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Muon accelerators, a potential technology for enabling O(10 TeV) parton center of mass energy
collisions, would also source an intense, collimated beam of neutrinos at TeV energies. The energy and size
of this beam would be excellently matched as a source for existing and planned neutrino telescopes:
gigaton-sized detectors of astrophysical neutrinos at and above TeV energies. In this paper, we introduce the
technical considerations and scientific reach of pairing a muon accelerator source of neutrinos with a
neutrino telescope detector, a combination we dub the “Neutrino Kaleidoscope.” In particular, such a
pairing would enable searches for non-standard oscillations of the beam neutrinos as they traverse the earth
between source and detector. These nonstandard neutrino oscillations could be sourced by Lorentz
invariance violation, which a neutrino kaleidoscope could probe up to the Planck scale. Such a search
would also have a reach on sterile neutrinos orders of magnitude beyond existing terrestrial limits. Finally,
we touch on the nonoscillation physics case for a neutrino kaleidoscope.
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I. INTRODUCTION

Neutrino telescopes are among the largest particle physics
detectors ever built. The IceCube observatory specifically
instruments approximately one metric gigaton of South Pole
ice [1]. These telescopes observe atmospheric and astro-
physical neutrino interactions with energies from
O(10 GeV) [2] up to O(1 EeV) [3.4]. Atmospheric neu-
trinos with TeVenergies have been used by these detectors to
search for eV-scale sterile neutrinos [5,6], Lorentz violation
[7,8], and nonstandard neutrino-matter interactions [9]. A
TeV neutrino beam would have the potential to make these
searches orders of magnitude more sensitive through higher
interaction rates and greater systematic control.

Such a neutrino beam would be sourced by TeV muon
accelerators, a novel technology proposed to enable high
energy particle collisions with a parton center-of-mass
energy 22—-10 TeV [10-14]. The decay of the beam muons
would source an intense, collimated flux of electron and
muon (anti)neutrinos [15,16]. This neutrino flux could be
utilized in a variety of measurements by a detector at the
accelerator site [17-20], and also would remain intense far
away from the accelerator [21-23].
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In this study, we investigate the feasibility and scientific
reach of pairing a TeV muon accelerator source of neutrinos
with a neutrino telescope detector (see Fig. 1). We dub
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FIG. 1. Baseline scenarios of pairings of muon accelerators and
neutrino telescopes as a neutrino kaleidoscope. As is discussed in
the text, other scenarios have analogous baselines to those
depicted here. Density is taken from PREM [24].
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this combination the neutrino kaleidoscope (alternatively,
“collide”-0-scope). As long as the beam dispersion is kept
small, the angular size of the neutrino beam spot is propor-
tional to 1/y, where y is the boost factor of the muons in
decay [17]. For a 5 TeV muon source over an Earth diameter
baseline, this angular size translates to a spatial size of
O(100 m), similar to the telescope radius. Furthermore, the
cross section and detector are large enough that a significant
fraction of the neutrino flux would interact in the telescope:
about 1 in 10° neutrinos for a 1 Gt detector.

We consider three baseline pairing scenarios of source and
detector: Fermilab to P-ONE [25], KM3NeT [26], or IceCube
[1]. These three scenarios match to three qualitatively differ-
ent neutrino trajectories through the crust, mantle or core
(respectively). They also match well onto other possible
pairings with existing [1,26,27] or proposed [25,28-31]
neutrino telescopes, as well as CERN to KM3NeT (crust
crossing) or IceCube (core crossing). Long-baseline neutrino
far detectors could also be utilized as the detector [32,33],
though with a significantly smaller target mass.

We study the nonstandard neutrino oscillation scenarios
that could be probed by a neutrino kaleidoscope. At the
relevant baseline and energy (~10000km/1 TeV), there
are various new physics scenarios that would induce novel
neutrino oscillations between the accelerator source and
neutrino detector. These scenarios arise in the presence of
right-handed sterile neutrino states [34,35], neutrino non-
standard interactions (NSI) [9,36], and Lorentz invariance
violation [37-39], which a neutrino kaleidoscope could
probe up to the Planck scale. In addition, there would
would be a high rate of rare neutrino interactions producing
dimuons [40-43], which are in principle observable in
neutrino telescopes [40].

II. EXPERIMENTAL CONCEPT

A. Accelerator

There are two primary requirements that a muon accel-
erator must meet for it to support a neutrino kaleidoscope.
First, some section of the accelerator must be engineered to
point at the telescope. This would require achieving a
descent angle of 13° (Fermilab to P-ONE), 34° (Fermilab to
KM3NeT), or 66° (Fermilab to IceCube). Whether the
accelerator tunnel can be constructed at such an angle is a
critical question underlying experimental design. This
challenge stands alongside the many developments neces-
sary to enable a muon collider in the first place [16,44].
Ultimately, we leave these questions outside the scope of
this work, and instead focus on the scientific reach of the
setup. We do note that it would not be necessary to
construct a full circular “racetrack™ at this descent angle,
as is needed by neutrino factories [20]. Even just building a
one-way beam dump at this angle would provide a large
enough neutrino flux from muon decays upstream of the
target to enable this experiment. Such a muon collider beam

dump would also enable a variety of new physics searches
on its own [45,46]. We include this scenario in our
projection of the flux and event rates below.

