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LHCb, a single-arm forward spectrometer perfectly suited 
for fixed target collisions

LHC beam

optimised for studying particles containing c- and b-quarks

2 < η < 5Forward acceptance:
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Tracking	system	momentum	resolution	
Δp/p	=	0.5%–1.0%	(5	GeV/c	–	100	GeV/c)



LHCb, a single-arm forward spectrometer perfectly suited 
for fixed target collisions

LHC beam

optimised for studying particles containing c- and b-quarks

2 < η < 5Forward acceptance:

LHCb is the only experiment able to run both in 
collider and in fixed-target mode
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Tracking	system	momentum	resolution	
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Kinematics on fixed target

pp or pA collisions: 7 TeV beam on fixed target

s = 2mNEp ≃ 115 GeV

−3.0 ≤ yCMS ≤ 0 → 2 ≤ ylab ≤ 57 TeV

2.76 TeV

sNN ≃ 72 GeV

yCMS = 0 → ylab = 4.3

AA collisions: 2.76 TeV beam on fixed target

between SPS & RHIC
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Kinematics on fixed target

pp or pA collisions: 7 TeV beam on fixed target

−3.0 ≤ yCMS ≤ 0 → 2 ≤ ylab ≤ 5

2.76 TeV

sNN ≃ 72 GeV

yCMS = 0 → ylab = 4.3

AA collisions: 2.76 TeV beam on fixed target

between SPS & RHIC

x1~x2

Boost effect                             access to large x2 physics (xF<0)

x1 << x2
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γ =
s

2mp
∼ 60

s = 2mNEp ≃ 115 GeV

7 TeV
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Physics Motivations 
(non exhaustive list)
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High-x physics

Smaller uncertainty could better 

constraint models on hadron 

structure, e.g. for x—>1 

• d/u —> 1/2 : SU(6) spin-flavour symmetry 

• d/u —> 0 : scalar diquark dominance 

• d/u —> 1/5 : pQCD power counting 

• d/u —> 0.42 : local quark-hadron duality
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At the LHC fixed target pp, pA, 
Pb-p or Pb-A collisions one has 
unique kinematic conditions 
at the poorly explored energy 
of √s ~ 100 GeV

Reminder on LHCb Fixed Target
LHCb as a fixed target experiment, thanks to the SMOG internal gas target

pA collisions at unique en-
ergy scale

p
sNN ⇠ 100 GeV

Unique coverage for (n)PDF
at large x

slide 2

p-target

Fermi motion in the nucleus can allow to 
access the exotic 𝒙 > 𝟏 region, where 
parton dynamics depends on the 
interaction between the nucleons within 
the nucleus.  

A bridge between QCD and nuclear physics !8



Substantial improvement of the uncertainties

PDF

5 PHYSICS PROJECTIONS
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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.

50

nPDF 
(gluon)

estimation with 10 fb-1

arXiv:1807.00603

Parton Distribution Functions
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Intrinsic heavy-quark: 
-recent global QCD analyses support the existence of non-perturbative intrinsic 
charm 
-5-quark Fock state (uudQQ) of the proton may appear at high x 
-charm PDFs at large 𝑥 could be larger than obtained from conventional fits  

W± boson production near threshold 
-strongly dependent on quark PDFs at large 𝑥 
-search for heavy partners of the gauge bosons (predicted by many extensions to SM) 

arXiv:1807.00603

Kinematical coverage
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NB:�e coverage depends on the target position

J.P. Lansberg (IPNO) AFTER@LHC Study Group June ��, ���� � / ��

Complementary D and B-physics 
done at high energies

Transverse Momentum Distribution 
functions (TMDs)

Measurements relevant for astroparticle and cosmic ray physics
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pA collisions: 
-nuclear matter effects on PDFs (special sensitivity to high-x, e.g. poorly known anti-

shadowing) 
-studies of parton energy-loss and jet-quenching in cold nuclear matter  

PbA collisions at √sNN ≈ 72 GeV 
-study of QGP formation (quarkonium suppression, jet-quenching in hot nuclear  
matter) 
-fixed target kinematics allows to study the nucleus remnants in its rest frame  
(after QGP formation)

3/14

Charmonia studies in fixed-target configuration

Charmonia are among the best probes to study the phase transition from normal
matter to deconfined matter (quark gluon plasma)

