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LHCb as fixed gas target experiment

-Very simple injection system, with only 1 gas reservoir 
-Gas spread around 20 m from the PV 
-Trigger rate 0.5 Hz (with  protons in the beam), and a vacuum level 
into the beam pipe  mbar (LHC nominal vacuum  mbar)

±
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The original idea was to inject gas into the beam pipe to have a precise luminosity 
measurement via beam-gas imaging technique

Nevertheless LHCb collected high quality dataNucl. Instrum. Meth. A553 (2005) 388
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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

beam-gas IP

beam-beam IP

A gas storage cell can boost the gas density by a factor 
8-35 for the same flow as in Run2 with SMOG

Open-ended tube

Since 2022 - SMOG2, the first LHC internal 
storage cell

The PVp-gas and PVbeam-beam are well 
separated, no need for dedicated runs
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Longer is better, but going far from the tracking 
detector is a limitation

Smaller is better, but going close to the 
beam is dangerous

Target areal density

A gas storage cell can boost the gas density by a factor 
8-35 for the same flow as in Run2 with SMOG
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The beam aperture is one of the main parameters to be considered

VdM scan represents the most critical situation, when the beam reaches of 3 
mm at the place where the storage cell is installed
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The choice of an openable cell allows for: 
-a large diameter during the injection and tuning phases, when the beam traverse size is 
large (Ebeam=450 GeV) 
-a small diameter during the lumi run phase (Ebeam=6.8 TeV)

The LHC requirement is to stay at least 15  from the beam transverse sizeσ

30 mm (open) 5 mm (closed) radius  x  200 mm length
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VELO Vessel 
system + 
storage cell

Other LHCb sub 
detectors

LHC 
beam



It is the only system 
present in the LHC 
primary vacuum

10

High-density gas 
target at the LHCb 
experiment 
PHYSICAL REVIEW 
ACCELERATORS AND 
BEAMS 27, 111001 
(2024)
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It is the only system 
present in the LHC 
primary vacuum

High-density gas 
target at the LHCb 
experiment 
PHYSICAL REVIEW 
ACCELERATORS AND 
BEAMS 27, 111001 
(2024)
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10 times faster 
than normal

open

close
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The alignment is a crucial part

LHCb - UX85  SMOG2 - ALIGNMENT ON VELO August 4th, 2020 

Nº EDMS: 2403823   - 6/6 -    2020-08-04_SMOG2_ALIGN_ON_MODULE.DOCX 

5. FINAL POSITION 

After few iterations, the satisfying results were obtained and validated by Pasquale Di Nezza.  
 

Warning: Unless otherwise specified, coordinates are given at the centre of the survey target with an 
accuracy of 0.2 mm at one sigma level (in X, Y, and Z). 

Table 7: Coordinates of measured points - Final measurements 

Name Xphys [m] Yphys [m] Zphys [m] 
S_AD10 0.03172 -0.02570 -0.34992 
S_AU10 0.03177 -0.02510 -0.60502 
S_CD10 -0.02033 0.03843 -0.34985 
S_CU10 -0.02040 0.03883 -0.60495 

 
The best fit (fixed scale) of the nominal coordinates (of the SMOG2 in its own system, see §3) onto the 
measured points gave the following residuals: 

Table 8: Residuals of the best fit of the nominal SMOG2 into the measured points 
Name RXphys[mm] RYphys[mm] RZphys[mm] 3D[mm] 

S_AD10 -0.03 -0.11 0.20 0.23 
S_AU10 0.10 0.03 -0.07 0.13 
S_CD10 0.06 0.08 0.09 0.14 
S_CU10 -0.12 0.00 -0.22 0.25 

 
Final position of SMOG2 and its offset to the nominal position are shown in the table below 
 

Table 9: Final position of the SMOG2 and its offset to the nominal position 
Position of SMOG2 Offset to nominal 

Name Xphys [m] Yphys [m] Zphys [m] dXphys [mm] dYphys [mm] dZphys [mm] 
S_E -0.00142 -0.00017 -0.61739 -0.25 0.14 0.11 
S_S -0.00136 -0.00040 -0.33739 -0.19 -0.14 0.11 
S_ROLL -0.00082 0.99983 -0.61658    