A secondary challenge on the muon beam design is that
the beam divergence of the muon beam must be kept small.
For a 5 TeV accelerator, the inherent spread of the neutrino
beam (1/y) is about 0.02 m rad. Any beam divergence
larger than this will attenuate the flux observed in the
telescope. Furthermore, there are spectral features in the
decay angle that enhance the ability of a neutrino kaleido-
scope to search for oscillations (these are similar in nature
to the PRISM effect in neutrino super beams [47]). Muon
collider designs have established a goal for the transverse
beam emmittance of 25 pm rad [16,44]. For a beam spot
size of 5 mm (away from the interaction point), this
corresponds to a beam divergence of 5/ymrad [48], or
0.1 prad for a 5 TeV muon beam. In the vicinity of the
interaction point, the beam is squeezed into a smaller spot
size which corresponds to a much larger divergence and
therefore a less useful neutrino beam [16,17]. Outside the
interaction point, movers will likely be necessary to spread
the neutrino beam by about 1 m rad to reduce the impact of
neutrino radiation near the accelerator [16]. Although this
will reduce the total neutrino flux, the instantaneous (turn-
by-turn, i.e.,) beam divergence would still be 0.1 prad, and
the key spectral features in the beam would be retained.

We estimate a baseline number of muon decays from a
few scenarios for the beam. In the first, the beamline
is engineered so that a single straight section is pointed to
the telescope. For a baseline muon accelerator scenario
[16,44]—2 x 10'> muons per bunch, a 10 km circum-
ference ring, 30 cm straight section, mover reduction of
50x—there would be 5 x 10'* muon decays per year of
total beam operation. In the second, the beam dump is
directed toward the telescope. For a 5 Hz repetition (and
dump) rate and a 25 m decay tunnel (that is not subject to
movers), there would be 2 x 10'* muon decays per year of
total beam operation. We assume the muon angular
divergence in the beam dump scenario is similar to that
of the collider ring itself: 0.1 prad at 5 TeV. We consider the
smaller beam dump scenario (2 x 10'%) as a nominal yearly
rate. As an alternative scenario, the interaction point (IP)
could be oriented toward the detector. This would enable a
larger 100 m straight section with a intrinsic angular spread
of 0.6 mrad (due to the spatial focusing at the IP [16]).
In this case, there would be 8 x 10'® u decays per year,
reduced by 30x by the angular spread, and with the spectral
features lost. We consider this scenario for only the P-ONE
(crust-crossing) scenario, due to the challenge of orienting
the slope of the IP.

B. Telescope

Neutrino telescopes are an ideal far detector for the
intense flux of TeV energy neutrinos from a muon collider
[49]. The extreme collimation of these neutrinos means that
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the majority of the flux is contained within O(100 m) over
Earth-diameter-scale baselines; thus, we benefit directly
from the large active mass of neutrino telescopes. Neutrino
interactions in these detectors generally fall under two
morphological categories: tracks from high-energy muons
and and cascades from hadronic and electromagnetic
showers. For a u™ (u™) accelerator, charged-current 7, (v,)
interactions would result in tracks, while charged-current v,
(v,) interactions and neutral-current interactions of all
flavors would result in cascades. Track samples tend to

have a (z/)ﬂ purity 299% [52], while cascade samples are
comprised of similar contributions from all flavors [53].
Tracks have great angular resolution (<1° [54]) but
relatively poor resolution on the muon energy (~0.22 in
logo(E,) [55]). Cascades have much better resolution on
the deposited energy (~0.1 in log;o(E) [56]). This can also
improve the energy reconstruction of v, interactions inside
the detector, which create a hadronic cascade at the start of
the track [52]. Tracks have the added benefit that TeV
muons will typically travel a few kilometers in ice before
stopping [57]. This allows neutrino telescopes to observe
charged-current v, interactions outside of the active vol-
ume, increasing event rates by a factor of ~3 [52].

Currently operating neutrino telescopes include IceCube
[1], KM3NeT [26], and Baikal-GVD [27]. There are
multiple proposals for future neutrino telescopes
[25,28-31], including P-ONE [25], IceCube-Gen2 [28],
TRIDENT [29], NEON [30], and HUNT [31]. While any of
these existing or future telescopes could operate as a
neutrino kaleidoscope, we consider IceCube, KM3NeT,
and P-ONE as they cover a representative range of
baselines.

