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The first direct detection of neutrinos at the LHC not only marks the beginning of a novel
collider neutrino program at CERN but also motivates considering additional neutrino detectors to
fully exploit the associated physics potential. We investigate the feasibility and physics potential
of neutrino experiments located at the surface-level. A topographic desk study was performed to
identify all points at which the LHC’s neutrino beams exit the earth. The closest location lies about
9 km east of the CMS interaction point, at the bottom of Lake Geneva. Several detectors to be placed
at this location are considered, including a water Cherenkov detector and an emulsion detector. The
detector concepts are introduced, and projections for their contribution to the LHC forward neutrino
program and searches for dark sector particles are presented. However, the dilution of the neutrino
flux over distance reduces the neutrino yield significantly, limiting the physics potential of surface-
level detectors compared to ones closer to the interaction point, including the proposed FPF.

I. INTRODUCTION

The observation of neutrinos produced at the Large
Hadron Collider (LHC) by the FASER [1] and
SND@QLHC [2] experiments has initiated a novel forward
neutrino program at the European Center of Nuclear
Research (CERN). Collider neutrino measurements will
probe proton and nuclear structure and serve to constrain
parton distribution functions (PDFs) [3], test gluon re-
combination [4], intrinsic charm [5], and provide crucial
input to resolve outstanding questions in astroparticle
physics [6-8]. The experiments are also sensitive to a
variety of effects beyond the Standard Model (SM) [9].

To exploit this physics potential, continuing and ex-
panding this physics program in the high-luminosity LHC
era is essential. Both the FASER [10] and SND@QLHC [11,
12] collaborations plan to upgrade their detectors in their
current locations for operation in LHC Run 4. However,
the existing LHC infrastructure in which they are located
only offers limited tunnel space, restricting the possible
size and target mass for neutrino detectors. For this rea-
son, the Forward Physics Facility (FPF), which would
house several experiments with larger dimensions in a
purpose-build cavern, has been proposed [13-15]. All of
these proposed detectors are to be placed underground
relatively close to the LHC interaction point (IP) pro-
ducing the neutrino beams. However, considering the
limited space in the existing tunnels and the construc-
tion cost of a new cavern, it is intriguing to consider the
alternative possibility of placing novel experiments at the
surface-level emergence points of the neutrino beams and
to assess whether such experiments can probe the same

physics as their closer-to-IP counterparts.
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We have conducted a topographic and bathymetric
desk study to identify the locations at which the pro-
jected lines of sight (LOS) from the IPs reach the surface
of the Earth, whose results are presented in Sec. II. These
exit points are found to be between 9 and 183 km from
the IPs. Since the beam intensity scales inversely with
the squared distance to the IP, a detector placed 10 km
away from the IP is exposed to a 400 times smaller flux
than the operating FASER and SNDQLHC experiments.
Hence, matching or exceeding the event rates of the un-
derground near detectors necessitates surface detectors
with kiloton target masses. The highest-energy LHC
neutrinos are strongly collimated and produced paral-
lel to the beamline [16-19], with a transverse spread of
a few meters at a site 10 km away from the IP, imply-
ing that detectors should be elongated along the beam’s
path. To build the needed large volume detectors, more
cost-effective detector technologies need to be considered.
Constructing the physics case of such a detector thereby
requires precise knowledge of the beam location, plac-
ing it as close to a high-luminosity IP as possible, and
assessing the effects of the possibly limited experimen-
tal resolution of the chosen technologies on the projected
constraining power of the experiment.

We discuss the optimal placement and alignment, po-
tential performance, expected event rates and physics
case for such detectors at a conceptual level. Particularly,
the emergence point closest to one of the high-luminosity
IPs, located about 9 km east of IP5 hosting the CMS
experiment [20], is identified as the most promising op-
tion. There, the neutrino beam passes through the bot-
tom of lake Geneva, which could be instrumented with,
for example, a submerged emulsion detector or a water
Cherenkov detector, with some potential to augment the
LHC forward neutrino and dark sector physics program.
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FIG. 1. The projected locations where the LOS from each IP reaches the surface of the Earth. The LOS is estimated to be
above the lakebed between IP8_Lakeln and IP8_LakeOut. This location is referred to as IP8L in Table I.
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FIG. 2. A zoomed in version of Fig. 1, showing the LOS exit points within 30km of the respective IPs. The LOS is estimated
to be above the lakebed between IP5_Lakeln and IP5_LakeOut. This location is referred to as IP5L in the text.



TABLE I. Details of each LOS exit point considered, showing the expected luminosity to be delivered to the IP in the HL-LHC
and the distance of the exit point from the corresponding IP. The flux relative to that for IP5L is estimated taking into account
the distance from the IP and the expected luminosity. Also shown for comparison are the location of the operating LHC

neutrino experiments as well as the FPF.

IP/Side luminosity distance relative flux comment
IP1IW 3000 fb~! 26.9 km 0.1 in Jura mountains
IP1E 3000 fb~? 183 km 0.0025 very far
IP5W 3000 b1 18.7 km 0.25 in Jura mountains
IP5L 3000 fb~! 9 km 1 in lake Geneva
IP5E 3000 fb~? 166 km 0.0029 very far
IP8L 300-600 fb~? 26 km 0.0125-0.025 in lake Geneva
IP8S 300-600 fb~*  24.6km  0.0133-0.0266 in Jura mountains

FASER/SND 3000 fb~! 480 m 351 TI12/TI18
FPF 3000 fb~! 620 m 210 purpose-built cavern

The paper is organized as follows. Sec. II discusses
the results of the desk study and identifies the locations
suitable for surface-level detector placement. Sec. III in-
troduces the proposed experimental setups and their lo-
cations, for which the event rates and predicted neutrino
spectra are given in Sec. IV. The physics case is presented
in Sec. V, and conclusions in Sec. VI.

II. SURFACE EXIT POINTS

The collision axis LOS is used for estimating the exit
points of the neutrino beam, and comes from a theoret-
ical model of the layout of the LHC. The LOS on either
side of the three IPs considered (IP1, IP5 and IP8, host-
ing the ATLAS [21], CMS and LHCb [22] experiments,
respectively) are extrapolated to their exit points from
the Earth’s surface or above the lakebed in lake Geneva.
IP2, the ALICE [23] experiment collision point, is not
considered since it operates at a much lower luminosity
than the other IPs. The luminosity at IP8 is still unde-
cided, but expected to be 10-20% of that at IP1 and IP5.

For the extrapolation, variations in the terrain are
taken into account using digital terrain models: RGE
ALTT in France [24], SwissALTI3D in Switzerland [25]
and Tinitaly in Italy [26], and the swissBATHY3D [27]
model is used to get the information of the depth of lake
Geneva. These models have a resolution of 10 m in Italy,
5 m in France and 2 m in Switzerland (including the
depth of lake Geneva). The global accuracy of these mod-
els is declared as 3.5 m in Italy and better than 1 m in
Switzerland and France. Due to the nature of the mod-
els, the uncertainty is larger in mountainous areas. The
uncertainty of the location where the LOS reaches the
surface of the earth, described below, is also impacted by
the rigorous definition of French, Swiss and Italian geode-
tic and vertical reference frames (with an error lower than
1 m) and by the uncertainty on the exact location and
orientation of the IPs in the LHC. The last point can

have a significant impact, as illustrated in Fig. 3 and
Fig. 4. Overall, the accuracy of the location where the
LOS reaches the surface is estimated to be within a few
meters, and in some areas possibly a few tens of meters.