 
* ‘ROLL’ point is a virtual point, 1 meter above the Entrance point which allows to appreciate the roll 
angle of the SMOG2 by looking at the difference in Xphys between those 2 points (~1mrad). 
 Excellent alignment reached: 

maximum offset of 0.25 mm over 2 
mm of available range Laser + 4 mirrors to 

measure the position



14

LHCb - UX85  SMOG2 - ALIGNMENT ON VELO August 4th, 2020 

Nº EDMS: 2403823   - 6/6 -    2020-08-04_SMOG2_ALIGN_ON_MODULE.DOCX 

5. FINAL POSITION 

After few iterations, the satisfying results were obtained and validated by Pasquale Di Nezza.  
 

Warning: Unless otherwise specified, coordinates are given at the centre of the survey target with an 
accuracy of 0.2 mm at one sigma level (in X, Y, and Z). 

Table 7: Coordinates of measured points - Final measurements 

Name Xphys [m] Yphys [m] Zphys [m] 
S_AD10 0.03172 -0.02570 -0.34992 
S_AU10 0.03177 -0.02510 -0.60502 
S_CD10 -0.02033 0.03843 -0.34985 
S_CU10 -0.02040 0.03883 -0.60495 

 
The best fit (fixed scale) of the nominal coordinates (of the SMOG2 in its own system, see §3) onto the 
measured points gave the following residuals: 

Table 8: Residuals of the best fit of the nominal SMOG2 into the measured points 
Name RXphys[mm] RYphys[mm] RZphys[mm] 3D[mm] 

S_AD10 -0.03 -0.11 0.20 0.23 
S_AU10 0.10 0.03 -0.07 0.13 
S_CD10 0.06 0.08 0.09 0.14 
S_CU10 -0.12 0.00 -0.22 0.25 

 
Final position of SMOG2 and its offset to the nominal position are shown in the table below 
 

Table 9: Final position of the SMOG2 and its offset to the nominal position 
Position of SMOG2 Offset to nominal 

Name Xphys [m] Yphys [m] Zphys [m] dXphys [mm] dYphys [mm] dZphys [mm] 
S_E -0.00142 -0.00017 -0.61739 -0.25 0.14 0.11 
S_S -0.00136 -0.00040 -0.33739 -0.19 -0.14 0.11 
S_ROLL -0.00082 0.99983 -0.61658    

 
* ‘ROLL’ point is a virtual point, 1 meter above the Entrance point which allows to appreciate the roll 
angle of the SMOG2 by looking at the difference in Xphys between those 2 points (~1mrad). 
 Excellent alignment reached: 

maximum offset of 0.25 mm over 2 
mm of available range Laser + 4 mirrors to 

measure the position

Since new material has been introduced along the beam line, 
it is important to evaluate the Machine Induced Background

Gean4+Epos+Pythia8 embedded in a machine code  
(IEEE Trans. Nucl. Sci. 59 (2011) 16 )

main sources: 
-beam-gas interactions in long straight sections leading up to the experiment; 
-interactions with the tertiary collimators located upstream the experiment 

The MIB alone shows a maximum increase of +16%, when properly scaled 
and embedded into the beam-beam collisions, the effect of the storage cell 
becomes negligible (~0.1%)

The alignment is a crucial part
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Simulation show that the local power loss could reach up to 1.5 kW if the worst mode is hit by one the main 
spectral lines of the LHC beam 

However, based on simulation and mockup measurements, we found that in the pessimistic case of 20 MHz 
resonance shifts, a power dissipation in the cell could reach 14 W. This can increase up to a factor of 4 in case 
the two beams create the same simultaneous dissipation (extremely unlikely)