III. STERILE NEUTRINO OSCILLATIONS

A new right-handed (nonweakly interacting, or sterile)
neutrino state would induce oscillations from the active
beam neutrinos into the sterile state. The energy and
baseline of neutrino kaleidoscopes would be precisely
matched to probe oscillations at an active-sterile mass
splitting of about 1 eV2. In particular, at TeV neutrino
energies and eV? splittings there is a matter resonance,
most prominent through the core of the earth, that would
magnify the oscillation of muon antineutrinos and electron
neutrinos into the sterile state [34,35,58-60].

In the case of a discovery of an eV2-scale sterile neutrino
by the existing program of experiments investigating the
“short-baseline” neutrino anomalies [61-63], a neutrino
kaleidoscope could be a follow on to study the oscillation.
The small systematic uncertainties inherent to this setup
should allow for higher precision in measurement in
addition to the significant discovery sensitivity we dem-
onstrate here. In addition, many theoretical models capable
of explaining eV2-scale sterile neutrinos predict or other-
wise allow for additional light sterile states [64,65], which

would be motivated targets to search for down to
smaller mixing if a short-baseline neutrino oscillation is
definitively observed.

Furthermore, the existence of neutrino mass merits the
search for right-handed neutrino states across the full
range of masses. Neutrino kaleidoscopes offer orders-of-
magnitude improvement over current and planned short-
baseline neutrino oscillation searches, and are therefore
motivated independent of any experimental anomaly. In
this Section, we focus on the sensitivity to a single new
sterile neutrino state to demonstrate the performance of the
kaleidoscope.

An active-sterile oscillation can be described in the
“3+1” picture (approximating the electron and neutron
number densities in the earth as equal) as

. d (Va
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(1)

where a € {e, u} is either an electron or muon neutrino, S
represents the sterile state, 8,, is the effective active-sterile
neutrino mixing angle (in terms of the mass-mixing matrix
U, sin?20,, = 4|U,*[1 = |U,*]), Am? is the new mass
splitting, G is the Fermi constant, and N,(~N,) is the
number density of electrons [66]. The sign of the matter
potential term (+,) is +1 for electron neutrinos and muon
antineutrinos, and —1 for electron antineutrinos and muon
neutrinos. When the matter potential is positive, the
resonance is achieved when A“—’gzcos 20,, = GpN,/V?2.
Figure 2 shows the distribution of muon antineutrino
events by the neutrino energy and interaction radius at the
IceCube baseline, with an example sterile neutrino point
injected. Because different annular radii contain different
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FIG. 2. Neutrino interaction rates, per 30 m annular radius bin,
at the Fermilab to IceCube baseline. Shown with and without an
example injected sterile neutrino (vg) model point. The inset
shows the fractional rate of U, interactions with the sterile
neutrino (relative to without) as a function of the annular radius.
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energy distributions, an oscillation effect is observable even
in the vertex position of the neutrino interaction. This is
useful because reconstructing the energy of O(TeV)
“tracklike” neutrino interactions is challenging in neutrino
telescopes [55].

We estimated the sensitivity of neutrino kaleidoscopes
with with a binned likelihood analysis performed on the
neutrino interaction annular radius in bins of 10 m,
matching the interaction vertex spatial resolution of neu-
trino telescopes [67]. A threshold of 1 TeV is applied on
the neutrino energy. Otherwise, no direct information on
the neutrino energy is incorporated into the analysis.
Oscillations are computed by numerically integrating
Eq. (1) with the earth density taken from PREM [24].
The resulting sensitivity is shown in Fig. 3. Depending on
the baseline and systematic uncertainties, the sensitivity
reaches up to multiple orders of magnitude beyond any
existing or planned search for eV-scale sterile neutrinos.

A normalization systematic uncertainty of 1% is
included, accounting for possible uncertainties into the
flux or cross section. The cross-section of neutrino-nucleus
interactions is very well understood from a theoretical
perspective, with residual uncertainties at the percent level
[71]. Similarly, the neutrino flux from muon decay is very
well understood, and the dominant relevant uncertainty
would likely be counting the number of muons in the beam.
In existing neutrino super beams, the uncertainty in the
number of protons in the beam (protons on target) is
similarly at the percent level [72,73]. This systematic
mostly impacts the large Am? region where the oscillation
largely arises as a normalization shift. It does not signifi-
cantly impact the bulk of the sensitivity (around
Am? ~ 1 eV?), which is largely driven by the shape of
the oscillation pattern in the vertex distribution (see Fig. 2).
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FIG. 3. Projected sensitivity of a neutrino kaleidoscope to an

eV2-scale, muon-coupled sterile neutrino, compared to existing
and projected terrestrial limits [6,68—70]. Shown at various
source-detector baselines with an integrated flux of 10'3
decays at an energy of 5 TeV. The sensitivity is calculated with
a 1% normalization uncertainty (solid line) and an additional
0.5% uncorrelated systematic uncertainty in each annular bin
(dashed line).