The location of where the LOS reaches the surface of
the Earth is shown in Fig. 1 for the considered IPs. Due
to the slope of the LHC tunnel, and the mountain re-
gions of the Jura and the Alps, the distance between the
IP and the exit points vary a lot with the closest exit
point on land being 18 km west from the IP5 (denoted
IP5W) and the furthest is 183 km from the IP (IP1E).
Since the neutrino flux scales inversely as the distance
squared, the closest points are the most interesting from
a physics point of view. Fig. 2 shows the same map,
concentrating on the exit points closer than 30 km from
their respective IP. On this figure it can also be seen that
the IP5L LOS is above the lakebed of Lake Geneva at
a distance of about 9 km from the IP for a region of
about 200 m. Table I shows some relevant details of the
seven exit points, and compares the neutrino flux relative
to that for IP5L taking into account the distance from
the IP and the expected luminosity. This highlights that
IP5W and IP5L are the most interesting points to con-
sider further. For comparison the table also shows the
information for the locations of the current FASER and
SND@QLHC experiments, and the proposed FPF. For the
exit points in the mountains, it is often the case that the
LOS is not parallel to the ground after the exit point,
which makes it challenging to place a deep detector (as
required for the physics case) at these locations.

Fig. 3 shows the trajectory of the IP5L LOS with re-
spect to the lakebed in the region around 9 km from the
IP, and Fig. 4 shows the trajectory for the IP5W LOS
with respect to the surface of the Earth over the region
18.5 - 19 km from the IP. In both of these figures the
LOS, shown as dark red dotted line, assumes no crossing
angle at IP5. In reality there is a small crossing angle at
the IPs, pushing the beams vertically or horizontally to
avoid additional collisions in the LHC. For the HL-LHC
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FIG. 3. The LOS (dark red dotted) is estimated to be visible above the lakebed (blue) at a location 9 km away from IP5,
providing a possible location for a 200 m long detector (black dashed). The up (light red) and down (red) variations of the
crossing angle at IP5 will raise or lower the center of the neutrino beam by 2.25 m. The subplot illustrates the entire lakebed
profile along the direction of the LOS, and the point where the nominal LOS from IP5 and IP8 cross is indicated as a cross.
Note that uncertainties in the lake depth estimate are not included in the graphic, as the proposed location will in any case
have the neutrino beam as high above or as close as possible to the lakebed.
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FIG. 4. To the west of IP5, the LOS (dark red dotted) first emerges in a valley in the Jura mountains at a location 19 km away
from IP5, providing a possible location for a 10 m long detector (black dashed). The up (light red) and down (red) variations of
the crossing angle at IP5 will raise or lower the center of the neutrino beam by 4.7 m. The zoomed-in region in the valley shown
as the main plot is indicated as a blue box in the subplot depicting the mountain range profile. The subplot also indicates a
further exit point approximately 22 km away from IP5. However, the present work focuses on the closer location to maximize
event rates. Note that uncertainties in the terrain height are not included in the graphic, as they could be compensated for by
a suitable relocation of the detector up or down the slope after experimentally confirming the path of the beam.

the half crossing angle at IP5 is expected to be 250 urad
in the vertical plane [28] ! moving the LOS by about
2.25 m at 9 km and about 4.75 m at 19 km either up or
down. About half of the data is expected to be taken in
each configuration. The solid lines in Fig. 3 and Fig. 4
indicate more realistic beam path estimates accounting
for the effect of the two crossing angle orientations.

The final focusing of the LHC beam at the collision
points introduces a small per-event transverse momen-
tum to the collision system which is quantified by the

1 Although a vertical crossing angle in IP5 is the baseline scenario
for the full HL-LHC, it is possible that this could be changed
to a horizontal crossing for the last part of HL-LHC running to
distribute radiation more evenly around the focusing magnets.
In this article we assume a vertical crossing for the full HL-LHC
program.

beam divergence. For the expected HL-LHC configura-
tion the divergence will be negligible compared to the in-
trinsic spread of the neutrino beam from forward hadron
production and is therefore not considered in the esti-
mates in this paper.

III. DETECTOR DESIGNS

While forward neutrino experiments at the LHC are
expected to be deep in the beam direction for enhanced
total interaction probabilities, the large distances of the
considered experiments from IP5 necessitates that they
also cover a large transverse area due to the spread of
the incoming neutrino flux over distances of several kilo-
meters. Therefore, the experiments at surface level exit
points are expected to significantly exceed the size of



the existing LHC forward neutrino experiments such as
FASERw [18, 29] and require us to consider large-volume
but cost efficient technologies.

In the following, we consider three possible detectors at
different locations: (i) a water Cherenkov detector placed
at the bottom of Lake Geneva, (ii) an emulsion detector
submerged in Lake Geneva, and (iii) a kiloton electronic
detector in the Jura mountains. In the following, the
hypothetical locations of the detectors are provided in
further detail, along with basic conceptual designs.

A. FLOUNDER: Water Cherenkov Detector in
Lake Geneva

The first detector is considered to be placed at IP5L,
where the LOS passes through the bottom of Lake
Geneva. At this location, the crossing angle effect
amounts to a shift of £2.25 m from the LOS. Notably,
a downward shift moves the center of the neutrino beam
below the lakebed, as shown in Fig. 3. To increase the
expected statistics and physics potential, the detector
should cover the center of the beam in the upper crossing
angle configuration, while also being close to the lower
crossing angle case, enabling it to measure a larger range
of rapidities than its nominal size would suggest. To
achieve this, we consider a 200 m long benchmark de-
tector with a transverse area of 3 x 3 m?, referred to as
the Forward LHC Observatory Underwater for Neutri-
nos and the Dark sEctoR (FLOUNDER). The detector
volume is assumed to rest at the bottom of the lake and
is outlined in Fig. 3 as black dashed lines, while Fig. 5
depicts the radial distances around the neutrino beam
center probed in each IP5 crossing angle configuration.
The upper crossing angle configuration probes the radial
range from 0 m to 3 m, while the lower crossing angle
probes the rates of neutrinos from approximately 2 m
to 5.2 m, bringing the final pseudorapidity? coverage of
FLOUNDER to n > 8.2. Each crossing angle is assumed
to be used for a data collecting period corresponding to
1.5 ab™!, totaling 3 ab~!. It should be noted that the
above is assuming the best estimate of the LOS position
from the study. The uncertainty on the depth of the lake
is quoted at 2 m which means the detector could be less
optimally located with respect to the LOS by this dis-
tance. It would therefore be important to reduce this
uncertainty, including characterizing possible time varia-
tion in depth, to allow more reliable studies of the physics
potential.

