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The SHIFT@LHC proposal introduced a novel shifted gaseous fixed-target concept at the LHC to search
for exotic particles. In this article, we explore an entirely different physics opportunity enabled by this setup:
the observation of neutrinos in general-purpose LHC detectors. Using simulations of proton-gas collisions,
hadron propagation, and neutrino interactions, we estimate that O(10*) muon-neutrino and O(10%) electron-
neutrino interactions, with energies from 20 GeV to 1 TeV, would occur in the CMS and ATLAS detectors
with 1% of the LHC Run-4 integrated luminosity (=4 x 10? protons on target). This unique configuration
provides access to hadron production in the pseudorapidity range 5 < n < 8, complementary to existing LHC
detectors. If realized, this would mark the first detection of neutrinos in a hadron collider detector,
demonstrating the feasibility of such measurements in this experimental environment.
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I. INTRODUCTION

Since the 1980s, it has been recognized that hadron colliders
operating in the TeV energy range naturally provide an intense
and highly collimated flux of forward neutrinos [1]. Recently,
the FASER [2] and SND@LHC [3] experiments reported the
first observation of such neutrinos from proton-proton colli-
sions at the LHC. This milestone has opened a rich physics
program, including studies of hadron production [4,5], mea-
surements of neutrino cross sections [6,7], and searches for
new physics [8,9]. Several new detector concepts have already
been proposed, suggesting that up to a million neutrino
interactions, with energies peaking at a few TeV, could be
observed during the high-luminosity run of LHC [10-13].

Other strategies for detecting LHC neutrinos have also
been considered. For instance, first estimates indicate that a
handful of neutrinos from W boson decays might be
observed in the CMS high-granularity calorimeter during
the high-luminosity run of the LHC [14]. Another idea is to
place a detector near the LHC beam dump, where roughly
20 neutrinos with energies above 10 GeV would interact
every time a beam is aborted [15]. There have also been
proposals to detect atmospheric and astrophysical neutrinos
with ATLAS [16-18].
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A recent proposal, SHIFT@LHC [19], envisions install-
ing a gaseous fixed target—similar to SMOG/SMOG2
[20,21]—in the LHC tunnel at an O(100 m) distance from
the main interaction points. The fixed target collisions
would happen concurrently with the standard collider-
mode events, potentially overlapping with the O(100)
simultaneous collisions in ATLAS/CMS. However, even
in such a scenario, neutrino interactions can be easily
disentangled from the primary event based on the jet and
lepton pointing angles, displacement, and the formation of
a common secondary vertex. While the original study
focused on searches for long-lived particles, here we
explore a fundamentally different physics opportunity:
using SHIFT as a source of neutrinos that can be detected
in ATLAS and CMS. In this letter, we show that this
configuration would generate an intense flux of neutrinos
with energies ranging from a few GeV to the TeV scale,
leading to a sizable number of interactions in the ATLAS
[22] and CMS [23] detectors. This opens the possibility of
performing for the first time neutrino measurements
directly within general-purpose LHC detectors, thereby
extending the physics reach of the original concept.

This energy range has previously been explored with
dedicated neutrino beams at the SPS and Tevatron by
detectors such as CCFR [24], NOMAD [25], CHORUS
[26], NuTeV [27], and MINOS [28]. In this work, we
highlight differences with respect to those experiments,
which could open the possibility to address several
physics questions. In particular, we discuss aspects that
would provide valuable input for experiments sensitive to

Published by the American Physical Society


https://orcid.org/0000-0002-8186-2459
https://orcid.org/0000-0002-9514-0799
https://ror.org/017xch102
https://ror.org/02gfc7t72
https://ror.org/043nxc105
https://ror.org/006e5kg04
https://ror.org/01js2sh04
https://crossmark.crossref.org/dialog/?doi=10.1103/rv6s-9wzt&domain=pdf&date_stamp=2026-07-10
https://doi.org/10.1103/rv6s-9wzt
https://doi.org/10.1103/rv6s-9wzt
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

ALFONSO GARCIA SOTO and JEREMI NIEDZIELA

PHYS. REV. D 114, 012010 (2026)

~ Radius [m]

6

&
—+o
3

3
Neutrino interactions

2

f
160 140 120 100 80 60 40
Distance to IP [m]

Hadron decay vertices

FIG. 1.

Neutrino interactions

Q

Distribution of the production and interaction vertices of neutrinos with the gaseous target placed 160 meters away from IP5

(top) and IP1 (bottom). The production points are shown for neutrinos interacting in the CMS and ATLAS calorimeters, in which darker
(lighter) red indicates the regions where there are more (fewer) decay vertices. The interaction vertices are shown for all subdetectors, in
which yellow (blue) colors indicate the regions where there are more (fewer) interactions. The fiducial volumes of the calorimeters used
in this analysis are marked with red lines. The right-hand panels provide zoomed views of the calorimeters in both detectors, showing the
spatial distribution of neutrino interactions with a 200 x 200 binning.

