of the target. From these, we have evaluated the statistical un-
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Peff(N↑ + N↓)2

√
N↓2δ↑2 + N↑2δ↓2 (19)

with δ↑ (δ↓) the relative uncertainties on the J/ψ yields with up (down) polarisa-
tion orientation.

9 xF is defined as: xF = 2(M J/ψ/
√

s) sinh(ycms), where ycms is the J/ψ rapidity 
in the cms frame and √s the cms energy.

Fig. 7. Expected STSAs in exclusive J/ψ photo-production from UPCs with a proton 
beam (a) and a lead beam (b) on an transversely polarised hydrogen target. We 
present the predictions for two bins in pT , shifting them slightly on the x-axis for 
better visibility.

target mode (AFTER@LHCb) with the 7 TeV p and 2.76 TeV Pb LHC 
beams and compared them to those expected at RHIC. The use of 
the fixed-target mode allows one to probe a very different kine-
matics at much larger x in the polarised nucleons.

Using a polarised-internal-gas target with a storage cell, we ex-
pect to be able to record a fraction of a million of photo-produced 
J/ψ ’s with the p beam and about one thousand with the Pb beam. 
The latter case has the great advantage that the photon emitter is 
dominantly the Pb nucleus. With target densities about 2 orders of 
magnitude smaller, it seems complicated to perform such a mea-
surement with the Pb beam without a storage cell, except for the 
case of polarised 3He↑ for which the injected gas flux can be in-
creased. The latter case is particularly interesting as it allows one 
to probe polarised neutrons.

We have then used a model of the GPD E g to predict the mag-
nitude of the STSA. When folded with the expected size of the 
statistical samples and the target polarisation, we have found that 
STSAs can be measured with an absolute precision from 1 to 4%
for pH↑ collisions and 10 to 30% for PbH↑ collisions. The acces-
sible range in xF is from 0 down to −0.35 (for the pH↑) or to 
−0.25 (for the PbH↑). Overall, we consider these results as a con-
firmation that the first measurement of the GPD E g can be made 
in the fixed-target mode at the LHC by 2025.

Finally, let us emphasise that gaseous deuterium and helium (3 
and 4) (un)polarised targets can be used with AFTER@LHCb [15]. 
The expected luminosities are at least as large as those dis-
cussed here. If one can ensure that the nucleus stays intact, this 
would provide new means to study the GPDs of these light nu-
clei [43–54].
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pecially in pH↑ collisions; in the PbH↑ case, the uncertainties are 
significantly larger. For the considered parametrisation of E g such 
an asymmetry for RHIC is negligible. One can indeed see on Fig. 6
that it rapidly vanishes with photon-proton center of mass en-
ergy. However one has to remember that this prediction is strongly 
model dependent as the GPD E g is poorly known. The results from 
measurements at RHIC could therefore give some new information 
if E g is very different than what was considered so far.
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production cross sections for a LHCb-like detector used in fixed-
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with Starlight and the evaluated magnitude of the STSA, defined as:
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beam (a) and a lead beam (b) on an transversely polarised hydrogen target. We 
present the predictions for two bins in pT , shifting them slightly on the x-axis for 
better visibility.

target mode (AFTER@LHCb) with the 7 TeV p and 2.76 TeV Pb LHC 
beams and compared them to those expected at RHIC. The use of 
the fixed-target mode allows one to probe a very different kine-
matics at much larger x in the polarised nucleons.

Using a polarised-internal-gas target with a storage cell, we ex-
pect to be able to record a fraction of a million of photo-produced 
J/ψ ’s with the p beam and about one thousand with the Pb beam. 
The latter case has the great advantage that the photon emitter is 
dominantly the Pb nucleus. With target densities about 2 orders of 
magnitude smaller, it seems complicated to perform such a mea-
surement with the Pb beam without a storage cell, except for the 
case of polarised 3He↑ for which the injected gas flux can be in-
creased. The latter case is particularly interesting as it allows one 
to probe polarised neutrons.

We have then used a model of the GPD E g to predict the mag-
nitude of the STSA. When folded with the expected size of the 
statistical samples and the target polarisation, we have found that 
STSAs can be measured with an absolute precision from 1 to 4%
for pH↑ collisions and 10 to 30% for PbH↑ collisions. The acces-
sible range in xF is from 0 down to −0.35 (for the pH↑) or to 
−0.25 (for the PbH↑). Overall, we consider these results as a con-
firmation that the first measurement of the GPD E g can be made 
in the fixed-target mode at the LHC by 2025.