A neutrino beam from CERN provides several interest-
ing design opportunities for a water detector. First, the
beam remains tightly collimated at the lake exit point
from IP5. The modest cross sectional area of 9 m? con-
sidered here can be inserted within standard industrial

2 Pseudorapidity n = — log(tan(6/2)), with @ the polar angle with
respect to the beam line.
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FIG. 5. The location of the FLOUNDER transverse plane
with respect to the center of the neutrino beam (dark red
dot) when the beam is lowered (red) or raised (light red) by
the variations of the crossing angle at IP5. The dashed black
circles illustrate radial ranges receiving contributions in both
configurations, while the ranges denoted by gray circles are
only useful for a single configuration.

cylindrical housing structures such as plastic pipes or
non-rusting silo materials. Second, distinct from wa-
ter or ice Cherenkov detectors searching for astrophys-
ical sources, the neutrinos arrive at fixed times, helping
with background reduction, and direction, so only one
detector dimension requires significant extension. This
motivates considering an elongated rectangular volume
with a strawman design, maximizing the number of neu-
trino interactions contained within the detector and con-
sistent with the limitations of the topography of the lake
bottom, with a scintillator-based system at the front for
vetoing or tagging incoming charged particles. Similarly,
instrumenting the back end with a scintillator wall would
help distinguish final states with one and two muons. A
centimeter-level spatial resolution, achievable e.g. with
scintillator strips and pixelated photo sensors, would suf-
fice for muons with energies 2 20 GeV, typically traveling
100 m distances.

Nonetheless, there are several challenges to consider.
The range of neutrino energies produced by proton col-
lisions is rather broad, extending roughly from 10 GeV
to a few TeV, and the energy of any specific neutrino
is a priori unknown. This is due to the fact that the
events which produce the highest-energy neutrinos are
typically not within the acceptance or triggered by the
central experiment at the IP. Nor will the flavor of the
neutrino entering FLOUNDER be known. Further, a
water Cherenkov detector buried under less than 60 m of
lake water will require a sealed volume to eliminate extra-
neous light from the sun and other sources. Though the
attenuation length requirements are likely to be satisfied
with clean lake water, prefiltering is desirable to maintain
uniformity over time and to minimize bio-fouling of the
detector surfaces that observe the Cherenkov light emis-
sion from neutrino interactions. If the interior volume



TABLE II. Comparison of the capabilities of various neutrino detectors and estimates for their systematic uncertainties.
Checkmarks (crosses) indicate measurements that we (do not) expect the detector to be able to perform. The 2y indicates
possibility of charm identification via a 2-muon signature, expected to be distinct from single muon final states. Question
marks indicate that it is currently unclear how well a detector would perform the task: it is uncertain how well the electron and
hadronic final states can be distinguished at FLOUNDER, and if FLARE could identify taus, or charm without two muons.

underground detector

surface detector

FASERv FLARE LED FLOUNDER
Technology emulsion LAr TPC emulsion water Cherenkov
Electron identification v v v ?
Muon identification v v v v
Tau identification v ? v X
Charm identification v 7,20 v 21
Charge identification w(r) u (1) X X
Muon momentum resolution <20% <5% <20% 30%
Muon angle resolution 0.06 mrad < mrad 0.06 mrad 5 mrad
Fhaq resolution 30% 30% 30% >30%
Ve energy resolution 30% 20% 30% >30%
Transverse position resolution ~ pm ~ mm ~ pm ~ 10 cm
Longitudinal position resolution < mm ~ mm < mm ~1m
Flux (relative to FASERwv) 1 0.6 0.002 0.002
Target mass (tons) 1 10 200 7500
Event rate per luminosity (relative to FASERv) 1 12 0.8 15

is initially filled with purified water, coupled with the
expected dark conditions within the sealed volume, the
rate of bio-fouling may be acceptable without the need for
continuous filtering. We note that neither the HAWC wa-
ter tanks nor the Pierre Auger Observatory water tanks
require continuous water purification [30, 31].

At the proposed scale of the experiment, the spatial
granularity of the photosensor coverage could easily be
made greater than in typical water Cherenkov detectors
designed to observe neutrinos from astrophysical sources.
On the other hand, the majority of neutrino energies from
the LHC exceed 50 GeV, much higher than in most water
Cherenkov detectors designed for accelerators. This im-
plies that less fractional photocathode area is required,
and the detector can be relatively sparsely populated
with photo-collectors, nominally assumed to be photo-
multiplier tubes (PMT) with a minimum diameter of
8 cm. A strawman design with 4 PMTs per square meter
should provide >40 photoelectrons per GeV of deposited
energy. About 10,000 PMTs are required to cover the
interior walls of the strawman detector, a large but man-
ageable number. The PMTs will measure the arrival time
distribution of the Cherenkov photons with a precision
of ~ 1 ns. The spatial pattern of PMTs and their tim-
ing distributions provides information to reconstruct the
development and evolution of showers and the path of
long-range charged particles emerging from the showers.

A uniform placement of PMTs on the walls of FLOUN-
DER yields accurate transverse coordinate information
but worse longitudinal accuracy. For instance, a trans-
verse (longitudinal) vertex resolution of < 0.5 m (< 5 m)
is estimated for the KM3NeT experiment [32]. Also the

Hyper-K experiment is expected to have a vertex res-
olution of < 0.5 m [33]. Due to the similarity of the
detector technologies, these can be taken as benchmarks
for FLOUNDER estimates. Optimistically however, the
smaller track-to-PMT distance at FLOUNDER, can im-
prove on this resolution, but remains in the same order of
magnitude. Hence, a transverse (longitudinal) resolution
of ~ 10 cm (~ 1 m) is assumed. Neither of these assump-
tions strongly impact the science reach of FLOUNDER.

For KM3NeT, a 29% muon momentum resolution and
at worst a median 0.5° = 8.7 mrad angle difference be-
tween reconstructed and simulated tracks are estimated
for energies at the TeV scale [34], while the KM3NeT
2 letter of intent states a 0.3-0.4° angular uncertainty
at a few TeV [32]. However, the KM3NeT photomulti-
plier tube strings are spaced an order of magnitude fur-
ther apart than the half-diameter of FLOUNDER, and
a slightly improved muon angle resolution of 5 mrad can
be estimated at FLOUNDER. The strawman design pro-
posed for FLOUNDER provides an increased opportu-
nity to measure stochastic light depositions by high en-
ergy muons emerging from the charged-current (CC) v,
vertex. Such a detector should also be able to measure
the energies of high energy muons in a large volume with
a reasonable precision, ~ 30%. In contrast, measuring
them with a spectrometer over a large volume would be
considerably more challenging experimentally, requiring
expensive technologies. IceCube has found that starting
track events (the subsample of events where the inter-
action occurs within a fiducial volume of the detector,
comparable to the event geometry of FLOUNDER) can
be reconstructed with an energy resolution of 25—30% for



energies between 1 TeV and 10 PeV [35]. Given the much
higher granularity of FLOUNDER than IceCube, an op-
timistic value of 30% is assumed at FLOUNDER. down
to neutrino energies of 10 GeV. The same resolution is
optimistically assumed for the reconstruction of the ener-
gies of electron neutrinos and hadronic recoils. Table IT
summarizes the assumed experimental capabilities and
systematic uncertainty estimates of the FLOUNDER de-
tector are summarized and compared with the FASERv
and FLARE [13, 14, 36] detectors.

