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Abstract. The LHCb experiment is designed to study flavor physics of b and c quarks. The detector is op-
timized for the study of identified hadrons produced in the forward direction, which also makes LHCb very
interesting for the understanding of cosmic-ray induced air showers. LHCb is analysing proton-proton, proton-
lead, and lead-lead collisions. As a unique feature, LHCb is also studying beam interactions with noble gases
using its SMOG system. We present recent measurements of charmed mesons, which are used to obtain pro-
duction cross-sections, to constrain the parton PDF, to test pomeron and multi-particle interactions, nuclear
and collective effects. These mostly have an indirect impact on the modeling of hadronic interactions. Finally,
we present a direct measurement of the anti-proton production in proton collisions with helium gas, which are
important for the understanding of AMS-02 and PAMELA data.

1 Introduction

The LHCb experiment [1] is a forward spectrometer fully
instrumented in pseudo-rapidity 2 < |η| < 5. LHCb has
very good momentum and vertex resolution and is the only
main LHC experiment with hadron identification capabil-
ities in the forward rapidity range, provided by its sys-
tem of two ring-imaging Cherenkov (RICH) detectors [2].
The acceptance of LHCb has been recently enhanced with
HeRSCHeL [3], a system of forward scintillators up- and
downstream of LHCb, to detect scattered charged particles
in the pseudo-rapidity range 5 < |η| < 10. The system is
designed to better identify diffractive events, which show
little activity in LHCb and high activity in HeRSCHeL,
and so-called central-exclusive production with a single
prompt track in LHCb and little activity in HeRSCHeL.

A unique feature of LHCb is the SMOG system [4] to
inject small amounts of noble gas into the central vertex lo-
cator around the beam-crossing point. The system was de-
signed and successfully used to measure the profile of the
LHC beam, which enables a precise measurement of beam
luminosity. The setup turned out to be also suited to study
particle production in interactions of the LHC beams with
the gas target, which opens a new opportunity to study in-
teractions at cms-energies around 100 GeV in the nucleon-
nucleon system, an intermediate point between the energy-
range covered by the SPS pre-accelerator and full LHC.

Due to its acceptance to forward production and
hadron identification capabilities, LHCb has a significant
potential to improve predictions for cosmic-ray induced air
showers, which are driven by hadron production in the for-
ward direction. Theoretical uncertainties in the prediction
of air shower observables as a function of the properties of
the primary cosmic ray are limiting measurements of the
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cosmic-ray mass composition [5, 6]. The HeRSCHeL and
SMOG systems further enhance this potential.

We highlight recent measurements by LHCb with a
relevance for air showers. Many of these provide indi-
rect insights, by revealing details of pomeron and multi-
particle interactions and of nuclear effects in proton-
nucleus interactions, but there are also direct measure-
ments like the inelastic cross-section, the production
cross-sections for charmed mesons and anti-protons. The
following sections group the results by the interaction sys-
tem, starting with proton-proton collisions, moving on to
proton-lead, and finally collisions of protons with helium
and argon gas. We close with a brief discussion of possible
future measurements.

2 Proton-proton collisions

A basic property of a proton-proton interaction is the in-
elastic cross-section, and it determines to a large degree
how deeply an air shower develops in the atmosphere [9].
The cross-section has been measured recently by LHCb
at a center-of-mass (cms) energy of 13 TeV [7], which is
shown in Fig. 1, left-hand-side, together with other mea-
surements from 2.76 to 13 TeV. The LHCb measurement is
in excellent agreement with ATLAS and TOTEM. The to-
tal uncertainty is dominated by the systematic uncertainty
of the beam luminosity and the extrapolation from fiducial
to inelastic cross-section.

LHCb did extensive studies of prompt charm pro-
duction at 13 TeV and published the double-differential
inclusive production cross-section for D0, D+, D+s , and
D∗+ [8]. The D0-results are shown in Fig. 1, right-hand-
side. There is good agreement of theory and measure-
ment, but the measurement with a 5-10 % uncertainty is
much more precise, especially at low transverse momenta
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Figure 1. Left: Inelastic cross-section in pp-collisions as a function of cms-energy [7]. Right: Inclusive cross-section of prompt D0

production in pp-collisions at 13 TeV [8].

pT < 2 GeV/c. Within experimental errors, the cross-
section for cc̄-production appears to be equal for the mea-
sured D-mesons. Charmed mesons are rare in air showers,
but the main source of high-energy neutrinos. Therefore,
the production cross-section in the forward direction is of
relevance to the IceCube Neutrino Observatory [10, 11],
where high-energy neutrinos produced in the atmosphere
by cosmic rays are the main background for the diffuse
astrophysical neutrino flux.

