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Probing light gauge bosons in tau neutrino experiments
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The tau neutrino is probably the least studied particle in the standard model (SM), with only a handful of
interaction events being identified so far. This can in part be attributed to their small production rate in the
SM, which occurs mainly through D, meson decay. However, this also makes the tau neutrino flux
measurement an interesting laboratory for additional new physics production modes. In this study, we
investigate the possibility of tau neutrino production in the decay of light vector bosons. We consider four
scenarios of anomaly-free U(1) gauge groups corresponding to the B— L, B—L, —2L,, B—L, —2L,,

and B — 3L, numbers, analyze current constraints on their parameter spaces, and explore the sensitivity of
DONuT as well as the future emulsion detector experiments FASERy, SND@LHC, and SND@SHiP. We
find that these experiments provide the leading direct constraints in parts of the parameter space, especially
when the vector boson’s mass is close to the mass of the @ meson.

DOI: 10.1103/PhysRevD.102.015007

I. INTRODUCTION

The standard model (SM) consist of 17 particles, out of
which the tau neutrino v, is the least experimentally
constrained one. To detect the rare tau neutrino interactions,
an intense neutrino beam with a sufficiently large beam
energy to produce a tau lepton, E, 2 3.5 GeV, is needed.
Additionally, in order to identify a v, event, the neutrino
detector needs to have sufficient spatial resolution to
resolve the tau lepton decay topology. This is typically
achieved using emulsion detectors [1], which have spatial
resolutions down to 50 nm and a correspondingly high
number of detection channels of the order of 10'*/cm?>.

The world’s dataset of directly observed tau neutrino
interactions consists of ten events observed at OPERA [2]
and nine events observed at DONuT [3]. While tau
neutrinos observed at OPERA are produced indirectly
through v, — v, neutrino oscillations, tau neutrinos at
DONuT are produced directly in inelastic collisions of
the 800 GeV Tevatron proton beam with a tungsten target.

More recently, additional emulsion-based experiments
have been proposed which would be able to detect tau
neutrino interaction events. Following the same approach
as DONuT, the scattering and neutrino detector of the SHiP
experiment (SND@SHiP) would be located at a Super
Proton Synchrotron (SPS) beam dump facility and could
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detect about 11 000 tau neutrino interactions within 5 yr of
operation [4-6]. The recently approved FASERv detector
will be placed about 480 m downstream from the ATLAS
interaction point, where it utilizes the LHC’s intense
neutrino beam, and is expected to detect about 11 v,
interactions by 2023 [7,8]. Following the same general
idea, but placed on the other side of the ATLAS interaction
point, the proposed SND@LHC detector could also detect
a similar number of events in the same time [9].

In the SM, tau neutrinos are mainly produced in the decay
of D; mesons, leading to a small flux compared to other
neutrino flavors. This small SM production rate makes the
tau neutrino flux measurement an interesting laboratory for
additional beyond the SM (BSM) production modes.

One example of such new physics are light vector bosons
V associated with additional gauge groups. These can be
abundantly produced in meson decays, such as 7° — Vy,
and then decay into neutrinos, V — vv. Most importantly,
light vector bosons often decay roughly equally into all
three neutrino flavors, leading to a sizable tau neutrino flux.
This contribution could, in principle, be comparable to or
larger than the SM v, flux and, hence, allows us to probe
such models in tau neutrino experiments.

The rest of this paper is organized as follows. In Sec. II,
we will discuss light vector boson models. In Sec. III, we
will discuss existing constraints on these models before
analyzing the sensitivity of tau neutrino measurements in
Sec. IV. We conclude in Sec. V.

II. ADDITIONAL VECTOR BOSONS

The Lagrangian of the SM contains four linearly
independent global symmetries corresponding to the
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baryon number U(1),; and the individual lepton family
numbers U(1), , U(l)L”, and U(1), . One of the simplest

ways to extend the SM is to gauge anomaly-free combi-
nations of these global symmetries. This includes the
difference between lepton family numbers L; — L;, with
i,j = e, u, 7, and the difference between baryon and lepton
number B — L, where the latter requires the addition of
three right-handed neutrinos to the SM to guarantee
anomaly cancellation.