I cc bound pairs: J/ , �c ,  0, ...
I di↵erent binding energy, di↵erent dissociation temperature / critical QGP

temperature (Td/ Tc )

States J/ �c  0

Td/ Tc 2.10 1.16 1.12
[H. Satz, J. Phys. G 32 (2006)]

When energy density increases:

1.  0 is suppressed

2. Then, �c is suppressed

3. Finally, J/ is suppressed

J/ production: 60% direct, 30% from �c decays, 10% from  0 decays

! J/ suppression should exhibit a sequential pattern

Manifestation of interest for SMOG2 LLR, LALcc bound states: J/ψ, χc , ψʹ, … 
︎different binding energy, 

different dissociation 
temperature

QCD Phase-Space
LHC 

@5.02 TeV 

RHIC 

_
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LHC 
@5.02 TeV 

RHIC 

Moving on the µB-T plane at fixed energy 
but scanning in rapidity 

(contrary to RHIC where it was possible to 
scan in energy at fixed rapidity)

QCD Phase-Space
AA collisions (QGP)

PRC 98, 034905 (2018) (arXiv:1806.01303) !12
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LHCb can go from y~2 (at the plateau) 
to y~5  (on the slope)

Searching for the Triple 
Point and the transition



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 resultsSMOG: 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

2 papers published on PRL: 
-antiproton production in p-He collisions @ 110 GeV                                              PRL121,222001(2018) (arXiv:1808.06127) 
-First measurement of charm production in fixed-target configuration at the LHC - PRL122,132002(2019) (arXiv:1810.07907)

1 Introduction

LHCb is the only LHC detector that can run both in collider and fixed-target mode. The
LHCb fixed-target system, called SMOG (System for Measuring the Overlap with Gas) [1],
was originally conceived for precise colliding-beams luminosity calibration. The SMOG system
allows to inject a low flow rate of noble gas into the vacuum vessel of the LHCb VErtex LOcator
(VELO) detector [2]. A temporary local pressure bump of about 10�7 mbar is obtained in the
LHCb beam-pipe section (over a length of about 40 m around the interaction point), which is
about two orders of magnitude higher than the nominal LHC vacuum pressure and one order of
magnitude lower than the LHC vacuum interlocks limit. The resulting beam-gas collision rate
(also increased by two orders of magnitude) allows for a precise determination of the beam density
profiles. This has been successfully exploited to obtain very precise luminosity measurements
through the beam-gas imaging technique [1, 3, 4].

As an additional important feature, SMOG gives the unique opportunity to operate an LHC
experiment in a fixed target mode, and to study proton-nucleus and nucleus-nucleus collisions
on various target types and at different center-of-mass energies. Several dedicated runs have
already been performed since 2015 using He, Ar, or Ne targets with proton and lead beams at
energies ranging from 2.5 TeV to 6.5 TeV, as shown in Fig. 1. This allowed to disclose a new,
rich and ambitious physics program at the LHC, exploiting the unique fixed-target kinematics
achievable with beam energies at the TeV scale. Physics searches with SMOG include study of
cold nuclear-matter effects through prompt heavy-flavour production in pA collisions [5], Quark
Gluon Plasma (QGP) formation in PbA collisions, search for intrinsic charm in the proton at
high Bjorken-x, as well as measurements of prompt antiproton production in pHe collisions [6],
of relevance for Dark Matter searches in astrophysics.

Figure 1: Dedicated SMOG runs collected since 2015. Beam-gas collisions have been recorded
using different gas types (He, Ar, Ne) and beam energies.

The SMOG2 project, presented in this document, constitutes an upgrade of the actual SMOG
system. The core idea of SMOG2 is the use of a storage cell for the injected gas, to be installed
at the upstream edge of the VELO, coaxial with the LHC beam. The proposed plan is to install
the SMOG2 setup during the LHC Long Shutdown 2 (LS2).

