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The LHCb detector

Ø LHCb is a general-purpose single-arm spectrometer, fully instrumented in 2 < 𝜂 < 5 and optimised for detection of
charmed and beauty hadrons
[JINST 3 (2008) S08005] [IJMPA 30 (2015)1530022]

Ø Excellent particle identification and momentum
resolution: ⁄𝜎! 𝑝 ≤ 1.0 % (p ∈ [2,200] GeV)
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Ø Precise primary and secondary vertex reconstruction

https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta
https://arxiv.org/abs/1412.6352
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Ø During LS2 major hardware upgrade to cope with the
factor of 5 increase in luminosity starting from the Run 3
[http://arxiv.org/abs/2305.10515]

Ø Precise primary and secondary vertex reconstruction
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Ø During LS2 major hardware upgrade to cope with the
factor of 5 increase in luminosity starting from the Run 3
[http://arxiv.org/abs/2305.10515]

Ø Precise primary and secondary vertex reconstruction

Types of collisions (Collider mode):

𝑠 = 13.6 TeV 𝑠!! = 8.2 TeV 𝑠!! = 5 TeV

https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta
https://arxiv.org/abs/1412.6352
https://arxiv.org/abs/2305.10515
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The LHCb Fixed-Target configuration
Since 2015 LHCb can also be operated as a fixed-target
experiment with the SMOG system

• Low density noble gas injected in the VELO vessel
• Gas pressure (~10"#mbar) 2 orders of magnitude higher

than LHC vacuum
• Beam-gas collision rate increased by 2 orders of magnitude
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The LHCb Fixed-Target configuration
Since 2015 LHCb can also be operated as a fixed-target
experiment with the SMOG system

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

Saverio Mariani 
                                                  

The LHCb experiment in fixed-target mode

5Antiproton production in pHe collisions at LHCb

Introduction Prospects with SMOG2 ConclusionsMeasurement with Run2 data

● In proximity of the LHCb IP, the proton-nucleus interaction can 
be  fully reconstructed!

● From 2011, LHCb is equipped with a System for Measuring 
Overlap with Gas (SMOG) 
○ Imaging applied to the LHC proton collisions with the small 

quantity of injected gas (10-7 mbar) used to reconstruct the 
transverse profiles of the LHC beams

○ Lowest uncertainty on the LHC luminosity measurement 
(1.2 -1.5%) among all LHC experiments 

JINST 9, (2014) P12005

● Forward detector + gas target = highest-energy fixed-target ever!

beam1 beam2

LHCb IP

• Conceived for precise luminosity determination (beam-gas 
imaging)

• Low density noble gas injected in the VELO vessel
• Gas pressure (~10"#mbar) 2 orders of magnitude higher

than LHC vacuum
• Beam-gas collision rate increased by 2 orders of magnitude
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● In proximity of the LHCb IP, the proton-nucleus interaction can 
be  fully reconstructed!
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○ Imaging applied to the LHC proton collisions with the small 

quantity of injected gas (10-7 mbar) used to reconstruct the 
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○ Lowest uncertainty on the LHC luminosity measurement 
(1.2 -1.5%) among all LHC experiments 

JINST 9, (2014) P12005

● Forward detector + gas target = highest-energy fixed-target ever!

beam1 beam2

LHCb IP

• Conceived for precise luminosity determination (beam-gas 
imaging)

• Low density noble gas injected in the VELO vessel
• Gas pressure (~10"#mbar) 2 orders of magnitude higher

than LHC vacuum
• Beam-gas collision rate increased by 2 orders of magnitude

LHCb-PUB-2018-015

https://cds.cern.ch/record/2649878


Kinematic conditions for fixed-target collisions at LHCb
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Lab system
𝑦 = 5 𝜃~1°
⟹ 𝒚𝑪𝑴 ≈ 𝟎

𝑦 = 2 𝜃~15°
⟹ 𝒚𝑪𝑴 ≈ −𝟑

𝜸 =
𝒔𝑵𝑵
𝟐𝒎𝒑

≈ 𝟔𝟎 ⟹

Considering pA collisions with 𝐸! = 6.8 𝑇𝑒𝑉 ⟹ 𝒔𝑵𝑵 ≈ 𝟏𝟏𝟑 𝑮𝒆𝑽

𝟐 ≤ 𝒚𝑳𝑯𝑪𝒃 ≤ 𝟓 ⟹ −𝟑. 𝟎 ≤ 𝒚𝑪𝑴 ≤ 𝟎
Large 𝒙𝟐
𝒙𝑭 < 𝟎



Kinematic conditions for fixed-target collisions at LHCb

L. L. Pappalardo                     20th International Conference on Hadron Spectroscopy and Structure (HADRON 2023) - Genova, Italy - June 5-9  2023 10

Lab system
𝑦 = 5 𝜃~1°
⟹ 𝒚𝑪𝑴 ≈ 𝟎

𝑦 = 2 𝜃~15°
⟹ 𝒚𝑪𝑴 ≈ −𝟑

𝜸 =
𝒔𝑵𝑵
𝟐𝒎𝒑

≈ 𝟔𝟎 ⟹

Considering pA collisions with 𝐸! = 6.8 𝑇𝑒𝑉 ⟹ 𝒔𝑵𝑵 ≈ 𝟏𝟏𝟑 𝑮𝒆𝑽

𝟐 ≤ 𝒚𝑳𝑯𝑪𝒃 ≤ 𝟓 ⟹ −𝟑. 𝟎 ≤ 𝒚𝑪𝑴 ≤ 𝟎

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

Large 𝒙𝟐
𝒙𝑭 < 𝟎



Kinematic conditions for fixed-target collisions at LHCb

L. L. Pappalardo                     20th International Conference on Hadron Spectroscopy and Structure (HADRON 2023) - Genova, Italy - June 5-9  2023 11

• constrain PDFs in poorly explored high x-region

[Eur. Phys. J. C76 (2016) 383]

Lab system
𝑦 = 5 𝜃~1°
⟹ 𝒚𝑪𝑴 ≈ 𝟎

𝑦 = 2 𝜃~15°
⟹ 𝒚𝑪𝑴 ≈ −𝟑

𝜸 =
𝒔𝑵𝑵
𝟐𝒎𝒑

≈ 𝟔𝟎 ⟹

Considering pA collisions with 𝐸! = 6.8 𝑇𝑒𝑉 ⟹ 𝒔𝑵𝑵 ≈ 𝟏𝟏𝟑 𝑮𝒆𝑽

𝟐 ≤ 𝒚𝑳𝑯𝑪𝒃 ≤ 𝟓 ⟹ −𝟑. 𝟎 ≤ 𝒚𝑪𝑴 ≤ 𝟎

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

Large 𝒙𝟐
𝒙𝑭 < 𝟎

https://link.springer.com/article/10.1140/epjc/s10052-016-4240-4


Kinematic conditions for fixed-target collisions at LHCb
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• constrain PDFs in poorly explored high x-region

[Eur. Phys. J. C76 (2016) 383]