GeV-scale atmospheric neutrinos such as KM3NeT-ORCA
[29], IceCube-DeepCore/Upgrade [30,31], DUNE [32],
and Hyper-Kamiokande [33].

II. METHODOLOGY

In proton-nucleus collisions, the dominant source of
neutrinos originates from QCD processes mediated by
quarks and gluons. These partons hadronize, and the
resulting hadrons decay, producing neutrinos of various
flavors. We simulated these processes using PYTHIAS [34],
with a 6.8 TeV proton beam impinging on a stationary
proton target. Default settings were applied, and events
were generated in bins of the hard-process transverse
momentum (p7) to obtain a realistic sample for fur-
ther study.

The proposed fixed-target collision point is located
approximately 160 m upstream of the CMS or ATLAS
interaction point, within the Long Straight Section of the
LHC [35]. This region is relatively free of massive
structures: although there is material associated with crab
cavities, warm magnets, support structures, pipes, and
cables, there are no cryostats. Moreover, most collision
products are produced at angles of ~1°, allowing them to
avoid the surrounding instrumentation to a large degree.
Consequently, the dominant material relevant for secondary
interactions is the rock surrounding the LHC tunnel.
Nevertheless, a detailed study with a proper simulation
of the LHC instrumentation is needed to assess losses due
to the absorption. These will reduce the total neutrino flux,
however other improvements (such as better reconstruction
algorithms) may effectively balance these effects out.

We consider three main scenarios: (a) a neutrino is
produced before the mother particle reaches the rock; (b) a
neutrino originates from a hadron decay within the rock;
and (c) a neutrino originates from a muon decay inside the
rock. In case (a), no suppression from the material is
applied, since the probability of a neutrino stopping within
a few tens of meters of rock is negligible. For case (b), we
performed a GEANT4 [36] simulation of standard rock to
evaluate the impact of the material on hadrons and muons.
Hadrons interact frequently with the rock and are all
stopped within less than 1 m, irrespective of their type
or energy. Therefore, neutrinos whose mother hadron
travels more than 1 m inside the rock are discarded.
Finally, for case (c), we found that no muons decayed to
neutrinos within our decay volume, due to their relatively
long lifetime.

The propagation of neutrinos and their subsequent
interactions in CMS and ATLAS' are simulated with
GENIE [37]. We focus on charged-current (CC) interactions
above 20 GeV, for which only deep inelastic scattering is
relevant. For the modeling of neutrino—nucleus inter-
actions, we use the tune G18_02a [38] for energies from
20GeVto 1 TeV, and GHE19 00b [39] for energies above
1 TeV. The former employs the Bodek-Yang prescription
for nuclear structure functions [40], while the latter relies
on the Cooper Sarkar Mertsch Sarkar (CSMS) model [41].

'CMS and ATLAS geometries for Phase-1 are obtained from
https://root.cern.ch/files/. The impact of the slightly different
Phase-2 geometries on neutrino measurements is expected to be
minor.
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Our main results focus on neutrino interactions within the
hadronic and electromagnetic calorimeters of CMS [42,43]
and ATLAS [44.,45], which are the innermost calorimetric
systems and are surrounded by the muon detection layers
[46,47]. The outer muon system can be used to tag muons
from hadronic decays, enabling the isolation of neutrino
interactions inside the calorimeters. We require the outgoing
charged lepton and hadronic shower to carry an energy above
3 and 10 GeV, respectively. Particles with these energies
would produce a detectable signal in the detectors [48-51],
which can be used to reconstruct the neutrino vertex. The
electrons, muons, and hadronic jets can be distinguished from
each other almost perfectly, with a typical mistag rate below
aper mille level. We recognize that reconstructing a displaced
jet + lepton vertex and designing suitable triggers is chal-
lenging. Nevertheless, for this study, we assume that with the
advances in computational methods and given the high
granularity and the timing capabilities of the LHC detectors,
these difficulties will be overcome, and highly efficient
reconstruction algorithms will be developed.

The distribution of neutrino production and interaction
vertices from the full simulation chain is shown in Fig. 1.
Red points indicate the distribution of hadron decay
vertices that produce neutrinos subsequently interacting
in the calorimeters. The decays of pions and kaons
producing neutrinos decrease exponentially along the beam
axis, whereas prompt neutrino production is strongly
peaked near the gaseous target. The distribution of neutrino
interaction vertices within CMS and ATLAS also shows a
clear radial dependence related to the forward nature of the
hadronic showers.

