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The LHCb experiment
LHCb is the experiment devoted toheavy flavours at the LHC.Detector requirements:
Forward geometry to optimize ac-ceptance for bb pairs: 2 < η < 5
Tracking : optimal resolution forproper time (∼ 45 fs) and momen-tum (< 1% for p < 200 GeV/c)
Particle ID : excellent capabilities toselect exclusive decays
Trigger : high flexibility and band-width(1 MHz at hardware level, up to 15kHz to disk)

JINST 3, (2008) S08005
Int.J.Mod.Phys.A30 (2015) 1530022

Some unique features are also attractive for heavy ion physics:forward acceptance, complementary to other experiments at LHCexcellent detector performance, notably for heavy flavourspossibility to run in fixed-target mode
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The LHCb experiment
Unique forward coverage at LHC

Sensitivity to small x (down to ∼ 10−5)
➡ gluon saturationand to anti-shadowing region
Nicely complementing other LHCexperiments (rapidity dependence candisentangle nuclear effects)
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Key feature: the VErtex LOcator
Optimized for forward particles and best proper time resolution of weak decaysSensors just 7 mm away from the LHC beams, mounted on two retractable halves
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Key feature: detector performanceExtreme vertexing performance and excellent PID: ideal for heavyflavour states, disentangling charm and beauty components
J/ψ Ï µ+µ− JHEP 04 (2024) 111 B+ Ï D0π+

PRD99 052011 (2019)
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No rate limitations from trigger and DAQ for heavy ion runs:large samples of MB eventsheavy flavour triggers with low pT thresholds (∼ 1 GeV)tracking saturates for most central PbPb collisions
➡ LHCb more suited for small collision systems (pA collisions)crucial environment to understand cold nuclear matter effects andcollectivity in small systems
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Example: Bottomonia in pPb@8 TeV JHEP 11 (2018) 194

Clean separation ofthree nS states

“Comover” model pre-dicts large final-state ef-fects, larger for excitedstates and in backwarddirection
Ferreiro and Lansberg, JHEP 10 (2018) 094Patterns observed indata support this pic-ture. . .
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JHEP 11 (2018) 194

. . . notably for Υ(3S) !
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Understanding this effect iscrucial to a correct interpre-tation of QGP-induced se-quential quarkonia suppres-sion observed in PbPb
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Example: UPC in PbPb @ 5 TeV JHEP 06 (2023) 146

hadron photo-production enhanced byphoton flux (∝ Z2) in PbPbsensitive to gluon distribution at x downto 10−5, saturation regioncoherent and incoherent J/ψ photo-production can be distinguished from
pT shape2018 data: 0.23/nb of PbPb @ √sNN =5 TeV 3000 3500 4000
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Key feature: the SMOG systemThe System for Measuring Overlap with Gas(SMOG) allows to inject small amount of noble gasin the LHC beam pipe.
Turns LHCb into a fixed-target experiment!Possible targets in Run 2: He, Ne, Ar(more in the future. . . )Typical pressure ∼ 2 × 10−7 mbar
➡ luminosity up to 1030cm−2s−1

Collisions at √sNN = √2EbeamMp41-110 GeV for Ebeam = 0.9 − 6.5 TeV
➡ relative unexplored energy scale be-tween SPS and LHC experimentsat √sNN = 110 GeV, c.m. rapidity is
−2.8 < y∗ < 0.2 backward detector withaccess to large x value in target nucleon,for different nuclear targets
➡ study nPDF in antishadowing/EMC re-gion, possible intrinsic heavy quark con-tent in nucleons
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Fixed Target Samples (Run 2) and Acceptance
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Fixed-target LuminosityPRL 121 (2018), 222001

SMOG gas pressure notprecisely known.Absolute cross sectionsnormalized to p e−elastic scattering
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Charm production in fixed-target collisions
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D0 production
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EPJC 83 (2023) 541most backward production sensitive to x up to ∼ 0.4production better described by models including 1% of intrinsic charm (“Vogt ‘%”and “MS”), though no clear conclusion(D0-D0)/(D0 +D0) production asymmetry up to -15% observed in backward bin,likely hadronization with high-x valence quark (beam drag effect).Not reproduced in PYTHIA 8.
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The PbNe sample
214 hours of recorded data with Ne in-jected during the LHCb 2018 PbPb run.Luminosity O(0.1 nb−1),√sNN (PbNe) = 69 GeV
∼30M collisions recorded in 40 cm ofgas in the VELO regionfit to Glauber model of total energy ine.m. CAL (on MB triggered events) toget centrality, Ncoll
∼ 550 J/ψ and 5700 D0 candidates afterbackground subtraction
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J/ψ suppression in PbNe collisions
PbNe collisions at √sNN = 68.5 GeVprobe same energy density scale whereNA50 observed anomalous J/ψ suppres-sion in PbPbcold nuclear matter effects can be con-strained by same measurement in pNecollisions at the same energy NA50, EPJC 39 (2005) 335
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expected multiplicity of cc pairs ∼ 1
➡ no recombination effects
J/ψ /D0 ratio measured as a function ofNcoll using a Glauber model. Data com-patible with
σ (J/ψ )/σ (D0) ∝ N (α′−1)collwith α′ = 0.76±0.05, in agreement withprevious pA results PLB410 (1997) 337