Lab system
𝑦 = 5 𝜃~1°
⟹ 𝒚𝑪𝑴 ≈ 𝟎

𝑦 = 2 𝜃~15°
⟹ 𝒚𝑪𝑴 ≈ −𝟑

𝜸 =
𝒔𝑵𝑵
𝟐𝒎𝒑

≈ 𝟔𝟎 ⟹

Considering pA collisions with 𝐸! = 6.8 𝑇𝑒𝑉 ⟹ 𝒔𝑵𝑵 ≈ 𝟏𝟏𝟑 𝑮𝒆𝑽

𝟐 ≤ 𝒚𝑳𝑯𝑪𝒃 ≤ 𝟓 ⟹ −𝟑. 𝟎 ≤ 𝒚𝑪𝑴 ≤ 𝟎

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

[PRD 75 (2007) 054029]
• explore intrinsic charm content in the proton and nucleus

Large 𝒙𝟐
𝒙𝑭 < 𝟎

https://link.springer.com/article/10.1140/epjc/s10052-016-4240-4
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.75.054029


Kinematic conditions for fixed-target collisions at LHCb
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• constrain PDFs in poorly explored high x-region

[Eur. Phys. J. C76 (2016) 383]

Lab system
𝑦 = 5 𝜃~1°
⟹ 𝒚𝑪𝑴 ≈ 𝟎

𝑦 = 2 𝜃~15°
⟹ 𝒚𝑪𝑴 ≈ −𝟑

𝜸 =
𝒔𝑵𝑵
𝟐𝒎𝒑

≈ 𝟔𝟎 ⟹

Considering pA collisions with 𝐸! = 6.8 𝑇𝑒𝑉 ⟹ 𝒔𝑵𝑵 ≈ 𝟏𝟏𝟑 𝑮𝒆𝑽

𝟐 ≤ 𝒚𝑳𝑯𝑪𝒃 ≤ 𝟓 ⟹ −𝟑. 𝟎 ≤ 𝒚𝑪𝑴 ≤ 𝟎

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

[PRD 75 (2007) 054029]
• explore intrinsic charm content in the proton and nucleus

• probe nuclear anti-shadowing and EMC region 

shadowing

anti-shadowing

EMC

quarks gluons

Eur. Phys. J. C (2017) 77: 163

Large 𝒙𝟐
𝒙𝑭 < 𝟎

https://link.springer.com/article/10.1140/epjc/s10052-016-4240-4
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.75.054029
https://link.springer.com/article/10.1140/epjc/s10052-017-4725-9


Recent charm production analyses
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Charm production in pNe @ 𝒔𝑵𝑵 = 𝟔𝟖. 𝟓 GeV
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Data: pNe at 𝑠-- = 68.5 GeV   (ℒ!-. = 21.7 ± 1.4 𝑛𝑏"/)

LHCb-PUB-2018-015

https://cds.cern.ch/record/2649878
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Data: pNe at 𝑠-- = 68.5 GeV   (ℒ!-. = 21.7 ± 1.4 𝑛𝑏"/)

Selection criteria: 
• 0 < 𝑝0 < 8 GeV/c ; −2.29 < 𝑦∗ < 0

LHCb-PUB-2018-015

https://cds.cern.ch/record/2649878


Charm production in pNe @ 𝒔𝑵𝑵 = 𝟔𝟖. 𝟓 GeV
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Figure 1: Invariant mass distributions of (left) K�⇡+
and (right) K+⇡�

candidates. The data

are overlaid with the result of the fit.

Special care is taken to suppress residual pp collisions induced by debunched protons.
The PV must lie in the fiducial region zPV 2 [�200,�100] [ [100, 150] mm, where high
reconstruction e�ciencies are achieved and calibration samples are available. Here zPV
is the reconstructed position along the beam axis. The region �100 < zPV < 100 mm,
where most of the residual pp collisions occur, is excluded. A veto is imposed on events
with activity in the backward region, with respect to the proton beam direction, based on
the number of hits in the VELO stations upstream of the interaction point.

The o✏ine selection of D0 candidates is similar to that used in Ref [10]. Events must
contain a primary vertex with at least four tracks reconstructed in the VELO detector.
The kaon and pion originating from the D0 decay are required to be of good quality and
to come from a common displaced vertex relatively to the associated PV position to which
the candidate has the smallest impact parameter. Tight requirements are set on the kaon
and pion particle identification information. The D0 candidates are required to have a
proper decay time greater than 0.5 ps. The measurements are performed in the range of
D0 transverse momentum pT < 8 GeV/c and 2.0 < y < 4.29, where y is the rapidity in
the laboratory frame.

The detection e�ciencies are determined using samples of simulated pNe collisions.
In the simulation, D0 mesons are generated in simulated proton-proton collisions using
Pythia 8 [11] with a specific LHCb configuration [12] and with colliding-proton beam
momenta equal to the momenta per nucleon of the beam and target in the centre-of-mass
frame. The decays are generated by EvtGen [13], in which final-state radiation is handled
by Photos [14]. The four-momenta of the D0 decay products are embedded into pNe
minimum bias events that are produced with the Epos event generator [15] using beam
parameters obtained from the data. Decays of hadronic particles generated with Epos
are also implemented with EvtGen. The interaction of the generated particles with the
detector and its response, are handled with the Geant4 toolkit [16,17] as described in
Ref. [18]. After reconstruction, the simulated events are assigned weights to ensure that
the VELO cluster multiplicity distribution matches the distribution in the data. The
D0 signal yields are obtained from extended unbinned maximum likelihood fits to their
mass distributions. The signals are described by Gaussian functions while the background
contributions are described by exponential functions. Figure 1 shows the K�⇡+ and
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Óscar Boente García Heavy-flavour production in fixed-target mode 23/05/2023

• Data from   at ;     


• Primary vertex selected between  or  in 

- avoid significant residual background from  collisions


• Kinematic coverage: ,  

• Reconstruction:


- ,      

- 

-

pNe sNN = 68.5 GeV ℒpNe = 21.7 ± 1.4 nb−1

[−200, − 100] mm [100,150] mm z
pp

0 < pT < 8 GeV/c −2.29 < y* < 0

D0 → K−π+ D0 → K+π−

J/ψ → μ+μ−

ψ(2S) → μ+μ−

Heavy-flavour samples in pNe
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Figure 1: Invariant mass distributions of (left) J/ ! µ�µ+ candidates and (right)
 (2S) ! µ�µ+ candidates. The data are overlaid with the fit function.