The central exclusive production (CEP) of J/ψ and
ψ(2S ) at 13 TeV is another interesting LHCb measure-
ment [12], see Fig. 2. CEP is a diffractive process where
both protons remain intact, yet a single vector meson is
produced. The process can be understood as a fusion of
a photon with a pomeron. The pomeron is a strongly-
coupled object with the quantum numbers of the vacuum
and thought to dominate soft interactions between hadrons
with low momentum transfer. The CEP process probes the
generalized parton density function (PDF) down to very
low x = 2 × 10−6. The HeRSChel system is crucial to
discriminate CEP events, because it allows one to select
events with low activity around the beam-line.

The LHCb collaboration further measured the inclu-
sive cross-section for J/ψ-pair production at 13 TeV [13],
see Fig. 3 left. Besides the single-parton scattering (SPS)
process, double-parton scattering (DPS) contributes to
quarkonium pair production. The DPS process can pro-
vide information on the transverse momenta of the par-
tons and their correlations inside the proton. It is there-
fore an interesting probe of hadronic physics. The study
found that the DPS contribution is dominant when the
J/ψ mesons have a large rapidity gap, which allows for a
measurement of the DPS contribution with a weak model-
dependence.

Finally, we present a first study of two-particle an-
gular correlation of charged tracks in pp-collisions at
13 TeV [14], see Fig. 3 right. In two-particle correla-
tion plots, one expects a near-side peak from jets and an
away-side ridge from back-to-back jets. Previously, in
proton-lead collisions at 5 TeV a near-side ridge was also
found [15]. Such a ridge is expected in models which con-
sider correlations in the initial (e.g. color glass condensate
models) or final state (e.g. quark gluon plasma models).
EPOS, a popular hadronic interaction model in cosmic ray

research and heavy ion physics, predicts near-side correla-
tions in all collision systems, including in proton-proton-
collisions [16]. A hint of such a ridge seems to be present
in events with high activity in the detector, but a full exper-
imental analysis is necessary in order to quantify the effect
in the unique forward acceptance.

3 Proton-lead collisions

Lead-lead collisions at the LHC are investigated to probe
quark gluon plasma, while proton-lead collisions are tra-
ditionally performed to study nuclear effects in the ab-
sence of the generation of a deconfined medium. Both are
needed to separate nuclear effects from a contribution of
quark gluon plasma. Various nuclear effects modify par-
ticle production when a proton interacts with a nucleon
inside a nucleus compared to an interaction with a free nu-
cleon. Results from proton-lead collisions are often pre-
sented in form of the nuclear modification factor

RpA =
cross-section for pA

A × cross-section for pp
, (1)

where A is the number of nucleons in the ion. The com-
mon superposition approximation [17, 18] used in cosmic
ray research corresponds to RpA = 1.

Nuclear effects play a major role in the simulation
of air showers, since the scattering targets in the atmo-
sphere are light ions. Hadronic interaction models used in
air shower simulations are mostly tuned to proton-proton
measurements and use different approaches to extrapo-
late to proton-nucleus and hadron-nucleus collisions. Data
from proton-lead collisions allows one to test this extrap-
olation.

The LHCb collaboration has recently studied nuclear
modification in the production of prompt J/ψ and D0

mesons, as well as in the non-prompt production of J/ψ
mesons in b-meson decays [19, 20]. Charmed mesons are
an ideal probe, because they can be identified well in the
detector, and they are dominantly created in the hadronic
interaction inside the nucleus instead of being part of the
initial state.

