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The LHCb detector
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Collisions provided by a TeV-scale beam (LHC) on a fixed target explore a 
unique kinematic region that has been poorly probed before. 


In addition, the advanced detector (LHCb) makes available probes never 
before accessed 
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SMOG (System for Measuring Overlap with Gas)

SMOG was thought for a precise determination 
of the beam bunch profile, but then acted also 
as a prototype for a gas fixed target  


Local increase of the LHC beam pipe pressure 
from ~10-9 mbar to ~10-7 mbar


The negative aspect is the overlap of the gas 
volume with the beam-beam interaction region

JINST 9 (2014) 12
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Figure 6: Scheme of a tubular storage cell of length L and inner diameter D. Injection is in the center
with flow rate Q, resulting in a triangular density distribution ⇢(z) with maximum ⇢0 at the center.

consecutive tubes of length L/2. For cylindrical tubes, the conductance in the molecular flow
regime is given by [10]:

C(l/ s) = 3.81
p
T/M

D3

L+ 1.33 D
, (2)

where L, D are expressed in cm, the temperature T in K, and M is the molecular mass number.
The areal density is given by:

✓ =
1

2
⇢0L. (3)

A tube-like storage cell to be installed within the VELO vessel has to meet the following minimal
requirements:

1. has to be split in two halves, movable apart during beam injection, energy ramp, squeeze
and adjustment; the two halves have to be connected with the respective VELO boxes and
moved simultaneously;

2. must have conducting surfaces surrounding the beam, needed to shield the chamber from
the beam RF fields, thus preventing excitation of wake fields; in this specific case these are
provided by the cell structure itself, a conducting transition to the RF foil, and a flexible
connection to the beam tube suspended by the elliptical flange of the VELO vessel;

3. must be connected to a gas injection system feeding directly into the storage cell center
via a flexible line;

4. must include temperature measurement for each cell. Because of the
p
T dependence of

the conductance (Eq. (2)), T has to be measured precisely in order to determine the target
areal density ✓ through Eqs. (1) and (3).

Furthermore, additional pumping on the VELO vessel may be applied, in contrast to SMOG,
without a↵ecting the target density. This will have a beneficial e↵ect on the background
conditions.

The scheme of the SMOG2 gas target with its storage cell and GFS is shown in Fig. 7.

3.2 Gas flow and expected performance

For the present design of the SMOG2 target cell, the following parameters are assumed:

• open-ended tubular cell with inner diameter D = 1 cm;

• full length L = 20 cm;
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Storage cell 

concept
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SMOG2, the first LHC internal storage cell

A gas storage cell can boost the gas density by ~40 for the 
same flow as in Run2 with SMOG.

At the end, increasing the gas flux, we have: 


SMOG2 >130 x SMOG

SMOG

• The interaction region is spread-out in PVz


only non-colliding bunches can be used


ghost charge pollution (debunched pp collider 
interactions from protons


• luminosity determination: p+e- elastic scattering as 
a standard candle (~6% of systematic uncertainty)

• Separate beam-beam and beam-gas 
interaction regions


both colliding and non-colliding bunches can 
be used


simultaneous data-taking with pp


• precise luminosity determination: direct 
measurement of the pressure in storage cell 
(~1.5% of systematic uncertainty)

beam-beam 

IP

7
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cell length = 20 cm (total length =3 8 cm)

cell diameter = 1 cm

cell wall distance from the beam = 1.5 - 5 mm

cell wall thickness = 0.2 mm
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It is the only system 
present in the LHC 
primary vacuum
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It is the only system 
present in the LHC 
primary vacuum
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5 mm radius  x  200 mm length

Openable cell

stable beam

@7000 GeV

target cell profile

LHC transverse 
beam profile

beam at the injection 
energy of 450 GeV
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5 mm radius  x  200 mm length

Openable cell

stable beam

@7000 GeV

target cell profile

LHC transverse 
beam profile

beam at the injection 
energy of 450 GeV

the movie is 10 times faster than reality
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Coating
Electron Cloud effects are observed in accelerators with positive 
particles. Slow electrons produced by various ionization processes 

are trapped near the beam. They are accelerated by the 
bunches towards the walls of the beam chamber, producing 

secondary electrons, which may lead to an avalanche 
multiplication effect (SEY) forming dense EC's

beam transverse oscillations and instabilities
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Coating

final coating: 100 nm Ti + 100 nm aC

Electron Cloud effects are observed in accelerators with positive 
particles. Slow electrons produced by various ionization processes 

are trapped near the beam. They are accelerated by the 
bunches towards the walls of the beam chamber, producing 

secondary electrons, which may lead to an avalanche 
multiplication effect (SEY) forming dense EC's

beam transverse oscillations and instabilities

At the LHC the threshold of electron density is around 1018 m-3


Our amorphous carbon coating is well below this limit with SEY<2.3 (ratio of emitted secondary electrons to incident 
primary electrons)

non coated
amorphous Carbon coated
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Temperature monitoring
5 thermocouples

Excited modes of the beam can dissipate substantial

heat into the storage cell. 