tion. Unlike in proton-proton (pp) collisions, no nominal interaction point exists in
the fixed-target case. Therefore, events are required to have a reconstructed primary
vertex (PV) with its coordinate along the beam axis (z) being within the fiducial re-
gion zPV 2 [�200,�100] [ [100, 150] mm, within which high reconstruction e�ciencies are
achieved and calibration samples are available. Residual pp collision events are suppressed
by vetoing events with activity in the backward direction with respect to the beam direc-
tion, based on the number of hits in VELO stations upstream of the interaction region.
The region �100 < zPV < 100 mm, where most of the residual pp collisions occur, is also
vetoed. The o✏ine selections of J/ and  (2S) candidates are similar to those used in
Ref. [11]. Events must contain a primary vertex with at least four tracks reconstructed in
the VELO detector. The J/ and  (2S) candidates are constructed from two oppositely-
charged muons forming a good-quality vertex. The well-identified muons have a transverse
momentum, pT, larger than 500 MeV/c and are required to be consistent with originating
from the PV, which suppresses J/ and  (2S) mesons coming from b-hadron decays. The
measurements are performed in the ranges of transverse momentum pT < 8 GeV/c and
rapidity 2.0 < y < 4.29 of J/ and  (2S) mesons. Corrections for the acceptance and
reconstruction e�ciencies are determined using samples of simulated proton-neon (pNe)
collisions. In the simulation, J/ and  (2S) mesons are generated using Pythia 8 [12]
with a specific LHCb configuration [13] and with colliding-proton beam momentum equal
to the momentum per nucleon of the beam and target in the centre-of-mass frame. The
decays are described by EvtGen [14], in which final-state radiation is generated using
Photos [15]. The generated J/ and  (2S) meson decay products are embedded into
pNe minimum-bias events that are generated with the Epos event generator [16] using
beam parameters obtained from data. Decays of hadrons generated with Epos are also
described by EvtGen. The interaction of the generated particles with the detector and
its response are implemented using the Geant4 toolkit [17, 18] as described in Ref. [19].
After reconstruction, the simulated events are assigned weights that ensure that the VELO
cluster multiplicity follows the same distribution as in the data.

Figure 1 shows the invariant-mass distributions for the J/ and  (2S) candidates, from
which the corresponding signal yields are obtained with extended maximum-likelihood
fits, after all selection criteria are applied to the entire pNe data set. The signals are
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Figure 1: Invariant mass distributions of (left) J/ ! µ�µ+ candidates and (right)
 (2S) ! µ�µ+ candidates. The data are overlaid with the fit function.

tion. Unlike in proton-proton (pp) collisions, no nominal interaction point exists in
the fixed-target case. Therefore, events are required to have a reconstructed primary
vertex (PV) with its coordinate along the beam axis (z) being within the fiducial re-
gion zPV 2 [�200,�100] [ [100, 150] mm, within which high reconstruction e�ciencies are
achieved and calibration samples are available. Residual pp collision events are suppressed
by vetoing events with activity in the backward direction with respect to the beam direc-
tion, based on the number of hits in VELO stations upstream of the interaction region.
The region �100 < zPV < 100 mm, where most of the residual pp collisions occur, is also
vetoed. The o✏ine selections of J/ and  (2S) candidates are similar to those used in
Ref. [11]. Events must contain a primary vertex with at least four tracks reconstructed in
the VELO detector. The J/ and  (2S) candidates are constructed from two oppositely-
charged muons forming a good-quality vertex. The well-identified muons have a transverse
momentum, pT, larger than 500 MeV/c and are required to be consistent with originating
from the PV, which suppresses J/ and  (2S) mesons coming from b-hadron decays. The
measurements are performed in the ranges of transverse momentum pT < 8 GeV/c and
rapidity 2.0 < y < 4.29 of J/ and  (2S) mesons. Corrections for the acceptance and
reconstruction e�ciencies are determined using samples of simulated proton-neon (pNe)
collisions. In the simulation, J/ and  (2S) mesons are generated using Pythia 8 [12]
with a specific LHCb configuration [13] and with colliding-proton beam momentum equal
to the momentum per nucleon of the beam and target in the centre-of-mass frame. The
decays are described by EvtGen [14], in which final-state radiation is generated using
Photos [15]. The generated J/ and  (2S) meson decay products are embedded into
pNe minimum-bias events that are generated with the Epos event generator [16] using
beam parameters obtained from data. Decays of hadrons generated with Epos are also
described by EvtGen. The interaction of the generated particles with the detector and
its response are implemented using the Geant4 toolkit [17, 18] as described in Ref. [19].
After reconstruction, the simulated events are assigned weights that ensure that the VELO
cluster multiplicity follows the same distribution as in the data.

Figure 1 shows the invariant-mass distributions for the J/ and  (2S) candidates, from
which the corresponding signal yields are obtained with extended maximum-likelihood
fits, after all selection criteria are applied to the entire pNe data set. The signals are
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Decays reconstruction: 

Data: pNe at 𝑠-- = 68.5 GeV   (ℒ!-. = 21.7 ± 1.4 𝑛𝑏"/)

Selection criteria: 
• 0 < 𝑝0 < 8 GeV/c ; −2.29 < 𝑦∗ < 0

[arXiv:2211.11633] [arXiv:2211.11645] [arXiv:2211.11645]

LHCb-PUB-2018-015

http://arxiv.org/abs/2211.11633
http://arxiv.org/abs/2211.11645
http://arxiv.org/abs/2211.11645
https://cds.cern.ch/record/2649878
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𝑫𝟎 differential cross section [arXiv:2211.11633]
• FONLL and PHSD predictions describe well the
𝑦∗ dependence but fail to reproduce the 𝑝0
dependence of data.

• A reasonably good agreement is found for
Vogt and MS predictions:

• Vogt (w/wo 1% IC) include shadowing effects.

• MS includes 1% IC and 10% recombination
contributions.

http://arxiv.org/abs/2211.11633


Charm production in pNe @ 𝒔𝑵𝑵 = 𝟔𝟖. 𝟓 GeV

L. L. Pappalardo                     20th International Conference on Hadron Spectroscopy and Structure (HADRON 2023) - Genova, Italy - June 5-9  2023 19

𝑫𝟎 differential cross section [arXiv:2211.11633]
• FONLL and PHSD predictions describe well the
𝑦∗ dependence but fail to reproduce the 𝑝0
dependence of data.

• A reasonably good agreement is found for
Vogt and MS predictions:

• Vogt (w/wo 1% IC) include shadowing effects.

• MS includes 1% IC and 10% recombination
contributions.

⁄𝑱 𝝍 differential cross section [arXiv:2211.11645]

• Shao: based on HELAC-ONIA with CT14NLO and 
nCTEQ15 PDF sets. Fails to reproduce data. 

• Vogt (w/wo 1% IC) predictions based on EPPS16 
nPDFs and include nuclear absorption and 
multiple scattering effects. Provide a reasonably 
good agreement with data. 

http://arxiv.org/abs/2211.11633
http://arxiv.org/abs/2211.11645
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Motivation: search for QGP formation signals

Data: PbNe at 𝑠-- = 68.5 GeV   (ℒ!-. ~ 0.3 𝑛𝑏"/)

Selection: same kinematic as in pNe (0 < 𝑝0 < 8 GeV/c; −2.29 < 𝑦∗ < 0)

Challenges: larger detector occupancy, larger background than in pNe, but clean ⁄𝐽 𝜓 and 𝐷3 signals

LHCb-PUB-2018-015

https://cds.cern.ch/record/2649878
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Figure 1: Mass distributions of (left) J/ ! µ�µ+
and (right) D0 ! K⌥⇡± candidates. The

data are overlaid with the fit function.