These uncertainties could be constrained through
comparison with v, data (which would not experi-
ence an Mikheyev—Smirnov—Wolfenstein ~ resonance).
Furthermore, they could also be reduced by the use of a
near detector. Although it would be challenging to place a
near detector at the end of a steeply descending beamline
(likely deep underground), a detector placed on a different
segment of the muon ring (at the surface) would be able to
play largely the same role. Since the flux from a muon
beam is so simple, it could in-principle be replicated at
different sites in the accelerator complex, unlike in current
experiments. Ultimately, a near detector may also be less
critical than in existing oscillation experiments, owing to
the small systematic uncertainties relevant for a muon beam
induced neutrino flux interacting at the TeV scale.

Figure 3 also shows the impact of a possible uncorrelated
systematic uncertainty which, for example, could arise
from nonuniformities in the detector response. It is hard to
predict the size of any uncorrelated uncertainties between
different annular bins, given the novel nature of this
analysis. This uncertainty is included rather to demonstrate
the impact of such a systematic, in the case that it is similar
in magnitude to the uncorrelated uncertainties at present
short-baseline neutrino oscillation searches. For example,
one can see that in the presence of a 0.5% uncorrelated
systematic, the P-ONE baseline (which gets almost
no boost from the matter resonance) obtains a similar
sensitivity to previous searches. Even in such a “high-
systematic” scenario, the KM3Net and IceCube baselines
obtain a significant improvement in reach, owing to the
matter resonance.

Neutrino kaleidoscopes would also have a similar reach
to electron-coupled sterile neutrinos. In this case, the
resonant oscillation mode would arise in the v, flux from
u" decays. At the telescope, the corresponding “shower-
like” reconstructed topology would include both v,
charged-current and neutral-current events. Figure 4 shows
the sensitivity to electron-coupled sterile neutrinos com-
pared to existing constraints. The same likelihood analysis
as for the muon-coupled case is applied, except here the
events include both v, charged-current interactions and o,
and v, neutral-current interactions. As charged-current and
neutral-current interactions have different cross sections
with different underlying uncertainties, we apply an 1%
uncertainty both on the overall rate (which is mostly
charged current) as well as an independent 1% uncertainty
on the neutral-current rate [71]. Again, the projected
sensitivity reaches many orders of magnitude beyond
existing and projected limits [74-81].

The incredible reach of neutrino kaleidoscopes to sterile
neutrinos is underlaid by numerous advantages over
existing searches. The neutrino energy is at the TeV scale,
and is therefore not subject to the large systematic uncer-
tainties that impact GeV-scale neutrino experiments [82].
The search also gets a significant boost from the matter
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FIG. 4. Projected sensitivity of a neutrino kaleidoscope to an
eV2-scale, electron-coupled sterile neutrino, compared to existing
terrestrial limits [74-78]. Shown at various source-detector
baselines with an integrated flux of 10! 4 decays at an energy
of 5 TeV. The sensitivity is calculated with separate 1%
uncertainties on the total normalization, as well as the neutral-
current rate (solid line) and an additional 0.5% uncorrelated
systematic uncertainty in each annular bin (dashed line).

resonance which, unlike in searches with TeV atmospheric
neutrinos, is probed with a pure 7, or v, beam with all of
the neutrinos experiencing the same density profile. Finally,
the rates in the telescope are large enough (100s of
millions) to search for very small oscillation effects, as
long as systematic effects can be mitigated.

In both the muon-coupled and electron-coupled cases,
we have considered the sterile neutrino mixing “one at a
time,” and therefore neglect the possible impact of degen-
eracies from mixed muon- and electron-sterile couplings.
Such degeneracies have limited the reach of previous sterile
neutrino searches [83,84]. However, even weak simulta-
neous information on muon and electron neutrino rates are
able to break these degeneracies [85,86]. In the case of the
neutrino kaleidoscope, a complete analysis would have
access to a powerful set of samples, especially if data from a
1~ beam is also incorporated. In this case, there would be
track events (v, charged current) for both muon-neutrino
and anti-muon-neutrino fluxes, and the shower sample (v,
charged current and v neutral current) for both v, /7, and
U,/ v, fluxes. Across these samples, 7, and v, (from the ™
beam) fluxes would be subject to resonant oscillations from
the matter effect. And v, and 7, fluxes (from the 4~ beam)
would be subject to a different oscillation pattern from
nonresonant sterile oscillations. The combination of these
samples would be able to break degeneracies in the
oscillation pattern from mixed couplings, and therefore
should obtain a similar overall sensitivity to our projection.

Furthermore, one could imagine leveraging information
on the neutrino interactions beyond what we include in
this analysis. The neutrino energy can be reconstructed
directly with some precision, especially in v, charged-
current interactions, complementing the annular radius

reconstruction. One could also imagine expanding the
reach of the search for sterile neutrinos by incorporating
nonfiducial v, charged current interactions. Reconstructing
v, interactions would provide a powerful additional sample
in the analysis with a unique (relative to existing short-
baseline oscillation searches) sensitivity to the sterile-z
mixing. We leave the v, appearance case out of this analysis
as isolating v, interactions in neutrino telescopes at TeV
energies has not been demonstrated, although there are
some ideas [87]. The extension of the analysis to include
the features, as well as the full set of possible samples and
mixed-coupling scenarios, merits future study.

