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SMOG, a successful idea and a pseudo-target

System for Measuring Overlap with Gas (SMOG) has been thought for precise luminosity measurements by beam gas 
imaging, but then it served as a “pseudo-target” producing interesting results

SMOG: the LHCb internal gas target

The System for Measuring Overlap with Gas
(SMOG) allows to inject small amount of no-
ble gas (He, Ne, Ar, . . . ) inside the LHC
beam around (⇠ ±20 m) the LHCb collision
region
Expected pressure ⇠ 2⇥ 10�7 mbar

Originally conceived for the luminosity determination
with beam gas imaging JINST 9, (2014) P12005
Became the LHCb internal gas target for a rich and var-
ied fixed target physics program

slide 3

SMOG: the LHCb internal gas target

The System for Measuring Overlap with Gas
(SMOG) allows to inject small amount of no-
ble gas (He, Ne, Ar, . . . ) inside the LHC
beam around (⇠ ±20 m) the LHCb collision
region
Expected pressure ⇠ 2⇥ 10�7 mbar

Originally conceived for the luminosity determination
with beam gas imaging JINST 9, (2014) P12005
Became the LHCb internal gas target for a rich and var-
ied fixed target physics program

slide 3

gas injection at 
the nominal IP

Data taking SMOG 2015-2018
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Several analysis are going on. Already published: 

-Measurement of antiproton production in pHe collisions at √ sNN =110 GeV   
    PRL 121 (2018), 222001 
-First measurement of charm production in fixed-target configuration at the LHC 
   PRL 123, 239901 

SMOG data samples
Final summary of fixed-target samples acquired with SMOG in Run 2
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Main physics goals:
charm production to investigate nuclear effects and (n)PDF at large x;
studies of hadron production in novel kinematic regime and collision systems
(notably proton - Helium), bringing crucial inputs to cosmic ray physics.

First two physics results submitted to PRL in 2018
antiprotons in pHe, PRL 121 (2018), 222001

charm production in pHe and pAr, arXiv:1810.07907, subm. to PRL

slide 3B.Audurier’s talk on Monday 31.5 
E.Franzoso’s talk on Thursday 3.6 
E.Niel’s talk on Thursday 3.6
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Abstract
Particle identification in large high-energy physics experiments typically relies
on classifiers obtained combining many experimental observables. Predicting the
probability density function (pdf ) of such classifiers in the multivariate space covering
the relevant experimental features is usually challenging. The detailed simulation of
the detector response from first principles can hardly provide the reliability needed for
the most precise physics measurements. Data-driven modelling is usually preferred,
though sometimes limited by the available data size and di↵erent coverage of the
feature space by the control channels. In this paper, we discuss a novel approach to
the modelling of particle identification classifiers using machine learning techniques.
The marginal pdf of the classifier is described with a Gaussian Mixture Model,
whose parameters are predicted by Multi Layer Perceptrons trained on calibration
data as a function of the relevant experimental features. As a proof of principle,
the application of the method to the data acquired by the LHCb experiment in
its fixed-target configuration is discussed. The model is trained on a sample of
proton-neon collisions, and applied to smaller data samples of proton-helium and
proton-argon collisions collected at di↵erent center-of-mass energies. The method
is shown to perform better than a full simulation-based approach, to be fast and
suitable to be applied to a large variety of use cases.

c� 2021 CERN for the benefit of the LHCb collaboration. CC BY 4.0 licence.

Gas pressure 

10-7 to 10-6 mbar  



SMOG2 aims to significantly improve the performances of SMOG thanks to the use of a storage cell. This will 
allow to greatly expand the physics reach of SMOG paving the way to new and unique measurements

Increase of the luminosity by up to 2 orders of magnitude using the same gas load as SMOG 
   

Injection of  

Multiple gas lines 

New Gas Feed System. Gas density (luminosity) measured with greatly improved precision (few %) 

Well defined interaction region upstream the nominal IP: strong background reduction, no mirror 
charges effect, possibility to use all the bunches —> pp and pgas simultaneous data taking 

