
Saverio Mariani 
Senior research fellow at CERN

Dortmund, 15.06.2023

Fixed-target physics with
 the LHCb experiment at CERN



Saverio Mariani 
                                                  

Who am I
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● I have been working on fixed-target physics at LHCb since 2019, 
mostly on three topics:
○ Antiproton production from anti-hyperon decays in pHe 

(relevant for indirect DM searches)
○ Machine learning Particle IDentification calibration method 

for fixed-target data
○ Reconstruction/trigger sequence on upgraded fixed-target

● I am now convening the “Ions and Fixed-target” working group

● I was born in Florence and got there my Ph.D.
● I am now a senior research fellow at CERN 

● Will try to detail more these topics, but to give you all on overview 
of LHCb unique fixed-target programme
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General overview (I)
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● LHCb is one of the experiments at the CERN LHC mostly 
studying proton and lead (pp, pPb, PbPb) collisions  

Fixed-target physics with the LHCb experiment at CERN

by injecting gases in LHC, is also the only one acting as the 
highest-energy fixed-target beam-gas experiment ever

and

● The gas injection system, SMOG, was operated in 2011-2018 and is now upgraded to the 
SMOG2 gas storage cell. From 2022, several gas species with x100 larger pressure will be 
exploited    

LHCb nominal interaction point (IP)
SMOG 
10-7 mbar in ± 20m

SMOG2 
up to 10-5 mbar in ± 20m

LHCb- TDR-020, LHCb-PUB-2018-015

https://cds.cern.ch/record/2673690/files/LHCB-TDR-020.pdf
https://cds.cern.ch/record/2649878
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General overview (II)
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● Already with 2016 data,                                 measurement 
gave birth to the LHCb space mission, with a rich 
programme of measurements that are relevant for cosmic 
rays (CRs) physics (antimatter production in the galaxy and 
DM indirect searches, neutrino studies, atmospheric CRs 
and muon puzzle…)

●  At the same time, SMOG measurements are setting 
unique constraints on nucleon characterization, QGP 
phenomenology, cold nuclear matter effects …   

PRL 121 (2018)
 

● Today, of course, a biased selection of topics :)

● SMOG/SMOG2 are unique laboratories for QCD studies at the LHC, opening physics 
prospects unexpected and innovative at LHCb

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.222001


Saverio Mariani 
                                                  

General overview (III)
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[Reference]

● Luckily, we are not the only people thinking this way:)

https://arxiv.org/pdf/1910.11775.pdf
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Introduction
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Introduction Measurements on Run2 data SMOG2 upgrade Conclusions
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● Originally designed for heavy flavour physics, the instrumented region 
covers                     mrad to balance costs and acceptance of      pairs

z

● Complementary wrt other LHC experiments
● Tracking system: VErtex LOcator + tracking 

stations upstream and downstream of a 
magnet
○ 0.5-1% p resolution for p < 300 GeV/c
○ 10-80 μm IP resolution 

● Particle identification (PID): Two Cherenkov 
detectors (RICH) + calorimetric and muon 
systems

● Flexible and versatile trigger

JINST 3 S08005 (2008) 
JIMPA 30 (2015) 1530022

Nominal Interaction 
Point (IP, z = 0)

y

The LHCb experiment, 2010-2018

https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005
https://www.worldscientific.com/doi/abs/10.1142/S0217751X15300227
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● In proximity of the LHCb IP, the proton-nucleus interaction can 
be  fully reconstructed!

The gas injection system (SMOG)

8Fixed-target physics with the LHCb experiment at CERN

● Cross-section measurements require to precisely know the 
luminosity L  of the LHC accelerator (dN/dt = L ⋅ σ)  

● From 2011, also measured with the LHCb System for Measuring 
Overlap with Gas (SMOG) 
○ Proton collisions with the small quantity of injected gas 

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

JINST 9, (2014) P12005

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

beam1 beam2

LHCb IP

https://iopscience.iop.org/article/10.1088/1748-0221/9/12/P12005
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The LHCb experiment, now!