4

• Low intensity noble gas injected in the VELO 
vessel (~10-7 mbar) 

• Gas pressure 2 orders or magnitude higher 
than LHC vacuum
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Antiproton production 
in p-He collisions
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The antiproton fraction in cosmic rays is a sensitive indirect probe for exotic astrophysical 
sources of antimatter, such as DM annihilation

… a very interesting aspect

An excess of antiprotons over current predictions based 
on spallation of primary cosmic rays on interstellar 
medium (H and He) has been recently observed by the 
space-borne PAMELA and AMS-02 experiments

Inputs to Cosmic Ray Physics I

AMS02 results provide unprecedented accuracy for measurement of p/p ratio in cosmic rays
at high energies PRL 117, 091103 (2016)

hint for a possible excess, and milder en-
ergy dependence than expected
prediction for p/p ratio from spallation
of primary cosmic rays on intestellar
medium (H and He) is presently limited
by uncertainties on p production cross-
sections, particularly for p-He
no previous measurement of p production
in p-He, current predictions vary within a
factor 2
the LHC energy scale and LHCb +SMOG
are very well suited to perform this mea-
surement

Giesen et al., JCAP 1509, 023 (2015)
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 (PRL 117, 091103 (2016))
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The antiproton fraction in cosmic rays is a sensitive indirect probe for exotic astrophysical 
sources of antimatter, such as DM annihilation

… a very interesting aspect

However, present predictions for p/p flux ratio from the known production sources are limited 
by large uncertainties on p production cross sections (especially from He)

_

_

Empirical parameterizations are mostly 
based on SPS pp data, but no previous 
measurement of p production in p-He 

An excess of antiprotons over current predictions based 
on spallation of primary cosmic rays on interstellar 
medium (H and He) has been recently observed by the 
space-borne PAMELA and AMS-02 experiments

_
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 (PRL 117, 091103 (2016))

LHCb has provided the first direct measurement 
of     production in fixed-target p-He collisions

L.L. Pappalardo  - SQM 2019  - 10-15 June 2019 - Bari 34

Antiproton production in p-He collisions at !"" ~ 110 GeV

The antiproton fraction in cosmic rays is a sensitive indirect probe for exotic astrophysical
sources of antimatter, such as DM annihilation.

An excess of antiprotons over current predictions based on spallation of primary cosmic
rays on interstellar medium (H and He) has been recently observed by the space-borne
PAMELA and AMS-02 experiments.

However, present predictions for ⁄(̅ ( flux ratio from the known production sources are
limited by large uncertainties on (̅ production cross sections (especially from He).

Ø LHCb has provided the first direct measurement
of )* production in fixed-target p-He collisions.

!"" = 110 GeV!16
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Uncertainties are smaller than model 
spread 

EPOS+LHC_tuning underestimate the p-
production 

… but then the visible inelastic cross 
section is compatible with EPOS-LHC: 

             discrepancy: p yield/event  

!17

Natural pHe extensions: 

- inclusive p from hyperon decays  

-charged π,K,p spectra  

-√sNN=87 GeV data 
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Figure 3: Antiproton production cross-section per He nucleus as a function of momentum,
integrated over various pT regions. The data points are compared with predictions from
theoretical models. The uncertainties on the data points are uncorrelated only, while the shaded
area indicates the correlated uncertainty.
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EPOS+LHC

EPOS+LHC

EPOS+LHC

e↵ect of migration between kinematic bins due to resolution e↵ects is found to be negligible.
A major di↵erence between the fixed-target configuration and the standard pp-collision
data taking in LHCb is the extension of the luminous region. As a consequence, the result
is checked to be independent of zPV within the quoted uncertainty in all kinematic bins.
Furthermore, the results do not show any significant dependence on the time of data
taking.

The p production cross-section is determined in each kinematic bin from a sample of
33.7 million reconstructed pHe collisions, yielding 1.5 million antiprotons as determined
from the PID analysis. In Fig. 3, the results, integrated in di↵erent kinematic regions, are
compared with the prediction of several models: EPOS-LHC [19], the pre-LHC EPOS
version 1.99 [26], HIJING 1.38 [27], the QGSJET model II-04 [28] and its low-energy
extension QGSJETII-04m, motivated by p production in cosmic rays [29]. The results are
also compared with the PYTHIA6.4 [30] prediction for 2⇥ [�(pp ! pX) + �(pn ! pX)],
not including nuclear e↵ects. The shapes are well reproduced except at low rapidity, and
the absolute p yields deviate by up to a factor of two. Numerical values for the double-
di↵erential cross-section d2�/dp dpT in each kinematic bin are available in Appendix A.