SMOG2 vs SMOG

H2, D2, He, N2, O2, Ne, Ar, Kr, Xe
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Kinematics on fixed target

pp or pA collisions: 7 TeV beam on fix target

s = 2mNEp = 115 GeV

−3.0 ≤ yCMS ≤ 0 → 2 ≤ ylab ≤ 50.9 - 7 TeV 2.76 TeV

sNN ≃ 72 GeV

yCMS = 0 → ylab = 4.3

AA collisions: 2.76 TeV beam on fix target
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Using Eq. (2) one obtains a total conductance Ctot = 5.82 l/s for He (M = 4). The particle167

current corresponding to the He gas flow of Ref. [6] is1 I = 3.5 · 1015 particles/s. From Eq. (1)168

one then obtains a target areal density of 6.0 · 1012 atoms/cm2, which is more than 10 times169

higher than the SMOG He areal density of 5.6 · 1011 atoms/cm2 extracted from the information170

provided in Ref. [6].171

In Table 1, SMOG2 target parameters are shown for various gas species, by assuming rea-172

sonable target areal densities. In addition, SMOG densities for the same flow rates are shown,173

together with the SMOG2/SMOG density ratios, illustrating the improvement achievable using174

a storage cell. The variation of this ratio with Mgas (molecular weight) comes from the M�1/2175

dependance of Ctot (Eq. (2)), therefore the improvement is highest for the heavy gases.176

Table 1: Typical SMOG2 areal densities for different gas species and the resulting target
parameters (intensity and flow rate). For comparison, the corresponding SMOG densities are
also reported, assuming the same flow rate, a pumping speed on the VELO vessel of 500 l/s and
a fiducial region of 0.8 m (as in Ref.[6]).

Gas species He Ne Ar Kr Xe H2 D2 N2 O2

SMOG2 areal density (1012
atoms/cm2)

10 10 10 5 5 10 10 10 10

Intensity (1015 particles/s) 5.80 2.58 1.82 1.36 1.01 4.08 2.89 1.09 1.03
Flow rate (10�5 mbar · l/s) 21.4 9.6 6.8 4.68 3.75 15.02 10.07 4.05 3.83
SMOG areal density (1012
atoms/cm2)

0.92 0.41 0.29 0.20 0.16 1.30 0.92 0.35 0.33

SMOG2/SMOG 10.9 24.4 34.5 25.0 31.3 7.7 10.9 28.6 30.3

In addition, with the pumps on the VELO vessel switched on, one might be able to run at a177

considerably higher flow injected into the storage cell, thus increasing the target density even178

further. This has to be studied in detail, taking into account pumping speed and capacity of the179

vacuum system of the VELO vessel for the different gases (noble/inert, active).180

4 Machine Issues181

The installation of an openable narrow Aluminum tube of 5 mm inner radius inside the VELO182

vessel near the detector boxes requires to check carefully for potential risks related to:183

• aperture required for the beam;184

• impedance of the system of WFS’s and possible heating and beam instabilities;185

• formation of Electron Clouds and transverse instabilities;186

• risks caused by the formation of Electron Clouds;187

1This value has been extracted from the He density of QHe = 1.3 ·10�4 mbar l/s, corresponding to the pressure
of 2.6 ·10�7 mbar reported in Ref. [6], assuming a pumping speed on the VELO vessel of S = 500 l/s and a fiducial
interaction region of 0.8 m in length.
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Typical SMOG2 areal densities for different gas species, compared with SMOG at the same flow rate

Collision rates 
expected during 
Run3 wrt pp collisionscross sections at 115 GeV and 14 TeV, it is also possible to calculate the collision rate (R) given768

by SMOG2 with respect to pp. The following selected examples are for H2 and Ar targets:769

RH2

Rpp
=
�pH2(115 GeV ) · LSMOG2

�pp(14 TeV ) · Lpp
' 1.3%, (12)

RAr

Rpp
=
�pAr(115 GeV ) · LSMOG2

�pp(14 TeV ) · Lpp
' 10.6%. (13)

Table 11: SMOG2 projected yields for selected reactions compared to the SMOG ones, measured
using a fiducial PV z region of 40 cm, Ref. [5]. The scale factor used for the SMOG2 projections
assumes same data-taking periods, same gas flow rate, global efficiency in average 10% smaller,
and the areal density scale factors for Ar and He from Tab. 1 corrected by a factor 2 to account
for the different fiducial volumes lengths (80 cm vs. 40 cm). The possible significantly larger
number of usable bunches is not accounted for.

