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Already lots of interesting analyses with SMOG:
ü Charm production in pHe and pAr
ü Charm production in pNe and PbNe (→ Emilie, Frederic)
ü Prompt and detached antiproton production in pHe (→ Saverio)
ü 𝛬! polarization in pNe
ü Strangeness enhancement in PbNe vs pNe
ü Cold Nuclear Matter effects in light-hadrons production in p-gas
ü …
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SMOG2

…and many more to come with SMOG2! (→ Edoardo)



The LHCspin project

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

The SMOG2 realization sets the basis for the development of a future polarized gas target for LHCb
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ü polarized gas target technology well established (HERMES @ DESY, ANKE @ COSY with high performance)

ü Target experts from HERMES and COSY involved in first person in the design of the apparatus

ü marginal impact on LHC beam lifetime and LHCb mainstream physics program and performances

ü can run in parallel with collider mode (interaction regions well displaced)

ü can benefit from both protons and heavy-ion beams

ü allows also injection of unpolarized gases (𝐻", 𝐷", 𝐻𝑒, 𝑁", 𝑂", 𝑁𝑒, 𝐴𝑟, … )
ü broad physics program (next slides)
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SMOG2 event reconstruction
2 Fixed-target simulated collisions26
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Figure 1: Arguments supporting the possible LHCb simultaneous data-taking with beam-beam
and beam-gas data. The top plot shows the distribution of the primary vertex z coordinate for
minimum-bias overlapped pp and pHe collisions simulated considering the Run3 pp conditions
(⌫ ⇠ 7.6, L ' 2 · 1033 cm�2s�1) and one fixed per-bunch pHe collision. Leveraging on the con-
finement of the gas in the cell, the two components can be clearly distinguished. The bottom
plot compares the normalised distributions for the number of energy deposits (hits) in the VELO
for minimum-bias (in green facing-down triangles) stand-alone pHe, (in blue circles) stand-alone
pp, (in red squares) overlapped pp and pHe and (in orange facing-up triangles) for overlapped
pp and pAr collisions. By injecting both light and heavy gases on top of the pp collisions, the
increase is negligible.
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Figure 1: Arguments supporting the possible LHCb simultaneous data-taking with beam-beam
and beam-gas data. The top plot shows the distribution of the primary vertex z coordinate for
minimum-bias overlapped pp and pHe collisions simulated considering the Run3 pp conditions
(⌫ ⇠ 7.6, L ' 2 · 1033 cm�2s�1) and one fixed per-bunch pHe collision. Leveraging on the con-
finement of the gas in the cell, the two components can be clearly distinguished. The bottom
plot compares the normalised distributions for the number of energy deposits (hits) in the VELO
for minimum-bias (in green facing-down triangles) stand-alone pHe, (in blue circles) stand-alone
pp, (in red squares) overlapped pp and pHe and (in orange facing-up triangles) for overlapped
pp and pAr collisions. By injecting both light and heavy gases on top of the pp collisions, the
increase is negligible.
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Figure 6: Primary vertex reconstruction e�ciency (top), resolution (middle) and fake rate
(bottom) as a function of the z coordinate for minimum-bias (in blue) stand-alone pp, (in green)
stand-alone pHe, (in red) overlapped pp and pHe and (in orange) pp and pAr events simulated
considering the Run3 pp conditions (⌫ ⇠ 7.6, L ' 2 · 1033 cm�2s�1) and one fixed per-bunch
beam-gas collision. Similar e�ciencies and fake rates between beam-beam and beam-gas collisions
and no pp performance loss when injecting the gas are observed. A steep evolution with z of the
resolution in the SMOG2 cell is found instead, as a consequence of the larger uncertainty when
extrapolating low-aperture VELO tracks upstream of the nominal LHCb interaction point.
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Figure 7: O✏ine-quality tracking e�ciencies and ine�ciencies as a function of (top) the pseu-
dorapidity and (bottom) the longitudinal primary vertex coordinate for minimum-bias (in
blue) stand-alone pp, (in green) stand-alone pHe and (in red) overlapped pp and pHe collisions
simulated considering the Run3 pp conditions (⌫ ⇠ 7.6, L ' 2 · 1033 cm�2s�1) and one fixed
per-bunch beam-gas collision. The distributions for particles reconstructible in all tracking
detectors and with a larger simulated momentum than 5 GeV/c are also shown arbitrarily
scaled. A similar e�ciency is found considering the two collision systems and no e�ciency loss
is observed on the beam-beam data.
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• LHCb will be the only experiment able to run in collider and fixed-target mode simultaneously! 
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and beam-gas data. The top plot shows the distribution of the primary vertex z coordinate for
minimum-bias overlapped pp and pHe collisions simulated considering the Run3 pp conditions
(⌫ ⇠ 7.6, L ' 2 · 1033 cm�2s�1) and one fixed per-bunch pHe collision. Leveraging on the con-
finement of the gas in the cell, the two components can be clearly distinguished. The bottom
plot compares the normalised distributions for the number of energy deposits (hits) in the VELO
for minimum-bias (in green facing-down triangles) stand-alone pHe, (in blue circles) stand-alone
pp, (in red squares) overlapped pp and pHe and (in orange facing-up triangles) for overlapped
pp and pAr collisions. By injecting both light and heavy gases on top of the pp collisions, the
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minimum-bias overlapped pp and pHe collisions simulated considering the Run3 pp conditions
(⌫ ⇠ 7.6, L ' 2 · 1033 cm�2s�1) and one fixed per-bunch pHe collision. Leveraging on the con-
finement of the gas in the cell, the two components can be clearly distinguished. The bottom
plot compares the normalised distributions for the number of energy deposits (hits) in the VELO
for minimum-bias (in green facing-down triangles) stand-alone pHe, (in blue circles) stand-alone
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Figure 6: Primary vertex reconstruction e�ciency (top), resolution (middle) and fake rate
(bottom) as a function of the z coordinate for minimum-bias (in blue) stand-alone pp, (in green)
stand-alone pHe, (in red) overlapped pp and pHe and (in orange) pp and pAr events simulated
considering the Run3 pp conditions (⌫ ⇠ 7.6, L ' 2 · 1033 cm�2s�1) and one fixed per-bunch
beam-gas collision. Similar e�ciencies and fake rates between beam-beam and beam-gas collisions
and no pp performance loss when injecting the gas are observed. A steep evolution with z of the
resolution in the SMOG2 cell is found instead, as a consequence of the larger uncertainty when
extrapolating low-aperture VELO tracks upstream of the nominal LHCb interaction point.
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dorapidity and (bottom) the longitudinal primary vertex coordinate for minimum-bias (in
blue) stand-alone pp, (in green) stand-alone pHe and (in red) overlapped pp and pHe collisions
simulated considering the Run3 pp conditions (⌫ ⇠ 7.6, L ' 2 · 1033 cm�2s�1) and one fixed
per-bunch beam-gas collision. The distributions for particles reconstructible in all tracking
detectors and with a larger simulated momentum than 5 GeV/c are also shown arbitrarily
scaled. A similar e�ciency is found considering the two collision systems and no e�ciency loss
is observed on the beam-beam data.
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Figure 1: Arguments supporting the possible LHCb simultaneous data-taking with beam-beam
and beam-gas data. The top plot shows the distribution of the primary vertex z coordinate for
minimum-bias overlapped pp and pHe collisions simulated considering the Run3 pp conditions
(⌫ ⇠ 7.6, L ' 2 · 1033 cm�2s�1) and one fixed per-bunch pHe collision. Leveraging on the con-
finement of the gas in the cell, the two components can be clearly distinguished. The bottom
plot compares the normalised distributions for the number of energy deposits (hits) in the VELO
for minimum-bias (in green facing-down triangles) stand-alone pHe, (in blue circles) stand-alone
pp, (in red squares) overlapped pp and pHe and (in orange facing-up triangles) for overlapped
pp and pAr collisions. By injecting both light and heavy gases on top of the pp collisions, the
increase is negligible.
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(⌫ ⇠ 7.6, L ' 2 · 1033 cm�2s�1) and one fixed per-bunch pHe collision. Leveraging on the con-
finement of the gas in the cell, the two components can be clearly distinguished. The bottom
plot compares the normalised distributions for the number of energy deposits (hits) in the VELO
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(bottom) as a function of the z coordinate for minimum-bias (in blue) stand-alone pp, (in green)
stand-alone pHe, (in red) overlapped pp and pHe and (in orange) pp and pAr events simulated
considering the Run3 pp conditions (⌫ ⇠ 7.6, L ' 2 · 1033 cm�2s�1) and one fixed per-bunch
beam-gas collision. Similar e�ciencies and fake rates between beam-beam and beam-gas collisions
and no pp performance loss when injecting the gas are observed. A steep evolution with z of the
resolution in the SMOG2 cell is found instead, as a consequence of the larger uncertainty when
extrapolating low-aperture VELO tracks upstream of the nominal LHCb interaction point.
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simulated considering the Run3 pp conditions (⌫ ⇠ 7.6, L ' 2 · 1033 cm�2s�1) and one fixed
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detectors and with a larger simulated momentum than 5 GeV/c are also shown arbitrarily
scaled. A similar e�ciency is found considering the two collision systems and no e�ciency loss
is observed on the beam-beam data.
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The physics goals of LHCspin
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• Multi-dimensional nucleon structure in a poorly explored kinematic domain 
• Measure experimental observables sensitive to both quarks and gluons TMDs
•