Additionally, any linear combination of the anomaly-
free groups U(1),_; and U(1)g_, will also be anomaly-
free. This leads to two general classes of anomaly-free
groups corresponding to x,L, + x,L, — (x, +x,)L, and
B+x,L,+x,L, — (3 +x,+ x,)L,, where x, and x, are
real numbers [10,11].

In all of these cases, a new vector boson V is introduced.
It couples to the standard model fermions proportionally to
the gauge group’s coupling constant g and the fermion
charges under the U(1) symmetry, g;. In Table I, we
summarize the fermion charges g, for the general case, as
well as for the gauge groups considered in this study. The
Lagrangian for this model can then be written as

1 _
CICSM—E’"%/V/;V”—QZCIfV”fiVﬂfn (1)

where Lg) is the Lagrangian of the SM and my, is the mass
of the new vector boson. Once the gauge group is fixed, the
parameter space of the model is spanned by the gauge
boson’s mass my and the coupling g.

In this study, we are mainly interested in the scenarios that
allow for efficient gauge boson production in hadron
collisions and subsequent decay into tau neutrinos. We
therefore choose to focus on models with couplings to
quarks and taus and consider the following four anomaly-
free groups: B—L, B—L,—-2L,, B—L,—-2L,, and
B —3L.. The corresponding fermion charges under these
groups are also shown in Table I. In order to provide a sizable
production rate of these new states, we will focus on light
particles with masses in therange 1 MeV < my < 10 GeV.

In principle, additional couplings could be induced
though loop effects. In particular, fields charged under
both the new U(1) and the U(1), hypercharge groups will

TABLE 1. Types of anomaly-free gauge groups and corre-
sponding fermion charges ¢;.

Gauge group 9g de 4y q:
x.L,+x,L, = (x, +x,)L, 0 x, x, —X, — X,
B+x,L,+x,L,—(3+x,+x,)L, 1/3 x, x, =3-x,—x,
B-L 1/3 -1 -1 -1
B—L”—ZLT /3 0 -1 -2
B-L,-2L, 13 =1 0 -2
B-3L, 1/3 0 0 -3

induce a kinetic mixing between the two groups,
L D> eB,, V", where B,, and V,, denote the field strength
of the hypercharge boson B and the new gauge boson V,
respectively. However, as discussed in Ref. [12], the kinetic
mixing parameter € cannot be determined unambiguously
in the models considered. We will therefore neglect the
kinetic mixing but note that its presence could lead to
additional constraints.

Finally, we want to note that Ref. [13] considers a similar
scenario with a new gauge boson that couples only to
neutrinos. However, this particular model is not invariant
under SU(2), and suffers from a low production rate due to
a lack of direct couplings to hadrons.

III. EXISTING CONSTRAINTS

Light vector bosons models have a rich phenomenology,
whose details depend on the particle’s mass and coupling as
well as the underlying group structure. In the following, we
will discuss both direct searches looking for s-channel
production and indirect searches using t-channel exchange
of the vector boson.

A. Direct dark photon searches

Many experiments have performed direct searches for
light vector bosons, in which an on-shell vector boson is
produced. Their results are typically presented in the
context of searches for a dark photon, which kinetically
mixes with the SM photon, leading to couplings of the dark
photon to SM fermions proportional to their electric charge.
For most constraints, we use the DarkCast tool [14] to recast
these dark photon limits and obtain the bounds for the
models considered in this study. The resulting limits are
shown in Fig. 2 as dark gray shaded regions.

1. Prompt decays

Searches for visibly decaying dark photons have been
performed at a large variety of fixed target and collider
experiments with both electron and hadron beams. If the
coupling g is large, the vector boson V decays promptly in
the detector. The resulting resonant signal can be identified
over the typically continuous background by performing a
bump hunt over the invariant mass spectrum.

The most important bounds have been obtained by the
dark photon search for ee — A’y with A’ — ee,uu at
BABAR [15]; the dark photon search for A’ — uu at
LHCb [16]; and the search for a dark photon in the decay
Z — A'uu — 4 at CMS [17] as discussed in Ref. [18].