9Fixed-target physics with the LHCb experiment at CERN

Removed/replaced
Kept from Run2

● Most detectors replaced. De facto a brand new experiment at the LHC    
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The LHCb Upgrade data acquisition

10Fixed-target physics with the LHCb experiment at CERN

● Hardware trigger removed. Fully-software real-time detector read-out, calibration, 
alignment and event reconstruction and selection 

● The first software trigger level will completely run on GPUs, a novelty in large experiments
  

LHCb-TDR-017, LHCb-TDR-021, Comp Softw Big Sci 4, 7

https://cds.cern.ch/record/2310827/files/LHCB-TDR-017.pdf
https://cds.cern.ch/record/2717938/files/LHCB-TDR-021.pdf
https://arxiv.org/abs/1912.09161
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The SMOG2 Upgrade - overview

11Fixed-target physics with the LHCb experiment at CERN

1 m

● SMOG2: confinement of the gas in a cell made up of two 
movable halves upstream of the LHCb IP (z є [-541, -341] mm)
○ Up to x100 gas pressure wrt SMOG for the same gas flow
○ Heavy noble (Kr, Xe) and non-noble gases (H2, D2, O2, N2 …) 

can be injected → extension of the physics programme!

● New Gas Feed System
   ○ Precise gas flow control → direct luminosity measurement

○ More gas recipients → full switch with no intervention
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Measurement on 
Run2 data
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SMOG kinematic coverage
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SMOG HeLHC p SMOG He

e.g. 6.5 TeV LHC protons on at-rest He correspond to a 
nucleon-nucleon centre-of-mass energy             110 GeV

LHC p
Lab frame CM frameLHCb-PUB-2018-015
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● Intermediate energy to SpS and LHC scales
● Many collision systems (Z dependence)
● Access to the moderate Q2 and large target 

Bjorken-x (the nucleon momentum fraction 
carried by the colliding parton) region

Unique experimental inputs

Q
2  [

G
eV

2 /c
4 ]

● pA and PbA fixed-target samples collected (mostly) during special runs in 2015-2018

http://cds.cern.ch/record/2649878
https://cds.cern.ch/record/2649878/files/LHCb-PUB-2018-015.pdf
https://cds.cern.ch/record/2649878
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SMOG kinematic coverage (II)

14Fixed-target physics with the LHCb experiment at CERN 14Fixed-target physics with the LHCb experiment at CERN

… especially when compared to other experiments
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Physics 
case: 

antiproton 
production in 

the galaxy 
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2a

PRL 121 222001 (2018)
 

EPJC-22-05-151

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.222001
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Brief motivation
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● Antiprotons in space can (could) be produced with two mechanisms:
○ Cosmic rays - Interstellar Medium (mostly H, He) collisions (secondary production)
○ Exotic sources, maybe Dark Matter annihilation in proton-antiproton?

● In 2015, AMS-02 data compared to secondary only 
production gave hint of an excess → DM?

● Inconclusive interpretation because of the large 
uncertainties affecting the fiducial prediction:
○ Primary CRs energy spectrum
○ CRs propagation up to detection 
○ Antiproton production cross-sections
○ Solar modulation effect

 Giesen et. al., 

JCAP 1509 

(2015) 

https://arxiv.org/abs/1504.04276
https://arxiv.org/abs/1504.04276
https://arxiv.org/abs/1504.04276
https://arxiv.org/abs/1504.04276
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● Why not to exploit the LHCb SMOG 
system to measure for the first time the 
antiproton production in pHe collisions?

Experimental inputs for the cross-section estimation

17Fixed-target physics with the LHCb experiment at CERN

● 2015 prediction only relied on few data for                       and no data at all for the channels 
involving helium (estimated from pp or pC data)

O. Adriani, NPCQD2015

http://npqcd15.to.infn.it/
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Prompt antiproton production in pHe (I)

18Fixed-target physics with the LHCb experiment at CERN

PRL 121 222001 (2018)
 

● First measurement ever of                              at               110 GeV with  2016 pHe data
● Only particles produced promptly at the pHe vertex  are selected within the fiducial region 

p є [12, 110] GeV/c;                              є [0.4, 4] GeV/c

● Result uncertainties are lower wrt to 
the spread of theoretical models

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.222001
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Prompt antiproton production in pHe (II)