Finally, let us emphasise that gaseous deuterium and helium (3 
and 4) (un)polarised targets can be used with AFTER@LHCb [15]. 
The expected luminosities are at least as large as those dis-
cussed here. If one can ensure that the nucleus stays intact, this 
would provide new means to study the GPDs of these light nu-
clei [43–54].

Pb𝑯↑ UPC

• AFTER model-dependent predictions 
very promising for 𝒑𝑯↑ UPC

Constrainig gluon GPDs in polarized UPC

https://www.sciencedirect.com/science/article/pii/S0370269319302308?via%3Dihub
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SSAs in polarized UPC

Ø Phoenix has recently measured large transverse SSAs in forward neutron production in 𝑨𝒍𝒑↑ and Au𝒑↑ UPC at
𝑠++ = 200 𝐺𝑒𝑉

J. Phys.: Conf. Ser. 736 012017

https://iopscience.iop.org/article/10.1088/1742-6596/736/1/012017


Measurement of 𝑨𝑵 single-spin asymmetries for hadron production in 𝑷𝒃𝑯↑ UPC (𝑷𝒃𝒑↑ → 𝒉𝑷𝒃𝑿) is also possible
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
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1
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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.
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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
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×
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þ σ̂VgF1Þ&Ga
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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.
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SSAs in polarized UPC

Ø Phoenix has recently measured large transverse SSAs in forward neutron production in 𝑨𝒍𝒑↑ and Au𝒑↑ UPC at
𝑠++ = 200 𝐺𝑒𝑉

J. Phys.: Conf. Ser. 736 012017

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.98.094025
https://iopscience.iop.org/article/10.1088/1742-6596/736/1/012017
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Merging spin physics with heavy-ion physics

• probe collective phenomena in heavy-light systems by exploiting 
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
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Merging spin physics with heavy-ion physics

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

• probe collective phenomena in heavy-light systems by exploiting 
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
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Merging spin physics with heavy-ion physics

Unpol. deuterons: the 
fireball is azimuthally 
symmetric and 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 by exploiting 
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
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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


Main reactions or interest (…an incomplete wishlist)

Ø pA, PbA (𝐴 = 𝐻𝑒,𝑁𝑒, 𝐴𝑟, 𝐾𝑟, …) ☛ Nuclear matter effects, QGP, etc

Ø 𝑝𝑝↑ 𝑝𝑑↑ → 𝜇8𝜇/ (𝑒8𝑒/) ☛ pol. DY: polarized TMDs of valence and sea quarks

Ø 𝑝𝑝↑ 𝑝𝑑↑ → 𝜂P 𝜒P,1 + 𝑋

Ø 𝑝𝑝↑ (𝑝𝑑↑) → ⁄𝐽 𝜓 + 𝑋
Ø 𝑝𝑝↑(𝑝𝑑↑) → Υ + 𝑋
Ø 𝑝𝑝↑(𝑝𝑑↑) → ⁄𝐽 𝜓 + ⁄𝐽 𝜓 + 𝑋
Ø 𝑝𝑝↑(𝑝𝑑↑) → ⁄𝐽 𝜓 + 𝛾 + 𝑋
Ø 𝑝𝑝↑(𝑝𝑑↑) → Υ + 𝛾 + 𝑋

☛ inclusive production of quarkonia:  pol. and unpol. gluon TMDS

Ø 𝑝𝑝 (𝑝𝑑) → 𝜇8𝜇/ (𝑒8𝑒/) ☛ unpol DY: unpolarized TMDs of valence and sea quarks
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Ø 𝑝𝑝↑ (𝑝𝑑↑) → 𝜋 (𝐾) + 𝑋 ☛ inclusive production of light hadrons: polarized TMDs of valence and sea quarks

☛ exclusive charmonia production in polarized UPC:  gluon GPDsØ 𝐴 + 𝑝↑ → 𝐴 + 𝑝↑ + ⁄𝐽 𝜓



Conclusions
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Ø A polarized fixed target at LHCb will open the way to a broad and ambitious physics program

Ø First insights into the yet unknown gluon TMDs (such as the GSF) will be possible thanks to the excellent
capabilities of LHCb in reconstructing quarkonia states and heavy mesons.