The nuclear modification factor for prompt J/ψ and D0

production are shown as a function of rapidity in Fig. 4.
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Figure 1. Left: Inelastic cross-section in pp-collisions as a function of cms-energy [7]. Right: Inclusive cross-section of prompt D0

production in pp-collisions at 13 TeV [8].
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but the main source of high-energy neutrinos. Therefore,
the production cross-section in the forward direction is of
relevance to the IceCube Neutrino Observatory [10, 11],
where high-energy neutrinos produced in the atmosphere
by cosmic rays are the main background for the diffuse
astrophysical neutrino flux.
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ψ(2S ) at 13 TeV is another interesting LHCb measure-
ment [12], see Fig. 2. CEP is a diffractive process where
both protons remain intact, yet a single vector meson is
produced. The process can be understood as a fusion of
a photon with a pomeron. The pomeron is a strongly-
coupled object with the quantum numbers of the vacuum
and thought to dominate soft interactions between hadrons
with low momentum transfer. The CEP process probes the
generalized parton density function (PDF) down to very
low x = 2 × 10−6. The HeRSChel system is crucial to
discriminate CEP events, because it allows one to select
events with low activity around the beam-line.

The LHCb collaboration further measured the inclu-
sive cross-section for J/ψ-pair production at 13 TeV [13],
see Fig. 3 left. Besides the single-parton scattering (SPS)
process, double-parton scattering (DPS) contributes to
quarkonium pair production. The DPS process can pro-
vide information on the transverse momenta of the par-
tons and their correlations inside the proton. It is there-
fore an interesting probe of hadronic physics. The study
found that the DPS contribution is dominant when the
J/ψ mesons have a large rapidity gap, which allows for a
measurement of the DPS contribution with a weak model-
dependence.

Finally, we present a first study of two-particle an-
gular correlation of charged tracks in pp-collisions at
13 TeV [14], see Fig. 3 right. In two-particle correla-
tion plots, one expects a near-side peak from jets and an
away-side ridge from back-to-back jets. Previously, in
proton-lead collisions at 5 TeV a near-side ridge was also
found [15]. Such a ridge is expected in models which con-
sider correlations in the initial (e.g. color glass condensate
models) or final state (e.g. quark gluon plasma models).
EPOS, a popular hadronic interaction model in cosmic ray

research and heavy ion physics, predicts near-side correla-
tions in all collision systems, including in proton-proton-
collisions [16]. A hint of such a ridge seems to be present
in events with high activity in the detector, but a full exper-
imental analysis is necessary in order to quantify the effect
in the unique forward acceptance.

3 Proton-lead collisions

Lead-lead collisions at the LHC are investigated to probe
quark gluon plasma, while proton-lead collisions are tra-
ditionally performed to study nuclear effects in the ab-
sence of the generation of a deconfined medium. Both are
needed to separate nuclear effects from a contribution of
quark gluon plasma. Various nuclear effects modify par-
ticle production when a proton interacts with a nucleon
inside a nucleus compared to an interaction with a free nu-
cleon. Results from proton-lead collisions are often pre-
sented in form of the nuclear modification factor

RpA =
cross-section for pA

A × cross-section for pp
, (1)

where A is the number of nucleons in the ion. The com-
mon superposition approximation [17, 18] used in cosmic
ray research corresponds to RpA = 1.

Nuclear effects play a major role in the simulation
of air showers, since the scattering targets in the atmo-
sphere are light ions. Hadronic interaction models used in
air shower simulations are mostly tuned to proton-proton
measurements and use different approaches to extrapo-
late to proton-nucleus and hadron-nucleus collisions. Data
from proton-lead collisions allows one to test this extrap-
olation.
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modification in the production of prompt J/ψ and D0

mesons, as well as in the non-prompt production of J/ψ
mesons in b-meson decays [19, 20]. Charmed mesons are
an ideal probe, because they can be identified well in the
detector, and they are dominantly created in the hadronic
interaction inside the nucleus instead of being part of the
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Since LHCb is an asymmetric detector, it has access to dif-
ferent rapidity regions depending on which beam particle,
proton or lead, is facing towards the instrumented accep-
tance. The two disjunct sets of points correspond to these
two beam configurations. The results show that nuclear
modification depends only weakly on the type of meson
and on cms energy. Energy loss and color glass conden-
sate models give a good description of the effects in the
forward rapidity range. The nuclear modification factor
deviates most from unity for particles with small trans-
verse momentum, as shown in Fig. 5, left-hand-side. J/ψ
mesons from b-decays are affected less by nuclear modifi-
cation, as shown in Fig. 5, right-hand-side.