IV. ACTIVE NEUTRINO OSCILLATIONS

Neutrino kaleidoscopes would also be able to probe
oscillations between the active neutrino states in the beam.
At TeV energies, the matter potential in the earth effectively
decouples the v, flavor from v, and v, [88]. We therefore
focus on oscillations in the u-z sector. Including the
possibility of a nonstandard neutrino potential V, the u-z
oscillation master equation is

sin 2823 >

. d (Uﬂ> |:Am%1 <—C052923
11— =
dx \ v, 4E sin20,;  cos 20,3
Vie Vi v
(e vl e
V/n' VTT Uz

where 6,3 and Am3; are the standard neutrino oscillation
parameters. The sign of the potential V is flipped for

antineutrinos. In the limit where the baseline is short
Am%]

(gL, VL < 1), for a position-independent potential,
the transition probability becomes [89]

5| Am3, ? 4
PIJ#—w, =L ESIH 2923 + V/“. + O(L ) (3)

There are therefore two channels to observe active neu-
trino oscillations: muon neutrino disappearance and tau
neutrino appearance. These channels would probe the
product Am3, sin 26,3, as well as the nonstandard neutrino
potential V., which could be generated by new physics.
Standard vacuum oscillations alone would induce a
muon-to-tau neutrino oscillation probability of about

1 TeV Neutrino Baseline\2
0.1% x (NeutrmoEnergy X S000 o €)% A measurement of

this rate would be complimentary to those in GeV-scale
long baseline neutrino experiments. Such a measurement is
most straightforward through the v, disappearance channel,
though the v, appearance channel could also be possible
depending on the ability of future neutrino telescopes to
identify tau neutrinos, an area of active research [90].
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A. Oscillations from Lorentz invariance violation

The potential V. in Eq. (3) can be generated by neutrino
interactions with a background field that violate Lorentz
invariance [37,38,91-93]. Such violations can occur in
theories of quantum gravity [94], for example, which unify
general relativity with the Standard Model at the Planck
scale (Ep = 1.22 x 10! GeV) [95]. While Planck-scale
quantum gravity cannot presently be probed directly, it can
lead to Planck-suppressed effects on observables at lower
energy scales [96], including small violations of Lorentz
symmetry [20,95,97-99]. Lorentz-violating neutrino oscil-
lations can also arise in alternative scenarios, such as
nonstandard neutrino interactions with dark energy [100]
or ultralight bosonic dark matter [101]. The strongest
constraints on Lorentz violation in the neutrino sector
come from IceCube measurements of atmospheric
[102—104] and astrophysical [105] neutrinos, as they probe
the highest energies and longest baselines of all neutrino
experiments. Neutrino kaleidoscopes have typical energies
and baselines similar to that of IceCube atmospheric
neutrino searches, with the added benefit of unprecedented
event rates. Thus, they are an ideal experimental configu-
ration to search for Lorentz violation.

The imprint of Planck-scale Lorentz violation on the
Standard Model is described by an effective field theory,
the Standard-Model extension (SME) [97,106], which
includes operators that govern neutrino interactions with
a new Lorentz-violating background field. The renormaliz-
able u-t operators of this group are of mass dimension three
and four and are parameterized by the Wilson coefficients
(df),. and (c"),. respectively. Unlike typical Wilson
coefficients, these carry Lorentz indices, which leads to
frame-dependent neutrino interactions. This effect is con-
ventionally studied within a Sun-centered celestial-
equatorial frame, in which the Earth’s rotation causes
the direction of a neutrino beam to vary over the course
of a sidereal day, ie., with a frequency wg =
27/(23 h56 min) [93]. This leads to a potential V,, with
an explicit sidereal time dependence,

Vie = (C) e + (A sinwgTg + (A.),, cos wg T
+ (By)e 8in 20gTg + (B,.) €08 20T g, (4)

ut
where, dropping the flavor indices, C, A;, A., B, and B,
are energy-dependent linear combinations of the a4 and c;”
coefficients. The specific linear combination depends on
the geometry of the neutrino beam with respect to the Earth;
explicit expressions can be found in Egs. (4)-(13)
of Ref. [93].

Sidereal variations from Lorentz violation have
been perviously investigated in neutrino experiments
[102,107-110]. In this Letter, we study the expected
sensitivity of neutrino kaleidoscopes to sidereal variations.
This analysis benefits directly from the high event rates of

neutrino kaleidoscopes, as systematic uncertainties tend
to be negligible [102,107]. We consider the beam dump
scenario for IceCube and KM3NeT and the 100 m IP
straight section scenario for P-ONE, denoted P-ONE (IP),
as energy-radial correlations are not important in the
sidereal variation analysis. We focus on v, disappearance
from p- SME coefficients, as tracks provide a pure sample
of v, interactions. We also consider v, appearance in
hypothetical v,-enriched sample with a benchmark sig-
nal-to-background ratio of 0.1. Event-by-event v, identi-
fication is difficult at TeV energies [111], but techniques
such as the neutron/muon echo [87] and the isolation of
track events from muonic tau decays with high apparent
inelasticity or muon angles may enable the identification of
a v,-enriched sample. While such a v, -enriched sample has
yet to be demonstrated experimentally, the benchmark
signal-to-background ratio of 0.1 is intended to identify
the classification capability required to achieve unprec-
edented laboratory reach on Lorentz violating neutrino
oscillations, motivating further investigation of the tau
identification techniques discussed above.