➡ no hint for QGP-like anomalous J/ψsuppression
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SMOG for astroparticle physics

�
posed to the olderdata. The curve labelled ‘fiducial’ assumes

the reference values for the different contributions to the uncertainties: best fit proton and helium
fluxes, central values for the cross sections,propagation and central value for the Fisk potential.

We stress however that the whole uncertainty band can be spanned within the errors.

than primary, �p/p flux. Notice that the shaded yellow area does not coincide with the Min-
Med-Max envelope (see in particular between 50 and 100 GeV): this is not surprising, as it
just reflects the fact that the choices of the parameters which minimize and maximize the p̄/p
secondaries are slightly different from those of the primaries. However, the discrepancy is not
very large. We also notice for completeness that an additional source of uncertainty affects the
energy loss processes. Among these, the most relevant ones are the energy distribution in the
outcome of inelastic but non-annihilating interactions or elastic scatterings to the extent they
do not fully peak in the forward direction, as commonly assumed [55]. Although no detailed
assessment of these uncertainties exists in the literature, they should affect only the sub-GeV
energy range, where however experimental errors are significantly larger, and which lies outside
the main domain of interest of this article.

Finally, p̄’s have to penetrate into the heliosphere, where they are subject to the phenomenon
of Solar modulation (abbreviated with ‘SMod’ when needed in the following figures“). We de-
scribe this process in the usual force field approximation [52], parameterized by the Fisk po-
tential φF , expressed in GV. As already mentioned in the introduction, the value taken by φF
is uncertain, as it depends on several complex parameters of the Solar activity and therefore
ultimately on the epoch of observation. In order to be conservative, we let φF vary in a wide
interval roughly centered around the value of the fixed Fisk potential for protons φpF (analo-
gously to what done in [25], approach ‘B’). Namely, φF = [0.3, 1.0] GV ' φpF ± 50%φpF . In
fig. 1, bottom right panel, we show the computation of the ratio with the uncertainties related

6

Giesen et al., JCAP 1509, 023

pHe in SMOG reproduces collisions ofcosmic rays on InterStellar mediumprovides key inputs to understanding an-timatter production in the cosmos (pow-erful probe for dark matter)
other unique measurements of interestto cosmic-ray physics (modeling of atmo-spheric showers, charm PDF for atmo-spheric UHE neutrinos)G. Graziani slide 16 Exploring nuclear physics across energy scales 2024

https://doi.org/10.1088/1475-7516/2015/09/023


Prompt antiproton production in pHe
PRL 121 (2018), 222001
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The “visible” inelastic cross section (yield ofevents reconstructible in LHCb) is compat-ible with simulation based on EPOS LHC:
σLHCbvis /σEPOS−LHCvis = 1.08 ± 0.07 ± 0.03

➡ excess of p yield over EPOS LHC (byfactor ∼ 1.5) mostly from p multiplicity
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Impact on secondary cosmic p model
2015 Giesen et al., JCAP 1509, 023

�
posed to the olderdata. The curve labelled ‘fiducial’ assumes

the reference values for the different contributions to the uncertainties: best fit proton and helium
fluxes, central values for the cross sections,propagation and central value for the Fisk potential.

We stress however that the whole uncertainty band can be spanned within the errors.

than primary, �p/p flux. Notice that the shaded yellow area does not coincide with the Min-
Med-Max envelope (see in particular between 50 and 100 GeV): this is not surprising, as it
just reflects the fact that the choices of the parameters which minimize and maximize the p̄/p
secondaries are slightly different from those of the primaries. However, the discrepancy is not
very large. We also notice for completeness that an additional source of uncertainty affects the
energy loss processes. Among these, the most relevant ones are the energy distribution in the
outcome of inelastic but non-annihilating interactions or elastic scatterings to the extent they
do not fully peak in the forward direction, as commonly assumed [55]. Although no detailed
assessment of these uncertainties exists in the literature, they should affect only the sub-GeV
energy range, where however experimental errors are significantly larger, and which lies outside
the main domain of interest of this article.