It is mandatory to have a resistant system and to monitor the temperatures 
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Temperature monitoring
5 thermocouples

• typical example of the temperature behaviour during 
fills with different number of bunches


• the temperature increases during the beam injection 
and tuning, and decreases during the stable beam run


• the effect is enhanced when the cell is open because 
it picks up RF modes of the beam 

test in laboratory

-prototype cell tested up to 130 C

-in reality, on beam, we never exceeded 42 C

Excited modes of the beam can dissipate substantial

heat into the storage cell. 

It is mandatory to have a resistant system and to monitor the temperatures 
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Other important aspects for beam stability include Impedance calculation and the shape of the Wake Field 
Suppressors … too detailed to be discussed here 
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Beam lifetime reduction

When the gas is injected a beam-loss mechanism occurs due to the beam-gas collisions.

The impact on the beam lifetime can be described in terms of the total beam-gas hadronic cross 
section and the expected luminosity:

Other important aspects for beam stability include Impedance calculation and the shape of the Wake Field 
Suppressors … too detailed to be discussed here 
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Beam lifetime reduction

When the gas is injected a beam-loss mechanism occurs due to the beam-gas collisions.

The impact on the beam lifetime can be described in terms of the total beam-gas hadronic cross 
section and the expected luminosity:

Considering that the typical LHC beam life time is of 10-15 h, the beam lifetime reduction is 
completely negligible

Other important aspects for beam stability include Impedance calculation and the shape of the Wake Field 
Suppressors … too detailed to be discussed here 
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• 6 gas reservoirs 
• Injectable gases: H2, D2, N2, O2, He, Ne, Ar, Kr, Xe

13 July 2022 Presenter | Presentation Title 6

SMOG 2 Storage cell 
integration in the 

VELO vacuum tank

Gas Feed System
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• 6 gas reservoirs 
• Injectable gases: H2, D2, N2, O2, He, Ne, Ar, Kr, Xe

Gas Feed System
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Luminosity determination:
•geometry known at O(10 ) 
•5 temperature probes O(0.1 K)
•gas flux known O(1%)
•gas purity O(10-4)

 1.5% of accuracy

μm

ΔL

• 6 gas reservoirs 
• Injectable gases: H2, D2, N2, O2, He, Ne, Ar, Kr, Xe

Gas Feed System
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LHCb-FIGURE-2023-001

… wow-factor!

Pb-Ar collisions

Textbook fig
ure

Two well separated and independent Interaction Points working simultaneously

13.6 TeV113 GeV

Primary Vertex reconstruction
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Pb-Ar collisions

beam-beam

beam-gas

•same resolution for beam-gas and beam-beam collisions

K0
s

… wow-factor!

beam-gas
pile-up μ = 0.2

beam-beam
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•beam-beam and beam-gas interactions are well detached 

•negligible increase of multiplicity small impact in the LHCb 
reconstruction sequence. Data flow increases of ~1%

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

Pb-Ar collisions p-Ar collisions
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tomography of the cell from residual 
gas & secondary interactions 

excellent results in ~10 minutes of data taking, albeit low gas pressure & preliminary 
sub-detector performance as we were commissioning them 

LHCb-FIGURE-2023-001
LHCb-FIGURE-2023-008



… few of the several results

demonstrator, no storage cell
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AMS2 results after having considered the LHCb results of


 pHe → p̄X

Phys. Rev. Lett. 121 (2018) 222001

Phys. Rev. Research 2, 023022 (2020)

… few of the several results

demonstrator, no storage cell

main uncertainties due to 
unknown cross sections
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AMS2 results after having considered the LHCb results of


 pHe → p̄X

Phys. Rev. Lett. 121 (2018) 222001

Phys. Rev. Research 2, 023022 (2020)

… few of the several results

demonstrator, no storage cell

main uncertainties due to 
unknown cross sections
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… few of the several results

demonstrator, no storage cell
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Figure 21: nCTEQ15 nPDFs before and after the reweighting using RpXe pseudo-data shown in Fig. 20 for (a) D0, (b) J/ , (c) B+,
(d) ⌥(1S ) production at AFTER@LHCb. The plots show ratios RXe

g of gluon densities encoded in nCTEQ15 over that in CT14
PDFs at scale Q = 2 GeV.
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Figure 22: Same as Fig. 21 using a linear x axis in order to highlight the high-x region.

coherent energy loss. It was studied recently in the context of AFTER@LHC [222] and predicts a suppres-
sion of pA and AA cross-sections compared to the pp one which is depicted in Fig. 23 for J/ and ⌥ in
terms of RpA and RAA factors. AFTER@LHC will allow to further test the applicability of these kind of
approaches and maybe even discriminate between them.