±

The equilibrium temperature can be calculated by considering:

heating power dissipation as

Pcell =
1.226 ⋅ c
4π2bσ3/2

z

Z0

sσe

Ī2

Nb fr

and the Stefan-Boltzmann dissipation formula 

Prad = ϵσT4A
CERN-LHCC-2019-005 
LHCB-TDR-020

we found that the equilibrium 
temperature cell must be around 30-40 C 

depending on the beam conditions

cell monitored by 5 thermocouples

Temperature issue 



16

In case of sudden temperature increase, the procedure would be to slightly open the storage cell to avoid 
hitting the e.m. modes of the beam and to allow the cell to cool down. 
From experience, we know that we are very far from this critical condition

The importance of measuring the temperature for the luminosity determination will be discussed in Saverio’s talk

Clear dependance 
on the beam current 

Temperature 
behaviour of the 5 
thermocouples

Recorded temperatures always below 41 C	
The prototype has been tested up to 130 C



The LHCb detector
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The LHCb detector

18

geometry of a fixed target experiment

beam
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Even though the spectrometer has a cylindrical geometry, the 
reconstruction efficiency and the relative PID were reasonable 

The project was stopped by the ALICE management because it was 
considered too invasive and incompatible with the already planned 
upgrade, such as the FOCAL calorimeter

The Alice experience

A wire target, located at 5-6 m from the 
beam-beam IP

Extraction of the beam halo to collide with the wire target
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SMOG 2 Storage cell 
integration in the 

VELO vacuum tank

The LHCb Gas Feed System



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

• Advanced Gas Feed System for the gas injection

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

• Injectable gases (3+1 reservoirs): H2, D2, N2, O2, He, Ne, Ar, Kr, Xe
• Flux known with  precision, measured relative contamination 

τp−H2
beam−gas ∼ 2000 τPb−Ar

beam−gas ∼ 500

1 % 10−4

PHYSICAL REVIEW 
ACCELERATORS AND BEAMS 

27, 111001 (2024)The LHCb Gas Feed System



22

SMOG2 is a very interesting project itself, however, the 

installation of an unpolarised gas target also proves the 

technical feasibility of implementing this technique at the 

LHC … therefore we can proceed to the next step

All the details of the data acquisition, results and experience gained from 

the data taking will be presented by Saverio in his talk later this afternoon 



Polarized target

ppp-gas

a polarized target at 

H D

23

Successful technology based on 
HERA and COSY experiments … but an extensive R&D is also required



Target density (H)  = 3.7 x 1013 cm-2  
LHC beam (Run5) = 6.8 x 1018 p s-1  

LpH = 2.5 x 1032 cm-2 s-1

24

LHCspin experimental setup 

Negligible impact on the LHC beam lifetime,  days 
to be compared with the typical 10h of the beam lifetime

τp−H
beam−gas ∼ 2000



reconstructed particles

LHCspin event rates

Precise spin asymmetry on  and  
for  collisions in just few weeks

J/Ψ → μ+μ− D0 → K−π+

pH↑

Huge statistics

Statistics further enhanced by a factor 3-5 in LHCb upgrade II

25

J/Ψ

J/Ψ
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LHCspin strength point and uniqueness will 
be heavy flavours, mostly unexplored by 
existing facilities with the exception of the 

, for which measurements have been 
performed at PHENIX and COMPASS: 

• PHENIX: ~ 21k signal candidates (2006 + 
2008 data) at LHCspin they can be 
collected in ~10 minutes (cell) or ~7 hours 
(jet) 

• Mass resolution: LHCb nominal 
 MeV at the mass  and 
 MeV at the mass  mass 

• Can also measure excited states & 
heavier mesons

J/Ψ

σμμ ≃ 13 J/Ψ
σμμ ≃ 42 Υ

Comparing  J/Ψ → μ+μ−

we can greatly complement these results with high precision 
measurements and much larger kinematic coverage!