Ø Cutting-edge unpolarized physics will also be at reach (cold nuclear matter effects, intrinsic charm, QGP
studies, etc.)

Ø Comparison with results from present and future SIDIS experiments will shed light on the process-
dependence of T-odd TMDs

Ø Novel approaches and reactions will be exploited for studies of the 3D nucleon structure
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Ø A polarized fixed target at LHCb will open the way to a broad and ambitious physics program

Ø First insights into the yet unknown gluon TMDs (such as the GSF) will be possible thanks to the excellent
capabilities of LHCb in reconstructing quarkonia states and heavy mesons.

Ø Cutting-edge unpolarized physics will also be at reach (cold nuclear matter effects, intrinsic charm, QGP
studies, etc.)

Ø Comparison with results from present and future SIDIS experiments will shed light on the process-
dependence of T-odd TMDs

Ø Novel approaches and reactions will be exploited for studies of the 3D nucleon structure

Ø See Marco’s talk for simulation of physics channels and expected performance



Backup
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Kinematic conditions for fixed-target collisions at LHC
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[PRD 93, 033006, 2016]

• First search performed with SMOG  [PRL 122 (2019)]

• New intriguing LHCb results with pp collisions at 
large rapidity [arXiv:2109.08084]

• Still to be investigated!

[PRD 75 (2007) 054029] 

• Significant contributions of IC expected at large 𝒙

https://arxiv.org/abs/1506.07443
https://arxiv.org/abs/1810.07907
https://arxiv.org/pdf/2109.08084.pdf
https://arxiv.org/abs/hep-ph/0701220


Ø The two approaches correspond exactly in the overlap region ΛDEF ≪ 𝑝G ≪ 𝑄 (proved for SSAs in Drell-Yan: Ji, Qiu, Vogelsang, Yuan,
PRL, 2006)

Ø …but very little is presently known about tri-gluon correlation functions and gluon TMDs.

Non-collinear (leading-twist) approach: (Anselmino, D’Alesio et al. )
• involves TMD PDFs and FFs
• works in the limit 𝑝G ≪ Q (2 energy scales), but is not supported by TMD factorization
• can be considered as an effective model description (Generalized Parton Model)
• SSAs arise mainly from Sivers effects

Collinear (twist-3) approach: (Efremov-Taryaev, Qiu-Sterman, Kanazawa-Koike)
• based on collinear QCD factorization (1 hard scale: works for 𝑝G, 𝑄 ≫ ΛDEF)
• exchange of a gluon between the active parton and the color field of the IS or FS hadron
• gluon exchange generates the interference between different partonic scattering amplitudes
• this interference, described by a 3-parton (e.g. qgq, ggg) correlation function, generates the SSA
• interestingly, the Qiu-Sterman correlator 𝑇H(J) 𝑥, 𝑥 can be related at tree level to the 1LM transverse moment of the Sivers function:

𝑓NG
O N H(P) 𝑥 = F𝑑7𝑘O

𝑘O7

2𝑀7 𝑓NG
OH(P) 𝑥, 𝑘O7 ∝ 𝑇H(J) 𝑥, 𝑥

• the Sivers function can arise from a combination of several Qiu-Sterman functions, but other twist-3 objects can contribute to 𝐴!
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Accessing quark TMDs in polarized pp collisions: inclusive hadron production
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• dominant: C𝑞 𝑥1234 + 𝑞 𝑥536725 → 𝜇8𝜇/

• suppressed: 𝑞 𝑥1234 + C𝑞 𝑥536725 → 𝜇8𝜇/

• Theoretically cleanest hard h-h scattering processUnpolarized Drell-Yan

[Nature 590, 561 (2021)]

• H & D targets allow to study the antiquark content of the nucleon

• SeaQuest (E906):  �̅� 𝑥 > C𝑢 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)

𝑑𝜎DD9: ∝ 𝑓)
RS⨂𝑓)

S + cos 2𝜙 ℎ)
>, RS⨂ℎ)

>,S

𝜈
∼
ℎ )>
⨂
ℎ )>

E866 @ FNAL

[PRL 102  2009 182001]

• LHCb has excellent 𝜇-ID & reconstruction for 𝜇8𝜇2

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

• proton sea more complex 
than originally thought!

• intrinsic heavy quarks?