In principle, SME coefficients in the e-y and e-t sector
can also impact oscillations. However, unlike in the sterile
neutrino case, these SME coefficients cannot lead to
degeneracies in the oscillation probabilities in the u-7
sector. This is because, as mentioned above, the matter
potential of the Earth decouples electron neutrinos from the
other flavors at TeV energies and thus suppresses the impact
of e-u and e-r SME coefficients. Therefore, we only
consider oscillations from y-v SME coefficients.

Figure 5 shows the expected interaction rate in each

detector for the v, and v,-enriched sample over one sidereal
day for characteristic values of c!¥, as a ratio to the
Standard Model expectation. We perform the Fourier
analysis outlined in Ref. [107] to asses our sensitivity to

the af and ¢ coefficients. Table I suggests that the v,

E,-=5TeV, T =1 year

+1 -+ KM3NeT IceCube +~ P-ONE (IP)
g O T O
2 [T11 '\ T1311r711 /
3\; 0.000 P CmmAMERRRrS
oINS R R R R

[c™¥=3%x10-30 5/B(v;)=0.1
3;1.025]L ot T 01
= ] TTrir37 _;_' | ot L L |
>t ] mmmEmEs t TrTTd
= R | 11 | 1 |1 1

0.9751 'llllll' ‘ ‘
0 5 10 15 20
Te (hours)

FIG. 5. Ratio of muon (top) and tau (bottom) neutrino inter-
actions with and without Lorentz violation as a function of
sidereal time, considering a single nonzero SME Wilson coef-
ficient. Error bars indicate the expected statistical uncertainty
after one year of accelerator operation.
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TABLE L The sensitivity of the v, sample in each kaleidoscope
configuration to three different a; and ¢; SME coefficients at the
30 C.L., considering one year of data at a muon energy of 5 TeV.
The current limits on each coefficient are also shown, which
come from sidereal variation searches at either IceCube [102] or
MINOS [108].

P-ONE
Coefficient KM3NeT IceCube (IP) Current limit
ay /107> GeV 8.2 5.8 1.0 1.7 x 102 ([102])
cIX/10-28 1.6 1.1 0.2 79 ([102])
cFX /10738 4.0 24 0.7  2.5x10° ([108])

“track” sample of a neutrino kaleidoscope can improve
upon current limits from IceCube [102] and MINOS [108]
by two or more orders of magnitude.

Many theories of quantum gravity [99,112-114] predict
higher-order Lorentz-violating operators with mass dimen-
sion d > 4. The simple power-counting analysis suggests
that the SME coefficients associated with higher-order
operators take on a value of approximately E5 < [96].
Furthermore, these operators induce oscillations at a
frequency proportional to LEY=® [115], such that high-
energy neutrinos are more sensitive to higher-dimension
operators. Recent IceCube constraints using high-energy
astrophysical neutrino flavor have reached the E;z regime
of the isotropic d = 6 operators for the first time [105].
However, these constraints depend on the unknown flavor
composition of neutrinos at the source. Neutrino kaleido-
scopes can probe higher-dimensional Lorentz-violating
operators without such model dependence.

We can estimate the sensitivity to higher-dimensional
operators by the relation [115]

[p|]A¢| ~ |A2

; (5)

where p is the average neutrino energy, A} is the
dimension three coefficient appearing in Eq. (4), and
A? is an experiment-dependent linear combination
of d-dimensional SME coefficients. We consider three
different kaleidoscope configurations to probe dimension
SiX operators,
(i) Nominal: v, sample, T =1 yr, E, =5 TeV
(ii) Tau enriched: v -enriched sample with a signal-to-
background ratio of 10%, T = 10 yrs, E, = 5 TeV
(iii) High energy: v, sample, T = 10 yrs, E, = 50 TeV.
Table II shows that the tau-enriched and high-energy
neutrino kaleidoscope configurations can reach the dou-
ble-Planck-suppressed regime of A®. Thus, a neutrino
kaleidoscope with either a 50 TeV muon beam or
improved v, tagging at the detector is likely the only
terrestrial (and thus model-independent) probe of the
double-Planck suppressed imprint of quantum gravity.

TABLE II.  Sensitivity of each kaleidoscope to .A%, in units of
Ep? =6.7x 1073 GeV~2, at the 90% CL, considering the three
different experimental configurations in the text.