SMOG2 projected performances

Reaction DAQ time Non coll. Lumi Decays SMOG Scale SMOG2
bunches (nb�1) yields factor proj. yields

pAr 18 h 684 ⇠ 2

D0 ! K�⇡+ 6450

62

400 k
D+ ! K�⇡+⇡+ 975 60 k
D+

s ! K�K+⇡+ 131 8 k
D⇤+ ! D0⇡+ 2300 140 k
⇤+
c ! pK�⇡+ 50 3 k

J/ + ! µ+µ� 500 30 k
 0 ! µ+µ� 20 1.2 k

pHe 84 h 648 7.6
J/ + ! µ+µ� 500

19.6
10 k

 0 ! µ+µ� 20 0.4 k

11 Planning and responsibilities770

In Fig. 48 the Gantt chart of the project with the main steps about the finalization of the R&D,771

the construction and the installation is reported.772

The R&D process has been possible thanks to the involvement of several groups from different773

institutions. The responsibility of the construction and installation of the target system is in774

charge of INFN Sezione di Ferrara and INFN Laboratori Nazionali di Frascati. As for SMOG,775

the operation and maintenance of the GFS remains in charge of the LHC vacuum group.776

12 Conclusions777

SMOG2 will result in a significant improvement of the performances of the LHCb fixed-target778

system with respect to the present SMOG system, opening to innovative and fundamental mea-779

48

Relative beam loss and beam life time reduction Table 2: Selected results for relative beam loss and beam life time reduction.

Beam Target Gas �loss (barn) ⌧loss (days) Relative loss in 10 h
p H 0.05 2060 0.02 %
p Ar 1.04 97 0.4 %

Pb Ar 4.63 22 1.9 %

It consists of two halves that are moved together with the two halves of the VELO box (Fig. 12301

and Fig. 13). Electrical connectivity at the upstream and downstream ends are assured by CuBe302

wake-field suppressors. The gas is injected in the cell center by means of a small capillary.303

Figure 12: View of the target cell, in the closed position, attached to the detector boxes (grey).

Figure 13: Target cell in the open position.
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Already used with SMOG

A factor 1/7 for the LHCb expected 
pp pileup has not been considered

negligible impact of the target on the LHC beam 

For the new gases simulations are going on in 
order to avoid embritlment of NEG (H2,D2) or 
condensation on machine elements (Kr, Xe) 
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Simultaneous run for p-gas @ 115 GeV and pp @ 14 TeV

Saverio Mariani 
                                                  

Velo Tracking Performance                                   Track extrapolation performance                                                Other studies                                           Conclusions

Velo tracking performance

7SMOG2 reconstruction performance

● Velo clustering and tracking performed with a fully-vectorized algorithm. 
● No tunings required to also include tracks coming from SMOG2 region.

● Preliminary results obtained with reconstruction in Brunel confirmed in Moore.
● Same performance for the pp and the pHe components.

(see e.g. LHCb-FIGURE-2019-007 )  

beam-target	
interaction	region	 beam-beam	

interaction	region	

VELO track efficiency 

The two systems don’t interfere each other and the reconstruction efficiencies stay unchanged 

The DAQ data flow increases of 1-3% only

At the moment LHCb is the only experiment able to run both in 
collider and in fixed-target mode … simultaneously!
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Long list of potential physics measurements for Run3 not reported in this technical 
oriented talk

-Advance our understanding of the large-x gluon, antiquark and heavy quark content in nucleons and nuclei  

-Advance our understanding of the dynamics and spin distributions of gluons inside unpolarised nucleons 

-Study heavy-ion collisions between SPS and RHIC energies at large rapidities 

With SMOG2 we access unique kinematic conditions at the poorly explored energy of √s ~ 115 GeV, mid-high 
rapidities, using also the LHCb capabilities to reconstruct rare probes with high efficiency
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ALICE
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LHCb 110 GeV
HERA
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J/Ψ