19Fixed-target physics with the LHCb experiment at CERN

PRL 121 222001 (2018)
 

● Dominant uncertainties for this analysis are: 

1. Beam-gas luminosity measurement: being SMOG not 
equipped with precise enough gauges for the gas pressure, 
proton-electron elastic scattering used
a. 6% uncertainty, due to low-p e reconstruction 

2. PID performance: antiprotons are counted via a       
template fit to selected prompt particles
a. Poor PID calibration statistics ⇒ poor quality                        

in describing data 
b. Impossible to use pp calibration because of                 

scarce phase-space overlap with pHe   
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.222001
http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2018-031.html
http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2018-031.html
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● LHCb data firstly constrain the σ extrapolation from H 
to He at high energies

● With LHCb (+ NA61 + theoretical improvements) 
room for exotic contribution drastically reduced 

● Uncertainty still dominated by cross-section, in 
particular because of:

Impact on the theoretical models

20Fixed-target physics with the LHCb experiment at CERN

A. Reinert et. al., JCAP 1801 (2018) 055
M. Korsmeier et. al., PRD97 (2018) 103019
 

A. Cuoco et. al., PRD 99, 103014
M. Boudaud et. al., PoS (ICRC2019) 038
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Antiproton production from anti-hyperon decaysIsospin asymmetry in antineutron-to-antiproton?

https://iopscience.iop.org/article/10.1088/1475-7516/2018/01/055
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.103019
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.103014
https://inspirehep.net/files/017d16b279f64d1d4b9c2f73d24c68cb
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Measurement of detached antiproton production in pHe

21Fixed-target physics with the LHCb experiment at CERN

SMOG HeLHC p

● Exclusive approach:

PV

SV

➔ Focused on the dominant detached component 
➔ Not using PID information

measured in my analysis

previous LHCb result

SMOG HeLHC p

● Inclusive approach:

PV➔ Focused on all detached components 
➔ Selecting antiproton with PID information and 

distinguishing between prompt and detached via 
the excellent VELO IP resolution 

large impact 
parameter (IP)

small impact 
parameter (IP)

detached

prompt 

● Second LHCb result covering with two approaches      from anti-hyperon decays (detached) 
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Results 

22Fixed-target physics with the LHCb experiment at CERN

● Larger contribution measured wrt all most 
widely used theoretical models

● Results mutually cross-checked since ratio 
found to be consistent with EPOS-LHC 
prediction (more reliable being only depending 
on hadronization)
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Prospects for this physics case

23Fixed-target physics with the LHCb experiment at CERN

Martin Winkler at 2nd LHCb Heavy Ion workshop

● Our data are resulting to be very important for theoreticians of the field

Me/Luca Orusa at Padova QCD challenged workshop

SMOG2

https://agenda.infn.it/event/18734/timetable/
https://indico.cern.ch/event/1135616/
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Physics case: 
prompt light 

particle 
production
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2b

JINST 17 (2022) P02018 
 

https://iopscience.iop.org/article/10.1088/1748-0221/17/02/P02018
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● Understanding the bulk of particle production, dominated by non-perturbative effects, is 
crucial to model the underlying event at particle colliders

● Models largely based on tuning on available data → SMOG/SMOG2 can provide crucial 
inputs, filling the energy gap between SPS and LHC/RHIC  

Brief motivation

25Fixed-target physics with the LHCb experiment at CERN

● Also, understanding of ground-based measurements of 
ultra-high-energy cosmic rays are currently limited by 
uncertainties in hadron production models

● Muon puzzle: Significant deficit in muon production with 
respect to model     

Hans Dembinski, Tanguy Pierog, Eugenio Berti at 
Padova QCD challenged workshop

Astrophys.Space Sci. 367 (2022) 3, 27

https://indico.cern.ch/event/1135616/
https://link.springer.com/article/10.1007/s10509-022-04054-5


Saverio Mariani 
                                                  

Introduction Measurements on Run2 data SMOG2 upgrade Conclusions

● Non-public results on this yet, but measurements of different ratios ongoing for 
pHe/pAr/pNe; pNe/PbNe on the available data

● Covering here the main challenge: how to improve PID calibration for fixed-target data?