• Make use of new probes (charmed and beauty mesons)
• Complement present and future SIDIS results 
• Test non-trivial process dependence of quarks and (especially) gluons TMDs
• Extend our understanding of the strong force in the non-perturbative regime 

JHEP 06 (2017) 081

https://arxiv.org/abs/1703.10157


The physics goals of LHCspin

L. L. Pappalardo                                                         Fixed Target experiments at LHC - STRONG-2020  - CERN - June 22-24 2022 10

• Significant experimental progress in the last 15 years!

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

• Drell-Yan in h-h collisions offers a complementary approach (COMPASS, RHIC)

• Several extractions already available from global analyses
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Quark TMDs
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• dominant: ,𝑞 𝑥#$%& + 𝑞 𝑥'%()$' → 𝜇*𝜇+

• suppressed: 𝑞 𝑥#$%& + ,𝑞 𝑥'%()$' → 𝜇*𝜇+

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

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

• LHCb has excellent 𝜇-ID & reconstruction for 𝜇"𝜇#
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• dominant: ,𝑞 𝑥#$%& + 𝑞 𝑥'%()$' → 𝜇*𝜇+

• suppressed: 𝑞 𝑥#$%& + ,𝑞 𝑥'%()$' → 𝜇*𝜇+

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

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

• LHCb has excellent 𝜇-ID & reconstruction for 𝜇"𝜇#

Drell-Yan Collider

Drell-Yan FT

SIDIDS

From Andrea’s talk
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[arXiv:1807.00603]

https://arxiv.org/abs/1807.00603
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• suppressed: 𝑞 𝑥#$%& + ,𝑞 𝑥'%()$' → 𝜇*𝜇+

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

• beam sea quarks probed at small 𝑥
• target valence quarks probed at large 𝑥
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Sensitive to unpol. and BM TMDs for 𝒒𝑻 ≪ 𝑴𝒍𝒍

𝑑𝜎../0 ∝ 𝑓1
23⨂𝑓1

3 + cos 2𝜙 ℎ1
4, 23⨂ℎ1

4,3

𝜈
∼
ℎ 14
⨂
ℎ 14

E866 @ FNAL

[PRL 102  2009 182001]

violation of Lam-Tung relation

https://arxiv.org/abs/0811.4589
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• dominant: ,𝑞 𝑥#$%& + 𝑞 𝑥'%()$' → 𝜇*𝜇+

• suppressed: 𝑞 𝑥#$%& + ,𝑞 𝑥'%()$' → 𝜇*𝜇+

• 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):  �̅� 𝑥 > ,𝑢 𝑥 ⟹ sea is not flavour symmetric!

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

• LHCb has excellent 𝜇-ID & reconstruction for 𝜇"𝜇#

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

• proton sea more complex 
than originally thought!

Sensitive to unpol. and BM TMDs for 𝒒𝑻 ≪ 𝑴𝒍𝒍

𝑑𝜎../0 ∝ 𝑓1
23⨂𝑓1

3 + cos 2𝜙 ℎ1
4, 23⨂ℎ1

4,3

𝜈
∼
ℎ 14
⨂
ℎ 14

E866 @ FNAL

[PRL 102  2009 182001]

violation of Lam-Tung relation

https://www.nature.com/articles/s41586-021-03282-z?proof=t
https://arxiv.org/abs/1809.04975
https://arxiv.org/abs/0811.4589
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• Sensitive to quark TMDs through TSSAs

𝐴6/0 =
1
𝑃
𝜎/0↑ − 𝜎/0↓

𝜎/0↑ + 𝜎/0↓
⟹ , ,…

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

[arXiv:1807.00603]

5 PHYSICS PROJECTIONS

Moreover, the accurate measurements to be performed by AFTER@LHC will help to constrain the non-
perturbative input that enters the TMD evolution kernel [35, 252, 253, 254, 255, 256, 257], which has an
important effect on the STSA (see e.g. [258, 259]).