5.1.3. Astroparticle physics
Recently, measurements of cosmic rays (CRs) with very high energies, ranging from about tens of

MeV up to hundreds of TeV, became possible for many particle species (e± [223, 224], � [225, 226], ⌫
[227, 228], p [229], p̄ [230], A [231, 232, 233], Ā) and attracted much attention. The mechanism respon-
sible for the generation of such Ultra High-Energy CRs (UHECRs) is still under intense discussion, with
two main scenarios: (i) the acceleration of particles due to astrophysical phenomena and (ii) dark matter
decay/annihilation. The mechanism generating CRs can only be determined if we can identify characteristic
shapes of the spectrum such as sharp cutoffs which will indicate the decay of massive dark matter particles.
In this precision test of CRs, the spectrum has to be accurately determined, thus naturally requiring precise
investigations of other sources acting as background. Here we present two cases where the AFTER@LHC
program can play a critical role.

UHECR neutrinos and the proton charm content. The terrestrial observation of UHE neutrinos lately be-
came possible thanks to IceCube, with the highest energy recorded on the order of PeV [227, 228]. Atmo-
spheric neutrinos, generated by the weak decays of final state particles of the collisions between CRs and
atmospheric nuclei, are however an important background to these ground observations of cosmic neutrinos.
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Figure 21: nCTEQ15 nPDFs before and after the reweighting using RpXe pseudo-data shown in Fig. 20 for (a) D0, (b) J/ , (c) B+,
(d) ⌥(1S ) production at AFTER@LHCb. The plots show ratios RXe

g of gluon densities encoded in nCTEQ15 over that in CT14
PDFs at scale Q = 2 GeV.
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Figure 22: Same as Fig. 21 using a linear x axis in order to highlight the high-x region.

coherent energy loss. It was studied recently in the context of AFTER@LHC [222] and predicts a suppres-
sion of pA and AA cross-sections compared to the pp one which is depicted in Fig. 23 for J/ and ⌥ in
terms of RpA and RAA factors. AFTER@LHC will allow to further test the applicability of these kind of
approaches and maybe even discriminate between them.

5.1.3. Astroparticle physics
Recently, measurements of cosmic rays (CRs) with very high energies, ranging from about tens of

MeV up to hundreds of TeV, became possible for many particle species (e± [223, 224], � [225, 226], ⌫
[227, 228], p [229], p̄ [230], A [231, 232, 233], Ā) and attracted much attention. The mechanism respon-
sible for the generation of such Ultra High-Energy CRs (UHECRs) is still under intense discussion, with
two main scenarios: (i) the acceleration of particles due to astrophysical phenomena and (ii) dark matter
decay/annihilation. The mechanism generating CRs can only be determined if we can identify characteristic
shapes of the spectrum such as sharp cutoffs which will indicate the decay of massive dark matter particles.
In this precision test of CRs, the spectrum has to be accurately determined, thus naturally requiring precise
investigations of other sources acting as background. Here we present two cases where the AFTER@LHC
program can play a critical role.

UHECR neutrinos and the proton charm content. The terrestrial observation of UHE neutrinos lately be-
came possible thanks to IceCube, with the highest energy recorded on the order of PeV [227, 228]. Atmo-
spheric neutrinos, generated by the weak decays of final state particles of the collisions between CRs and
atmospheric nuclei, are however an important background to these ground observations of cosmic neutrinos.
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The LHC beams cannot be 
polarised

The only possibility to have 
polarised collisions is through 

a polarised fixed-target

unpolarised gas target polarised (+unpolarised) 
gas target

32
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the polarised target project

is not only a unique project itself, 

but also a great playground for 



34

is not only a unique project itself, 

ppp-gas

Successful technology based on 
HERA and COSY experiments

Challenge: develop a new 
generation of polarized targets

H D

Polarized target

is not only a unique project itself, 

but also a great playground for 

the polarised target project
arXiv:1901.08002


Acta Phys.Polon.Supp. 16 (2023) 7

PoS PSTP2022 (2023) 001
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Target density (H)  = 7    x 1013 cm-2 

LHC beam (Run4) = 6.8 x 1018 p s-1 


LpH = 8 x 1032 cm-2 s-1

experimental setup



HERMES PGT

Space available in front of LHCb

Fro
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 th
ere

 to
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37Pasquale Di Nezza

Fixed target physics at the LHC is an exciting reality
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Fixed target physics at the LHC is an exciting reality

is the first fixed target at a multi-TeV beam

It gives access to a new kinematic domain, rare probes, collisions from proton to heavy nuclei, high statistics
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Fixed target physics at the LHC is an exciting reality

is the first fixed target at a multi-TeV beam

It gives access to a new kinematic domain, rare probes, collisions from proton to heavy nuclei, high statistics

is conceived to bring polarized physics at the LHC. It is exceptionally ambitious in terms of both 
its potential for advancing physics and its technical complexity … we are working on it!

is the first experiment (just upgraded) able to run in collider and fixed target mode simultaneously