III. RESULTS

Table I summarizes the expected number of neutrino
interactions in the calorimeters of CMS and ATLAS,
assuming that 1% of the Run-4 integrated luminosity is
dedicated to this study, corresponding to 7.15 fb~! [52],
and equivalent to ~4 x 10> protons on target. Results are
separated by different neutrino flavors.

Most of the interactions are v, CC events, spanning from
20 GeV up to a few TeV, with a peak between 20 and
100 GeV, as shown in Fig. 2. The dominant contribution
arises from kaon decays, whereas pion decays become
relevant below 15 GeV. This behavior reflects the shorter
decay length of charged kaons with respect to pions, which
enhances their probability to decay within the available
baseline. In CMS, more than 70% of all interactions occur
in the hadronic calorimeters, whose primary absorber is
brass (both the endcap and the barrel). Nevertheless, the
electromagnetic calorimeters, made out of PbWQ,, will
also contain a non-negligible fraction of events. In ATLAS,
the majority of interactions will occur in the forward
calorimeter (whose absorber is a combination of tungsten
and copper), followed by the hadronic end cap (copper),
and the hadronic barrel (steel).

TABLE I. Expected number of CC neutrino interactions in the
different calorimeters of CMS and ATLAS (see Fig. 1). The
second column shows the atomic mass number A of the main
materials in each module.

CMS A Uy U, v, U, v, U,
HE 64 3951 1230 220 71 3 1
HB 64 1245 320 62 16 1 I
EE 171 679 212 38 12 1

EB 171 494 139 27 7 e
ATLAS A U, , v, U, v, U,
FCAL 170/63 9584 3290 573 213

N

8
HEC 63 4187 1311 238 79 2
Tile barrel 56 1085 267 52 12 1
EMEC 207/56 699 210 40 13 1
EMB 207/56 411 110 21 6 -

As described in Sec. II, our nominal assumption is a fixed
target located 160 m upstream of IP5 or IP1. This site was
chosen for its minimal surrounding instrumentation and for
maximizing sensitivity to certain new-physics scenarios. To
study the dependence of the target placement on the neutrino
yield, we varied the distance by +30 meters with respect to
this nominal position in IP5. The results, shown in Fig. 3,
indicate that the rates increase (decrease) by about 30%
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FIG. 2. Energy distribution of neutrino and antineutrino CC
interactions in the calorimeters of CMS (top) and ATLAS
(bottom). Colors represent different neutrino flavors. Dashed
and dotted lines indicate neutrinos produced in pion and kaon
decay, respectively.

012010-3



ALFONSO GARCIA SOTO and JEREMI NIEDZIELA

PHYS. REV. D 114, 012010 (2026)

100

80 }|:|vLl +V,

60 [Jv, +V, s

40 ’

£ oF
7 -20f

-60F--- 190 m

—s0F-— 130 m

_100:101 | | | | 7 | | |

E, [GeV]

FIG. 3. Relative change in the electron- and muon-neutrino

interaction rate as a function of the target location with respect
to IP5.

when the target is placed 30 m farther from (closer to) IP5.
This behavior is explained by the longer decay path available
to hadrons at larger distances. A more detailed simulation of
the LHC tunnel geometry would be required to determine
the optimal target location for neutrino studies.

This detector configuration also allows access to differ-
ent pseudorapidity regions, depending on the position of
the neutrino interaction vertex within the calorimeter.
Figure 4 shows the average pseudorapidity of v, CC
interactions as a function of the radial distance of the
vertex from the beam axis. It can be observed that ATLAS
could probe larger regions of pseudorapidity because its
end-cap calorimeters have more coverage in the forward
direction than CMS.
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FIG. 4. Parent pseudorapidity and radial distributions of v, +
v, CC interactions in CMS and ATLAS. The center panel shows
the average pseudorapidity as a function of the radial distribution.
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FIG. 5. Expected energy distribution of muon neutrinos meas-
urable in CMS and ATLAS with SHIFT, compared to FASER and
SND@LHC projections [4]. FASER and SND@LHC results are
scaled to 715 fb~!, corresponding to the LHC Run-4 integrated
luminosity. For SHIFT, 1% of the Run-4 integrated luminosity is
assumed, following [19].

Finally, in Fig. 5, we show how SHIFT allows us to
probe the LHC neutrinos at the energy range complemen-
tary to what FASER and SND@LHC measure, with the
potential of providing crucial input for the atmospheric
neutrino experiments.

IV. PHYSICS OPPORTUNITIES

This preliminary study highlights several physics oppor-
tunities that could be explored with the proposed fixed-
target configuration of SHIFT.