B. Lake Emulsion Detector

The building of a large underwater detector at the bot-
tom of Lake Geneva involves significant engineering chal-
lenges. A likely first step towards the realization of such
a project would be a relatively small proof-of-principle
apparatus to verify the expected event rate. Similar to
the initial investigation of the underground near loca-
tions, this could be performed using an emulsion detec-
tor [37]. This approach can however also be extended into
a larger long-term experiment. We consider the prospect
of submerging a detector emulating the construction of
FASERv(2) [18, 29], consisting of heavy metal, e.g. tung-
sten, plates interleaved with emulsion films, at the pro-
posed location, for instance inside a shipping container.
Here, this setup is referred to as the lake emulsion detec-
tor (LED). A portion of the neutrinos passing through
the detector will interact in the tungsten, and are iden-
tified by the tracks of the final state charged particles in
the emulsion films. A clear advantage of such a detector
is that it does not require services, such as electricity,
thereby significantly reducing the associated cost.

Unlike the FASER and FPF caverns, the IP5L loca-
tion does not suffer from a large flux of highly energetic
muons. Muons produced in hadron decays close to the IP
are stopped in the roughly 9 km of rock before reaching
the lake. The remaining flux of muons originates mainly
from neutrino interactions in the last few kilometers of
rock as well as cosmic rays. In comparison to the under-
ground near locations, this would significantly reduce the
necessary frequency of collecting and replacing the emul-
sion films. In addition, a smaller muon flux also reduces
the complexity of event reconstruction. This would allow
for a reduced number of emulsion films by increasing the
thickness of the target plates from 1 mm currently used
at FASER to about 1 cm, leading to the realization of a
10 times heavier detector for a similar cost.

As a first result, this design allows to compare the ob-
served event counts to theoretical expectations and to
validate the case for further lake detector development.
In addition, such a detector provides energy resolution
and lepton identification capabilities sufficient for physics
analyses [38]. Electrons can be identified via their dense
electromagnetic shower while muons are long tracks that
traverse many nuclear interaction lengths of material. In
contrast to the other considered detector technologies,

an emulsion detector can also reliably observe tau neu-
trinos through the identification of the decay vertex of
the tau lepton. This opens the opportunity to study tau
neutrino interactions, measure v, CC cross sections, and
use these to test lepton flavor universality in the neutrino
sector. The measurement capabilities of such an emul-
sion detector, including energy and spatial resolution, are
summarized in Table II, where we adapt the performance
estimates presented for FASER in Ref. [18].

When estimating the expected event rate of the LED,
we first assume a FASERv2-size detector, consisting of a
20 ton tungsten target with dimensions 0.4 x 0.4 x 6.6 m3,
that is centered around the LOS at the IP5L location at
the bottom of lake Geneva. We note again that, due to
the crossing angle, the LOS is above the lakebed only
for about half the time and therefore we assume that the
detector is exposed to 1.5 ab™!. Since the reduced muon
flux may permit thicker tungsten plates and therefore a
heavier detector, we also present results for a 200 ton
tungsten target with dimensions 1.2 x 1.2 x 7.3 m3.

C. Electronic Detector in Jura Mountains

Another promising location for a surface detector is
IP5W, located approximately 19 km from the interaction
point in the Jura mountains, as shown in Figure 4. A site
visit showed that the LOS emerges from the surface in
a field located on a sloped hill in a valley, accessible by
car. The slope of the mountain surface is calculated to be
0.166 rad downward, while the beam slope is 0.014 rad
upward. The crossing angle introduces vertical shifts of
4+4.75 m in the beam position, which corresponds to a
shift of the emerging point by F26 m in the beam direc-
tion.

The above conditions allow the placement of a large-
volume electronic neutrino detector on the surface.
Historically, several neutrino experiments existed to
detect multi-100 GeV accelerator neutrinos, such as
CDHSW ([39, 40], CHARM [41], CCFR and NuTeV [42],
where the latter had a target mass of 690 tons. The ex-
pected neutrino event rates for a NuTeV-sized detector
are shown in Table II1. We find that it is about half of the
rate to be collected with a 1 ton detector at the FASER
location during the HL-LHC. This indicates that such a
detector would not provide sensitivity beyond those in
the existing near detector locations.

Even larger detectors were built for long-baseline neu-
trino oscillation measurements, including OPERA [43],
MINOS [44] and NOvA [45]. For illustration, the event
rates are also estimated for a NOvA-sized detector with
roughly a 14 kiloton mass placed at the IP5W location.
As presented in Table III, it collects about six times the
statistics of a 1 ton detector operating during the HL-
LHC era at the FASER location, and about two-thirds
of the statistics of FASERr2. While this illustrates the
mass scale needed for an IP5W surface detector to sur-
pass the planned upgrades of FASER and SNDQLHC,



TABLE III. Event rates based on the statistics of neutrino flavors coming from IP5. Both the up and down variations of the
IP5 crossing angle contribute significantly to the rates at FLOUNDER. The LED and the IP5W detectors are assumed to
be centered at the upward crossing angle LOS. The contributions during the downward variation are thus negligible and the
luminosity is effectively 1.5 ab™!.

L  distance Dimensions Volume Mmarget Rapidity Ve Vy vy
ab™1 km m X m X m m? ton CC NC CC NC CC NC
FASERv Run3  0.25 0.48 0.25 x 0.25 x 1.0 0.063 1.1 > 8.9 1.9k 590 9.2k 2.9k 34 12
FASERv HL 3 0.48 0.25 x 0.25 x 1.0 0.063 1.1 > 8.9 22k 7.1k 110k 34k 410 140
FASERv2 3 0.62 0.4 x04 x6.6 1.1 20 >87 220k 69k 1.1M 340k 4.3k 1.5k
LED-20T 1.5 9.0 0.4x04x6.6 1.1 20 > 11 680 220 4.0k 1.2k 11 3.7
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FIG. 6. A comparison of the theoretical expectation for the number of CC interactions as a function of neutrino energy at
various detectors. FASERv2 is assumed to be located at the proposed FPF location, while LED represents the rates obtainable
with a 200 ton emulsion detector located in the lake at 9 km away from the IP, corresponding to the FLOUNDER location.

we will not consider it in the remainder of this article.

IV. NEUTRINO SPECTRA

The neutrinos emerging from the primary proton col-
lision at IP5 are mainly produced through hadron de-
cays, with decays from pions, kaons and charm mesons
dominating and giving different proportions to the flux
of each neutrino flavor. We simulate the production
of light hadrons using EPOS-LHC [46] and generate the
charm meson spectra using POWHEG [47-49] matched with
Pythia 8.3 [50] for parton shower and hadronization, as
described in Ref. [51]. Light mesons are long-lived and
decay downstream of the interaction point. To propagate
mesons through the LHC’s beam pipe and magnetic fields
as well as to simulate their decays, we use the neutrino
flux simulation introduced in Ref. [19], with the HL-LHC
configuration described in Ref. [52]. Absorptions of neu-
trinos in the rock were found to have negligible effects on

the beam intensity. To obtain the expected event rates,
we use the neutrino interaction cross section provided by
GENIE [53]. We note that the Bodek-Yang model [54-56]
employed in GENIE agrees with more recent cross section
calculations for high energy neutrinos [57, 58] within an
uncertainty of < 6% [52].