D0

Ψ(2S)

Υ(1S)

DYlow mass

Λ+
c

Reconstructed yield for ~1 yr of data taking during Run 3

28 M

pAr

280 M

3 M

5 M

24 k

24 k

rule of thumb

1 pb−1 ≃ 24 h × 1000 bunches × 1013 cm−2

This results as a laboratory for QCD

target density
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Storage cell concept

A Storage Cell consists of a tube (length L=200 mm, inner diameter D=10 mm). 
Gas is injected at the tube center by means of a capillary from a gas-feed system as a directed flow

Compared with a free beam, the gas atoms are confined by the tube thus forming a target of higher areal 
density atoms/cm2. The ‘compression factor’ can be as high as 100x depending on the geometry of the 
storage cell and gas type. 

The density (luminosity) increases with increasing L and decreasing D 
  

The atoms diffuse outwards via the openings in MolFlow mode by performing many wall collisions

3.1 The storage cell concept131

The use of a tubular storage cell coaxial with the beam is the optimal choice for a gas target132

since, given a certain gas input, it allows to maximize the areal density ✓ seen by the beam. The133

principle is shown in Fig. 6. The open-ended cylindrical tube has an inner diameter D and a134

length L. Gas at flow rate Q, provided by a GFS (described in Sect. 6), is injected via capillary135

at the center of the storage cell.136

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.

The volume density ⇢0 at the center is given by137

⇢0 =
I

Ctot
, (1)

where I is the particle intensity (particles/s) of the gas flow and Ctot the total conductance of138

the tube from the center outwards. In this specific case, Ctot is given by the conductance of two139

consecutive tubes of length L/2. For cylindrical tubes, the conductance in the molecular flow140

regime is given by [10]:141

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.142

The areal density is given by:143

✓ =
1

2
⇢0L. (3)

A tube-like storage cell to be installed within the VELO vessel has to meet the following minimal144

requirements:145

1. Has to be split in two halves, movable apart during injection and tuning of the beam. The146

two halves must be connected with the respective VELO boxes and moved simultaneously.147

2. Must have conducting surfaces surrounding the beam, needed to shield the chamber from148

the beam fields, thus preventing the excitation of Wake Fields. In this specific case these149

are provided by the cell structure itself, a conducting transition to the RF foil, and a flexible150

connection to the beam tube suspended by the elliptical flange of the VELO vessel.151
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CERN	-	15/11/2018	 2	V.	Carassiti	-	INFN	Ferrara	

200	192	

RF	FOIL	

EXISTING	FLANGE	

STORAGE	CELL	

WAKE	FIELD	SUPPRESSOR	

DETECTOR	BOX	

LHC 
beam
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Installation completed in August 2020
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Figure 2: Minimum storage cell aperture for horizontal crossing, pushed scenario (�⇤

= 1.5 m). Dashed lines correspond to the contributions explained in Sec. 2.1. Solid red line
is the sum of the other three. Black vertical line highlights VELO edge position. A 0.1 mm
o↵set due to orbit drifts is assumed (SC aligned at every fill).

Figure 3: Minimum storage cell aperture for all scenarios. A 0.1 mm o↵set due to orbit
drifts is assumed (SC aligned at every fill).
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Rcell = 5 mm —> clearance of 2 mm

Laser alignment during installation

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). 
 

Minimum aperture: all scenarios

Very good alignment reached
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10 times faster than normal

Movie

Due to the variable traverse size of the LHC 
beam, the storage cell must be openable: 

-open (R=30 mm) during the beam injection 
and tuning phase 

-close (R=5 mm) during lumi run
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Secondary Electron Yield

Electron cloud effects are observed in accelerators with positive particles. Slow electrons produced by various 
ionization processes are trapped near the beam producing secondary electrons (SEY), which may lead to beam 
instabilities.  