2. Displaced decays

In contrast, if the coupling g is small, the vector boson’s
lifetime becomes large, 7y ~ g~>my!, and V will decay a
macroscopic distance away from where it is produced.
Many fixed target and beam dump experiments have
searched for such displaced decays occurring in a detector
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placed downstream from the collision point. Because of
additional shielding in front of the detector, these searches
can be performed in a low-background environment which
allows them to probe the small coupling regime with small
associated event rates.

The most sensitive constraints have been obtained by
searches for dark photon decays A’ — ee using the proton
beam dump experiment NuCal [19,20] and the electron
beam dump experiment Orsay [21].

3. Invisible decays

The gauge groups considered in this study are designed
to have a large branching fraction into neutrinos. This
decay will lead to missing energy signatures, which have
been probed by various experiments searching for dark
photon decays into dark matter.

The most sensitive constraints have been obtained by the
search for dark photon production ee — A’y at BABAR
[22]; the search for dark photon production eN — eNA’ at
NA64 [23]; the search for the decay 7 — yA’ at NA62 [24]
and Low-Energy-Separated Beam [25]; the search for the
decay 7°,n, 7' — yA’ at Crystal Barrel [26]; the search for
the decay K™ — zTA’ at E949 [27] as discussed in
Refs. [28,29]; and the monojet search pp — A’ + jet at
CDF [30] as discussed in Ref. [31].

B. Indirect constraints

In addition to direct searches, many indirect constraints
arise from both scattering experiments probing the
exchange of the light vector boson as well as precision
measurements sensitive to induced radiative corrections.

Although indirect searches provide a powerful tool to
search for new physics, our interpretation typically relies on
the additional underlying assumptions that no further new
physics is present or interferes with the considered light
vector boson contribution. These constraints should there-
fore be considered as model dependent, and it should be
noted that they could be relaxed in the presence of addi-
tional new physics. In the following, we summarize the
most important constraints and recast them for our four
models. The resulting limits are shown in Fig. 2 as light
gray shaded regions enclosed by dashed lines.

1. Neutrino cross sections

Light vector bosons with couplings to neutrinos can
modify neutrino scattering cross sections, which can there-
fore be used to constrain such models. The most sensitive
constraints are imposed by the measurement of the neutrino
trident production rate v, N — v, uuN for models with g, #0
by CCFR [32] as discussed in Ref. [33]; the measurement
of the cross section for v,e — v e scattering for models
with ¢,,q, #0 by CHARM-II [34] as discussed in
Ref. [35]; and the measurement of the cross section for
coherent neutrino scattering on a Csl target v, N — v,,N for

models with g, # 0 by COHERENT [36] as discussed
in Ref. [37].

2. Muon anomalous magnetic moment

The anomalous magnetic moment of the muon, a,,, is one
of the most precisely measured quantities in particle physics.
Interestingly, the experimentally measured value aj, differs
from its SM prediction a3™ by an amount [38,39]

Aa, = a;® —aiM = (26.1 £7.8) x 10719, (2)

While this measurement puts a constraint on models
of new physics, it also motivates the existence of light
new particles to explain the anomaly. In Fig. 2, we show the
20 region of parameter space accommodating the anomaly,
104x1071°<Aa, <41.8x107'°, as green shaded bands.

Large Aa, > 65.1 x 10710 are excluded at the 56 level.

3. LEP Z-pole measurements

Z-pole measurements at LEP have determined the
leptonic decay widths of the Z-boson with high precision
[39]. In particular, these measurements constrain any BSM
contribution to the decay width into tau leptons,

ATESM /T, . < 0.0046 (3)

Z—1T

at 95% C.L., which would be modified in the presence of a
new vector boson with couplings to taus [40].

4. Neutron scattering measurements

The existence of a new vector boson can also be
probed by low-energy nuclear scattering experiments. In
particular, the measurement of the differential cross section
for neutron-lead scattering with a neutron beam energy
between 1 and 26 keV [41] provides a constraint on the
vector boson parameter space ¢, , - g < (my/206 MeV)?
[42], where g, , = 1 are the neutron and proton charges
under the groups considered in this paper.