Configuration KM3NeT IceCube P-ONE (IP)
Nominal 28 x 103/E% 12x10%/E3 53 x10*/E3
Tau-enriched 26/E% 17/E% 2.1/E3
High-energy 11/E3 5.3/E3 1.9/E%

B. Oscillations from anomalous matter potentials

In addition to Lorentz invariance violation, v, — v,
oscillations would also be able to probe other nonstandard
oscillation scenarios. For example, the oscillation could be
generated by a matter potential from NSIs experienced by
the neutrinos traveling through the earth [9,36,116-118].
Such NSI potentials arise naturally in certain radiative
neutrino mass models [119] such as the Zee model [120].
Unlike the Lorentz-violating oscillations of the previous
section, nonstandard oscillations from NSIs would not
induce a sidereal variation, but would still induce anoma-
lous v, disappearance and v, appearance. To leverage the
latter, neutrino kaleidoscopes would need to search for v,
interactions on top of large v, and v, backgrounds. As
discussed in Sec. IV, this may be possible at the TeV scale
by searching for muon and neutron “echoes” in hadronic
cascades [87]. In addition, u-decaying 7z leptons from v,
interactions would have higher inelasticity and larger muon
angles than v, interactions due to the missing energy from
the neutrinos in the 7 decay, which could be used to identify
v, interactions statistically.

Figure 6 shows the rate of v, and 7, interactions at a

range of anomalous matter potential values (e,,, where

Ve =V2GpN,¢,,), as well as for standard oscillations

> A1x105
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» 104
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()
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£
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- 10%5u Decays
0 3 FNAL - IceCube Baseline
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o
g 1
£
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FIG. 6. Interaction rate of o, (top) and v, (bottom) for standard

oscillations (e¢,, = 0), as well as a few nonstandard scenarios.
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(€, = 0). There would be hundreds of thousands of v,
interactions in the telescope to observe such an oscillation
effect even without an anomalous matter potential.
However, due to the challenge of selecting a pure sample
of v, events, it is difficult to estimate how well the rate of
interactions in the telescope could be determined. A value
of €,, =5x 107 has an O(10%) effect on the v, rate,
differing in direction between tau neutrinos and antineu-
trinos. The relative direction of the change in the interaction
rate flips if the sign of the potential flips or, equivalently, in
the case of the inverted mass ordering. An imaginary €,,
would instead impact the v, and ¥, rates in the same
direction.

A sensitivity at €,, = 5 X 107> would surpass the reach
on any nonstandard matter potential term from existing and
planned measurements [9,36,116—118]. In the case of a
heavy mediator, NSI potentials generically have a magni-
tude on the order of M3,/M2 [116], where My, is the mass
of the W boson and M, is the new physics scale. This reach
therefore corresponds to a sensitivity on such a new scale
up to about 10 TeV. (Neutrino NSI models are often
constructed with a light mediator to avoid bounds from
charged lepton flavor violation [121-125]; in such models,
the scale comparison does not apply.) Even without a v,-
enriched sample, a similar reach on any new physics
potential can also be obtained in principle through very
precise measurements of muon neutrino disappearance.

V. RARE NEUTRINO INTERACTIONS

Neutrino kaleidoscopes can also search for rare neutrino
interactions. Specifically, neutrino production of muon
pairs can lead to double track signatures in neutrino
telescopes [40], which can in principle be distinguished
from the typical track and cascade signatures. These
“dimuon” events can arise from charm production, W-
boson production (WBP), and trident interactions. The
cross sections for these processes are shown in Fig. 7. We
use the charged-current v, charm-production cross section

E -38
o 10
[}
=
[
310—404 vuq-op(cout)
T _—
o Vug-opt(E-ouT)
NE /
10742 _ _
W
S 10—44 i .
102 103 104 10°
E, [GeV]
FIG. 7. Total CC DIS cross section for muon neutrinos [71],

and cross sections for rare neutrino interactions producing
dimuons in the final state, through charm production [41,126],
tridents, and WBP [127].

TABLE III.  Number of v, interactions per year, including rare
interactions with dimuons in the final state, for each kaleidoscope
configuration. Event rates are computed using the cross sections
in Fig. 7.

Process KM3NeT IceCube P-ONE (IP)
v, CC DIS 1.7x 108 1.6x 108 1.3 x 10"
vg—=p(c—=pt)  22x10° 2.1 x10° 1.8 x 10°
v, Trident iy~ 5.2 %103 5% 10 4.2 % 10°
v, WBP ptpu~ 3.6 3.6 2.8 x 10°

computed in Ref. [126] and account for the muon branch-
ing ratio of the outgoing charm hadron according to the
fragmentation fractions of the outgoing charm quark [41].
W-boson production and trident dimuon cross sections are
taken from Refs. [127,128]. Table III reports the expected
rate per year from these dimuon processes in each kaleido-
scope configuration. The large dimuon event rates, which
enable powerful probes of the strong force [129] and new
lepton flavor symmetries [130], are directly a consequence
of the large active mass of neutrino telescopes. This is a
unique feature of the kaleidoscope proposal, as a neutrino
detector near the interaction point will necessarily have
smaller active mass. Such an enhancement is only possible
due to the high collimation of neutrino beams from a muon
collider, as discussed in Sec. II. We leave a detailed
investigation of the physics capabilities of a dimuon
measurement in neutrino kaleidoscopes to future work.