The total numbers of neutral current (NC) and CC in-
teractions in the considered surface detectors, together
with operating and proposed underground detectors, are
shown in Table III. The corresponding spectra for the to-
tal number of CC interactions as a function of the incom-
ing neutrino energy FE, are illustrated in Fig. 6. During
the HL-LHC run, corresponding to 3 ab™!, a 20 ton emul-
sion detector submerged in the lake could be expected to
yield about a third of the event rates of FASERv dur-
ing Run 3. A 200 ton detector increases the expected
event rate tenfold, providing about four times the statis-
tics of FASERv or a third of the statistics achieved with
a 1.1 ton neutrino detector at the FASER location dur-
ing the HL-LHC era. In contrast, FLOUNDER yields
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significantly greater rates than FASERv due to its large
volume and 1.8 kiloton target mass. Larger detector sizes
naturally increase the rates in all cases.

The existing and proposed underground detectors close
to the IP are exposed to a large muon flux, with a rate of
about 1 Hz/cm?. The situation changes for the consid-
ered surface detectors. A minimum ionizing particle loses
about 500 GeV/km when passing though rock, while
muons with energies above 300 GeV suffer even higher
radiative energy losses. Therefore, beam muons will
not reach the considered surface detectors. High-energy
muons entering the front of the detector must therefore
originate from muon neutrino interactions in the rock in
front of the detector, providing an alternative way to de-
tect and study these neutrinos. For this, muon neutrino
interactions in a 10 m x 10 m x 2 km volume in front
of FLOUNDER are simulated using Pythia. The muons
are propagated accounting for both the average energy
loss and deflection through multiple-Coulomb-scattering
following the description in Ref. [60]. Roughly 2 million
muons are expected to enter FLOUNDER through the
upstream boundary, significantly enhancing the statis-
tics compared to interactions in its target volume. The
energy spectrum of the entering muons has an average en-
ergy of a few 100 GeV, and is discussed below in Sec. V C.
Notably however, such a measurement only provides re-
stricted information on the neutrino interaction: the ver-
tex location, the muon energy at the vertex, and the en-
ergy of the hadronic recoil system remain inaccessible,
limiting the physics applications of such muon data.

V. PHYSICS APPLICATIONS

We now turn to the physics case of surface neutrino
experiments. The lake emulsion detector is qualitatively
and quantitatively akin to the stand-alone FASERv de-
tector, and we refer the reader to a discussion of the
physics potential in Ref. [18]. Hence the discussion fo-
cuses on FLOUNDER, with remarks on emulsion de-
tection when applicable. We consider selected neutrino
physics and dark sector benchmark scenarios receiving
recurring attention in the context of forward LHC exper-
iments.

A. Cross Sections at TeV Energies

Prior to the recent measurements by the FASER Col-
laboration [38, 61], neutrino interaction cross sections
have been measured using either low-energy accelerator
or very high-energy astrophysical neutrino data. The gap
between these regimes is bridged by observing the most
energetic artificially produced neutrinos at the LHC, and
the sizable FLOUNDER event statistics allow measur-
ing the inclusive muon neutrino interaction cross section.
Fig. 7 shows the precision reachable for CC cross section
measurements at FLOUNDER and FASER»2 assuming
statistical errors, and after including the current neutrino
flux uncertainties, which are expected to be the dominant
systematic. We find that the measurement is systematics
limited for muon neutrinos, which results from the large



10

> C > F ") F
ER @2 = 10000 GeV* ! Q2 = 10000 GeV* ! 5 | 9*=10000 Gev? :
f 44 Baseline (BL) -2> i 44 Baseline (BL) 3 44 Baseline (BL) 3
[S] << BL+FLOUNDER, stat (S} | << BL+FLOUNDER, stat q I &> BL+FLOUNDER, stat K|

1.05 H+ BL+FLOUNDER, stat+syst ! 14 H+ BL+FLOUNDER, stat+syst 1.9 H+ BL+FLOUNDER, stat+syst X
. - D4
D4
¢ ¢ r s
¢ ey

IR A3 SR { g
. RN s
K 1 ), 0
IR ' R ' 3%
- " K4
i : * 5

.9f
0.95 091y { o.sF o
witter xFitter xFitter o!
M | MR | MR L | e L Ll R,
107° 102 107 N 107° 1072 107" N 107° 1072 107

FIG. 8. The PDF4LHC21 proton PDFs (red) for the up valence quark uwy (left), the down valence quark dy (center) and
the strange quark s (right), compared with the results of PDF profiling with FLOUNDER pseudodata assuming statistical
uncertainties only (blue) as well as statistical and approximate systematic uncertainties (green). The optimistic case with only
statistical uncertainties yields some improvement, which is however greatly reduced after including systematic uncertainties.

event rate. In Fig. 7, we compare these projections to
the cross sections measured using accelerator neutrinos
at MINOS [62], NOMAD [63], CDHS [64], CCFR [65]
and NuTeV [66] as well as astrophysical data at Ice-
Cube [67, 68]. We note that additional measurements
will also be performed by the existing FASER experi-
ment using its emulsion detector and electronic compo-
nents [10, 18, 69].

Due to the lack of charge identification, and potential
difficulties in recognizing electrons, FLOUNDER data is
best applicable for measuring the v, + 7,, cross section
(FASERw»2 is able to identify the outgoing muon’s charge
using the FASER2 magnet). If however v, CC and NC
interactions can be separated reliably, FLOUNDER data
could, in principle, also be used for measuring the Wein-
berg angle [70] at different energies than previously mea-
sured, constraining non-standard interactions [71] and
observing the neutrino charge radius [72].

On the other hand, LED is capable of cross section
measurements for electron and tau neutrinos. Notably,
the latter has so far only been measured by the DONUT
collaboration [73]. In the right panel of Fig. 7 we show
projections for the v, + U, cross section measurement
at LED. In contrast to muon neutrinos, tau neutrinos
are less copiously produced and are also less collimated,
resulting in a significantly smaller event rate at far de-
tectors. Thus, the precision that can be reached for the
tau neutrino cross section at LED is statistics limited.
We also show projected results for FASER»2 which can,
in combination with the FASER2 spectrometer, measure
the v, and 7, cross sections separately utilizing a subset
of events in which the tau decays to a muon.

B. Constraining Proton Structure

CC neutrino interactions can be used for testing pro-
ton structure, providing complementary information to

the deep inelastic scattering data obtained at HERA
or fixed target collisions relying on NC interactions.
Such measurements could reduce overall PDF uncertain-
ties for key LHC measurements, such as Higgs or elec-
troweak boson production [74], and help to break degen-
eracies between PDF parameters and effective field the-
ory coefficients [75]. Following the strategy of Ref. [3],
the potential of FLOUNDER to constrain PDFs via
v, CC interactions is assessed by performing Hessian
profiling [76-79] implemented into the XFITTER open-
source QCD analysis framework [80-83]. Assuming a
free isoscalar nucleon target ® , the study is performed
using the PDF4LHC21 [84] proton PDF set, which is
a Monte Carlo combination [85, 86] of the CT18 [87],
MSHT20 [88], and NNPDF3.1 [89] global PDFs with
Hessian representations obtained via the methods in
Refs. [90-92].