5. Nonstandard interactions

A series of neutrino experiments have measured neutrino
oscillations both in vacuum and in the matter background
of the Sun and Earth. A combination of these results allows
one to put constraints on nonstandard interactions (NSI)
between neutrinos and matter, which are traditionally
parameterized through terms o ef-;(i/,»yﬂv,») (fr"f). A global
fit [43] to neutrino oscillations has constrained the differ-
ence between the NSI of the muon and tau neutrino with
nuclear matter:

—0.008 < €5, " —€li” < 0.18, (4)

which provides the strongest constraint on the light vector
boson models with baryon couplings considered in this
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paper. Following Ref. [44], we can estimate the vector
boson’s contribution to NSI as

2
n+p n+p __ g

€r " — €up *_m(?’—'—xe"’_zxy)' (5)
This constraint is most relevant for the otherwise poorly
constrained B—3L, and B—L,—2L, models and is
shown with a dotted contour in Fig. 2.

In addition to these existing constraints, a series of future
searches and experiments have been proposed to probe the
parameter space of light vector bosons. These experiments
and their estimated reach for dark photons and B — L
and L;—L; gauge bosons are discussed in detail in
Refs. [12,45].

IV. TAU NEUTRINO MEASUREMENTS

A. Experimental setup

In this study, we consider four experiments which are
able to identify tau neutrino interactions and, hence,
constrain BSM production modes: DONuT, FASERv,
SND@SHiP, and SND@LHC. Below, we briefly review
each experiment and summarize their characteristics rel-
evant for this study.

DONuT [3,46] was an experiment at Fermilab designed
to detect tau neutrinos for the first time. It utilized the
800 GeV proton beam of the Tevatron accelerator, which
was directed into a fixed tungsten target. A detector
consisting of 260 kg of nuclear emulsion was placed
36 m behind the interaction point and centered on the
beam axis. By the end of operation, nine v, events were
identified, agreeing with the prediction of ten events in
the SM.

FASER is a new experiment at the LHC, which is located
in the very forward direction. While its main focus is the
search for light long-lived particles at the LHC [47-55], the
FASER experiment also contains an emulsion detector,
FASERv, which has been designed to detect neutrinos at
the LHC for the first time and consists of emulsion films

TABLE II.

interleaved with tungsten plates. The FASER experiment is
located about 480 m downstream from the ATLAS inter-
action point in the previously unused side tunnel TI12. At
this location, a trench has been dug, which allows one to
center both the FASER main detector and the FASERv
neutrino detector on the beam collision axis, covering the
pseudorapidity range 7 2 9. The FASERv detector will
collect data during run 3 of the LHC, from 2021 to 2024,
which has a nominal luminosity of 150 fb~! and nominal
center of mass energy of 14 TeV.

SHiP is a proposed high-intensity beam dump experi-
ment using CERN’s 400 GeV SPS beam and expected to
collect Npor = 2 x 10?2 protons on target. Its primary
purpose is the search for long-lived particles [56] using
its hidden sector spectrometer. In addition, the SHiP
proposal contains the scattering and neutrino detector, here
called SND@SHiP, which would be able to record about
10000 v, interactions [4—6]. The SND@SHiP detector is
located about 46 m behind the interaction point and is
centered on the beam axis.

More recently, the SHiP Collaboration proposed a
similar detector design to be placed in the forward direction
at the LHC. The SND@LHC [9] detector would be placed
in the tunnel TI18, which is also 480 m away from the
ATLAS interaction point, but on its other side. Notably, the
center of the detector would be displaced from the beam
collision axis by 28 cm in the horizontal direction and
34 cm in the vertical direction, providing a pseudorapidity
coverage 7.2 <n < 8.7 complementary to the FASERvy
detector. The detector would also operate during run 3 of
the LHC.

In the left block of Table II, we summarize the exper-
imental setup for each detector, including their assumed
luminosity £ or number of protons on target Npgt, detector
mass mge, Cross sectional area Ag, and v, identification
efficiency €4... More information can be found in the listed
references.

In the SM, tau neutrinos are mainly produced through the
decay D, — v, and the subsequent decay 7 — v, + X. In
the center block of Table II, we show the corresponding

Comparison of the experiments and their expected event numbers. The first block summarizes the experimental setup,

including the status of the experiment, the assumed luminosity at the LHC £ or the number of protons on target Npgr at proton beam
dump experiments, the mass of the detector m,,, the detector’s cross sectional area A4, the efficiency to detect tau neutrinos €4, and the
reference used. The second block shows the expected number of observable tau neutrino events from D, meson decay and their average
energy. The last block shows the expected number of observable tau neutrino events from the decay of a B — 3L, gauge boson with mass
my = 10 MeV and coupling g = 1073, the average neutrino energy, and the number of events to exclude a parameter point in this model

at 20', Nza.