Machine-learning PID (I) 

26Fixed-target physics with the LHCb experiment at CERN

● Problem: the simulation cannot be fully trusted, but 
we can calibrate on decays selected with no PID 
info and then apply to the signal of interest 

● For fixed-target, calibrating on                               ,                      and                             decays 
reconstructed and selected in 2017 pNe data (the highest-statistics SMOG sample)

● How robust is the extrapolation, provided that the 
calibration and application phase-spaces differ? 
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Machine-learning PID (II)

27Fixed-target physics with the LHCb experiment at CERN

● For each Gaussian, all parameters are a function variables (θ) describing the particle 
produced in the collision (its kinematic, the reconstruction quality, the overall event 
occupancy..).

● Such a relation is expressed through neural-networks fed with θ

● At LHCb, classifiers are built with the RICH detector responses as 

● For each calibration decay, the (DLLp,π - DLLp,K ) distribution is modelled with a sum of Ng 
multinormal distributions:

particle index

Number of Gaussians 
(user-defined)

Features affecting the RICH
PID classifiers

relation is the relation we need to be learned
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Machine-learning PID (II)

28Fixed-target physics with the LHCb experiment at CERN

● Training loss is the opposite of the likelihood on pNe calibration events
calibration events

bkg subtraction weights (if any)

● By applying to pHe data templates from the simulation (left) and from machine-learning 
calibration trained on pNe data (right), the improvement is by-eye 
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Physics 
case: 
Charm 

production
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arXiv:2211.11652

arXiv:2211.11645

arXiv:2211.11633

https://arxiv.org/abs/1810.07907
http://arxiv.org/abs/2211.11652
https://arxiv.org/abs/2211.11645
https://arxiv.org/abs/2211.11633
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● Heavy quark production is only produced in early stage of QGP ⇒ powerful tool to 
characterise transition from hadronic matter to QGP

● To disentangle QGP effects (sequential suppression) from other hadronic effects (saturation, 
initial and final state…) measurements in different systems are needed

Brief motivation

30Fixed-target physics with the LHCb experiment at CERN

● Also, by accessing high-x region in the target, possible 
proton intrinsic charm contribution can be constrained

● High-x measurements of charm production very 
relevant for CRs too, being decays of charmed hadrons 
in atmospheric showers the main background in 
high-energy neutrino fluxes observation
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Measurements on Run2 data

31Fixed-target physics with the LHCb experiment at CERN

● Measured open charm (D0) and charmonia states (J/ψ and ψ(2s)) in pHe, pAr, pNe    

● SMOG allows to fill an energy gap ● No anomalous J/ψ suppression seen  

Ref

arXiv:2211.11652arXiv:2211.11645

http://arxiv.org/abs/2211.11652
https://arxiv.org/abs/2211.11645
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SMOG2 commissioning 
and physics prospects

32Fixed-target physics with the LHCb experiment at CERN

3
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Data-taking with SMOG2 

33Fixed-target physics with the LHCb experiment at CERN

● The beam-beam and beam-gas interactions separation and the expected small increase in 
detector multiplicity support a possible simultaneous data-taking 

LHCb could be at the same time collider and fixed-target experiment

● I have been (am) responsible to prove the feasibility of this strategy, i.e. that the beam-gas 
event reconstruction is efficient and that there is no interference between the two systems     

LHCb-FIGURE-2022-002

https://cds.cern.ch/record/2804589
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Tuning of the reconstruction algorithms

34Fixed-target physics with the LHCb experiment at CERN

● With the default implementation of the track and vertex reconstruction algorithms, 
beam-gas particles are reconstructed with a poorer performance wrt beam-beam

● Same reconstruction efficiency for pp and pHe despite the different event topology
● By comparing the pp efficiency for pp, pp+pHe and pp+pAr, there is no efficiency loss 

for beam-beam when injecting the gas
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Commissioning of the system in 2022 (I)

35Fixed-target physics with the LHCb experiment at CERN

● First injections through the open 
SMOG2 cell in June 2022, allowing 
vacuum experts to set the injection 
procedure