The resulting fractional PDF uncertainties are shown
for the up and down valence quarks, uy and dy, and the
strange quark s in Fig. 8 at Q? = 10000 GeV2. The anal-
ysis performed assuming only statistical uncertainties in-
dicates modest improvement from the PDF4LHC21 base-
line. However, the inclusion of estimated experimental
systematic uncertainties renders the profiled PDF's equiv-
alent to the baseline.

The sources of systematic uncertainty considered are
the resolutions in measuring the muon momentum and
angle, as well as the hadronic energy, as summarized in
Table II. Moreover, the study of the strange quark PDF
at FLOUNDER would rely on identifying a second ener-
getic muon resulting from the decay of a charm quark in
the hadronic system. Hence the number of events that
can be used to constrain the strange PDF is reduced to
approximately ~ 15% of all v, CC events involving charm

3 Water is not isoscalar, but this is not expected to have a strong
influence on the qualitative result.
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production. In conclusion, the detector dimensions and
capabilities considered in this work will not suffice for
significantly reducing PDF uncertainties without further
development and improvement of detector technologies to
reduce the systematic uncertainties. We also note that
LED will not have sufficient statistics to contribute to
PDF measurements.

C. Neutrino Flux Measurements

The LHC’s neutrino beam originates from the decay
of the lightest hadrons of a given flavor, most impor-
tantly charged pions, kaons and charm mesons. Notably,
the production of these particles in the forward direction
has not been measured before. Therefore, neutrino flux
measurements at the LHC provide a novel method to in-
vestigate forward particle production and constrain the
underlying physics.

The contributions of various parent hadrons to the
neutrino spectra observed at FLOUNDER are shown in
Fig. 9 as a function of neutrino energy and in Fig. 10 in
terms of radial distance from the beam center. Note that
FLOUNDER is expected to obtain considerable event
rates with both IP5 crossing angle configurations, effec-
tively increasing the extent of the probed rapidity re-
gion beyond the nominal detector dimensions. Gener-
ally, neutrinos from light hadron decays tend to have a
smaller transverse momenta, and are therefore more colli-
mated around the beam axis, than neutrinos from charm
hadron decays, which are more spread out. Pions only
contribute to the muon neutrino flux. Kaons contribute
mostly to the flux of high energy muon neutrinos, as well
as low-energy and low-radial distance electron neutri-
nos. High-energy and high-radial distance electron neu-
trinos result predominantly from the decays of charmed
hadrons. Given the radial and energy dependence of
the different parent hadron contributions to the resulting
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neutrino flux, the relatively large transverse area of the
detector and it’s sufficiently good spatial and energy reso-
lution make FLOUNDER useful for understanding differ-
ent parent hadron contributions to the neutrino spectra.

As discussed in Sec. IV and shown in Fig. 11, muons
entering FLOUNDER arise mainly from muon neutrinos
produced in light hadron decays which subsequently in-
teract via CC in front of FLOUNDER. Observing these
muons thus provides an additional handle to constrain
the forward hadron flux. The fraction of neutrinos from
kaon decays is increased, in comparison to neutrinos in-
teracting in FLOUNDER, especially at lower energies.
This is because neutrinos from kaon decay are on av-
erage more energetic and therefore the produced muons
can travel further through the rock, effectively increasing
the target volume. This also illustrates that the measure-
ment provides complementary information that may help
in breaking degeneracies.

The production of forward pions and kaons (and thus
the bulk of forward muon neutrinos) is described by
hadronic interaction models, subject to sizable model-
ing uncertainties. This is mainly due to the lack of
high-energy forward particle production data, coming
only from the neutral pion and neutron measurements
by LHCf [93, 94]. Neutrino measurements at the LHC
will add complementary data on the forward production
of charged pions, charged kaons and neutral kaons. Con-
straining high energy forward particle production and im-
proving hadronic interaction models is particularly inter-
esting for astroparticle physics, where they are used for
simulating particle production in extreme astrophysical
systems, as well as cosmic ray interactions in the atmo-
sphere. Notably, for the latter, there is a long-standing
discrepancy between the number of muons observed in
high-energy cosmic ray air shower observations and the
number predicted by hadronic interaction models, which
is known as the muon puzzle [95-99]. This problem pre-
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vents a measurement of the mass composition of the cos-
mic ray flux, which is needed for distinguishing different
hypotheses on their origins. Extensive studies suggest
that this discrepancy is caused by a mismodeling of soft
QCD effects in forward particle production at center-of-
mass energies above the TeV scale [100, 101]. Further
studies have shown that this problem could be resolved
through an enhanced rate of strangeness production in
the forward direction [102-104]. Since kaon decays are
one of the main sources of neutrinos at the LHC, mea-
surements of collider neutrino fluxes will allow to con-
strain and test these scenarios, ultimately helping to re-
solve the muon puzzle. A phenomenological model for
enhanced strangeness production has been introduced in
Ref. [6, 7]. As illustrated by the dashed line in Figs. 9
to 11, this model predicts a significant increase of the neu-
trino event rate that can be tested with FLOUNDER.
It should be noted that although FASERyv Run 3 data
will already constrain the enhanced strangeness scenario
preferred in Ref. [6], it is possible that the effect is less
pronounced in pp collisions at the LHC [6, 103] or exhibit
non-trivial energy and rapidity dependence [7]. Account-
ing for such cases will require the additional event rates
offered by FLOUNDER or the FPF experiments [105].

In contrast to light hadrons, forward charm produc-
tion can, in principle, be described by perturbative QCD.
Charm quarks are dominantly produced via gluon fusion,
where one gluon carries a large momentum fraction x ~ 1
while the other carries a very small momentum fraction
x ~ 4m?/s ~ 10~7. The neutrino flux from charm de-
cays is therefore sensitive to both high-z physics, such
as intrinsic charm [5], and low-x physics, especially to
the gluon PDF in an uncharted kinematic regime around
x ~ 1077, Such measurements will allow studying novel
QCD phenomena, including BFKL dynamics and the
onset of gluon recombination [4]. Forward charm mea-
surements will also provide useful input for astroparticle
physics, for instance for estimating the prompt atmo-
spheric neutrino flux [106]. As an example, the effect of
an intrinsic charm component on the resulting neutrino
flux, following the BHPS model [107] implemented in the
CT14 PDF [108] as estimated in Ref. [5], is shown as a
dotted line in Figs. 9 to 11. With this model, there is a
significant increase in the number of electron neutrinos at
high energies, as well as a modest increase in the number
of muon neutrinos at high energies.