Quark TMDs

• Extraction of qTMDs does not require knowledge of FF 

• Verify sign change of Sivers function wrt SIDIS    

• Test flavour sensitivity using both H and D targets

f⊥
1T |DY = − f⊥

1T |SIDIS
Gold

en
 C

ha
nn

el

LHCb has excellent -ID & 
reconstruction for  

μ
μ+μ−

dominant:  

suppressed: 

q̄(xbeam) + q(xtarget) → μ+μ−

q(xbeam) + q̄(xtarget) → μ+μ−

27
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Gluon TMDs

Theory framework well consolidated, but experimental 
access still extremely limited

The most efficient way to access the gluon dynamics inside the 
proton at LHC is to measure heavy-quark observables. 
At LHC heavy quarks are produced by the dominant gg fusion 
process

Inclusive quarkonia production in (un)polarized pp interaction 
turns out to be an ideal observable to access gTMDs

TMD factorisation requires :qT(Q) ≪ MQ

• Can look at associate quarkonia production, where only relative 
 needs to be small (e.g. )qT pp(↑) → J/Ψ + J/Ψ + X

• Due to the large masses, easier in case of bottomonium where 
factorisation can hold at large qT

{
28
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Gluon-induced asymmetries 
(unconstrained ) accessible 

by, e.g.,  or  production

h⊥g
1 + f g

1

di − J/Ψ Υ

… more probes: ηc, χc, χb, . . .



Probing the Sivers function

Can be accessed through the Fourier decomposition of the TSSAs for inclusive meson production

Sensitive to color exchange among IS and FS, and gluon OAM

Shed light on spin-orbit correlation of unpolarized gluons inside a transversely polarized proton

30
Phys. Rev. D 102, 094011 (2020)
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ArXiv:2508.15482
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Spin physics in heavy-ion collisions

•probe collective phenomena in heavy-light systems through ultra-
relativistic collisions of heavy nuclei with trasv. pol. deuterons 

•polarized light target nuclei offer a unique opportunity to control 
the orientation of the formed fireball by measuring the elliptic flow 
relative to the polarization axis (ellipticity). 

W
ojciech Broniow

ski, Piotr Bozek

sNN = 72 GeV
Pb
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Spin physics in heavy-ion collisions

sNN = 72 GeV
Pb

Single spin asymmetries in ultra-peripheral  collisionsp↑A → hAX

to test the assumed dominance of the contribution from twist-three fragmentation functions
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MAGNET INFO FOR THE CELL ACCESS

coils

V. Carassiti - INFN Ferrara

yoke

- MAGNET IN TWO SEPARATED COILS

- C SHAPE YOKE OR WITH A SIDE 
REMOVABLE PLATE 

28/12/2020 13

FEED THROUGH SERVICES

MOTORS

ABS

BRP

FEED THROUGHS:
- ABS x 1
- BRP x 1
- Ugfs x 1
- Motors x 2
- Thermal sensors x 1

WFS

• Inject polarized gas via ABS and unpolarized 
gas via UGFS

• Compact dipole magnet  static transverse field
• Superconductive coils + iron yoke configuration fits the 

space constraints
•  with polarity inversion, , suitable 

to avoid beam-induced depolarization

→

B = 300 mT ΔB/B ≃ 10 %
[PoS (SPIN2018)]

PGT implementation into LHCb

Possibility to switch to a solenoid and provide 
longitudinal polarization

Transverse polarization

33

https://pos.sissa.it/346/098
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The material of the cell walls must have a low Secondary Electron Yield (e-cloud)

SMOG2 non coated cell
SMOG2 amorphous Carbon coated cell

Role of the storage cell coating



Coating issues

Amorphous carbon is a very effective coating for maintaining low SEY, as 
demonstrated by SMOG2. However, what about atomic recombination?

polarized

unpolarized
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Coating issues

Amorphous carbon is a very effective coating for maintaining low SEY, as 
demonstrated by SMOG2. However, what about atomic recombination?