● At November, reached a remarkable 
stability and injected He, Ne, Ar and H2 
(for the first time) at different pressures 

● SMOG2 completely commissioned 
and ready to take data in 2023
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First performance studies on 2022 LHC data (I)

36Fixed-target physics with the LHCb experiment at CERN

● LHCb is the only experiment at LHC operating simultaneously with two interaction points
● Ks reconstructed from both interaction points, with similar mass resolution 

LHCb-FIGURE-2023-001
pAr

pp
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First performance studies on 2022 LHC data (II)

Fixed-target physics with the LHCb experiment at CERN

● Charm hadrons also reconstructed, proving the full chain to work correctly
● Worth to notice, the analysed data correspond to 18 minutes 

LHCb-FIGURE-2023-008
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Physics prospects with SMOG2 

Fixed-target physics with the LHCb experiment at CERN

● The larger samples,  the wider 
injectable gas choice and the direct 
lumi measurement will further 
widen the LHCb-SMOG accessible 
physics scenario

● Sequential suppression of charm and bottom states, study of low-mass Drell-Yan
● Detailed study of the high-x parton PDFs and probes for TMDs
● High-statistics ultra-peripheral ⍴, ω, charmonia and bottomonia states with high-Z targets
● Extension of the programme of cosmic rays interest:    production processes with H2, D2, 

He, probes for the study of the atmospheric showers with N2, O2; nuclei production?
● Can’t enter in details here, but please have a look to LHCb-PUB-2018-015 

http://cds.cern.ch/record/2649878
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Reality sometimes hits hard

Fixed-target physics with the LHCb experiment at CERN

● On 10th January 2023 a failure of the LHC vacuum system of the VELO happened, leading 
to a plastic deformation of the RF foils (aluminium foils separating the machine from the 
detector vacua)

● VELO detectors and motion system seems not to be affected by the incident
● Tracking efficiency, hit resolution still as the design ones

● RF foils replacement could only be possible in 2023/2024 YETS
● VELO (and alas, SMOG2 cell ) will have to be partially closed, significantly 

impacting the physics programme this year

Still, 2023 can be relevant for fixed-target physics and lots of possibilities remain
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Conclusions

41Fixed-target physics with the LHCb experiment at CERN

● Since 2015, LHCb is acting as the highest energy fixed-target experiment ever by injecting in 
the LHC accelerator small quantities of noble gases (He, Ne and Ar in 2015-2018) 

● Fixed-target programme now being upgraded to increase the gas pressure x100, inject more 
and fastly switch gases (also H2, D2, O2, N2…) and measure the luminosity

Thanks for your attention!
saverio.mariani@cern.ch

LHCb-FIGURE-2023-001

● With available and future data, exciting 
opportunities for measurements covering different 
fields of interest in poorly constrained kinematic 
region

● A  unique and a highly complementary to existing 
and future facilities system for QCD studies
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BACKUP

42Fixed-target physics with the LHCb experiment at CERN
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Motivation, experimental 
setup and previous result

43Fixed-target physics with the LHCb experiment at CERN

1
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nPQCD

http://npqcd15.to.infn.it/
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Nature 458, 607 (2009)

● Why is the positron fraction increasing?

Positron excess

CRs-ISM only

CRs-ISM + DM

CRs-ISM + Pulsar

CRs-ISM + Propagation

https://arxiv.org/abs/0810.4995
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Uncertainties on 2015 fiducial prediction 

Primary fluxes

Propagation

Antiproton 
production 

cross-section

Solar 
modulation

 JCAP 1509 (2015)

https://arxiv.org/abs/1504.04276
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CRs state equation 
CR density

Local production rate Spatial diffusion Momentum diffusion Radiative processes

Convection (galactic winds) Fragmentation Decay

● For purely secondary antiprotons:

i = incoming CR species 
j = ISM element production threshold

ISM densityCR isotropy

PRD97 (2018) 103019
 

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.103019
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Boron-to-Carbon ratio

● Secondary-to-primary ratio used to 
constrain CRs propagation
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    Antiproton production contributions PRD97 (2018) 103019
 

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.103019
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        Feynman scaling violation

Scaling
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Luminosity

Fixed-target mode

Collider mode
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The LHCb detector
● VELO: excellent vertices and IP resolutions. 