For this reason, surfaces exposed to the LHC beams need to have a low enough SEY —> coating 

All the surfaces have been coated with Amorphous Carbon 
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Machine Induced background … in the LHCb spectrometer

The installation of the gas target in the upstream section of the LHCb spectrometer adds material budget that can, in 
principle, increase the background seen by the sub-detectors 

This has been carefully calculated checking the: 

-Beam-gas interactions in Long Straight Section (LSS) leading up to the experiment 
-Interactions with the Tertiary Collimators (TCT) located upstream on both sides of the  
beam pipe.

This is un upper limit because the pileup has not been considered 
Adding the SMOG2 material budget in front of the LHCb detector does not change the number of VELO clusters per event 
in the pp collisions 
When the MIB is properly scaled and embedded into the pp collisions, the effect of SMOG2 is completely negligible

Simulations in GEANT
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Luminosity measurements

List = θ Np frev

flux injected geometry areal density

Gas Feed System Storage Cell
Molecular Dynamics 
Temperature 
Leakage 
Sticking Factor

areal 
density Np/b ⋅ Nb

number of particles

ρ0
L
2

=
Φ
C

L
2

C = 3.81
T
M

D3

L + 4
3 D

frev: beam revolution frequency 
Np/b: number of particles per bunch 

Nb: number of bunches 
: target density at the cell center 

: gas flow 
: areal density 

C= total conductance 
D: cell diameter 

L: cell length 
T: temperature 

M: molecular mass

Instantaneous measurements

ρ0
Φ

θ
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Comparison with the method used with SMOG (ep elastic scattering) is possible offline

Total expected uncertainty on luminosity ~2% 
(slightly dependent on the gas: worse for H2 than for Xe)

Molecular Dynamics (Molflow): 0.5 % 

Temperature:    T <0.1 K —> negligible 

Leakage: wings ensure a negligible conductance along the cell edges —> negligible 

Sticking Factor: 1.4% (pessimistic estimation) 

Geometry: real geometry measured by CMM —> negligible 

GFS: <1% (to be confirmed after the calibration of the whole system)

Prelim
inary

Contributions to systematic uncertainty:

Δ

Luminosity measurements



Gas feed system
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3+1 gas lines/reservoirs

It will be installed in 2022, before the end of the LS2
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LHC fixed target experiments:
Report from the LHC Fixed Target Working Group 

of the CERN Physics Beyond Colliders Forum

CERN Yellow Reports: 
Monographs

CERN-2020-004

https://cds.cern.ch/record/2653780?ln=en

TDR
UPGRADE

CERN/LHCC 2019-005

LHCb TDR 20

08 May 2019

Technical Design Report

SMOG2

https://cds.cern.ch/record/2673690/files/LHCB-TDR-020.pdf
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Abstract

The LHCb experiment pioneered fixed-target physics with LHC beams, thanks
to the SMOG internal gas target. Collisions of proton and heavy-ion beams on
targets with di↵erent nuclear size can be recorded at a centre-of-mass energy of
p
sNN ⇠ 100 GeV. This note summarizes the physics opportunities o↵ered by the

current fixed-target setup and its upgrade envisaged for the LHC Run 3. Unique
measurements are being performed with Run 2 data, covering in particular heavy
flavour production in nuclear collisions over a wide Feynman-x range and light
particle production of particular interest to cosmic ray physics. The increase in
luminosity and extension of the choice of target material, which are being pursued
for Run 3, open many new possibilities which are reviewed in this document.

c� 2019 CERN for the benefit of the LHCb collaboration. CC-BY-4.0 licence.

The SMOG2 unpolarized gas target is not only 
a very interesting project itself, but provides 

an ideal test-bench for the R&D for its 
upgrade —> the polarized target Marco Santimaria’s talk 

Wednesday 2.6



Conclusions

Pasquale Di Nezza21

The SMOG2 project is unique, not only in the LHC panorama 

The R&D and validation process have been complex but all the relevant aspects, wrt LHC and 
LHCb, have been studied in details 

The SMOG2 storage cell has been installed and is ready for the LHC Run 3 

The GFS is in its final phase (calibration and installation)

Fixed target collisions at LHCb offer a unique 
opportunity for a laboratory for QCD and astroparticle in 

unexplored kinematic regions