Experimental setup SM B-3L,
Experiment  Status  L/Npor  Mge Aget €4et References Neyent (E,) Neyent (E,) Ny,
DONuT Completed 3 x 107 0.26t 50 x 50 cm? 0.2 [3] 10+ 4.6 112 GeV 12 84 GeV 9.1
FASERv Approved 150 fb=! 1.2t 25x25cm? 0.52 [7] 11.6 £5.1 965 GeV 96 928 GeV 10
SND@LHC Proposed 150 fb=! 0.85 t 40 x 40 cm? 0.5 [9] 43+25 720 GeV 35 382 GeV 5
SND@SHiP Proposed 2x 10 8t 80x80cm? 0.22 [5] (109 £3.6)-10° 52 GeV 2x 10* 54 GeV 7200
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number of v, events expected in the SM for each detector.'
Following the DONuT analysis [3], we assume a 33%
systematic uncertainty for the SM tau neutrino flux in all
experiments, which is added in quadrature to the statistical
uncertainties. Dedicated theoretical efforts [63,64] or direct
measurements of D-meson production [65,66] will play an
important role in further reducing these uncertainties in the
future. Also shown is the average energy of the tau
neutrinos interacting with the detector.

B. Simulation

We perform a dedicated Monte Carlo study to estimate
the additional contribution to the neutrino flux from light
vector boson decay.

If the vector boson is light, it can be produced in the
decay of light mesons. In particular, we take into account
the decays 7°, 5,7 — Vy and w, ¢ — V. We generate the
meson spectra using EPOS-LHC [67] as implemented in the
simulation package CRMC [68] and subsequently decay the
mesons using the branching fractions obtained in Ref. [69].

A heavier vector boson can be produced through
bremsstrahlung pp — ppV, which we model using
the Fermi-Weizsicker-Williams (FWW) approximation,
following the procedure outlined in Ref. [48]. Note that
the vector bosons with equal couplings to all quark flavors
considered in this paper do not mix with the p meson
[14,69]. Therefore, only the w-meson contribution is taken
into account in the proton form factor used in the FWW
approximation, leading to an enhanced production at
my ~ m,. For masses my > 1.7 GeV, we additionally
include vector boson production in hard scattering
qq — V, which we simulate with Pythia8 [59,70].

In the next step, we decay the vector boson into tau
neutrinos using the branching fractions provided by DarkCast
[14]. Note that, in the relevant region of parameter space,
the vector boson’s lifetime is short such that it will always
decay promptly. The resulting distribution corresponds to
the differential tau neutrino flux d’>N,/dE,d6,, where E,
and 6, are the neutrino energy and angle with respect to the
beam axis, respectively.

The probability of the neutrinos interacting with the
detector can be written as

E
PuE,0) = 5 g (6)
et

where o,y (E,) is the energy-dependent neutrino interaction
cross section with the target material [7], Ay is the

"To allow for a fair comparison with FASERv, we have
reevaluated the event rate for SND@LHC using the more
modern event generators Sibyll2.3c [57,58] and Pythia8 [59] with
the Monash tune [60] and A2 tune [61], as outlined in Ref. [7].
Compared to Ref. [9], which uses the pre-LHC event generator
DPMJET-II [62], the expected number of events is reduced by
roughly a factor of 2.

detector’s cross sectional area, mgy is the detector’s mass,
my is the mass of a target nucleus, and .A(6,) corresponds
to the angular acceptance of the detector. Finally, we obtain
the v, event rate N, by convoluting the tau neutrino flux
with the interaction probability and the detector’s efficiency
to identify tau neutrinos €gyq:

&N(E,, 6,
Nevent = /ﬁ : Pint(Ew 91/) : edetdEvdev' (7)

The detector’s efficiency €4, mass myy, and area Ay, are
given in Table II.