Placing a gaseous fixed target 160 m upstream of CMS
or ATLAS provides access to pion and kaon production in
the pseudorapidity range 4 < n < 9, with maximal sensi-
tivity between 5 <7 < 6.5 in CMS and 5 <y <8 in
ATLAS. This region is inaccessible in nominal pp colli-
sions at the LHC: neither CMS nor ATLAS can probe such
forward kinematics, nor can very-forward detectors such as
FASER or SND@LHC. Other setups, including TOTEM
[53] or the SMOG program at LHCb, cover parts of this
pseudorapidity interval. However, the extended decay
length available in the SHIFT configuration enables com-
plementary studies of hadron propagation and decay before
interaction, providing sensitivity to the relative pion and
kaon contributions through the resulting neutrino sample.
In fact, our design offers the unique advantage of providing
a direct proxy for the pseudorapidity of parent hadrons,
which can be inferred from the location of the neutrino
interaction vertex in the calorimeters, as shown in Fig. 4.

In the energy range from a few tens to several hundreds
of GeV, atmospheric neutrino flux uncertainties are at the
level of 10% [54], and are dominated by modeling of
forward hadronic interactions. The expected event rates in
Table 1 indicate that, even assuming reconstruction
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efficiencies of order 10%, hundreds to thousands of CC
events could be measured depending on flavor and top-
ology. This corresponds to statistical uncertainties at the
few-percent level on inclusive interaction rates.
Measurements of ratios such as 7,/v, and v,/v, could
therefore reach statistical precisions comparable to current
flux uncertainties, providing a direct experimental con-
straint on hadronic production in the forward region.
Furthermore, the possibility of injecting different gases
into the target would allow dedicated studies of nuclear
effects in hadron production. This is particularly relevant
for atmospheric neutrinos, where the dominant production
channels involve proton scattering on nitrogen and oxygen.
The proposed setup shares similarities with past fixed-
target neutrino experiments such as MINOS [55], NOMAD
[56], CHORUS [57], and NuTeV [58], which were sensitive
to comparable neutrino energies and also used magnetized
detectors. There are a few key differences in the neutrino
beams: in our case, the protons are accelerated to higher
energies, the target is a low-pressure gas rather than a dense
medium, and no magnetic horns are used to focus hadrons.
As aresult, those past beams achieved much higher fluxes in
the forward direction, enabling large samples of neutrino
interactions, which cannot be reached with the proposed
setup with limited luminosity. As an example, the NuTeV
experiment selected the order of one neutrino interaction per
10'2 protons on target, whereas the configuration considered
here would require 10?!'. Therefore, the proposed setup
cannot compete with those experiments in high-precision
measurements of absolute v, CC cross sections.
Nevertheless, the CMS and ATLAS calorimeters have
absorber materials of different nuclear compositions,
allowing ratio measurements of neutrino cross sections
on various nuclei. Dedicated measurements in this energy
regime remain scarce; among accelerator experiments, only
MINERvVA [59] and CHORUS [60] have reported such
studies using targets such as plastic, marble, iron, or lead. In
the case of CHORUS, the available samples were of
comparable size to those reported in Table I, achieving
precisions of order 3% on cross-section ratios. The SHIFT
configuration could reach comparable statistical precision
for neutrinos and extend these studies to antineutrinos, for
which there are no measurements. In addition, interactions
on materials such as tungsten or copper present in the
calorimeters would provide new data points. Finally, a
particularly interesting aspect is the expected sample of
v, + U, interactions, since v, cross-section measurements
above 10 GeV remain very limited. With hundreds of
reconstructed events, statistical uncertainties at the level of
10% on flavor-dependent cross sections appear achievable.
Finally, in this work, we have focused on event topol-
ogies that are most straightforward to reconstruct with
CMS and ATLAS. Future studies could extend the analysis
to lower-energy events,neutral-current (NC) interactions,
and interactions occurring in the outer detector layers. More

detailed simulations will also be required to assess the
effect of the surrounding material on hadron propagation
from the target to the calorimeters.

V. CHALLENGES

An important challenge of this setup will be the
separation of neutrino interactions from the background
of muons traversing the detector, which are produced in the
same hadronic decays.

From the simulation, we observe that in the nominal
configuration, with the target located 160 m from the CMS
interaction point, if a neutrino is produced in the tunnel and
subsequently interacts in the calorimeters, an average of
around 5 muons are also produced in the tunnel. Using the
simulated production points and directions, we perform a
ray-tracing propagation to estimate how many of these
muons intersect the calorimeter volume. We find that for v,
(v,) interactions, 7% (48%) of the events contain no muon,
48% (34%) contain one muon, 30% (13%) contain two
muons, and 15% (5%) contain more than two mouns. The
maximum muon energy is on average 38 GeV and 22 GeV
for v, and v,, respectively. These results suggest that, while
accompanying muons are common, their multiplicity and
energy are not at a level that would overwhelm the
calorimeter response. The remaining muons can be vetoed
using standalone muon tracks reconstructed in the outer
layers of CMS and ATLAS. On the other hand, these
muons could themselves provide valuable information:
they offer a probe of hadron-induced muon multiplicities
in this pseudorapidity region, and could also serve as an
in situ calibration tool for the associated neutrino flux, since
both originate from the same parent hadrons.