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

1T (x, k2
T ) for quarks (which rep-

resents the number density of unpolarised quarks with transverse momentum kT and collinear momentum
fraction x for a given value of transverse spin of the proton) is predicted to have an opposite sign for DY
and semi-inclusive deep inelastic scattering (SIDIS) processes:

f?q
1T (x, k2

T )DY = � f?q
1T (x, k2

T )SIDIS . (14)

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

AN ⇠
f q
1 (x1, k2

T1) ⌦ f?q̄
1T (x2, k2

T2)

f q
1 (x1, k2

T1) ⌦ f q̄
1 (x2, k2

T2)
, (15)

where f q
1 stands for the unpolarised TMDPDF.

The verification of the sign change of the Sivers function is the main physics case of the DY COMPASS
run [65], which recently performed the first measurement of the asymmetry in Drell-Yan production [68],
and the experiments E1039 [64] and E1027 [260] at Fermilab. The AFTER@LHC programme will allow
one to further investigate the quark Sivers effect by measuring DY STSA [261, 262] over a wide range of x"

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

↑x
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

D
Y

N
A

0.25−

0.2−

0.15−

0.1−

0.05−

0

0.05

0.1

EIKV

SIDIS 

 < 3lab
µµ

2 < y

 < 4lab
µµ

3 < y

 < 5lab
µµ

4 < y

2 < 9 GeV/cµµ4 < M 2dM = 0.5 GeV/c

 = 115 GeVs p+p

-1 = 10 fbppL
 = 0.8Peff. pol. 

(a) (b)

Figure 26: (a) Two predictions (denoted SIDIS [262] and EIKV [258]) of the Drell-Yan AN as a function of xF at AFTER@LHC,
compared to the projected precision of the measurement [264]. (b) Similar projections for the Drell-Yan AN as a function of x" in
p+3He" collisions at

p
s = 115 GeV [264]. [In both cases, the bars show the statistical uncertainties with the quoted luminosisities

accounting for the background subtraction and polarisation-dilution effects].
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𝑃
𝜎/0↑ − 𝜎/0↓

𝜎/0↑ + 𝜎/0↓
⟹ , ,…

(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]
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perturbative input that enters the TMD evolution kernel [35, 252, 253, 254, 255, 256, 257], which has an
important effect on the STSA (see e.g. [258, 259]).

Drell-Yan production. Drell-Yan (DY) lepton-pair production is a unique tool to study the Sivers effect,
because it is very well understood theoretically and the Sivers function f?q
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resents the number density of unpolarised quarks with transverse momentum kT and collinear momentum
fraction x for a given value of transverse spin of the proton) is predicted to have an opposite sign for DY
and semi-inclusive deep inelastic scattering (SIDIS) processes:
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The verification of the sign change of the Sivers function is the main physics case of the DY COMPASS
run [65], which recently performed the first measurement of the asymmetry in Drell-Yan production [68],
and the experiments E1039 [64] and E1027 [260] at Fermilab. The AFTER@LHC programme will allow
one to further investigate the quark Sivers effect by measuring DY STSA [261, 262] over a wide range of x"

(= x2) and masses. With the high precision that AFTER@LHC will be able to achieve, one will accurately
measure the Sivers function, if the sign change happens to be already established by the mentioned experi-
ments. In case the asymmetry turns out to be small and these experiments cannot get to a clear answer, then
AFTER@LHC will be able to confirm/falsify the sign change. Table 16 shows a compilation of the relevant
parameters of future or planned polarised DY experiments. As can be seen, the AFTER@LHC program
offer the possibility to measure the Drell-Yan AN in a broad kinematic range with an exceptional precision.
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Figure 26: (a) Two predictions (denoted SIDIS [262] and EIKV [258]) of the Drell-Yan AN as a function of xF at AFTER@LHC,
compared to the projected precision of the measurement [264]. (b) Similar projections for the Drell-Yan AN as a function of x" in
p+3He" collisions at

p
s = 115 GeV [264]. [In both cases, the bars show the statistical uncertainties with the quoted luminosisities

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

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

• the linearity gTMD (ℎ1
)) is completely unrelated to the 

quark transversity (ℎ1
3), and has no collinear counterpart

• different naïve-time-reversal properties
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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 (ℎ1
)) is completely unrelated to the 

quark transversity (ℎ1
3), and has no collinear counterpart

• different naïve-time-reversal properties

• 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 𝑘9 dependencies!

“Future pointing” 
Wilson line (“+”)

“Past pointing” 
Wilson line (“−”)
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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 (ℎ1
)) is completely unrelated to the 

quark transversity (ℎ1
3), and has no collinear counterpart

• different naïve-time-reversal properties

• E.g. there are 2 types of 𝑓1
) and ℎ1

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

• 2 indep. GSF:      𝑓19
4) *,* “f-type” → antisymm. colour structure ;    𝑓19

4) *,+ “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 𝑘9 dependencies!

“Future pointing” 
Wilson line (“+”)

“Past pointing” 
Wilson line (“−”)



Probing the gTMDs
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

L. L. Pappalardo                                                         Fixed Target experiments at LHC - STRONG-2020  - CERN - June 22-24 2022 23



Probing the gTMDs
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

L. L. Pappalardo                                                         Fixed Target experiments at LHC - STRONG-2020  - CERN - June 22-24 2022 24

• 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, …
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• 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, …
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• TMD factorization requires 𝑞9(𝑄) ≪ 𝑀< .
Can look at associate quarkonia production,
where only the relative 𝑞9 needs to be small:

E.g.:   𝑝𝑝(↑) → ⁄𝐽 𝜓 + ⁄𝐽 𝜓 + 𝑋 (→ Alice)
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• 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, …
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'L�-�3VL�DW�/+&E

��

)LUVW�ȉH[WUDFWLRQȊ�RI�XQSRODUL]HG�JOXRQ�70'�3')
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𝒑𝒑 → ⁄𝑱 𝝍 ⁄𝑱 𝝍𝑿

First extraction of 𝑓+
, from LHCb di- ⁄𝐽 𝜓 production data at 13 TeV [Lansberg et. al.]