Table 1: Summary of the systematic uncertainties in the J/ and D0
yields. Those that are

correlated between bins a↵ect all measurements by the same relative amount. Ranges denote

the minimum and the maximum values among the y or pT bins. A global correlated systematic

uncertainty due to the simulation weighting, which directly a↵ects the J/ /D0
cross-section

ratio, is also reported.

Systematic uncertainties J/ D0 J/ /D0

Correlated bin uncertainties
Simulation weighting - - 16.0%

MC-truth matching e�ciency 1.8% 3.7% -

PV e�ciency 0.2% 0.2% -

Tracking e�ciency 0.7% 2.8% -

Particle identification 0.0% 1.2% -

Uncorrelated bin uncertainties
Signal mass model [0.8, 14.3]% [0.8, 12.6]% -

Simulation statistical error [0.4, 1.4]% [0.3, 1.1]% -

Tracking calibration sample stat. < 0.1% < 0.1% -

Particle identification calibration stat. [6.4, 6.9]% [0.4, 1.0]% -

negligible in the J/ /D0 production ratio. The fraction of signal from b-hadron decays is
estimated to be less than 0.1%, which is also considered to be negligible. The systematic
uncertainty related to the mass fit is evaluated using alternative models for signal and
background shapes that reproduce the mass shapes well. Another source of uncertainty
arises from the finite size of the simulation sample used to compute the acceptances and
e�ciencies. Systematic uncertainties in the tracking and particle identification e�ciencies
are mainly related to the di↵erences between the track multiplicity in PbNe and Pbp
collisions, and to the size of the Pbp samples. The tracking systematic uncertainty
also takes into account the di↵erence in tracking e�ciency between the data and the
simulation. The MC-truth matching procedure is also tested and the associated systematic
uncertainty is evaluated. Alternative sets of event weights are produced to evaluate the

3

[arXiv:2211.11652]

LHCb-PUB-2018-015

http://arxiv.org/abs/2211.11652
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[arXiv:2211.11645]
• No evident 𝑦∗ dependence
• Significant 𝑝0 dependence
• 𝜓 2𝑆 to ⁄𝐽 𝜓 ratio = 1.67 ± 0.27 ± 0.10 %
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Figure 2: Ratios of J/ to D0
cross-sections as a function of (left) y? and (right) transverse

momentum. The error bars represent uncertainties that are uncorrelated bin-to-bin while the

boxes represent the correlated uncertainties.

uncertainty associated with the reweighting procedure. The main variation is obtained
by di↵erent random splitting of the training/testing samples and with di↵erent input
variables (with or without multiplicity variables). Since the largest discrepancy between
the data and simulation is in the primary vertex position distribution, the di↵erence
between the J/ /D0 e�ciency ratio evaluated using the default weights and the same
ratio computed with the alternative weights is studied with respect to the primary vertex
position, leading to another systematic uncertainty a↵ecting the weighting. These tests
result in a correlated 16% systematic uncertainty to be applied in the J/ /D0 production
ratio.

The J/ /D0 cross-section ratio, taking into account the branching fractions, is

�J/ 

�D0

=
YJ/ !µ+µ�

BJ/ !µ+µ� ⇥ "J/ 
⇥ BD0!K⌥⇡± ⇥ "D0

YD0!K⌥⇡±
= 0.51± 0.04 (stat.)± 0.09 (syst.)%,

where YJ/ !µ+µ� (YD0!K⌥⇡±), BJ/ !µ+µ� (BD0!K⌥⇡±) and "J/ ("D0) are J/ (D0) yield,
branching fraction and total e�ciency, respectively. The J/ /D0 cross-section ratio as a
function of y? and pT is shown in Fig. 2. The ratio depends strongly on pT but the data
are compatible with no dependence on centre-of-mass rapidity. These PbNe collision data
are compared with measurements in pNe collisions with LHCb in similar experimental
conditions [21, 22]. The left panel of Fig. 3 shows the J/ /D0 cross-section ratio for both
PbNe and pNe data as a function of AB, the product of the beam (A) and target (B)
atomic mass numbers. Assuming that the J/ and D

0 production cross-sections are of
the form �

AB
J/ = �

pp
J/ ⇥ AB

↵ and �AB
D0 = �

pp
D0 ⇥ AB, respectively, the cross-section ratio

dependence on AB is expected to follow

�
AB
J/ 

�AB
D0

=
�
pp
J/ 

�
pp
D0

⇥ (AB)↵�1 = C ⇥ (AB)↵�1
. (1)

A fit to the data gives ↵ = 0.86±0.04 (and C = (1.59±0.26)⇥10�2), which indicates that
J/ production is a↵ected by additional nuclear e↵ects with respect to D

0 production.
The ↵ value found in the present analysis is in good agreement with values previously
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• No evidence of anomalous suppression 
that could indicate QGP formation

[arXiv:2211.11652]
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the data and simulation is in the primary vertex position distribution, the di↵erence
between the J/ /D0 e�ciency ratio evaluated using the default weights and the same
ratio computed with the alternative weights is studied with respect to the primary vertex
position, leading to another systematic uncertainty a↵ecting the weighting. These tests
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The SMOG2 upgrade

Main hardware implementations:
• 20 cm storage cell for the target gas installed upstream of the VELO
• Brand new, more flexible and sophisticated Gas Feed System (GFS)

[SMOG2 TDR] Project approved in Nov. 2019

https://cds.cern.ch/record/2673690/
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The SMOG2 upgrade

Main hardware implementations:
• 20 cm storage cell for the target gas installed upstream of the VELO
• Brand new, more flexible and sophisticated Gas Feed System (GFS)

[SMOG2 TDR] Project approved in Nov. 2019

SMOG2 vs. SMOG:
ü Well defined interaction region upstream of the collider IP (limited to cell 

length/position: −541 < 𝑧 < −341 mm)
ü Increase of target density (luminosity) by factor 8-35 using the same gas load
ü Possibility to inject more gas species: 𝐻5, 𝐷5, 𝐻𝑒, 𝑁5, 𝑂5, 𝑁𝑒, 𝐴𝑟, 𝐾𝑟, 𝑋𝑒
ü New Gas Feed System allows to measure target density (→ luminosity) with 

much higher precision (few % uncert.)
ü Well displaced int. regions: possibility to run in parallel with collider mode

https://cds.cern.ch/record/2673690/


The SMOG2 target Cell
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The SMOG2 target Cell
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Installation accomplished in August 2020



SMOG Gas Feed System
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The SMOG2 gas feed system



SMOG Gas Feed System
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The SMOG2 gas feed system
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SMOG2

13 https://cds.cern.ch/record/2673690/

• The system is completely installed (storage cell + GFS + triggers + 
reconstruction)

• Negligible impact on the beam lifetime (  days , 
 h)

• Injectable gases (4 reservoirs): He, Ne, Ar … H2, D2, N2, O2, Kr, Xe

• Flux known with  precision, measured relative contamination 10-4

τp−H2
beam−gas ∼ 2000

τPb−Ar
beam−gas ∼ 500

1 %

SMOG 2 Gas Feed System installed in 2022

SMOG2 Gas Feed System



SMOG2 expected performance
• Beam-beam and beam-gas interaction regions well detached
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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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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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• Negligible increase of multiplicity:
throughput decrease when 
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event reconstruction sequence

1 − 3 %

LHCb is the only experiment able to run in collider and fixed-target mode simultaneously! 