• Still a lot to be understood

Accessing quark TMDs in polarized pp collisions: Drell-Yan

https://www.nature.com/articles/s41586-021-03282-z?proof=t
https://arxiv.org/abs/0811.4589
https://arxiv.org/abs/1809.04975
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Probing gluon TMDs in polarized pp collisions

Two main production mechanisms with different description of the hadronization:

• Colour-Octet Model: all colours and 𝐽TU assignments are possible for the intermediate 𝑄 C𝑄 state.

• Colour-Singlet Model: intermediate 𝑄 C𝑄 state is colourless and has the same 𝐽TU of final-state quarkonium

Only quarkonia states produced in a color singlet state can provide clean access to gTMDs

• C-odd quarkonia states (e.g. ⁄𝑱 𝝍 ,𝝍 𝟐𝑺 , 𝜰 𝒏𝑺 ) can be formed in gluon-gluon fusion only in a color octet state

• C-even quarkonia states (𝑱𝑷𝑪 = 𝟎±,8: 𝜼𝒄, 𝝌𝒄𝟎, 𝜼𝒃, 𝝌𝒃𝟎, …) can be formed in gluon-gluon in a color singlet state

• Landau-Yang theorem: production of C-odd quarkonia states in a color singlet state requires a third gluon, which:
- causes a non-trivial TMD interpretation
- dilutes the TMD information (e.g. the gluon Sivers function could be much larger than can be extracted from inclusive
⁄𝐽 𝜓 production). This could explain the very small asymmetries measured by PHENIX.

[D. Boer: Few-body Systems 58, 32 (2017) ] [Boer, Pisano: arXiv:1208.3642v2] W. Beenakker, arXiv:1508.07115

Best channel would be inclusive 𝜼𝒄 production (although the few existing results rely on ⁄𝐽 𝜓 production)

https://arxiv.org/pdf/1611.06089.pdf
https://arxiv.org/abs/1208.3642
https://arxiv.org/search/hep-ph?searchtype=author&query=Beenakker,+W
https://arxiv.org/abs/1508.07115


Charmonium Bottomonium

Motivations for 𝜂� → 𝑝�̅� channel 

→ requires CALO info

→ statistically suppressed

→ best channels

C-odd C-oddC-even C-even C-even C-even
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Probing the gTMDs
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Predictions based on CSM + TMD evolution for 𝑥N~𝑥7~102Q at forward rapidity  [EPJ C 80, 87 (2020)]

⁄𝑱 𝝍 ⁄+𝑱 𝝍 𝚼 + 𝚼

⁄𝑱 𝝍 ⁄+𝑱 𝝍 𝚼 + 𝚼

Azimuthal amplitudes ~ 𝟓%!! 

𝑔#

𝑔$ =
⁄𝑱 𝝍 + ⁄𝑱 𝝍
𝚼 + 𝚼
…

https://arxiv.org/abs/1909.05769


• 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)

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

LHC @ 5.02 TeV

LHC 
fixed target

More physics reach with unpolarized FT reactions

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


• The LHC beam runs through the target cell and experiences an Areal density:   q = ½ r0 L

• Volume density: 𝜌L = ⁄𝐼L 2𝐶) + 𝐶* where: 𝐶 = 3.81 ?(Z)
[

9!

\8).OO9
^
_

𝐼L = 6.5 � 10)`𝑠/) Ctot = 13.90 l/s      r0 = 4.68 �1012/cm3 𝜽= 3.7 �1013/cm2

�
𝑁#/1bcP. = 2.2 � 10))

𝑁1bcP. = 2760
𝑓62d = 11245 𝐻𝑧

𝑰𝒃𝒆𝒂𝒎 = 𝟔. 𝟖 � 𝟏𝟎𝟏𝟖 𝒔/𝟏

Ø The pressure in the LHC beam pipe outside the target region would be ~10/imbar,  one order of magnitude lower than 
the maximum pressure allowed by LHC

Ø Parallel operation will cause marginal reduction of beam half-life!

𝑳 𝑻𝒄𝒆𝒍𝒍 = 𝟑𝟎𝟎 𝑲 = 𝑰𝒃𝒆𝒂𝒎 � 𝜽 = 𝟐. 𝟓 � 𝟏𝟎𝟑𝟐 𝐜𝐦/𝟐𝐬/𝟏
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Expected luminosity