• TMD factorization requires 𝑞9(𝑄) ≪ 𝑀< .
Can look at associate quarkonia production,
where only the relative 𝑞9 needs to be small:

E.g.:   𝑝𝑝(↑) → ⁄𝐽 𝜓 + ⁄𝐽 𝜓 + 𝑋 (→ Alice)

https://inspirehep.net/literature/1628653
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• 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
• expected to be quite small (quasi-saturation of Burkardt sum rule by 𝑓19

43 and QCD predictions in large-𝑁! limit)
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• 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
• expected to be quite small (quasi-saturation of Burkardt sum rule by 𝑓19

43 and QCD predictions in large-𝑁! limit)
• can be accessed through the measurement of the TSSAs in inclusive heavy meson production

𝐴6 =
1
𝑃
𝜎↑ − 𝜎↓

𝜎↑ + 𝜎↓
∝ 𝑓19

4) 𝑥% , 𝑘4% ⨂𝑓) 𝑥# , 𝑘4# ⨂𝑑𝜎))→<<) sin𝜙> +⋯

𝑔!

𝑔"

𝑫𝟎, 0𝑫𝟎
⁄𝑱 𝝍 ,𝝍′
𝚼
…



Probing the gluon Sivers funct.

L. L. Pappalardo                                                         Fixed Target experiments at LHC - STRONG-2020  - CERN - June 22-24 2022 29

• 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
• expected to be quite small (quasi-saturation of Burkardt sum rule by 𝑓19

43 and QCD predictions in large-𝑁! limit)
• can be accessed through the measurement of the TSSAs in inclusive heavy meson production
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𝑫𝟎, 0𝑫𝟎
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𝚼
…

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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• 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
• expected to be quite small (quasi-saturation of Burkardt sum rule by 𝑓19

43 and QCD predictions in large-𝑁! limit)
• can be accessed through the measurement of the TSSAs in inclusive heavy meson production
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Predictions for pol. FT meas. at LHC (LHCspin-like) [Phys. Rev. D 102, 094011 (2020)]
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FIG. 7: Maximized values for AN for the process pp" ! J/ +X at
p
s = 115 GeV and PT = 3 GeV as a function of xF (left

panel) and at y = �2 as a function of PT (right panel), obtained adopting the CGI-GPM and GPM approaches, within the CS

model and NRQCD (BK11 set). Notice that here negative rapidities correspond to the forward region for the polarized proton.

IV. CONCLUSIONS

In this paper we have extended, and somehow completed, a detailed analysis of SSAs for J/ production in pp

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

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

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

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

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

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

• 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
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Merging spin physics with heavy-ion physics

Unpol. deuterons: the 
fireball is azimuthally
symmetric and 𝒗𝟐 ≈ 𝟎.
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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
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Predictions for LHC FT kinematics

[PRC 101 (2020) 024901]

el
lip

tic
ity

https://arxiv.org/abs/1906.09045


More physics reach with unpolarized FT reactions
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• 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


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


• 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)

c>c states: ⁄J ψ , χ6, 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


The LHCspin apparatus

The LHCspin apparatus consists of a new-generation HERMES-like polarized gaseous fixed target to be
installed usptream of the VELO
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[NIMA 540 (2005) 68]

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


The LHCspin apparatus

The LHCspin apparatus consists of a new-generation HERMES-like polarized gaseous fixed target to be
installed usptream of the VELO
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[NIMA 540 (2005) 68]

75-80% transverse 
polarization @ HERMES

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


The LHCspin apparatus

The LHCspin apparatus consists of a new-generation HERMES-like polarized gaseous fixed target to be
installed usptream of the VELO

state-of-the art ABS of 
ANKE @ COSY

𝐼 ≃ 10+7 𝑝𝑜𝑙 . 𝑎𝑡𝑜𝑚𝑠/𝑠
[NIM A 721, 83 (2013)]
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[NIMA 540 (2005) 68]

75-80% transverse 
polarization @ HERMES

https://www.sciencedirect.com/science/article/abs/pii/S0168900213003483
https://arxiv.org/abs/physics/0408137
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The LHCspin apparatus [PoS (SPIN2018)]

• Compact superconductive dipole magnet for static transverse field 
to maintain polarization inside the cell and avoid beam-induced 
depolarization

• Required 𝑩 = 𝟑𝟎𝟎𝒎𝑻 with ⁄∆𝑩 𝑩~𝟏𝟎%

https://pos.sissa.it/346/098
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The LHCspin apparatus [PoS (SPIN2018)]

• Compact superconductive dipole magnet for static transverse field 
to maintain polarization inside the cell and avoid beam-induced 
depolarization

• Required 𝑩 = 𝟑𝟎𝟎𝒎𝑻 with ⁄∆𝑩 𝑩~𝟏𝟎%

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

https://pos.sissa.it/346/098
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The LHCspin apparatus [PoS (SPIN2018)]

• Compact superconductive dipole magnet for static transverse field 
to maintain polarization inside the cell and avoid beam-induced 
depolarization

• Required 𝑩 = 𝟑𝟎𝟎𝒎𝑻 with ⁄∆𝑩 𝑩~𝟏𝟎%

• Possibility to switch from dipole magnet to solenoid to realize
a Longitudinal polarized target in Run5

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

https://pos.sissa.it/346/098
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The LHCspin apparatus [PoS (SPIN2018)]

• Need to develop a new-generation compact ABS and diagnostic
system to fit into the limited available space in the VELO alcove

https://pos.sissa.it/346/098
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The LHCspin apparatus [PoS (SPIN2018)]

• Need to develop a new-generation compact ABS and diagnostic
system to fit into the limited available space in the VELO alcove

• Coating studies for the cell walls are ongoing. Crucial for target
polarization (back-up slides)

https://pos.sissa.it/346/098
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The jet target hypothesis

Alternative solution with jet target also under evaluation:
• lower density (~101" atoms/𝑐𝑚") → about a factor of 40 smaller
• higher polarization (up to 90%)
• lower systematics in P measurement
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The jet target hypothesis

Alternative solution with jet target also under evaluation:
• lower density (~101" atoms/𝑐𝑚") → about a factor of 40 smaller
• higher polarization (up to 90%)
• lower systematics in P measurement

Pure Jet Target
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The jet target hypothesis

Alternative solution with jet target also under evaluation:
• lower density (~101" atoms/𝑐𝑚") → about a factor of 40 smaller
• higher polarization (up to 90%)
• lower systematics in P measurement

Pure Jet Target Jet Target + SMOG2
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Expected performance

• 𝐼? = 6.5 l 101@𝑠+1 (HERMES)

• Ctot = 17.4 l/s   (20 cm cell)

• 𝜽= 3.7 l1013  atoms/cm2

Target

• 1.2 l 1011 p/bunch (RUN3)

• 2808 bunches

• 𝑰𝒃𝒆𝒂𝒎 = 𝟑. 𝟖 l 𝟏𝟎𝟏𝟖 𝒑/𝒔

Beam

ℒ𝒑𝑯 𝟑𝟎𝟎 𝑲 ≈ 𝟏. 𝟒 ) 𝟏𝟎𝟑𝟐 𝐜𝐦%𝟐𝐬%𝟏

𝑳𝒑𝑯 𝑹𝒖𝒏 𝟒 ≈ 𝟓 𝒇𝒃%𝟏
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Expected performance

Figure 2: Number of events and data-taking time to reach a given precision on a spin asymmetry at
LHCspin with three di↵erent polarisation degrees.