Accessing this physics potential requires measuring the
energy and angular spectra of neutrinos for different fla-
vors. It may, however, be difficult to reliably distinguish
a high energy electromagnetic shower from a hadronic
shower in a water Cherenkov detector. Therefore, the
experimental signature of a v, CC event at FLOUNDER
can be closely mimicked by NC events induced by any
neutrino flavor. Although methods for reliably distin-
guishing v, CC events in a water detector have been de-
veloped and discussed at lower energy ranges [109, 110]
and their observation at higher energies could be possible
due to the Landau-Pomeranchuk-Migdal effect [111-114],
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it will require further detector simulation work to deter-
mine the accuracy up to which this can be done at TeV
energies. It is therefore instructive to consider both an
optimistic case, in which the v, CC rates can be measured
directly, as well as a conservative scenario, in which only
cascade-like interactions arising from both v, CC and vy
NC (with ¢ € {e,p,7}) can be identified. These two
scenarios are shown for FLOUNDER in Figs. 9 and 10.
Comparing the two possible cases for FLOUNDER, we
can see that the information in the pessimistic scenario is
somewhat diluted. The spectrum of cascade-like events
contains a sizable component of v, NC, making it more
similar in its hadronic composition to the v, CC spec-
trum which has a subdominant charm contribution in
contrast to the v, flux. This illustrates that, in order to
obtain the best understanding of the neutrino flux com-
position and gain better access to forward charm produc-
tion, a detector should ideally be able to distinguish v,
CC from NC events.

The flux composition of CC neutrino interactions that
could be observed at a 200 ton lake emulsion detector is
shown in Fig. 12. Unlike for FLOUNDER, an emulsion
detector can reliably identify not only electron and muon
CC neutrino interactions, but also tau neutrinos interac-
tions, which are only produced in charm hadron decays.
Despite the lower event rate, in comparison to FLOUN-
DER, this offers an additional handle to constrain the
underlying models of forward particle production, in par-
ticular effects associated to forward charm production.

D. Dark Sectors

As pointed out in Ref. [9], the forward region of the
LHC may also produce large numbers of new particles
that are light and very weakly interacting. Such particles
have been proposed to address many of the outstanding
questions in particle physics, for example to explain the
nature and observed abundance of dark matter, neutrino

masses and the observed matter-antimatter asymmetry
in the universe. Several experiments have been proposed
to exploit this opportunity. This includes FASER, which
searches for the decay of long-lived particles [115-119];
FLArE, proposed to look for scattering light dark mat-
ter [36, 120, 121]; and FORMOSA, proposed to search
for millicharged particles [122].

Both light dark matter scattering and millicharged par-
ticles lead to only small, typically sub-GeV, energy de-
posits in the detector. While those are in principle de-
tectable at a water Cherenkov detector, these signatures
may suffer from sizable low-energy backgrounds induced
by the neutrino beam or cosmic rays. A careful study
of these backgrounds and the detector’s capability to de-
tect the signal, which require a full detector simulation,
would be needed, but is beyond the scope of this work.

The situation is different for long-lived particles, which
can decay inside the detector volume and deposit TeV
energies. However, while providing a spectacular signal,
neutrino interactions occurring in the target volume pose
a potential source of background.

Light LLPs primarily decay into pairs of electrons or
photons. These then interact and initiate an energetic
electromagnetic shower in the detector. This signature
has to be distinguished from CC electron neutrino in-
teractions, which could, in principle, be done using the
presence of an additional recoil hadronic shower. Neu-
trino interactions, however, have a roughly flat inelastic-
ity distribution, do /dy & const., where y is the fraction of
the energy transferred from the neutrino to the hadronic
system. For example, in roughly 1% of all v, CC inter-
actions the electron gains more than 99% of the energy
while the hadronic system is very soft and carries less
than 1% of the energy. In this case, only the electromag-
netic shower would be visible. Since we expect about
a hundred thousand v, CC interactions inside FLOUN-
DER, this corresponds to about 1000 background events.
While dedicated simulations will provide more accurate
background estimates, this argument suggest that LLPs
decays into electrons or photons will likely suffer substan-
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tial backgrounds.

Heavier LLPs may also decay into pairs of muons,
which would be visible as long tracks in the detector.
This signature requires the ability to identify and sep-
arate the two muons, which would be challenging given
that the muon tracks are highly collimated. Backgrounds
could arise from charm associated CC muon neutrino in-
teractions, in which the charm hadron decays to a muon,
which could be suppressed by vetoing the presence of
an (even relatively soft) hadronic shower. A likely irre-
ducible background arises from neutrino trident produc-
tion v, N — v,uuN. Following Ref. [123], a few such
events are expected to occur inside the detector?. Never-
theless, LLP decays into muons present the most promis-
ing channel.

One may also consider LLP decays into muons in the
rock before FLOUNDER. The two muons could then en-
ter the decay volume, providing an alterative way to
detect the signal. However, this signal could be mim-
icked by charm associated muon neutrino CC interac-
tions, in which the produced charm hadron decays into a
second muon. We have estimated the associated rate of
such events using the simulation described at the end of
Sec. IV and find that charm associated muon neutrino in-
teractions in the rock will lead to a sizable rate of muon
pairs entering FLOUNDER, and requiring both muons
to have energies above 100 GeV (500 GeV) reduces this
rate to about 600 (20) events. These cuts would, how-
ever, also significantly reduce the signal efficiency. We

4 The statistics at FLOUNDER are however expected to be in-
sufficient for conclusive trident observations, as the main task of
contemporary trident studies is to assess the backgrounds pro-
ducing similar experimental signatures, e.g. diffractive charm
production and particles imitating muon tracks, and to place
cuts on them without diminishing the signal event rates.

conclude that this signature will not allow for a back-
ground free search.

LLPs may also decay into two or more hadrons, which
would initiate a hadronic shower. This is very similar
to a neutral current neutrino interaction, with no obvi-
ous handle to separate them. Since we expect about a
hundred thousand such neutrino interactions, detecting
hadronically decaying LLPs seems impossible.

From the above considerations, it is clear that FLOUN-
DER will be primarily sensitive to LLPs decaying to
muons. To investigate FLOUNDER'’s potential to probe
dark sectors, we consider two benchmark models permit-
ting this decay: the dark Higgs boson and a heavy neutral
lepton (HNL) mixing with the muon neutrino. For both
cases, we use the FORESEE simulation package [124] to
estimate the expected number of LLP decays inside the
detector volume. When estimating the flux, we use the
dedicated forward physics tune of Pythia [59] to sim-
ulate light hadron production and the particle spectra
obtained in Ref. [51] using POWHEG and Pythia for heavy
hadron production.

The dark Higgs ¢ is a new scalar that mixes with the
SM Higgs field, thereby obtaining Higgs-like couplings to
all SM particles [125]. Its low energy Lagrangian is given
by L = —mi(bQ — sinﬁzf yroff, where my denotes its
mass and # the mixing. For the modeling of produc-
tion and decay, we follow the phenomenological descrip-
tion of Ref. [126]. The dark Higgs is mainly produced
in B-hadron decays and mostly decays to the heaviest
kinematically accessible final states: electron pairs for
mg < 2my, muon pairs for 2m, < mg < 300 MeV and
hadrons for higher masses.