The total yield of pHe inelastic collisions which are visible in LHCb is determined
from the yield of reconstructed primary vertices and is found to be compatible with
EPOS-LHC: �LHCb

vis /�EPOS�LHC
vis = 1.08± 0.07± 0.03, where the first uncertainty is due to

the luminosity and the second to the PV reconstruction e�ciency. The result indicates
that the significant excess of p production over the EPOS-LHC prediction, visible in
Fig. 3, is mostly due to the p multiplicity.

In summary, using a pHe collision data sample, corresponding to an integrated
luminosity of 0.5 nb�1, the LHCb collaboration has performed the first measurement of
antiproton production in pHe collisions. The precision is limited by systematic e↵ects
and is better than a relative 10% for most kinematic bins, well below the spread among
models describing p production in nuclear collisions. The energy scale,

p
sNN = 110GeV,

and the measured range of the antiproton kinematic spectrum are crucial for interpreting
the precise p cosmic ray measurements from the PAMELA and AMS-02 experiments by
improving the precision of the secondary p cosmic ray flux prediction [11, 31].
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Fundamental contribution able to 
shrink the background uncertainties in 

dark matter searches in space 

Phys. Rev. Lett. 121 (2018), 222001 (arXiv:1808.06127)



Charm production in 
fixed targets

Prompt charm production in p-He and p-Ar collisions

L.L. Pappalardo  - SQM 2019  - 10-15 June 2019 - Bari 19

LHCb recently reported the first measurement of ⁄" # and $% production in fixed-target
configuration using p-He and p-Ar collisions with SMOG

&'' = 87 GeV&'' = 110 GeV
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Charm production in fixed targets Charm production in fixed targets
arXiv:1809.01404, subm. to PRL
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LHCb results are in good agreement with NLO NRQCD fit (J/ψ, left) and 
NLO pQCD predictions (     , right) and other measurements 

D0J/ψ
First LHCb charm samples from:  

pHe@87 GeV (7.6 ± 0.5 nb-1) and 

pAr@110 GeV (few nb-1)
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Charm production in fixed targets Charm production in fixed targets
arXiv:1809.01404, subm. to PRL
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First charm samples from
pHe@69 GeV (7.6 ± 0.5 nb�1) and pAr@110 GeV (few nb�1)
First determination of cc cross-section at this energy scale
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D0J/ψ
First LHCb charm samples from:  

pHe@87 GeV (7.6 ± 0.5 nb-1) and 

pAr@110 GeV (few nb-1)
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Integrated cross-sections

σJ/ψ = 652 ± 33 (stat) ± 42 (syst) nb/nucleon
σD0 = 80.8 ± 2.4 (stat) ± 6.3 (syst) nb/nucleon ] y ∈ [2.0,4.6]

Extrapolated to the full phase-space (using PYTHIA8)

σJ/ψ = 1225.6 ± 100.7 nb/nucleon
σD0 = 156.0 ± 13.1 nb/nucleon

Then, using the                    FF, the cc 
production cross section is

σcc̄ = 288.0 ± 24.2 ± 6.9 nb/nucleon

f(c → D0)
_
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Good agreement of phenomenological predictions with y*-shape, poor in pT (not 
shown here) … gluon dominance? 

HELAC-ONIA, designed and tuned for collider data, underestimate the J/ψ (D0) 
pHe-cross section by a factor 1.78 (1.44)

 PRL 122, 132002 (2019) (arXiv:1810.07907)
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HELAC-ONIA does not contain 
intrinsic charm contribution  

No evidence for sizeable valence-
like intrinsic charm contribution 

-2.53 < y* < -1.73 

 0.17 < x2 < 0.37

 PRL 122, 132002 (2019) (arXiv:1810.07907)



Towards the installation of a real storage cell

SMOG2
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Increase of the luminosity by up to 2 orders of magnitude using the same gas 
load of SMOG 

   

Injection of  

New Gas Feed System. Gas density (luminosity) measured with high precision 

Well defined interaction region upstream the IP@13TeV:  
• strong background reduction, 
• no mirror charges effect,  
• possibility to use all the bunches,  
• possible simultaneous data taking with pp interactions @13 TeV 