However, we stress that this estimate is based on geometric
propagation only and a more realistic assessment based on
detailed simulations would be required to give a more precise
estimation. In addition, the impact of pileup from concurrent
pp collisions must be evaluated to determine the feasibility of
neutrino reconstruction in realistic LHC conditions.

Another important background for this configuration is
the contamination of v, CC interactions by NC neutrino
interactions. In particular, the hadronic shower produced in
an NC interaction can contain a hard z° whose electro-
magnetic shower may mimic the signature of an electron.

To estimate the size of this background, we evaluate the
NC event yield in the CMS hadronic endcap calorimeter
(HE). For the nominal configuration, we obtain approx-
imately 3500 NC interactions, of which about 70% contain
at least one 7°. Applying the same kinematic selections
used in the analysis—namely requiring the hadronic energy
excluding the leading 7° to be above 10 GeV and the energy
of the leading 7° to exceed 3 GeV—we find that the
surviving NC background is at a level comparable to the
expected v, + v, signal contribution.

These numbers provide a first estimate of the achievable
purity in the electron-neutrino channel. We stress, however,
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that this estimate is based only on particle-level information
and does not include a realistic detector response. In
particular, the discrimination between electromagnetic show-
ers initiated by electrons and those originating from z° — yy
decays is expected to depend sensitively on the calorimeter
geometry, shower topology, and reconstruction performance
for interactions initiated inside the calorimeter volume.
Additional handles, such as the longitudinal shower develop-
ment and energy-loss profile, could potentially be exploited
to further suppress this background [61]. A dedicated
detector-level simulation will therefore be required to obtain
a reliable estimate of the NC contamination in the v, sample.
Finally, most of the opportunities described above will
require reconstruction of the neutrino energy. Useful
neutrino energy resolutions of order 10%—20%, as achieved
in several previous fixed-target neutrino experiments, will
require adequate containment of the hadronic shower
together with reliable reconstruction of the outgoing
charged lepton. These requirements will likely restrict
the analysis to a subset of the detector volume with
sufficient containment and tracking capabilities, thereby
reducing both the effective fiducial mass and the accessible
pseudorapidity range. The event yields presented in this
work should therefore be interpreted as optimistic upper
limits for physics analysis, since they are based on the total
instrumented mass of the relevant detector subsystems.

VI. CONCLUSIONS

In this work, we have demonstrated that SHIFT@LHC, a
proposed gaseous fixed target located 160 meters upstream
of IP5 or IP1, would produce a measurable flux of neutrinos
detectable in the CMS and ATLAS calorimeters.

Our estimates indicate that O(10*) neutrino interactions
could be observed using just 1% of the LHC Run-4
integrated luminosity, with energies spanning from
20 GeV up to 1 TeV. The majority of events arise from
v, CC interactions, but a non-negligible sample of v, events
is also expected, allowing for flavor-dependent studies.
These interactions occur predominantly in the hadronic
calorimeter, though the electromagnetic calorimeter also
contributes at a significant level.

Future work should refine these results with more detailed
simulations of hadron propagation through the LHC tunnel,
including the impact of local structures and surrounding

material. Such studies could also identify optimal target
locations to maximize neutrino yields. In addition, a realistic
assessment of pileup and detector performance at CMS and
ATLAS will be essential to establish the feasibility of
neutrino reconstruction under standard LHC conditions. In
particular, dedicated reconstruction studies will be required
to quantify the achievable flavor identification efficiency and
neutrino energy resolution.

If realized, this setup would mark the first observation of
neutrinos in one of the general-purpose detectors of LHC.
Beyond its technical novelty, such a measurement would
open a new window into neutrino production and inter-
actions in a forward pseudorapidity regime that is relevant
to atmospheric neutrino experiments. By probing hadron
production in collisions with light nuclei and neutrino cross
sections in different materials, SHIFT could provide
valuable input for predictions in experiments such as
KM3NeT-ORCA, IceCube-Upgrade, DUNE, and Hyper-
Kamiokande.

ACKNOWLEDGMENTS

We thank Albert De Roeck and Felix Kling for useful
discussions about LHC neutrinos, and Juliette Alimena for
the discussion and a thorough review of the manuscript.

A.G.S. is supported by the CDEIGENT Grant
No. CIDEIG/2023/20, by the MICIU/AElI Grant
No. PID2024-156285NB-C41, the SO  Project

No. CEX2023-001292-S, and a 2024 Leonardo Grant from
the BBVA Foundation. J. N. would like to acknowledge the
support from DESY (Hamburg, Germany), a member of the
Helmholtz Association HGF, and support by the Deutsche
Forschungsgemeinschaft (DFG, German Research
Foundation) under Germany’s Excellence Strategy—
EXC 2121 “Quantum Universe”—390833306. The
BBVA Foundation is not responsible for the opinions,
comments, and contents included in the project or the
results derived therefrom, which are the responsibility of
the authors.