The TSSA is defined as

A =
1

P

N" � N#

N" + N# , (6)

where P is the polarisation degree. The three curves represent the uncertainty on AN coming from
both the statistical uncertainty and the knowledge of the polarisation degree. The former is very close
to the �Astat

N = 1/
p

2N" approximation. It is remarkable that a precision better than 1% can be
attained in just few hours of data-taking for these two channels.

2.3 Luminosity

The above results do not rely on the knowledge of the instantaneous luminosity. This can be computed
as

L =
dNp

dt
⇥ ✓ = frev ⇥ Nb ⇥ Np ⇥ ✓ = 1.4 ⇥ 1032 cm�2s�1, (7)

where frev = 11245 Hz is the LHC revolution frequency, Nb = 2808 is the number of colliding bunches,
Np = 1.2 ⇥ 1011 is the number of protons in each bunch and the areal density is given by Eq. 2. With
120 weeks of data taking this corresponds to an integrated luminosity of 5 fb�1 at the end of Run 4.

3 Kinematic coverage and e�ciencies

The LHCb performance on LHCspin data are analysed in this section by means of full LHCb simu-
lations. p-H interaction vertices are simulated with a flat distribution6 over a broad region, covering
PVz 2 [�800, 200] mm where PVz is the z coordinate (along the beam line) of the Primary Vertex
(PV).
The variables used in these studies are defined in Appendix A, while the simulated samples are de-
scribed in Appendix B.

3.1 Kinematic coverage

The kinematic coverage of J/ ! µ+µ� events is investigated in four 20 cm-long colliding regions,
representing the z coordinates of the LHCspin cell: [�560, �360] mm, which represents the SMOG2
cell position, i.e. the closest possible position to the VELO, together with with three upstream con-
figurations, shown in Fig. 3.

While the transverse momentum coverage is almost una↵ected by the cell position, it is clear that
having the interaction region close to the vertex locator (which is centered at z = 0 mm) gives a
broader rapidity coverage. The coverage in the x � Q2 plane is shown in Fig. 4.

6A triangular density distribution, which gives a more realistic representation of the gas injected in the cell, is shown
not to a↵ect sensibly the distributions shown here.
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𝑳𝒑𝑯 𝑹𝒖𝒏 𝟒 ≈ 𝟓 𝒇𝒃%𝟏
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Expected performance
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LHCspin/SMOG event rates is then obtained as:

f =
✓

✓SMOG

⇥ Nb

NSMOG

b

⇥ ✏

✏SMOG

⇥
r

LRun3

L2016

, (4)

where ✏/✏SMOG = 0.9 is the expected e�ciency drop due to having an upstream interaction region [8]
and LRun3/L2016 = 5 is the increase of luminosity foreseen in Run 4 compared to 2016. The di↵erence
in number of colliding bunches is also considered: this is NSMOG

b = 650 for [3] while Nb = 2808 is
considered for LHCspin, which is the nominal value for the Run 3 data-taking. Feeding these inputs
into Eq. 4 yields f = 492, which is a considerable boost in statistics, especially considering that,
starting with SMOG2, the beam-gas data-taking will run in parallel with the nominal p-p collisions.

2.1 Expected statistics in Run 4 and Run 5

The above considerations can be used to derive an estimate for the number of events that can be
collected with LHCspin per week and at the end of a Run, assuming 120 weeks of proton physics
per Run3. This is reported in Table 2.1, where a fivefold increase in the instantaneous luminosity is
considered for the Run 5 with respect to Run 4.

Channel Events / week Total events
J/ ! µ+µ� 194k (434k) 23M (75M)
 (2S) ! µ+µ� 3.5k (7.7k) 414k (1.3M)
D0 ! K�⇡+ 976k (2.2M) 117M (380M)

J/ J/ ! µ+µ�µ+µ� 77 (170) 930 (3000)
Drell Yan (5 < Mµµ < 9 GeV) 110 (250) 13k (43k)

⌥ ! µ+µ� 83 (187) 10k (32k)
⇤+

c ! pK�⇡+ 19k (43k) 2.3M (7.5M)

Table 1: Event rates and total yield in Run 4 (Run 4 + Run 5) for various channels with LHCspin.

 (2S) ! µ+µ� projections are obtained by assuming the  (2S)/J/ ratio of observed events in [1].
Di-J/ events are expected to be predominantly produced via Double Parton Scattering, with an

expected cross section of [5]:

�(J/ J/ )DPS =
1

2

�(J/ )2

�e↵
! �(J/ J/ )DPS

�(J/ )
⇡ 4 ⇥ 10�5 (5)

having used �e↵ ⇡ 15 mb from [5] and �(J/ ) ⇡ 1226 nb per nucleon from [3]. This ratio is not
expected to undergo large variations with

p
s and to be enhanced in pA collisions4. No e�ciency

drop with respect to reconstructing single J/ ! µ+µ� events is considered. Drell-Yan, ⌥ and ⇤+
c

estimates are obtained by scaling the J/ ! µ+µ� results by the SMOG2 estimates reported in [6].
It is worth to notice that any improvement coming from the upgraded Run 3 detector and from

recently-developed reconstruction algorithms have not been taken into account. Recent simulations
indicate a +20% PV reconstruction e�ciency in the SMOG2 region using the Run 3 software trigger [2].
No improvement in the signal selection is also considered with respect to [3], whereas lower background
levels are expected in detached p-gas collisions. The increased production cross section from

p
s
NN

=
86.6 GeV to

p
s
NN

= 115 GeV is also neglected: this is approximately 1.4 for the J/ production 5.

2.2 Expected precision on TSSA

Fig. 2 shows the data-taking time needed for each polarity state to reach a given precision on a
transverse single spin asymmetry (TSSA). For example, collecting data for 10 hours on each polarity
state (i.e. 20 hours of total data-taking time) allows to reach �AN ⇡ 0.6% on J/ toµ+µ� events in
case of 100% polarisation degree.