• Full reconstruction efficiency 
(PV & tracks) retained in the 
beam-gas region

SMOG2/LHCspin performances

• Beam-beam and beam-gas interaction regions well detached
• Full reconstruction efficiency (PV + Tracking) retained in beam-gas interaction region despite the distance from the VELO 

and the different event topology 
• No impact in pp efficiency due to simultaneous p-gas data-taking! 
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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.

8

[LHCB-FIGURE-2022-002]

• beam-beam and beam-gas 
interaction regions are well 
detached

• Negligible increase of multiplicity:
throughput decrease when 

adding beam-gas to the LHCb 
event reconstruction sequence

1 − 3 %

LHCb is the only experiment able to run in collider and fixed-target mode simultaneously! 

• Full reconstruction efficiency 
(PV & tracks) retained in the 
beam-gas region

SMOG2/LHCspin performances

L. L. Pappalardo                     20th International Conference on Hadron Spectroscopy and Structure (HADRON 2023) - Genova, Italy - June 5-9  2023 33



SMOG2 expected performance

• In case of simultaneous data-taking, beam-gas collisions cause a negligible 
increase in the detector occupancy

• The gas target provides a negligible impact on beam life-time (e.g. a relative 
loss of 0.4% is expected for pAr in 10 h [SMOG2 TDR] )
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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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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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• beam-beam and beam-gas 
interaction regions are well 
detached

• Negligible increase of multiplicity:
throughput decrease when 

adding beam-gas to the LHCb 
event reconstruction sequence

1 − 3 %

LHCb is the only experiment able to run in collider and fixed-target mode simultaneously! 

• Full reconstruction efficiency 
(PV & tracks) retained in the 
beam-gas region

SMOG2/LHCspin performances

• Beam-beam and beam-gas interaction regions well detached
• Full reconstruction efficiency (PV + Tracking) retained in beam-gas interaction region despite the distance from the VELO 

and the different event topology 
• No impact in pp efficiency due to simultaneous p-gas data-taking! 
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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 is the only experiment able to run in collider and fixed-target mode simultaneously! 

• Full reconstruction efficiency 
(PV & tracks) retained in the 
beam-gas region

SMOG2/LHCspin performances
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SMOG2 commissioning

First gas injection in RUN3 (June 22): low pressure Ne injection 
with cell OPEN, circulating beams
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SMOG2 commissioning

First gas injection in RUN3 (June 22): low pressure Ne injection 
with cell OPEN, circulating beams
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ü Luminosity increase seen by the
LHCb luminometer Plume

ü CALO, RICH and Muon systems
recorded activity

SMOG2 gas injection at LHC Run3 started in June 2022

Pressure increase into the primary vacuum

Luminosity increase  
seen by the LHCb  
luminometer (Plume)

Extremely useful also for the 
LHCb commissioning

Vacuum recovery after the gas injection stop in 20-30’



SMOG2 commissioning

First gas injection in RUN3 (June 22): low pressure Ne injection 
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Saverio Mariani 
                                                  

And finally, yesterday … 

4

● Ar injected with 2.8e-8 mbar (N2 equivalent) 
pressure (~1.6e-8 mbar for Ar, flow with 
nominal valve setting 1.06 e-5 mbar.l.s-1)

● Steep increase of the pressure and quite stable 
plateau kept for few hours (following all tests 
performed since June)

First SMOG2 injection

● Stable beams declared on 19:12, managed to fully close the VELO at 19:34
● Had to comply with unstable run control, one MUON Tell40 had to be excluded, two 

BGI trigger line rates had an exaggerated output, leading to dropped MEPs
● But finally…

○ Injection in the cell started at 20:30 

Sorry for bad quality…too excitement to take proper screenshots

Congratulations and thanks to the vacuum team 
for availability 

First gas injection with closed VELO 
and SMOG2 cell, with circulating beams 
(Nov. 22)

• Injected Ar at 𝟏. 𝟔×𝟏𝟎"𝟖 mbar (a factor 6.5 
lower than SMOG, but density x5.5 higher)

• A steep increase of pressure followed by a 
stable plateau

• Simultaneous beam-beam and beam-gas data 
taking with full LHCb detector ON and running 

ü Luminosity increase seen by the
LHCb luminometer Plume

ü CALO, RICH and Muon systems
recorded activity

SMOG2 gas injection at LHC Run3 started in June 2022

Pressure increase into the primary vacuum

Luminosity increase  
seen by the LHCb  
luminometer (Plume)

Extremely useful also for the 
LHCb commissioning

Vacuum recovery after the gas injection stop in 20-30’



Figure 6: Normalised distributions of the pseudorapidity for particles produced in two slices of
the z coordinate for the position of closest approach to the beam, corresponding to pp and pAr
collisions. While pp collisions are central, fixed-target pAr collision in SMOG2 are forward only.
The pseudorapidity shift due to the di↵erent acceptance of the VELO for particles originating
from the beam collision region and from the upstream SMOG2 cell can also be seen. Run
number 255623.

2.3 Primary vertex reconstruction30

Figure 7: Distribution of the primary vertex longitudinal coordinate for vertices reconstructed by
HLT1. Two clearly separated regions for pp and pAr collisions around the nominal interaction
point and confined in the SMOG2 cell, respectively, can be seen. Run number 251995.
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• The two interaction regions are clearly visible and well separated!
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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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• beam-beam and beam-gas 
interaction regions are well 
detached

• Negligible increase of multiplicity:
throughput decrease when 

adding beam-gas to the LHCb 
event reconstruction sequence

1 − 3 %

LHCb is the only experiment able to run in collider and fixed-target mode simultaneously! 

• Full reconstruction efficiency 
(PV & tracks) retained in the 
beam-gas region

SMOG2/LHCspin performances

MC
• PV distributions consistent with simulations 

• LHCb is now the first (unique) LHC experiment with two 
simultaneous interaction regions!

First SMOG2 data from commissioning



Figure 6: Normalised distributions of the pseudorapidity for particles produced in two slices of
the z coordinate for the position of closest approach to the beam, corresponding to pp and pAr
collisions. While pp collisions are central, fixed-target pAr collision in SMOG2 are forward only.
The pseudorapidity shift due to the di↵erent acceptance of the VELO for particles originating
from the beam collision region and from the upstream SMOG2 cell can also be seen. Run
number 255623.

2.3 Primary vertex reconstruction30

Figure 7: Distribution of the primary vertex longitudinal coordinate for vertices reconstructed by
HLT1. Two clearly separated regions for pp and pAr collisions around the nominal interaction
point and confined in the SMOG2 cell, respectively, can be seen. Run number 251995.
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• The two interaction regions are clearly visible and well separated!
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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-FIGURE-2022-002]

• beam-beam and beam-gas 
interaction regions are well 
detached

• Negligible increase of multiplicity:
throughput decrease when 

adding beam-gas to the LHCb 
event reconstruction sequence

1 − 3 %

LHCb is the only experiment able to run in collider and fixed-target mode simultaneously! 