SMOG2 vs SMOG

H2, D2,3,4 He, N2, Ne, Ar, Kr, Xe
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1 Asssumed gas flows for storage cell targets

at the LHC (case study)

Storage cell gas gas flow peak density areal density time per year int. lum.
assumptions type (s�1) (cm�3) (cm�2) (s) (pb�1)

SMOG2 SC

He 1.1⇥ 1016 1012 1013 3⇥ 103 0.1
Ne 3.4⇥ 1015 1012 1013 3⇥ 103 0.1
Ar 2.4⇥ 1015 1012 1013 2.5⇥ 106 80
Kr 8.5⇥ 1014 5⇥ 1011 5⇥ 1012 1.7⇥ 106 25
Xe 6.8⇥ 1014 5⇥ 1011 5⇥ 1012 1.7⇥ 106 25
H2 1.1⇥ 1016 1012 1013 5⇥ 106 150
D2 7.8⇥ 1015 1012 1013 3⇥ 105 10
O2 2.7⇥ 1015 1012 1013 3⇥ 103 0.1
N2 3.4⇥ 1015 1012 1013 3⇥ 103 0.1

PGT SC

Ne 1.2⇥ 1016 6.7⇥ 1012 1014 1⇥ 106 250
Ar 8.5⇥ 1015 6.7⇥ 1012 1014 1⇥ 106 250
Kr 2.9⇥ 1015 3.3⇥ 1012 5⇥ 1013 1⇥ 106 125
Xe 2.3⇥ 1015 3.3⇥ 1012 5⇥ 1013 1⇥ 106 125
~H 6.5⇥ 1016 8.1⇥ 1012 1.2⇥ 1014 5⇥ 106 1500
~D 5.8⇥ 1016 10.2⇥ 1012 1.5⇥ 1014 2⇥ 106 750
3 ~He 1.0⇥ 1016 2.1⇥ 1012 3.2⇥ 1013 2⇥ 106 160

Table 1: Typical gas fluxes, peak densities, areal densities, annual running
time and integrated luminosity with proton beams for di↵erent gas types.
SMOG2 SC: 20 cm long and 1 cm diameter at 293 K. PGT SC: 30 cm
long and 1 cm diameter central tube with a 15 cm long and 1 cm diameter
feedtube, both at 100 K.

The SMOG2 SC is assumed to be 20 cm long and 1 cm diameter (at
293 K). Here, it is assumed that one can keep pumping on the VELO vacuum
vessel, either with the two ion pumps or with the TP301 through the GV302.
If required, one could consider adapting the pumping system on the VELO
vacuum vessel in LS3.
The table assumes parallel operation of SMOG2 SC with pp collisions along
the whole data taking. Alternatively, the same integrated luminosities could
be obtained in shorter dedicated runs increasing the gas density by up to a

1

Statistics in full synergy mode (1 yr data taking)

Int. Lumi.                                                    80/pb 
Sys.error of          xsection                          ~3% 
                  yield                                           28 M 
                  yield                                         280 M 
                  yield                                          2.8 M 
                  yield                                         280 k 
                  yield                                           24 k 
                  yield                                           24 k

 SMOG2 example pAr @115 GeV

J/Ψ
D0
Λc
Ψ′�
Υ(1S)
DY μ+μ−

J/Ψ
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SMOG2  

… at

not only a 
project itself

R&D

Phase II 
transversely 

polarised H and 
D target

The R&D is going on, we aim for the 
installation during the LHC LS3 

(2024-2026)

arXiv:1901.08002
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LHCb developed a lively and fast growing fixed-target physics 
program, with very specific capabilities and unique acceptance at 
a hadron collider 

Much more data from Run2 to be analyzed and substantial 
development of the program in the near future with an upgraded 
spectrometer and a real storage cell (SMOG2)

Conclusions

Pasquale Di Nezza
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LHCb developed a lively and fast growing fixed-target physics 
program, with very specific capabilities and unique acceptance at 
a hadron collider 

Much more data from Run2 to be analyzed and substantial 
development of the program in the near future with an upgraded 
spectrometer and a real storage cell (SMOG2)

Conclusions

Fixed-Target collisions at LHCb offer a 
unique opportunity for a laboratory for QCD and 

astroparticle in unexplored kinematic regions

Pasquale Di Nezza