3
https://lhc-commissioning.web.cern.ch/schedule/LHC-long-term.htm

4Vanya Belyaev, private communication.
5See pag.7 of https://indico.cern.ch/event/895086/contributions/4729901/attachments/2423435/4148384/

Smog_QM2022_sun.pdf

3

Expected yields for Run4 (Run4+Run5): 

assumptions:
• 120 weeks/RUN
• 84h/week
• 𝑆𝑡𝑎𝑡 𝑅𝑢𝑛5 ~ 5 𝑆𝑡𝑎𝑡(𝑅𝑢𝑛4)
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Reconstruction efficiencies
Figure 4: Kinematic coverage in the x � Q2 plane.
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Figure 5: Reconstruction e�ciencies for J/ ! µ+µ� events.

Eq. 8 emulates a Sivers amplitude at the first order in the Taylor expansion of pT and x.
The distribution of simulated J/ ! µ+µ� events in the xF � pT plane is shown in Fig. 6 (left).
This channel is used in the following for developing a measurement of the gluon Sivers function with
LHCspin. This observable is investigated in [7], where two models predict a sizeable di↵erence in the
negative Feynman-x emisphere, as shown in Fig. 6 (right), for LHCspin kinematics. Roughly based
on this prediction, the chosen parameters for Eq. 8 are a1 = 0.1, a2 = a3 = 0.05 and b1 = 0.02,
b2 = b3 = 0.01, i.e. a 10% amplitude with a mild dependence on the kinematics.
The TSSA can now be computed via Eq. 6 by counting the events having a given polarisation state.
This is performed with two methods.
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Eq. 8 emulates a Sivers amplitude at the first order in the Taylor expansion of pT and x.
The distribution of simulated J/ ! µ+µ� events in the xF � pT plane is shown in Fig. 6 (left).
This channel is used in the following for developing a measurement of the gluon Sivers function with
LHCspin. This observable is investigated in [7], where two models predict a sizeable di↵erence in the
negative Feynman-x emisphere, as shown in Fig. 6 (right), for LHCspin kinematics. Roughly based
on this prediction, the chosen parameters for Eq. 8 are a1 = 0.1, a2 = a3 = 0.05 and b1 = 0.02,
b2 = b3 = 0.01, i.e. a 10% amplitude with a mild dependence on the kinematics.
The TSSA can now be computed via Eq. 6 by counting the events having a given polarisation state.
This is performed with two methods.
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Figure 3: Kinematic coverage for J/ ! µ+µ� events under three collision regions.

3.2 Reconstruction e�ciency

Fig 5 (left) shows the e�ciency of reconstructing the PV as a function of the interaction region (i.e.
the cell position).

SMOG reconstruction algorithms with enlarged vertex search radius are used, i.e. recent devel-
opments on SMOG2 reconstruction [2] are not exploited. Moreover, since absolute reconstruction
e�ciencies are not perfectly reproduced in the simulations, what is relevant to this regard is the e�-
ciency ratio with respect to the SMOG2 position ([�560, �360] mm), showing e�ciency degradation as
the cell is positioned further upstream with respect to the VELO. The upcoming SMOG2 data-taking
will give the opportunity to measure the absolute e�ciencies on real data.
Fig 5 (right) shows the e�ciency to reconstruct the PV and both tracks in J/ ! µ+µ� decays as a
function of the J/ rapidity for the four considered cell positions. With the same caveat on absolute
e�ciencies, the conclusion here is that upstream cell positions lead to smaller rapidity coverage.

4 Physics observables

To emulate the polarisation of the target gas, a procedure developed at HERMES, described in Ap-
pendix C of [4], is used. This allows to investigate the acceptance on LHCspin events and the LHCb
detector e↵ects on the physics observables.
A variable called ⇢ is computed based on the particle (e.g. J/ ) x, pT and � angle values:

⇢ =
1

2
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✓
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x � x

xmax
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pT max
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x � x

xmax
+ b3

pT � pT

pT max

◆
sin 2�

�
(8)

where the overline denotes the average and max indicates the largest value in the pT or x spectrum.
For each event, a random number between 0 and 1 is extracted according to a flat distribution: if the
outcome is greater than ⇢, a �1 tag is assigned to the event, and +1 otherwise. This tag is used as
the polarisation state of the event and introduces a spin-dependence in the simulation. In particular,
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will give the opportunity to measure the absolute e�ciencies on real data.
Fig 5 (right) shows the e�ciency to reconstruct the PV and both tracks in J/ ! µ+µ� decays as a
function of the J/ rapidity for the four considered cell positions. With the same caveat on absolute
e�ciencies, the conclusion here is that upstream cell positions lead to smaller rapidity coverage.

4 Physics observables
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outcome is greater than ⇢, a �1 tag is assigned to the event, and +1 otherwise. This tag is used as
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Eq. 8 emulates a Sivers amplitude at the first order in the Taylor expansion of pT and x.
The distribution of simulated J/ ! µ+µ� events in the xF � pT plane is shown in Fig. 6 (left).
This channel is used in the following for developing a measurement of the gluon Sivers function with
LHCspin. This observable is investigated in [7], where two models predict a sizeable di↵erence in the
negative Feynman-x emisphere, as shown in Fig. 6 (right), for LHCspin kinematics. Roughly based
on this prediction, the chosen parameters for Eq. 8 are a1 = 0.1, a2 = a3 = 0.05 and b1 = 0.02,
b2 = b3 = 0.01, i.e. a 10% amplitude with a mild dependence on the kinematics.
The TSSA can now be computed via Eq. 6 by counting the events having a given polarisation state.
This is performed with two methods.
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3.2 Reconstruction e�ciency

Fig 5 (left) shows the e�ciency of reconstructing the PV as a function of the interaction region (i.e.
the cell position).
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opments on SMOG2 reconstruction [2] are not exploited. Moreover, since absolute reconstruction
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e�ciencies, the conclusion here is that upstream cell positions lead to smaller rapidity coverage.
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where the overline denotes the average and max indicates the largest value in the pT or x spectrum.
For each event, a random number between 0 and 1 is extracted according to a flat distribution: if the
outcome is greater than ⇢, a �1 tag is assigned to the event, and +1 otherwise. This tag is used as
the polarisation state of the event and introduces a spin-dependence in the simulation. In particular,
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Figure 3: Kinematic coverage for J/ ! µ+µ� events under three collision regions.

3.2 Reconstruction e�ciency

Fig 5 (left) shows the e�ciency of reconstructing the PV as a function of the interaction region (i.e.
the cell position).