• Full reconstruction efficiency 
(PV & tracks) retained in the 
beam-gas region

SMOG2/LHCspin performances

MC
• PV distributions consistent with simulations 

• LHCb is now the first (unique) LHC experiment with two 
simultaneous interaction regions!

2.4 Composite particle reconstruction31

Figure 11: Distribution of the invariant mass and the longitudinal primary vertex coordinate for
K0

S candidates firing an exclusive HLT1 selection algorithm. Two clear peaks originating from
pp and pAr collisions emerge. Run number 251995.

Figure 12: Comparison of the normalised invariant mass distributions for K0
S candidates firing

an exclusive HLT1 selection algorithm with a primary vertex in SMOG2 (pAr) or in the pp
region. Despite the di↵erent event topology, the mass resolution is found to be comparable. Run
number 251995.

9

• 𝐾73 mass reconstructed using pp (blue) and p-Ar collisions (red)
• Mass resolution found to be comparable!

First SMOG2 data from commissioning
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• Data collected for the SMOG2
commissioning in short periods
(~ 20 min) of gas injection

• Clean 𝐷3 and ⁄𝐽 𝜓 samples obtained
in just 18 min of data taking with p-
Ar collisions at 𝑠-- = 113 𝐺𝑒𝑉
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• Data collected for the SMOG2
commissioning in short periods
(~ 20 min) of gas injection

• Clean 𝐷3 and ⁄𝐽 𝜓 samples obtained
in just 18 min of data taking with p-
Ar collisions at 𝑠-- = 113 𝐺𝑒𝑉
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• First data from p-H collisions at 𝑠-- =
113 𝐺𝑒𝑉

• Very well reconstructed 𝐾73 and Λ3 masses
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• First data from p-H collisions at 𝑠-- =
113 𝐺𝑒𝑉

• Very well reconstructed 𝐾73 and Λ3 masses

More details and  commissioning figures:
- LHCb-FIGURE-2023-001
- LHCb-FIGURE-2023-008

https://cds.cern.ch/record/2845444
https://lbfence.cern.ch/alcm/public/figure/details/440
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Ø New measurements of prompt charm production in p-gas and Pb-gas collisions
with a significantly increased statistical precision.

Ø Measurements of excited charmonium states (including 𝜓 2𝑆 and 𝜒8) relevant for
studying the sequential charmonia suppression due to color screening.

Ø Possibility to measure also charmed baryons (Λ89) as well as prompt beauty production

Ø Measurement of QGP-related flow observables and correlations in Pb-A collisions at 𝑠-- ~ 70 GeV

Heavy-ion physics:

Ø Study of cold nuclear matter effects (baseline to understand QGP signals)

J.Phys.G32:R25,2006

different binding energies lead to
different dissociation temperatures

http://rxiv.org/abs/hep-ph/0512217
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Ø New measurements of prompt charm production in p-gas and Pb-gas collisions
with a significantly increased statistical precision.

Ø Measurements of excited charmonium states (including 𝜓 2𝑆 and 𝜒8) relevant for
studying the sequential charmonia suppression due to color screening.

Ø Possibility to measure also charmed baryons (Λ89) as well as prompt beauty production

Ø Measurement of QGP-related flow observables and correlations in Pb-A collisions at 𝑠-- ~ 70 GeV

Heavy-ion physics:

Ø Study of cold nuclear matter effects (baseline to understand QGP signals)

J.Phys.G32:R25,2006

different binding energies lead to
different dissociation temperatures

Nucleon structure:
Ø SMOG2 operated with 𝐻5 and 𝐷5 targets offers unique conditions to probe quark and

gluon PDFs in nucleons and nuclei, especially at high-𝑥 and moderately-high 𝑄5, where
present experimental data are largely missing.

Ø Measurements of quark and gluon transverse-momentum-dependent (TMD) PDFs,
respectively in Drell-Yan and inclusive production of quarkonia ( ⁄𝐽 𝜓, 𝜓′, 𝛶, etc.), will
significantly improve our understanding of the 3D structure of the nucleon.

Ø Possibility to precisely test contributions from Intrinsic charm in the proton at high-x.

JHEP 06 (2017) 081

http://rxiv.org/abs/hep-ph/0512217
https://link.springer.com/article/10.1007/JHEP06(2017)081
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Ø New measurements of prompt charm production in p-gas and Pb-gas collisions
with a significantly increased statistical precision.

Ø Measurements of excited charmonium states (including 𝜓 2𝑆 and 𝜒8) relevant for
studying the sequential charmonia suppression due to color screening.

Ø Possibility to measure also charmed baryons (Λ89) as well as prompt beauty production

Ø Measurement of QGP-related flow observables and correlations in Pb-A collisions at 𝑠-- ~ 70 GeV

Heavy-ion physics:

Ø Study of cold nuclear matter effects (baseline to understand QGP signals)

J.Phys.G32:R25,2006

different binding energies lead to
different dissociation temperatures

Cosmic-ray and DM physics: anti-hadrons production cross sections in p-H, p-D and p-He (see backup slides).

Nucleon structure:
Ø SMOG2 operated with 𝐻5 and 𝐷5 targets offers unique conditions to probe quark and

gluon PDFs in nucleons and nuclei, especially at high-𝑥 and moderately-high 𝑄5, where
present experimental data are largely missing.

Ø Measurements of quark and gluon transverse-momentum-dependent (TMD) PDFs,
respectively in Drell-Yan and inclusive production of quarkonia ( ⁄𝐽 𝜓, 𝜓′, 𝛶, etc.), will
significantly improve our understanding of the 3D structure of the nucleon.

Ø Possibility to precisely test contributions from Intrinsic charm in the proton at high-x.

JHEP 06 (2017) 081

http://rxiv.org/abs/hep-ph/0512217
https://link.springer.com/article/10.1007/JHEP06(2017)081
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Ø The Fixed-Target program at LHCb with SMOG, active since 2015, has already produced lots of interesting
physics results:
- prompt and detached antiproton production in pHe collisions (→ cosmic-ray physics, DM search)
- charm production in pHe, pAr, pNe and PbNe (→ heavy-ion physics, cold nuclear matter effects, QGP form.)

Ø Many ongoing analyses on different topics (CNM effects, strangeness and charm production, hyperon
polarization, etc.)
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Ø The Fixed-Target program at LHCb with SMOG, active since 2015, has already produced lots of interesting
physics results:
- prompt and detached antiproton production in pHe collisions (→ cosmic-ray physics, DM search)
- charm production in pHe, pAr, pNe and PbNe (→ heavy-ion physics, cold nuclear matter effects, QGP form.)

Ø Many ongoing analyses on different topics (CNM effects, strangeness and charm production, hyperon
polarization, etc.)

Ø Plenty of interesting fixed-target physics measurements at
unique kinematic conditions are in program

Ø Starting from the RUN3, with the SMOG2 implementation, the LHCb fixed-target program is greatly enhanced
and enriched
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Ø The Fixed-Target program at LHCb with SMOG, active since 2015, has already produced lots of interesting
physics results:
- prompt and detached antiproton production in pHe collisions (→ cosmic-ray physics, DM search)
- charm production in pHe, pAr, pNe and PbNe (→ heavy-ion physics, cold nuclear matter effects, QGP form.)