DATA AVAILABILITY

There are no publicly available research data or software
supporting this manuscript. Requests for further informa-
tion or data should be sent to the authors.

[1] A. De Rujula and R. Ruckl, in SSC Workshop: Super-
conducting Super Collider Fixed Target Physics (CERN,
Geneva, Switzerland, 1984), pp. 571-596.

[2] H. Abreu et al. (FASER Collaboration), Phys. Rev. Lett.
131, 031801 (2023).

[3] D. Abbaneo et al. (SND@LHC Collaboration), Phys. Rev.
Lett. 134, 231802 (2025).

[4] F. Kling and L. J. Nevay, Phys. Rev. D 104, 113008 (2021).

[5] R. Francener, V.P. Goncalves, F. Kling, P. Krack, and J.
Rojo, Eur. Phys. J. C 85, 1098 (2025).

012010-6


https://doi.org/10.1103/PhysRevLett.131.031801
https://doi.org/10.1103/PhysRevLett.131.031801
https://doi.org/10.1103/r2qy-9hft
https://doi.org/10.1103/r2qy-9hft
https://doi.org/10.1103/PhysRevD.104.113008
https://doi.org/10.1140/epjc/s10052-025-14829-z

OBSERVING NEUTRINOS AT CMS AND ATLAS WITH A ...

PHYS. REV. D 114, 012010 (2026)

[6] R. Mammen Abraham et al. (FASER Collaboration), Phys.
Rev. Lett. 133, 021802 (2024).

[71 R. Mammen Abraham et al. (FASER Collaboration), Phys.
Rev. Lett. 134, 211801 (2025).

[8] H. Abreu et al. (FASER Collaboration), Phys. Lett. B 848,
138378 (2024).

[9] R. Mammen Abraham et al. (FASER Collaboration), J.
High Energy Phys. 01 (2025) 199.

[10] J.L. Feng et al., J. Phys. G 50, 030501 (2023).

[11] N. W. Kamp, C. A. Argiielles, A. Karle, J. Thomas, and T.
Yuan, Phys. Rev. D 113, 052002 (2026).

[12] A. Ariga, S. Barwick, J. Boyd, M. Fieg, F. Kling, T. Mikel,
C. Vendeuvre, and B. Weyer, J. High Energy Phys. 07
(2025) 270.

[13] R. Mammen Abraham and M. Fieg, Phys. Rev. D 112,
015005 (2025).

[14] P. Foldenauer, F. Kling, and P. Reimitz, Phys. Rev. D 104,
113005 (2021).

[15] K.J. Kelly, P. A.N. Machado, A. Marchionni, and Y.F.
Perez-Gonzalez, J. High Energy Phys. 08 (2021) 087.

[16] J. Kopp and M. Lindner, Phys. Rev. D 76, 093003 (2007).

[17] A.Y. Wen, C. A. Argiielles, A. Kheirandish, and K. Murase,
Phys. Rev. Lett. 132, 061001 (2024).

[18] D. Ghosh, S. Mukhopadhyay, and B. Mukhopadhyaya,
Phys. Rev. D 113, 112009 (2026).

[19] J. Niedziela, J. High Energy Phys. 10 (2024) 204.

[20] C. Hadjidakis et al., Phys. Rep. 911, 1 (2021).

[21] E. Franzoso (LHCb Collaboration), EPJ Web Conf. 259,
13010 (2022).

[22] G. Aad et al. (ATLAS Collaboration), J. Instrum. 3, SO8003
(2008).

[23] S. Chatrchyan et al. (CMS Collaboration), J. Instrum. 3,
S08004 (2008).

[24] W. K. Sakumoto et al., Nucl. Instrum. Methods Phys. Res.,
Sect. A 294, 179 (1990).

[25] J. Altegoer et al. (NOMAD Collaboration), Nucl. Instrum.
Methods Phys. Res., Sect. A 404, 96 (1998).

[26] E. Eskut et al. (CHORUS Collaboration), Nucl. Instrum.
Methods Phys. Res., Sect. A 401, 7 (1997).

[27] D. A. Harris et al. (NuTeV Collaboration), Nucl. Instrum.
Methods Phys. Res., Sect. A 447, 377 (2000).

[28] E. Ables et al. (MINOS Collaboration), P-875: A long
baseline neutrino oscillation experiment at Fermilab, Fermi
National Accelerator Laboratory Report No. FERMILAB-
PROPOSAL-0875, 1995.