SMOG reconstruction algorithms with enlarged vertex search radius are used, i.e. recent devel-
opments on SMOG2 reconstruction [2] are not exploited. Moreover, since absolute reconstruction
e�ciencies are not perfectly reproduced in the simulations, what is relevant to this regard is the e�-
ciency ratio with respect to the SMOG2 position ([�560, �360] mm), showing e�ciency degradation as
the cell is positioned further upstream with respect to the VELO. The upcoming SMOG2 data-taking
will give the opportunity to measure the absolute e�ciencies on real data.
Fig 5 (right) shows the e�ciency to reconstruct the PV and both tracks in J/ ! µ+µ� decays as a
function of the J/ rapidity for the four considered cell positions. With the same caveat on absolute
e�ciencies, the conclusion here is that upstream cell positions lead to smaller rapidity coverage.

4 Physics observables

To emulate the polarisation of the target gas, a procedure developed at HERMES, described in Ap-
pendix C of [4], is used. This allows to investigate the acceptance on LHCspin events and the LHCb
detector e↵ects on the physics observables.
A variable called ⇢ is computed based on the particle (e.g. J/ ) x, pT and � angle values:

⇢ =
1
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✓
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x � x

xmax
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pT � pT

pT max

◆
sin�+

✓
b1 + b2

x � x

xmax
+ b3

pT � pT

pT max

◆
sin 2�

�
(8)

where the overline denotes the average and max indicates the largest value in the pT or x spectrum.
For each event, a random number between 0 and 1 is extracted according to a flat distribution: if the
outcome is greater than ⇢, a �1 tag is assigned to the event, and +1 otherwise. This tag is used as
the polarisation state of the event and introduces a spin-dependence in the simulation. In particular,
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Figure 4: Kinematic coverage in the x � Q2 plane.

Figure 5: Reconstruction e�ciencies for J/ ! µ+µ� events.

Eq. 8 emulates a Sivers amplitude at the first order in the Taylor expansion of pT and x.
The distribution of simulated J/ ! µ+µ� events in the xF � pT plane is shown in Fig. 6 (left).
This channel is used in the following for developing a measurement of the gluon Sivers function with
LHCspin. This observable is investigated in [7], where two models predict a sizeable di↵erence in the
negative Feynman-x emisphere, as shown in Fig. 6 (right), for LHCspin kinematics. Roughly based
on this prediction, the chosen parameters for Eq. 8 are a1 = 0.1, a2 = a3 = 0.05 and b1 = 0.02,
b2 = b3 = 0.01, i.e. a 10% amplitude with a mild dependence on the kinematics.
The TSSA can now be computed via Eq. 6 by counting the events having a given polarisation state.
This is performed with two methods.
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Figure 6: Left: xF � pT spectrum of simulated J/ ! µ+µ� events. Right: predicted asymmetry for
polarised p-H collisions at

p
s = 115 GeV [7]

4.1 Method 1: fitting the azimuthal dependence

Data are split into 2D x � pT bins, and further divided into � bins, where the spin asymmetry is
computed according to Eq. 6, and the uncertainty is evaluated by propagating Poissonian uncertainties
on N" and N#. 100% polarisation without uncertainty is used in this first set of results. For each
x � pT bin, the � modulation is fitted with the function:

f = a1 sin�+ a2 sin 2�, (9)

with the constraint a2 < a1/47. The results are shown in Fig. 7.
The fitted amplitudes are compatible with the parameters used in the generated model (Eq. 8), i.e.

no bias is observed. Within the available statistics, corresponding to about two weeks of data-taking,
there is no sensitivity to fit for a second harmonic with the chosen binning scheme. The results for
the first harmonic amplitudes are summarised in Fig. 8 together with luminosity statistics, evaluated
from the method described in Sec. 2. As expected, the amplitudes are consistent with the generated
value and a mild, increasing trend is observed as xF (x) gets smaller (larger). With the chosen binning
scheme, 10% Sivers amplitudes are expected to be measured with order 1% error in just two weeks of
LHCspin data-taking, assuming a negligible contribution from the polarisation degree.

4.1.1 E↵ect of the polarisation degree

The e↵ect of the knowledge of the polarisation degree is investigated by repeating the fits to data
points (i.e. asymmetries) where the uncertainty on the polarisation is added in quadrature to the
statistical one. The results are reported in Table 2.

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

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

Table 2: Fitted values for a1 with various uncertainties on the polarisation degree.

With the available statistics, the precision on the a1 extraction is limited by the statistics if the
error on the polarisation degree is 5%. The uncertainties on the a1 values are less than 10% bigger

7Given the available statistics, this constraint prevents the fit to converge to too large a2 values.
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A preliminary analysis tool for pseudo-data
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A pseudo-data set based on a transversely Pol. H target has been generated to study the interplay between statistical and
systematic (due to the measurement of the polarization) uncertainties.



A preliminary analysis tool for pseudo-data
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A pseudo-data set based on a transversely Pol. H target has been generated to study the interplay between statistical and
systematic (due to the measurement of the polarization) uncertainties.

Similar approach used at HERMES (Appendix C of [JHEP, 12:010, 2020]):

• Use official LHCb MC data for inclusive production of ⁄𝐽 𝜓 → 𝜇*𝜇+ in fixed-target configuration (PYTHIA8 + EPOS)

• Assign to each simulated event a target polarization state (↑ or ↓) using a random extraction modulated with a model for
the cross section (in this way we introduce a spin-dependence in the simulation)

• The model assumes a dominant sin𝜙 modulation (e.g. sensitive to the gluon Sivers) plus a suppressed sin 2𝜙 modulation
(to account e.g. for possible higher-twist contributions). Both terms depend mildly on the kinematics (𝑥, 𝑝9):

• Using these pseudo-data the TSSA is computed in the usual way:

𝐴6 =
1
𝑃
𝑁↑ − 𝑁↓

𝑁↑ + 𝑁↓

and the uncertainties on 𝑁↑(↓) (Poisson) and 𝑃 (systematic) propagated accordingly.

https://arxiv.org/abs/2007.07755
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• The data points are binned of 𝑥G and 𝑝9 (2D binning), represented vs. 𝜙 and fitted with 𝑓 = 𝑎1 sin𝜙 + 𝑎" sin 2𝜙 where
the free parameters 𝑎1 and 𝑎" represent the amplitude of the corresponding azimuthal modulation

• The extracted parameters 𝑎1 and 𝑎" are
consistent with those used to generate
the model (no bias is observed)

• With the available MC statistics
(corresponding to 2 weeks of data-taking)
there is no sensitivity for the sin 2𝜙 term

A preliminary analysis tool for pseudo-data
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• The data points are binned of 𝑥G and 𝑝9 (2D binning), represented vs. 𝜙 and fitted with 𝑓 = 𝑎1 sin𝜙 + 𝑎" sin 2𝜙 where
the free parameters 𝑎1 and 𝑎" represent the amplitude of the corresponding azimuthal modulation