Ø With SMOG2, LHCb has become the first experiment with
two simultaneous interaction regions (fixed-target and
collider modes), allowing for a new range of exploration at
the LHC!

Figure 6: Normalised distributions of the pseudorapidity for particles produced in two slices of
the z coordinate for the position of closest approach to the beam, corresponding to pp and pAr
collisions. While pp collisions are central, fixed-target pAr collision in SMOG2 are forward only.
The pseudorapidity shift due to the di↵erent acceptance of the VELO for particles originating
from the beam collision region and from the upstream SMOG2 cell can also be seen. Run
number 255623.

2.3 Primary vertex reconstruction30

Figure 7: Distribution of the primary vertex longitudinal coordinate for vertices reconstructed by
HLT1. Two clearly separated regions for pp and pAr collisions around the nominal interaction
point and confined in the SMOG2 cell, respectively, can be seen. Run number 251995.

6

Ø Many ongoing analyses on different topics (CNM effects, strangeness and charm production, hyperon
polarization, etc.)

Ø Plenty of interesting fixed-target physics measurements at
unique kinematic conditions are in program

Ø Starting from the RUN3, with the SMOG2 implementation, the LHCb fixed-target program is greatly enhanced
and enriched
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LHCb published analyses with SMOG
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Figure 3: Antiproton production cross-section per He nucleus as a function of momentum,
integrated over various pT regions. The data points are compared with predictions from
theoretical models. The uncertainties on the data points are uncorrelated only, while the shaded
area indicates the correlated uncertainty.
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ü Prompt antiproton production in pHe collisions at 
𝑠-- = 110 GeV [Phys. Rev. Lett. 121 (2018) 222001]

ü Charm Production in Fixed-Target pHe and pAr collisions
[Phys. Rev. Lett. 122 (2019) 132002]

ü Charmonium production in pNe collisions [arXiv:2211.11645]

ü Open charm production in pNe collisions [arXiv:2211.11633]

ü ⁄𝐽 𝜓 and 𝐷3 production in PbNe collisions [arXiv:2211.11652]

Relevant for 
- Study of cold nuclear matter effects in pNe collisions (no QGP)
- Study of sequential suppression of charmonia states in PbNe

as signal of QGP formation
- Cross section measurements in a unique kinematic domain

ü Antiproton production from antihyperon 
decays in pHe collisions at 𝑠-- = 110 GeV
[arXiv:2205.09009] (acc. by EPJC)
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Figure 16: Measured R
H

as a function of (top) the p momentum for 0.4 < pT < 4GeV/c
and (bottom) the p transverse momentum for 12 < p < 110GeV/c. The measurement is com-
pared to predictions, in the same kinematic regions, from the Epos 1.99 [33], Epos-lhc [23],
Hijing 1.38 [34], Pythia 6 [35] and Qgsjet-ii04 [38] models, included in the Crmc pack-
age [26]. Error bars on data represent the total uncertainty.

19

https://doi.org/10.1103/PhysRevLett.121.222001
https://doi.org/10.1103/PhysRevLett.122.132002
http://arxiv.org/abs/2211.11645
http://arxiv.org/abs/2211.11633
http://arxiv.org/abs/2211.11652
http://arxiv.org/abs/2205.09009
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[arXiv:2211.11633]

Figure 3: The D0 �D0
production asymmetry in

p
sNN = 68.5GeV pNe collisions as function of

(left) centre-of-mass rapidity y?, and as function of (right) transverse momentum pT. Quadratic

sums of statistical and uncorrelated uncertainties are given by the error bars, while the grey

boxes represent the correlated systematic uncertainties. The data are overlaid with theoretical

predictions as described in the text.

recombination contributions [5]. Note that only the FONLL predictions include the
factorization scale and parton distribution function uncertainties, while the bands in
Vogt’s predictions represent the variation due to the shadowing, and PHSD or MS models
have no uncertainty. Finally, the D0 � D0 production asymmetry is presented. It is
quantified as

Aprod =
Ycorr(D0)� Ycorr(D0)

Ycorr(D0) + Ycorr(D0)
, (1)

where Ycorr(D0) and Ycorr(D0) correspond to the D0 ! K�⇡+ and D0 ! K+⇡� e�-
ciency corrected yields respectively. The uncertainties associated with the luminosity
determination, neon purity and particle identification e�ciency cancel in the asymmetry.
Furthermore, uncertainties related to the tracking e�ciency and simulation samples par-
tially cancel. A systematic uncertainty of 2.8% is assigned to account for asymmetries
induced by the detector. The results are presented in Fig. 3 and indicate a negative
asymmetry from ⇠ 0 down to ⇠ �15% from y? = 0 to y? = �2.29. The largest asymmetry
is obtained at y? = �2.29, where the valence quark contribution of the neon target is more
significant than at y? ⇠ 0. The data are compared with Pythia 8 predictions which show
a D0 �D0 asymmetry of about �6%, compatible with the data, but mostly independent
of y? and pT. While the Vogt predictions from Ref. [26], which represent an upper limit,
do not perfectly reproduce the asymmetry scale, they indicate trends compatible with
the data for both the rapidity and transverse momentum ratios. The MS predictions
including 1% IC and 10% recombination contributions [5] are also generally consistent
with the data.

In summary, a study of D0 meson production in
p
sNN = 68.5GeV pNe collisions

with the LHCb experiment is presented. The D0 production cross-section per target
nucleon, measured in the centre-of-mass rapidity range y? 2 [�2.29, 0], is found to

be �y?2[�2.29,0]
D0 = 48.2 ± 0.3 (stat.) ± 4.5 (syst.)µb/nucleon. The D0 � D0 production

asymmetry tends towards a negative value of roughly �15% in the y? ⇠ �2 region, where
the valence quark contribution of the neon target is more significant than at y? ⇠ 0.

5

• Probe charm hadronization at high-𝑥
• Asymmetry of ~15% in most negative 𝑦∗ bin
• Available models fail to simultaneously describe 
𝑦∗ and 𝑝0 distributions 

http://arxiv.org/abs/2211.11633
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Figure 2: Total J/ cross-section per target nucleon as a function of centre-of-mass energy.
Experimental data, represented by black points, are taken from Ref. [22]. The red point
corresponds to the pNe result from the present analysis. The green point corresponds to a
measurement performed by LHCb with pHe collisions [11].