Made of two opening halves to increase the 
sensors distance from the beam (7 mm for 
data-taking) during machine operation

JINST 3 (2008)

● Tracking system: momentum resolution 
between 0.5 and 1.1%.

● Flexible and versatile 
trigger system.

y
z

Eur. Phys. J. C 73:2431

● RICH: excellent separation 
among kaons, pions and 
protons

IJMPA 30 (2014)

https://www.worldscientific.com/doi/abs/10.1142/S0217751X15300227
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The RICH system
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Phase-space coverage (II)
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pHe luminosity measurement
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Prompt antiproton systematics
P

R
L 

12
1 

(2
01

8)
 2

22
00

1

● Uncertainty below 10% in most 
kinematic interval

● Dominant contribution from 
luminosity measurement: 
motivation for SMOG2 upgrade

● Sub-dominant PID contribution: 
started activity to improve 
performance with machine 
learning techniques.

http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2018-031.html
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Antiproton production 
from antihyperon decays

57Fixed-target physics with the LHCb experiment at CERN

2a

LHCb-PAPER-2022-006 (~ready to be submitted)
 

My Ph.D.
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Antihyperon characteristics
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EPOS-LHC relative antihyperon abundances
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Inclusive: antiproton selection
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Inclusive: fit to simulation
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Inclusive: syst on antihyperon abundance
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Inclusive: systematics
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Exclusive: systematics
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Fixed-target PID with 
machine learning techniques
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2b
My Ph.D.

JINST 17 (2022)

https://iopscience.iop.org/article/10.1088/1748-0221/17/02/P02018
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PID4SMOG
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Introduction Measurements on Run2 data SMOG2 upgrade Conclusions

Calibration decays and relevant features
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● The                               ,                      and                             decays are reconstructed and 
selected in the SMOG largest-statistics sample (2017 pNe) 

● Particle kinematics, detector occupancy, event 
geometry, track reconstruction quality confirmed to 
be the most relevant features (see backup)
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PID4SMOG: calibration decays selection
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PID4SMOG: feature selection
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PID4SMOG: model validation
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PID4SMOG: model validation
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PID4SMOG: model validation



Saverio Mariani 
                                                  

73Fixed-target physics with the LHCb experiment at CERN

PID4SMOG: KS difference



Saverio Mariani 
                                                  

74Fixed-target physics with the LHCb experiment at CERN

PID4SMOG: Detached antiprotons
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PID4SMOG: Application to pp
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Upgrade of the SMOG 
system
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3

PoS(EPS-HEP2021) 396

LHCb- TDR-020
LHCb-PUB-2018-015

My Ph.D.

LHCb-FIGURE-2022-002 Comp. Softw. Big 6 (2022)

https://pos.sissa.it/398/396/pdf
https://cds.cern.ch/record/2673690/files/LHCB-TDR-020.pdf
https://cds.cern.ch/record/2649878
https://cds.cern.ch/record/2804589?ln=en
https://arxiv.org/pdf/2105.04031.pdf
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LHCb Upgrade trigger
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Physics opportunities with SMOG2 for CRs
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● For the LHCb space mission completion: ● Lowering of the CM energy 
range, accessing positive 
Feynman x values   

● Result precision 
improvement with the H/He 
production ratio,where most 
systematics cancels

● Constraint of the antiproton  
production in antineutron 
decays with the D/H ratio ( 
isospin violation? )

● Possible to study anti-nuclei 
production?

LHCb-PUB-2018-015

https://cds.cern.ch/record/2649878/files/LHCb-PUB-2018-015.pdf
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Prospects for DY measurements with SMOG2
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https://cds.cern.ch/record/2649878/files/LHCb-PUB-2018-015.pdf
https://cds.cern.ch/record/2649878
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Event topology differences
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Validation of the ideal cell model
LHCb-FIGURE-2022-002

https://cds.cern.ch/record/2804589
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PV resolution
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Forward tracking
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Offline-quality tracking