Results for the dark Higgs are shown in the left
panel of Fig. 13. The gray shaded regions represent
existing constraints from searches at LHCb [127, 128],
CHARM [126], LSND [129], NA62 [130, 131], E949 [132],
MicroBoone [133] and ICARUS [134]. The blue dashed



line indicates the region of parameter space within which
more than three dark Higgs decays are expected to occur
inside the FLOUNDER, volume. Under the assumption
of perfect signal efficiency and negligible backgrounds,
this would correspond to the discovery reach. It therefore
indicates the ultimate sensitivity that could, in principle,
be obtained with a detector at this location. We can see
that it extends beyond existing constraints for masses
between 300 and 500 MeV. The blue solid line shows
the three event contour after requiring the dark Higgs to
decay into muon pairs. This reduces the event rate at
higher masses, but potential sensitivity to unprobed re-
gions of parameter space remain. We note, however, that
this contour does not account for potential background
or detection inefficiencies that will likely further reduce
the sensitivity.

The HNL N is a new neutral fermion that mixes with
the active neutrinos, in this case the muon neutrino. Its
phenomenology is described by its mass my and mixing
U,. At the forward direction of the LHC, HNLs would
primarily be produced via weak meson decays, most im-
portantly kaons, charm and beauty hadrons, and can de-
cay through either NC or CC interaction [135]. We use
the HNLCalc package [136] to describe all relevant pro-
duction and decay modes.

The right panel of Fig. 13 shows the HNL, with
the gray regions representing existing constraints from
BEBC [137], CMS [138, 139], E949 [140], Micro-
Boone [141], NA3 [142], NuTeV [143], NA62 [144],
T2K [145], and BBN [146], as provided by the Heavy
Neutrino Limits package [147]. As before, the blue
dashed line corresponds to more than three expected de-
cay events inside the detector volume, indicating the the-
oretical upper limit on the sensitivity of such a detector:
new regions of parameter space are probed for masses
between 400 MeV and 2.5 GeV. Restricting the search
to muons pairs almost entirely diminishes this sensitiv-
ity even before considering backgrounds or inefficiencies.
Another handle to suppress backgrounds is provided by
timing: due to the long distance between the LHC colli-
sion point and the detector, heavy HNLs can arrive with
a substantial delay. This would allow to distinguish their
decays from neutrino interactions, which travel with the
speed of light. The blue dotted line indicates the po-
tential of such a search by requiring a delay At > 1 ns.

Overall, these examples have illustrated that a reason-
able sized detector at the exit points of the LOS has, in
principle, potential to probe dark sectors through LLP
decays. However, in the examples mentioned above, the
sensitivity does not greatly exceed existing constraints,
even before considering backgrounds or inefficiencies. In
addition, other experiments, including FASER operating
during the HL-LHC era, are also sensitive to similar re-
gions of parameter space [116].
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VI. CONCLUSIONS

While the LHC was primarily built to search for the
Higgs boson and other particles at and beyond the elec-
troweak scale, it is also the source of the most ener-
getic neutrinos produced by human kind. These neutri-
nos have recently been observed for the first time by the
FASER and SNDQLHC experiments, thereby initiating
a new field of collider neutrino physics. Both detectors
sit in underground locations, close to the ATLAS IP, and
larger experiments in a purpose-built cavern have been
proposed in the context of the FPF. In this publication
we consider the possibility of not placing neutrino detec-
tors underground, but at the surface exit points of the
neutrino beam.

The topographic study presented within this work has
located the emergence points of the neutrino beams orig-
inating at the LHC. The furthest of them is at a distance
of more than 100 km, and most of them over 20 km,
away from the IP. The sites east of IP5, 9 km away at
the bottom of Lake Geneva, and west of IP5, 19 km re-
moved in the Jura mountains, are identified as the most
promising candidates for surface level detectors designed
for a neutrino and dark sector program. At these loca-
tions, the spread of the neutrino flux over large distances
requires considering kiloton detectors, necessitating re-
liance on technologies with smaller cost-per-volume than
those utilized in the comparably small detectors close
to the IP. However, this limits tracking granularity and
particle identification abilities, which are required for an
important part of the physics program of the proposed
and existing underground detectors.

We have considered several possible detector tech-
nologies at both locations. The site at the bottom of
lake Geneva is suitable for e.g. a 20 to 200 ton sub-
merged tungsten-emulsion detector or a 1.8 kiloton wa-
ter Cherenkov detector. During the high-luminosity LHC
run, the 20 (200) ton lake emulsion detector would yield
approximately 40% (4 times) the number of neutrino in-
teraction events expected to be collected by the 1.1 ton
FASERv 480 m away from IP1 already during Run 3 of
the LHC. In comparison to detectors closer to the IP, the
lake location nonetheless offers a reduced forward muon
background, and an emulsion detector in the lake would
allow for a long exposure time for a large quantity of
emulsion, providing about a hundred tau neutrino events
for 200 ton detector masses. Of the surface-level detec-
tors, the highest total event rates for the HL-LHC run
are however predicted at the 1.8 kiloton water Cherenkov
detector. They are more than 40 times the FASER» Run
3 expectation, although remain at less than 40% of the
HL-LHC run levels of the proposed 20 ton FASERv2 de-
tector to be hosted at the FPF. Obtaining similar num-
bers at IP5W requires a 15 kiloton detector, which would
be similar in size to the NOvA far detector. This im-
plies that obtaining event rates comparable to those ex-
pected at the underground near detector locations re-
quires considerably larger detectors at the exit point dis-



tances, and that the best opportunity for a surface-level
experiment would be provided by the emergence point in
lake Geneva.

The determination of the lepton identification capabil-
ities and systematic uncertainties of a water Cherenkov
detector requires further detector simulations outside the
scope of this work, which therefore opts for conservative
uncertainty estimates based on existing and proposed wa-
ter detector designs. There will be no charge identifica-
tion, and it is unclear if v, CC events can be separated
from NC. The present work mostly relies on processes
with final state muons, and assumes rough energy and
angular resolution.

The statistics expected at the water Cherenkov de-
tector suffice for constraining several physics scenarios
within and beyond the SM, such as forward hadron pro-
duction and cross section measurements, although with-
out v/7 identification, as well as testing the enhanced
strangeness scenario proposed to solve the cosmic ray
muon puzzle. However, with the assumed lepton identifi-
cation capabilities and uncertainty estimates, the detec-
tor provides limited insight into nucleon structure, and
would only provide a small increase in sensitivity for se-
lect models of light long-lived particles. Full considera-
tion of all decay modes nonetheless necessitates a detec-
tor design for which electron channels can be separated
from similar experimental signatures, requiring further
study.

The prospect of taking advantage of the surface-level
exit points of the LHC neutrino beams is a novel re-
search direction distinct from the existing investigations
of very energetic astrophysical neutrinos or low-energy
accelerator neutrinos. Although our studies indicate that
the FPF and FASER physics programme cannot be re-
placed by surface-level detectors at the LHC, this may
motivate further simulation work on TeV neutrino inter-
actions in water Cherenkov detectors, in order to refine
its physics potential. Finally, to study the feasibility of
this further, a modest programme to reduce the uncer-
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tainty of the LOS exit point locations for the preferred
exit points would be valuable. This should include re-
ducing the uncertainties associated with the depth of the
lakebed as well as characterizing possible time variation
in the depth.
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