In previous experiments at HERA and COSY, Dryfilm (silicon) or Teflon (fluoride) coating, 
combined with ice layers, kept the SEY low and prevented recombination

This is not possible at LHC: no fluoride, no silicon materials allowed

polarized

unpolarized

36



Coating issues

Let’s try to change the paradigm and exploit the recombination effects. 
This can happen if: 

1) the recombination process is “fast enough” to recombine two polarized atoms 
2) the recombination into molecules is very high

37



Coating issues

Let’s try to change the paradigm and exploit the recombination effects. 
This can happen if: 

1) the recombination process is “fast enough” to recombine two polarized atoms 
2) the recombination into molecules is very high

A test was performed at FZ-Julich on a quartz storage cell coated at CERN with 
amorphous carbon, just like the SMOG2 storage cell

Acknowledgement for the coating process: Yorick DELAUP, Bernard HENRIST,  Pedro COSTA PINTO - CERN TE-VSC
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We can develop a new storage cell using 
polarized molecules

• high density target 

• but an absolute polarimeter is needed

Po
S 

PS
TP

20
22

 (
20

23
) 

03
6

Proton vector polarization for different magnetic fields

PR
L 

12
4,

 1
13

00
3 

(2
02

0)

PR
L 

11
5,

 1
13

00
7 

(2
01

5)

39

Role of the storage cell coating

The amorphous Carbon coating (the one used for SMOG2) provides almost full recombination and keeps a reasonable polarization

Initial atomic polarisation       Pa = 0.90 
Recombination rate               95.8 - 100 %



Development of an absolute polarimeter

To validate the theoretical predictions of the analyzing power at 7 TeV, in addition to evaluating 
detection efficiency and background, the absolute polarimeter must be installed in coincidence 
with the standard Breit-Rabi Polarimeter along the beamline

Based on the Coulomb Nuclear Interference (CNI), as done at RHIC
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The backup: the jet target Pro 
-no recombination 
-high polarisation 
-very small systematics on the polarisation measurements 

Contra 
-x40 less luminosity than the cell solution 
(tolerable for the standard channels, relevant for the rare 
probes)



The plan is to develop the project in 2 phases:

42



The plan is to develop the project in 2 phases:

Install the PGT in LHCb for the Run5 and exploit 
all the enormous potentialities due to the LHCb 
(upgrade II) spectrometer: c-, b-quark 
reconstruction, rare probes, RTA, …

Polarized target

43



The plan is to develop the project in 2 phases:

Install the PGT in LHCb for the Run5 and exploit 
all the enormous potentialities due to the LHCb 
(upgrade II) spectrometer: c-, b-quark 
reconstruction, rare probes, RTA, …

Polarized target

Develop a compact apparatus capable of: 
- conducting R&D to have a “plug & play” PGT 

for Run5 
- perform physics measurements never 

accessed before 
- perform measurements connected to LHC 
- etc…

44



The LHC Interaction Regions
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The LHC 
Interaction 
Region 4 
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INFN Laboratory in Ferrara
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Detector concept at the IR4
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Even though the focus will be on polarimetry and beam interactions, we performed preliminary calculations to 
determine if a simple detector could meet our needs

we can achieve a resolution  within 
a few meters of lever arm (depending on 
space constraints) for momenta up to a few 
GeV and with N = 10 hit measurements 

δp/p < 1 %

with we have  MeV, 
excellent for any other measurement

δp/p ∼ 1 % δm ∼ 40

it is even possible to have a ToF PID 
 level for  @3σ π − K

p ∼ 1 GeV → σT𝒪(100) ps

Anything we measure is new and worth 

to be published!
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The polarized target is part of the LHCb 
Scoping Document for the Upgrade II 

The project has been submitted to the ESPP 

The iter with LHC/PBC has already started
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Timetable

2025 
now

2026 2029

LHC LS3 
time for installing the 
apparatus at the IR4

2033

LHC Run4 
data taking at 

the IR4

LHC LS4 
time for 

installing the 
apparatus at 

LHCb

2035

LHC Run5 
data taking at LHCb

As an independent 
collaboration from 

LHCb



Pasquale Di Nezza

faced various technical challenges, but all issues were solved through constructive 
collaboration with LHC and LHCb experts 

could be implemented within a realistic timeframe (during LHC LS3 for the LHC Run4, 
starting data taking around 2030) and with a limited budget, paving the way for other new 
frontiers of LHC 

Conclusions
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The fixed targets at LHC are innovative and unique projects with remarkable potential for advancing physics 
in largely unexplored kinematic domain