In cosmic-ray induced air showers, the most energetic
products in a hadronic interaction at y∗ � 0 are dominat-
ing the following shower development. The LHCb-results
show that charmed mesons experience significant nuclear
modification. The same is expected for pion production

in proton+nitrogen collisions, a dominant process in air
showers. The transfer of the charm results in proton-lead
to pion production in proton-nitrogen remains a strongly
model-dependent endeavour, so that a direct study of fu-
ture proton-oxygen collisions is highly desired.

4 Proton collisions with helium and argon
gas

The LHCb experiment has collected data on collisions of
proton and lead beams with several noble gases inside the
central vertex locator, using the SMOG system for gas in-
jection.

The data is used to study the anti-proton produc-
tion cross-section in proton-helium collisions at

√
s =

110 GeV [21]. Anti-protons are identified using data from
the two RICH detectors, which is combined with other
detector data in a multivariate analysis. Anti-protons are
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well separated from pions and kaons in this way. Normal-
isation of the cross-section posed a challenge, since the
gas density of the target is not known to sufficient accu-
racy. This was overcome by measuring elastic electron-
scattering of the beam with the neutral gas, which has a
known cross-section and serves as a reference. The in-
clusive anti-proton production cross-section and its ratio
to model predictions are shown in Fig. 6. The measure-

ment is important for an accurate prediction of the sec-
ondary anti-proton flux created by cosmic rays that interact
with the interstellar medium. This flux is a background in
the search of AMS-02 and PAMELA for a potential anti-
proton flux from the decay of dark matter [22].

Furthermore, the production of prompt J/ψ and D0

mesons was studied in proton-helium collisions at
√

s =
86.6 GeV and proton-argon collisions at

√
s = 110 GeV.
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The results, some shown in Fig. 7, will be published
soon [23]. A full cross-section is currently only available
for proton-helium collisions, based on the reference cross-
section from proton-electron scattering described above.
In the case of proton-argon collisions, an equivalent anal-
ysis is ongoing, so relative yields are shown for proton-
argon for now. The absolute scale of these cross-sections
is very interesting, because standard predictions agree on
the relative yields but seem to disagree on the absolute
scale. The measurement itself agrees well with interpo-
lated data from other experiments. Another strong moti-
vation for these measurements is the search for intrinsic
charm in the nucleon, which is predicted by certain mod-
els [24].

5 Prospects of future LHCb
measurements for cosmic-ray research

The LHCb experiment is very promising for a better un-
derstanding of cosmic-ray induced air showers, because it
has good acceptance in the forward rapidity region, very
good momentum resolution, and hadron identification ca-
pabilities.

From the point of view of cosmic ray research, SMOG
measurements currently present the only opportunity at the

LHC to study nuclear effects in collisions of protons with
light nuclei. Studies of proton-lead collisions are very in-
teresting but not ideal, because lead is 14 times heavier
than nitrogen, the most common target nucleus in air. The
ratio of nucleons at the surface of the nucleus to inner nu-
cleons is very different in lead compared to nitrogen. It is
not clear how results in proton-lead collisions transfer to
proton-nitrogen collisions.

Beam-gas collisions measured with SMOG are at the
right energy to be relevant to AMS-02 and PAMELA,
where cosmic rays interact with the interstellar medium,
which consists dominantly of proton and helium. They can
also help to study the pT -distribution of hadrons produced
in later stages of an air shower, which has a direct impact
on the lateral profile of muon density in air showers near
ground level, an important observable in air shower exper-
iments.

To resolve the open questions regarding the overall
muon production [25, 26] and the depth of the shower
maximum [27] in cosmic-ray induced air showers, beam-
beam collisions are needed. When LHCb is used in col-
lider mode, the boost with respect to a fixed target exper-
iment greatly increases the cms energy (

√
s = 14 TeV in

the nucleon-nucleon system correspond to a 105 TeV cos-
mic ray interacting with air) and shifts the rapidity distri-
bution of interesting secondaries at y∗ � 0 into the LHCb
acceptance.

To reduce the uncertainty from extrapolating to higher
interaction energies and to the reduce the uncertainty from
nuclear effects, studying proton-oxygen collisions at the
LHC is ideal. Studies of hadron multiplicity and energy
flow of particles in the forward rapidity region are the most
promising options to address the current challenges in cos-
mic ray research. LHCb will have an important role in the
analysis of such collisions.
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