PV reconstruction e�ciency evaluated using the simulation and a data-driven approach.
The integrated luminosity is determined to be 21.7± 1.4 nb�1 from the yield of electrons
elastically scattering o↵ the target Ne atoms as presented in Ref. [23]. The measured J/ 

production cross-section per target nucleon and within y
? 2 [�2.29, 0], using the world

average branching fraction of J/ ! µ
+
µ
� decays [24], is

�J/ = 506± 8± 41 nb/nucleon,

where the first uncertainty is statistical and the second systematic. To compare with
previous experimental results at di↵erent energies, the J/ cross-section is extrapolated to
the full phase space using Pythia 8 with the CT09MCS PDF set [25], with no additional
uncertainty related to the extrapolation, assuming forward-backward symmetry in the
rapidity distribution. After extrapolation, the total J/ cross-section is

�
4⇡
J/ = 1013± 16± 83 nb/nucleon,

where the first uncertainty is statistical and the second systematic. An overview of J/ 
cross-section measurements performed at di↵erent centre-of-mass energies by di↵erent
experiments [22], including this measurement and the previous LHCb measurement in
pHe collisions at

p
sNN = 86.6GeV [11], is shown in Fig. 2. The cross-section exhibits a

power-law dependence on the centre-of-mass energy.
The J/ di↵erential cross-sections per target nucleon, as functions of y

? and pT,
are shown in Fig. 3. These results are compared with predictions of the HELAC-Onia
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Figure 5: The  (2S)-to-J/ production ratio as a function of the target atomic mass number
A. The red point corresponds to the

p
sNN = 68.5GeV pNe result from the present analysis,

vertical error bar corresponds to the statistical uncertainty and the box to the systematic
uncertainty. The other points show previous fixed-target experimental data at various centre-of-
mass energies [31–35].
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SMOG2 projected performances for LHC Run3
LHCb-PUB-2018-015
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Ø Thanks to the possibility to use also a 𝐻5 target, it will be possible to precisely measure the ratio:

𝜎 𝑝𝐻𝑒 → 𝑝̅𝑋
𝜎 𝑝𝐻 → 𝑝̅𝑋

where many systematic uncertainties cancel

Ø By injecting 𝐻5 and 𝐷5 it will be possible to test isospin symmetry in the ratio:

𝜎 𝑝𝐷 → 𝑝̅𝑋
𝜎 𝑝𝐻 → 𝑝̅𝑋

which can allow to put constraints on the unknown production ratio 
𝜎 𝑝𝐻 → u𝑛𝑋
𝜎 𝑝𝐻 → 𝑝̅𝑋

Opportunities with SMOG2: cosmic rays and DM

FTE @ LHC - strong2020 workshopEdoardo Franzoso 2222

Some Physics opportunities

Cosmic Ray Physics / Dark Matter Physics

Extend the study of antiproton production

- precise determination of the ratio

- test isospin symmetry using a deuterium target

arXiv:1504.04276

Ø Possibility to measure cross sections at different CM energies

Ø Light anti-nuclei production: 𝑝𝑝, 𝑝𝐻𝑒 → 𝑑̅ , 𝐻.
Ø 𝑝𝑝, 𝑝𝐻𝑒 → 𝜋, 𝐾 to model positron source term
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Two models on the same LHCb data

● LHCb data contributing to constrain:
○ the σ extrapolation from H to He
○ the σ evolution with the energy

M. Korsmeier et. al., 
PRD97 (2018) 103019
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A. Reinert, M. Winkler JCAP 1801 (2018) 055
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M. Boudaud et. al., PoS (ICRC2019) 038
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FTE @ LHC - strong2020 workshopEdoardo Franzoso 2020

Some Physics opportunities     
[http://cds.cern.ch/record/2649878/?ln=it]

Heavy Ions studies and Cold Nuclear Matter Effects
Study and disentangle effects arising from the structure of the initial state of the 
collision and medium-induced effects

- Modification of the nucleon PDFs in nuclear matter
- High-x parton PDFs
- antishadowing, EMC effects
- Cronin effect
- nuclear absorption

PHYSICAL REVIEW C 101, 034910 (2020)

Eur. Phys. J. C 77, 163 (2017)

Opportunities with SMOG2: cold nuclear matter effects
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Opportunities with SMOG2: strangeness production in PbA vs. pA
Strangeness enhancement is expected due to:
• high gluon density in the QGP
• dominance of the gluonic production channel for strangeness in the QGP (𝑔𝑔 → 𝑠𝑠̅)
• mass of the s quark being similar to the critical temperature T for the QCD phase

transition (~ 150 𝑀𝑒𝑉)
• strangeness formation time similar to the expected lifetime of the QGP. Therefore

strangeness chemical equilibration in QGP is possible, leading to abundant strange
quark density in QGP

Strange/non-strange hadron ratios
vs. event multiplicity 𝒑𝑻 and 𝜼
• 𝐾9 + 𝐾" / 𝜋9 + 𝜋"

• 𝐾:3/ 𝜋9 + 𝜋"

• 𝛬 + ̅𝛬 / 𝜋9 + 𝜋"

• 𝛯" + u𝛯9 / 𝜋9 + 𝜋"

• 𝛺" + u𝛺9 / 𝜋9 + 𝜋"

Baryon/meson ratios: 𝒑/𝝅, 𝚲/𝑲, 𝚲/𝝓, 𝛀/𝝓,…
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• dominant: u𝑞 𝑥;.<= + 𝑞 𝑥><?@.> → 𝜇9𝜇"

• suppressed: 𝑞 𝑥;.<= + u𝑞 𝑥><?@.> → 𝜇9𝜇"

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

[Nature 590, 561 (2021)]

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

• SeaQuest (E906):  𝑑̅ 𝑥 > u𝑢 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)

𝑑𝜎BBCD ∝ 𝑓/
EF⨂𝑓/

F + cos 2𝜙 ℎ/
G, EF⨂ℎ/

G,F

𝜈
∼
ℎ /G
⨂
ℎ /G

E866 @ FNAL

[PRL 102  2009 182001]

• LHCb has excellent 𝜇-ID & reconstruction for 𝜇0𝜇1

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

• proton sea more complex 
than originally thought!

• intrinsic heavy quarks?

• Still a lot to be understood

Opportunities with SMOG2: quark TMDs
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https://www.nature.com/articles/s41586-021-03282-z?proof=t
https://arxiv.org/abs/0811.4589
https://arxiv.org/abs/1809.04975


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

• Due the larger masses this condition is more easily matched in the case
of bottomonium, where TMD factorization can hold at larger 𝑞0
(although very challenging for experiments!)

• Inclusive quarkonia production in (un)polarized pp
interaction (𝑝𝑝(↑) → 𝑄 u𝑄 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$

• TMD factorization requires 𝑞0(𝑄) ≪ 𝑀L . Can look at associate
quarkonia production, where only the relative 𝑞0 needs to be small:

E.g.:   𝑝𝑝(↑) → ⁄𝐽 𝜓 + ⁄𝐽 𝜓 + 𝑋

𝒑𝒑 → ⁄𝑱 𝝍 ⁄𝑱 𝝍𝑿

Opportunities with SMOG2: gluon TMDs
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𝑔#

𝑔$ +
⁄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)]

Opportunities with SMOG2: gluon TMDs
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https://arxiv.org/abs/1909.05769


Gluon GPDs 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
- Exlcusive 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.

Opportunities with SMOG2: UPC and GPDs
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https://arxiv.org/abs/1112.1334
https://www.ilnuovosaggiatore.sif.it/issue/10
https://www.sciencedirect.com/science/article/pii/S0375947418303506?via%3Dihub


Opportunities with SMOG2: intrinsic charm

• 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

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
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