• The extracted parameters 𝑎1 and 𝑎" are
consistent with those used to generate
the model (no bias is observed)

• With the available MC statistics
(corresponding to 2 weeks of data-taking)
there is no sensitivity for the sin 2𝜙 term

• The amplitudes 𝑎1 are the reported vs.𝑥G
in bins of 𝑝9 (and vice-versa)

• A mild kinematic dependence is observed
consistent with the model

A preliminary analysis tool for pseudo-data



Statistical vs Systematics uncertainties
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• The analysis tool described above allows to study the interplay between statistical uncertainties and systematic
uncertainties (due to the measurement of the polarization) under different data-taking scenarios



Statistical vs Systematics uncertainties
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• The analysis tool described above allows to study the interplay between statistical uncertainties and systematic
uncertainties (due to the measurement of the polarization) under different data-taking scenarios

• A 5% systematic uncertainty on P has no impact on the total uncertainty on 𝑎1
• For Δ𝑃 = 20% the systematic uncertainty amounts to 30-40% of the statistical uncertainty
• For Δ𝑃 = 50% the systematic uncertainty approximately equals the statistical uncertainty
• We expect 𝜟𝑷 ≈ 𝟏𝟎 − 𝟏𝟓% for the storage cell hypothesis (and close to 0 for the jet target hypothesis )



The time schedule of the project
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SMOG2

LS 2
2019-2021

RUN 3
2022-2024

LS 3
2025-2027

RUN 4
2028-…

R&D Install. Data taking

Unpol. physics output

R&D Install.

Data taking

Pol. physics 
output

RUN 2
2017-2019

LHC schedule:



Conclusions
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Ø LHCspin is the natural evolution: a polarized fixed target at LHCb will bring spin-physics for the first time at the LHC
and 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 Novel approaches and reactions will be exploited for studies of the 3D nucleon structure

Ø The FT program at LHCb is active since Run 2, now greatly enriched with SMOG2

Ø The R&D calls for a new generation of polarized gas targets. A very challenging but worth the effort!

If approved, LHCspin will make LHCb the first experiment simultaneously running in collider and fixed-target mode with
polarized targets, opening a whole new range of explorations.



Backup
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Probing the gTMDs
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𝑔!

𝑔" 3
⁄𝑱 𝝍 + ⁄𝑱 𝝍
𝚼 + 𝚼
…

⁄𝑱 𝝍 ⁄+𝑱 𝝍

𝑥

⁄𝑱 𝝍 ⁄+𝑱 𝝍

Azimuthal 
amplitudes
~𝟓%! 

⁄𝑱 𝝍 ⁄+𝑱 𝝍

Predictions based on CSM + TMD evolution for 𝒙𝟏~𝒙𝟐~𝟏𝟎+𝟑 at forward rapidity [EPJ C 80, 87 (2020)]

https://arxiv.org/abs/1909.05769


Can be measured at the EIC

Can be measured at RHIC & LHC 
(including LHCb+SMOG2/LHCspin)
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[D. Boer: Few-body Systems 58, 32 (2017) ]

Can be measured at RHIC and 
LHCb+LHCspin

A synergic attack to gTMDs

https://arxiv.org/pdf/1611.06089.pdf


L. L. Pappalardo                                                         Fixed Target experiments at LHC - STRONG-2020  - CERN - June 22-24 2022 70

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


Cell coating R&D
The inner coating of the storage cell is a crucial aspect of the R&D. It is needed to:
ü minimize e-cloud related beam instabilities → ensure low Secondary Elecron Yield (SEY)
ü minimize H depolarization due to wall collisions → can be monitored through measurement of H recombination
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Teflon and Drifilm (HERMES) not compatible with LHC requirements. Amorfous Carbon (a-C) is allowed but may induce 
depolarization. Possible solution (a-la HERMES): generate a thin layer of ice on top of a-C coating
• reduces the depolarization 
• ensures a renewable surface
• requires to cool down the cell to ~100 𝐾
• could cause a larger SEY
• Need to be investigated → dedicated R&D  

The ARYA project at INFN-LNF:
• existing surface-coating laboratory has been equipped with UHV 

ultrapure water dosing system
• SEY measurement through electron gun on target vs 𝐻"𝑂 dose  

Collimator
Chamber

End 
Chamber



H recombination studies: with the same setup
inject H by means of an atomic source and measure
⁄𝐻 𝐻" fraction vs 𝐻"𝑂 dose with a mass spectrometer

Cell coating R&D
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• SEY measurements on grafite vs incident electron energy with 1, 4, 10, 20, 
40, 80 monolayers of 𝐻"𝑂 at 90K 

• Max SEY = 2.6: impact on LHC is under evaluation

Independent depolarization studies on a-C ongoing in Juelich (dedicated laboratory)

Next steps:
• Measurement on the actual a-C sample from CERN
• Measurement of H recombination



Main reactions or interest (…an incomplete wishlist)

Ø 𝑝𝑝 → 𝜇*𝜇+ + 𝑋 (𝑝𝑝 → 𝑒*𝑒+ + 𝑋 )

Ø 𝑝𝑑 → 𝜇*𝜇+ + 𝑋 (𝑝𝑑 → 𝑒*𝑒+ + 𝑋 )

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

Ø 𝑝𝑝↑ → 𝜇*𝜇+ + 𝑋 (𝑝𝑝↑ → 𝑒*𝑒+ + 𝑋 )

Ø 𝑝𝑑↑ → 𝜇*𝜇+ + 𝑋 (𝑝𝑑↑ → 𝑒*𝑒+ + 𝑋 )
☛ TMDs of valence and sea quarks

Ø 𝑝𝑝(↑) → 𝜂! + 𝑋 (𝑝𝑝(↑) → 𝜒!,# + 𝑋 )
Ø 𝑝𝑝(↑) → ⁄𝐽 𝜓 + 𝑋
Ø 𝑝𝑝(↑) → Υ+ 𝑋
Ø 𝑝𝑝(↑) → ⁄𝐽 𝜓 + ⁄𝐽 𝜓 + 𝑋
Ø 𝑝𝑝(↑) → ⁄𝐽 𝜓 + 𝛾 + 𝑋
Ø 𝑝𝑝(↑) → Υ+ 𝛾 + 𝑋

☛ Pol and unpol gluon PDFs

☛ unpolarized TMDs of valence and sea 
quarks and momentum distrib. of sea quarks
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• A simpler approach is also developed which consists in evaluating the TSSA directly from the yields in each 2D bin

A preliminary analysis tool for pseudo-data

• A linear fit is also shown to quantify the mild kinematic dependence of the asymmetry