[29] S. Adrian-Martinez et al. (KM3Net Collaboration), J. Phys.
G 43, 084001 (2016).

[30] R. Abbasi ef al. (IceCube Collaboration), Astropart. Phys.
35, 615 (2012).

[31] M.G. Aartsen et al. (IceCube-PINGU Collaboration),
arXiv:1401.2046.

[32] B. Abi et al. (DUNE Collaboration), J. Instrum. 15, TO8008
(2020).

[33] K. Abe ef al., arXiv:1109.3262.

[34] T. Sjostrand, S. Ask, J. R. Christiansen, R. Corke, N. Desai,
P. Ilten, S. Mrenna, S. Prestel, C. O. Rasmussen, and P.Z.
Skands, Comput. Phys. Commun. 191, 159 (2015).

[35] LHC Design Report Vol. 1: The LHC Main Ring, edited by
O. S. Bruning, P. Collier, P. Lebrun, S. Myers, R. Ostojic, J.
Poole, and P. Proudlock (CERN, Geneva, Switzerland,
2004).

[36] S. Agostinelli et al., Nucl. Instrum. Methods Phys. Res.,
Sect. A 506, 250 (2003).

[37] C. Andreopoulos et al., Nucl. Instrum. Methods Phys. Res.,
Sect. A 614, 87 (2010).

[38] J. Tena-Vidal et al. (GENIE Collaboration), Phys. Rev. D
104, 072009 (2021).

[39] A. Garcia, R. Gauld, A. Heijboer, and J. Rojo, J. Cosmol.
Astropart. Phys. 09 (2020) 025.

[40] A. Bodek, I. Park, and U.-k. Yang, Nucl. Phys. B, Proc.
Suppl. 139, 113 (2005).

[41] A. Cooper-Sarkar, P. Mertsch, and S. Sarkar, J. High Energy
Phys. 08 (2011) 042.

[42] CMS Collaboration, The CMS hadron -calorimeter
project, CERN Technical Design Report No. CMS-TDR-
2, 1997.

[43] CMS Collaboration, The CMS electromagnetic calorimeter
project, CERN Technical Design Report No. CMS-TDR-4,
1997.

[44] ATLAS Collaboration, ATLAS tile calorimeter, CERN
Technical Design Report No. ATLAS-TDR-3, 1996.

[45] ATLAS Collaboration, ATLAS liquid-argon calorimeter,
CERN Technical Design Report No. ATLAS-TDR-2, 1996.

[46] ATLAS Collaboration, ATLAS muon spectrometer, CERN
Technical Design Report No. ATLAS-TDR-10, 1997.

[47] J. G. Layter (CMS Collaboration), The CMS muon project,
CERN Technical design Report No. CMS-TDR-3, 1997.

[48] G. Aad et al. (ATLAS Collaboration), J. Instrum. 14,
P12006 (2019).

[49] G. Aad er al. (ATLAS Collaboration), Eur. Phys. J. C 81,
578 (2021).

[50] V. Chekhovsky et al. (CMS Collaboration), J. Instrum. 20,
P04021 (2025).

[517] W. Elmetenawee (CMS Collaboration), Proc. Sci. VER-
TEX2023 (2024) 074 [arXiv:2312.08017].

[52] R. Tomads et al., in JACoW IPAC2022 (JACoW Publishing,
Geneva, Switzerland, 2022), p. 1846.

[53] S. Chatrchyan et al. (CMS and TOTEM Collaborations),
Eur. Phys. J. C 74, 3053 (2014).

[54] A. Fedynitch and M. Huber, Phys. Rev. D 106, 083018
(2022).

[55] P. Adamson et al. (MINOS Collaboration), Phys. Rev. D 81,
072002 (2010).

[56] Q. Wu eral. NOMAD Collaboration), Phys. Lett. B 660, 19 (2008).

[57] G. Onengut et al. (CHORUS Collaboration), Phys. Lett. B
632, 65 (2006).

[58] M. Tzanov et al. (NuTeV Collaboration), Phys. Rev. D 74,
012008 (2006).

[59] J. Mousseau et al. (MINERVA Collaboration), Phys. Rev. D
93, 071101 (2016).

[60] A. Kayis-Topaksu et al. (CHORUS Collaboration), Eur.
Phys. J. C 30, 159 (2003).

[61] S. Henry et al. (MINERVA Collaboration), Phys. Rev. D
109, 092008 (2024).