Finally, p̄’s have to penetrate into the heliosphere, where they are subject to the phenomenon
of Solar modulation (abbreviated with ‘SMod’ when needed in the following figures“). We de-
scribe this process in the usual force field approximation [52], parameterized by the Fisk po-
tential φF , expressed in GV. As already mentioned in the introduction, the value taken by φF
is uncertain, as it depends on several complex parameters of the Solar activity and therefore
ultimately on the epoch of observation. In order to be conservative, we let φF vary in a wide
interval roughly centered around the value of the fixed Fisk potential for protons φpF (analo-
gously to what done in [25], approach ‘B’). Namely, φF = [0.3, 1.0] GV ' φpF ± 50%φpF . In
fig. 1, bottom right panel, we show the computation of the ratio with the uncertainties related

6

Significant shrinking of uncertainty for the pre-dicted secondary antiproton flux from the use ofLHCb and NA61 (pp) new data (plus other im-provements)LHCb results allowed to constrain scaling violationwhen extrapolating x-section toward high energyModels now in better agreement with AMS data,notably at high energyCross-section uncertainty is still limiting model ac-curacy

2019 Boudad et al., arXiv:1906.07119
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p from antihyperons in pHe @110 GeV
EPJC 83, 543 (2023)Analysis recently extended to detached p from anti-hyperon decays(∼ 40% of p production)Two complementary approaches followed
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Detached Antiprotons in pHe: results
EPJC 83, 543 (2023)

Both approaches indicate larger antihyperon production thanpredicted by most commonly used hadronic models
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Antinuclei in fixed target @ LHCb?
LHCb was not designed for light nuclei identificationHowever, recently the capability to isolate He/He candidates through dE/dx in thetracking system was demonstrated
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low-momentum d/d canalso be identified throughTOF in outer tracker (workongoing)Fragments of SMOG targetnuclei can in principle beidentified(down to η∗ = −3)unfortunately, ion identi-fication capability not ex-pected in the current up-graded detector
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SMOG2
the next big step
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The gas target upgradeMajor LHCb detector upgrade for the LHC Run 3, includingupgraded VErtex LOcator (microstrip Ï pixel)The new VELO integrates a new fixedtarget device SMOG2, based on a storage cell:increase effective luminosity with same gas flowinject other gas species,as H, D, N, O, Kr, Xeprecise control of the gas density (im-proved accuracy on luminosity determi-nation)spatial separation between beam-gasand beam-beam collision regions
➡ easier simultaneous data-taking

SMOG
~ 10   mbar on +/− 20 m

−7

−5
SMOG2

VErtex LOcator sensors

up to ~ 10   mbar on 20 cm
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The SMOG2 gas target

TDR approved by LHCC in 2019
CERN-LHCC-2019-005lInstalled in the LHCb cavern on august 2020

20-cm long storage cell, 5 mm ra-dius around the beam, just up-stream the LHCb VELOMade of two rectractable halves asthe rest of VELOUp to x100 higher gas density withsame gas flow of current SMOGGas density measured with ∼ 2%accuracy via Gas Feed SystemFast switch between gas species
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http://cdsweb.cern.ch/record/2673690
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SMOG2 installation

https://cds.cern.ch/record/2727007G. Graziani slide 28 Exploring nuclear physics across energy scales 2024



Non-noble gas injectionInjection of non-noble gas species can affect the beam elements, notablydeteriorate the NEG coatings, increasing desorption and secondary electronemission, potentially harming the LHC beam operations.Hydrogen can also diffuse in the bulk and cause a peel-off of the coating(embrittlement)Detailed numerical simulations have been performed to estimate thetime-dependent impact of the planned gas injection with H2 and N2, using acustom version of the Molflow+ molecular flow Monte Carlo simulatorSimulation of 96 hours of H2 gas flow and 10 hours of N2 gas flow: the level ofNEG saturation has been shown to be acceptable, limited in a region < 20 cm long

C.Lucarelli, CERN-PBC-Notes-2023-003

Simulated pressure profile with real geometry
CERN-THESIS-2023-338G. Graziani slide 29 Exploring nuclear physics across energy scales 2024

https://cds.cern.ch/record/2865274
https://cds.cern.ch/record/2889345


First SMOG2 operations in 2022
LHCb-FIGURE-2023-001

2022 has been a commisioningyear for the upgraded LHCbdetectorSMOG2 has been succesfullytested with 4 gas species(H, He, Ne, Ar)first reconstructed primaryvertices of simultaneous beam-gas and beam-beam collisions,obtained online through novelReal Time Reconstructionfully software trigger
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https://lbfence.cern.ch/alcm/public/figure/details/200