C. Sensitivity estimate

Before looking at the full parameter space, let us consider
the B — 3L, model with m, = 10 MeV and g = 1073 as a
benchmark model. The expected number of tau neutrinos
produced via the decay of the vector boson and interacting
with the detector, as well as the average energy of these
neutrinos, is shown in the right block of Table II. We can note
that the ratio of the v, event rate from vector boson decay to
the SM v, event rate is largest for the FASERv experiment.
This is due to its small transverse size, which has been
chosen to be similar to the angular spread of pions with TeV
energy, 6 ~ Agcp/TeV ~ 0.2 mrad, which are the source
of both dark photons in FASER and muon neutrinos in
FASERuw.

The left panel in Fig. 1 shows the rate of tau neutrino
interactions per unit volume, normalized to the prediction at
the beam axis, as a function of displacement from the beam
axis. We show the distributions for tau neutrinos from V
and D, decay as thick and thin lines, respectively. As
expected, the tau neutrino rate is largest at the beam axis
and drops when moving away from it. Additionally, we can
see that neutrinos produced in light vector boson decay are
much more collimated around the beam axis than tau
neutrinos from D decay. We indicate the detector’s radial
coverage by the gray arrows: While DONuT, FASERv, and
SND@SHiP are centered around the beam axis, the
SND@LHC detector is displaced. It will therefore probe
only the larger displacement tail of the tau neutrino beam,
with typically lower energy and, hence, a lower interaction
cross section. This explains why its event rate in Table II is
significantly lower than for FASERw, especially for
neutrinos from V decay. In the right panel in Fig. 1, we
show the energy distribution of tau neutrinos produced in
vector boson decay and interacting with the detector. Note
again that the SND@LHC and FASERv experiments probe
different parts of the tau neutrino energy spectrum.

In Fig. 2, we show the sensitivities of the tau neutrino
experiments alongside the existing constraints discussed in
Sec. IIl. The B—L and B—L,—2L,_ are strongly con-
strained by direct searches for both visible and invisible
final decays of the vector boson, excluding couplings g 2
3 x 10~* over the whole considered mass range. In contrast,

015007-5



FELIX KLING

PHYS. REV. D 102, 015007 (2020)

B-3Ly: my =10 MeV, g=10"3
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0.291 —— DONuT
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FIG. 1. Kinematic distributions of tau neutrinos produced in the decay of a U(1)_3, vector boson with mass my = 10 MeV and
coupling g = 103 at the considered experiments. The left panel shows the possible rate of neutrino interactions per unit volume,
normalized to its value at the beam axis, as a function of the displacement from the beam axis. For comparison, we also show the radial
distribution for tau neutrinos from D, decay. The gray arrows indicate the radial coverage of the considered experiments. The right panel
shows the normalized energy distribution for v,’s from V decay interacting in the detector.

the direct constraints on the B—L, —2L, and B —3L,
models are much weaker, due to both the absence of V
production in electron experiments and the absence of the
decay V — ee. The leading bounds for these models come
from indirect searches, for example, from neutrino scatter-
ing or precision measurements. The strongest of these
bounds is due to NSI constraints, which have been obtained
by a global fit to neutrino oscillation data. As mentioned
before, the indirect constraints are somewhat model
dependent and could be relaxed in the presence of addi-
tional new physics.

For each of the considered tau neutrino experiments, we
require the predicted number of events from vector boson
decay to be larger than twice the standard deviation of the
SM prediction. The resulting event thresholds N,, are
shown in the last column of Table II. The recast bounds
for the DONuT experiment are shown as shaded yellow
regions enclosed by solid black lines. We can identify an
enhanced sensitivity at low masses my < m,, where the
vector boson can be abundantly produced in pion decay
7° = Vy,and at my ~ m,,, where its production is enhanced
due to resonant mixing with the @ meson. At larger masses
my 2 1 GeV, the production cross section quickly drops.
The DONuT bound is the strongest direct constraint for a
large mass range in the B — L, — 2L, and B — 3L, models
and the strongest constraint at my = m,, for all models.