012010-7


https://doi.org/10.1103/PhysRevLett.133.021802
https://doi.org/10.1103/PhysRevLett.133.021802
https://doi.org/10.1103/PhysRevLett.134.211801
https://doi.org/10.1103/PhysRevLett.134.211801
https://doi.org/10.1016/j.physletb.2023.138378
https://doi.org/10.1016/j.physletb.2023.138378
https://doi.org/10.1007/JHEP01(2025)199
https://doi.org/10.1007/JHEP01(2025)199
https://doi.org/10.1088/1361-6471/ac865e
https://doi.org/10.1103/z4f4-wdc3
https://doi.org/10.1007/JHEP07(2025)270
https://doi.org/10.1007/JHEP07(2025)270
https://doi.org/10.1103/11j5-txpc
https://doi.org/10.1103/11j5-txpc
https://doi.org/10.1103/PhysRevD.104.113005
https://doi.org/10.1103/PhysRevD.104.113005
https://doi.org/10.1007/JHEP08(2021)087
https://doi.org/10.1103/PhysRevD.76.093003
https://doi.org/10.1103/PhysRevLett.132.061001
https://doi.org/10.1103/pj4c-cn41
https://doi.org/10.1007/JHEP10(2024)204
https://doi.org/10.1016/j.physrep.2021.01.002
https://doi.org/10.1051/epjconf/202225913010
https://doi.org/10.1051/epjconf/202225913010
https://doi.org/10.1088/1748-0221/3/08/S08003
https://doi.org/10.1088/1748-0221/3/08/S08003
https://doi.org/10.1088/1748-0221/3/08/S08004
https://doi.org/10.1088/1748-0221/3/08/S08004
https://doi.org/10.1016/0168-9002(90)91832-V
https://doi.org/10.1016/0168-9002(90)91832-V
https://doi.org/10.1016/S0168-9002(97)01079-6
https://doi.org/10.1016/S0168-9002(97)01079-6
https://doi.org/10.1016/S0168-9002(97)00931-5
https://doi.org/10.1016/S0168-9002(97)00931-5
https://doi.org/10.1016/S0168-9002(99)01304-2
https://doi.org/10.1016/S0168-9002(99)01304-2
https://doi.org/10.1088/0954-3899/43/8/084001
https://doi.org/10.1088/0954-3899/43/8/084001
https://doi.org/10.1016/j.astropartphys.2012.01.004
https://doi.org/10.1016/j.astropartphys.2012.01.004
https://arXiv.org/abs/1401.2046
https://doi.org/10.1088/1748-0221/15/08/T08008
https://doi.org/10.1088/1748-0221/15/08/T08008
https://arXiv.org/abs/1109.3262
https://doi.org/10.1016/j.cpc.2015.01.024
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/j.nima.2009.12.009
https://doi.org/10.1016/j.nima.2009.12.009
https://doi.org/10.1103/PhysRevD.104.072009
https://doi.org/10.1103/PhysRevD.104.072009
https://doi.org/10.1088/1475-7516/2020/09/025
https://doi.org/10.1088/1475-7516/2020/09/025
https://doi.org/10.1016/j.nuclphysbps.2004.11.208
https://doi.org/10.1016/j.nuclphysbps.2004.11.208
https://doi.org/10.1007/JHEP08(2011)042
https://doi.org/10.1007/JHEP08(2011)042
https://doi.org/10.1088/1748-0221/14/12/P12006
https://doi.org/10.1088/1748-0221/14/12/P12006
https://doi.org/10.1140/epjc/s10052-021-09233-2
https://doi.org/10.1140/epjc/s10052-021-09233-2
https://doi.org/10.1088/1748-0221/20/04/P04021
https://doi.org/10.1088/1748-0221/20/04/P04021
https://doi.org/10.22323/1.448.0074
https://doi.org/10.22323/1.448.0074
https://arXiv.org/abs/2312.08017
https://doi.org/10.1140/epjc/s10052-014-3053-6
https://doi.org/10.1103/PhysRevD.106.083018
https://doi.org/10.1103/PhysRevD.106.083018
https://doi.org/10.1103/PhysRevD.81.072002
https://doi.org/10.1103/PhysRevD.81.072002
https://doi.org/10.1016/j.physletb.2007.12.027
https://doi.org/10.1016/j.physletb.2005.10.062
https://doi.org/10.1016/j.physletb.2005.10.062
https://doi.org/10.1103/PhysRevD.74.012008
https://doi.org/10.1103/PhysRevD.74.012008
https://doi.org/10.1103/PhysRevD.93.071101
https://doi.org/10.1103/PhysRevD.93.071101
https://doi.org/10.1140/epjc/s2003-01292-3
https://doi.org/10.1140/epjc/s2003-01292-3
https://doi.org/10.1103/PhysRevD.109.092008
https://doi.org/10.1103/PhysRevD.109.092008

	Observing neutrinos at CMS and ATLAS with a gaseous fixed target concept
	I. INTRODUCTION
	II. METHODOLOGY
	III. RESULTS
	IV. PHYSICS OPPORTUNITIES
	V. CHALLENGES
	VI. CONCLUSIONS
	ACKNOWLEDGMENTS
	DATA AVAILABILITY
	References