Physics in SMOG2 commissioning data!
LHCb-FIGURE-2023-008

pH
20’ run!
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https://lbfence.cern.ch/alcm/public/figure/details/440


Physics prospects with SMOG2 LHCB-PUB-2018-015
arXiv:1812.06772Expect data samplesof order 100 pb−1 inRun3/4Precision charmproduction measure-ments, access b states,Drell-Yan, . . .H and D targets to provide reference and study 3D structure functions
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https://cds.cern.ch/record/2649878
https://arxiv.org/abs/1812.06772


The ultimate p production cross-sectionsenergy evolution of cross-sections (scal-ing violations, strangeness enhancement)
Take data at lower energy(possibly also injection energy,this requires dedicated LHCoptics). This also provides ac-cess to forward production inLHCb

isospin effects (difference between p and
n production)∆IS = σ (pp Ï n) − σ (pp Ï p)

σ (pp Ï p)and nuclear effects in pHe vs pH (less im-portant, note that He fraction in interstel-lar medium is not so precisely known)Collide protons with hydro-
gen, deuterium and heliumtargets in the same experiment
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Expected inputs to UHE shower models

Ast.Sp.Sci. 367 (2022) 3, 27

Modeling of UHE atmospheric show-ers requires knowledge of productioncross-sections over some 10 orders ofmagnitudemeasurements of identified secondaryparticle spectra are needed

Data from LHCb with O2 and N2 targets can provide useful inputsAdditionally, during the oxygen beam run (scheduled in 2025) collisions of Obeam on H target can be studied, providing a large phase space coverage for pOcollisions at √sNN ∼ 100 GeV
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More possibilitiesUPC physics : interesting cross-section for photoproduced J/ψ and ηc (sensitive toodderon) in LHCb-FT, can complement studies made/ongoing by LHCb in colli-sions (pp, pPb,PbPb)
Lansberg et al., JHEP 1509 (2015) 087, Goncalves and Sauter PRD91 (2015) 870, Massacrier et al, arXiv:1709.09044, Goncalves and

Jaime, arXiv:1802.04713Also interesting for nuclear structure?
Λ polarization induced by vorticity in HI collisions(see Becattini et al., PRC 88, 034905 (2013), STAR results on Nature 548, 62-65 )Fixed target collisions have the correct energy scale(effect too small at TeV scale)Polarization measurements for Λ+

c and other heavy hadrons in pA arealso a needed ingredient for the MDM/EDM proposed experiment
Drell-Yan and heavy flavour channels with H2 and D2 tar-gets will also give access to spin-independent nucleonTMDs as the Boer-Mulders functions in a novel kine-matic range
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https://www.nature.com/nature/journal/v548/n7665/full/nature23004.html


Hadronic flow can be studied over 3 units of pseudorapidity with full instrumentation at uniqueenergy scale;
dihadron correlation studies alreadydemonstrated by LHCb in pPb and PbPbyields with SMOG2 could allow flow stud-ies with charmed particles

Phys. Lett. B762 (2016) 473-483
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and of course, nuclear imaging

from Giuliano’s talk
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https://indico.ihep.ac.cn/event/20877/contributions/154357/attachments/77376/96029/seminar_Giuliano.pdf


Available SMOG2 targets

Summary of possible gas targets
✌ H validated for O(100) h/year

∼✌ D as above (not tested yet)
✌ He

∼✌ N not tested yet, but ok from simulations
☞ O to be validated, should be possible at least for short runs
✌ Ne
✌ Ar

☞ Kr to be validated, should be possible for short runs at end of data-taking
☞ Xe to be validated, should be possible for short runs at end of data-taking

any isotope for approved gas should be ok
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The future: Polarized Fixed target?

The LHCSpin collaboration is proposing an upgrade to a polarised gas targetStudies ongoing within the Physics Beyond Colliders forum at CERNUnprecedented potential for parton TMDS with transversely polarised Drell-Yanand other channels, complementary to EICUnique opportunity for spin physics in heavy ion collisions!

Currently planning an R&D phaseat LHC IR4Then, proposed installation at LHCb
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https://indico.cern.ch/event/1369776/timetable/#55-lhc-spin-proposal-status


Conclusions
LHCb successfully pioneered fixed-target physics at the LHCwith the upgrade to the SMOG2 target LHCb becomes

the fixed-target experiment at the highest energy
and the highest production rate ever

A novel QCD laboratory,extending the reach ofthe LHC complex, withstrong connections withheavy-ion HE physicsnuclear physicsastroparticle physics

from ESPP Update 2020
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