The projected sensitivities of the FASERy, SND@LHC,
and SND@SHiP detectors are shown as solid dark red,
dashed light red, and dot-dashed blue lines, respectively. The
FASERv detector can extend the reach to roughly 3 times
smaller couplings compared to DONuT. It benefits from a
strongly collimated beam of neutrinos from vector boson
decays, which is directly pointed at the detector. In contrast,

the SND@LHC detector has a significantly weaker reach
due to its offset from the beam axis, which causes the peak of
this neutrino beam to miss the detector, reducing its event
rate. This effect is reduced at higher masses, m > 1 GeV,
where the two sensitivity curves come closer. Although the
SND @SHiP proposal benefits from a much larger neutrino
flux, its sensitivity is limited by systematic uncertainties,
resulting in roughly the same reach as FASERwv.

All considered experiments are limited by the assumed
33% systematic uncertainties of the SM tau neutrino flux,
and an increased event rate will not lead to a significantly
improved reach. Therefore, a better reach can be obtained
only when these flux uncertainties are reduced, for example,
through a direct measurement of the tau neutrino production
rate. In the case of SND @SHiP, this will be achieved by the
recently approved DsTau [65,71] experiment at CERN'’s
SPS. It will use an emulsion detector to measure the
production rate of tau neutrinos in D; meson decay directly
and is expected to reduce the flux uncertainty to below 10%.
To illustrate the impact of this measurement, we also show
the reach of the SND@SHiP experiment with a 6%
systematic uncertainty as a dashed blue line in Fig. 2.

Finally, we note that differences in kinematic distribu-
tions, in particular, the radial distribution around the beam
collision axis, can be used to further enhance the sensitivity.
While the tau neutrino event rates at DONuT, FASERv, and
SND@LHC are generally low, the SND@SHiP detector
will collect a large number of events and, therefore, be able
to perform a shape analysis. We illustrate this by applying a
cut on the event location and consider only neutrino
interactions within the inner 20 cm x 20 cm region of
the detector. This cut increases the ratio of tau neutrino
events from V decay to those from D, decay by roughly a
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factor of 2. The resulting reach is shown as a dotted blue
line in Fig. 2.

V. CONCLUSION AND OUTLOOK

In recent years, an extensive program has emerged to
search for light and weakly interacting particles with
masses in the MeV-GeV range [72,73]. Among their many
motivations, such particles could help to explain the
observed dark matter relic density and resolve anomalies
in low-energy experiments [38,74,75]. Searches from beam
dump, fixed target, and collider experiments as well as
neutrino scattering and precision measurements have been
used to constrain these models, and a series of future
searches and experiments will continue to search for signs
of new physics associated with these models.

In this study, we have investigated the possibility of
using the tau neutrino flux measurement to constrain
models of light and weakly interacting particles. We have
considered four models of light vector bosons associated
with the anomaly-free U(1) gauge groups of the B — L,
B-L,-2L,B—L,—2L, and B — 3L, numbers. These
vector bosons can be produced in large numbers at high-
energy experiments, for example, through light meson
decays such as 7° — Vy, and decay with an O(1) branch-
ing fraction into tau neutrinos. For comparison, in the SM
only roughly one in 103 high-energy hadron collisions
leads to the production of a tau neutrino, meaning that even
rare BSM processes could lead to sizable contributions to
the tau neutrino flux.

While neutrino interaction rates are naturally small, the
identification of tau neutrinos further requires a detector
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with sufficient spatial resolution to identify the tau lepton in
the final state. Tau neutrino experiments typically over-
come this problem using emulsion detectors, which can
achieve a submicrometer spatial resolution. In this study,
we have considered four tau neutrino experiments:
the DONuT experiment, which detected a total of nine
tau neutrino events, as well as the future FASERvy,
SND@LHC, and SND@SHiP detectors and studied their
sensitivity. We have found that DONuT imposes the
strongest direct constraints in parts of the parameter space
ofthe B— L, — 2L, and B — 3L, models. In particular, for
masses around my = m, the DONuT bounds exceed the
indirect constraints arising from NSI measurements. The
considered future tau neutrino experiments will further
extend the sensitivity toward smaller couplings.

Finally, let us note once more that the proposed searches
rely on an accurate understanding of the SM tau neutrino

flux, which currently still has large uncertainties. This
therefore motivates the further study of tau neutrino
production through direct measurements [65], precision
QCD calculations [64], and improved simulators to under-
stand and improve the flux uncertainties.
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