VI. CONCLUSION

We have introduced the “neutrino kaleidoscope,” com-
bining a TeV-scale muon accelerator with a gigaton
neutrino telescope to deliver, for the first time, a high-
energy, long-baseline neutrino experiment with an intense
and precisely controlled flux. The unprecedented event
rates enable orders-of-magnitude improvement over
existing and planned experiments in sensitivity to
nonstandard neutrino oscillations from eV-scale sterile
neutrinos, nonstandard neutrino interactions, and Lorentz-
violating effects. Notably, this approach provides the first
terrestrial access to double-Planck suppressed sidereal
variations from Lorentz violation in theories of quantum
gravity. Our proposal is also an excellent probe of rare
neutrino interactions with dimuons in the final state. The
neutrino kaleidoscope thereby offers a powerful, general-
izable platform to probe new physics and fundamental
symmetries with precision. We encourage further explora-
tion of this paradigm as a flagship opportunity for future
accelerator and neutrino detector facilities.
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APPENDIX: MORE DETAILS ON THE LORENTZ
VIOLATION SENSITIVITY

1. Theory

The imprint of Planck-scale Lorentz violation on the
Standard Model is described by an effective field theory,
the SME [97,106], in which neutrino flavor evolution is
governed by the effective Hamiltonian /.4 such that

— ¢¥=7x10"2° mmE KM3NeT MEE P-ONE (IP)

0 T Sensitivity IceCube
101y, Sample % RS of 88
E,- =5TeV D =8:
—1]7H
10 T =1year
)
=102
Q
8
S 1073
—
o
10~
10-5 i IR i i
1076 107> 1074 1073
Mode 1 Amplitude
FIG. 8.

.d <Va> (thf>aa (heff)a/i <l/a)
i— = ,
dx \ vy (heff)f,ﬂ (heff)/jﬁ Vg
1

(het)op = | (@ Vogpu = (cLlippups| (A1)

where p, is the neutrino four-momentum, and (a),,
and (c),; are the flavor-dependent SME coefficients
associated with operators of mass dimension 3 and 4,
respectively. Here we have assumed neutrino oscillations
from mass-mixing are negligible compared to those from
Lorentz-violation, which is valid when Am?/(4E) < heg.
When the baseline L is small compared to heg/(%c),
neutrino oscillation probabilities are given by

Pu(,—w/; ~ |(heff)oz/}|2L2/(hc)27 (Az)

where a # f.

Two effects are important to note in Eq. (A1). First, the
a; and c; coefficients have mass dimension 1 and O,
resulting in neutrino oscillations that depend on L and
LE, respectively, in contrast to the standard L/E depend-
ence of mass-generated oscillations. Oscillations from
Lorentz violation can thus dominate over mass-generated
oscillations at high energies, even for Planck-suppressed
SME coefficients. Second, the nontrivial dependence
on p, leads to frame-dependent oscillations. As discussed
in Sec. IV, the conventional choice is a Sun-centered
celestial-equatorial frame, in which the Earth’s rotation
causes the direction of a neutrino beam to vary over the
course of a sidereal day, i.e., with a frequency
wg = 27/(23 h56 min). This leads to the explicit sidereal
time dependence in the effective Hamiltonian as shown in
Eq. (4) and reproduced here,

— ¢¥=3x10" mmm KM3NeT MEE P-ONE (IP)

------ Sensitivity IceCube
100 - — - —
vz Sample 5 & ais £i K &l
S/B(v;) =0.1 P ) ENE
10"1{E,- =5TeV
Fry T=1year
81072
Qo
o
a
10—3<
10-4 ' HINEE A I
10~ 103 1072

Mode 1 Amplitude

Expected distributions of first mode amplitudes under the null hypothesis for the v, (left) and v -enriched (right) sample in

each experimental configuration, with sensitivities indicated by the dotted lines. The solid lines indicated the expected first harmonic
amplitude for the indicated value of ¢!X = 1. Here we consider one year of data at a muon energy of 5 TeV.
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FIG. 9. Expected 3¢ exclusion sensitivity to ¢!* and ¢!? for the v, (left) and v,-enriched (right) sample in each kaleidoscope,

f

determined by corresponding quantile of the second and first mode amplitude distributions, respectively. Here we consider one year of
data at a muon energy of 5 TeV. The shaded regions correspond to existing constraints from IceCube [102] and MINOS [108].

(Bett)gp = (C)ap + (Ay) gp Sin 0g T g + (A) gy cOs 0 T
+ (By)gp 8in 20T g + (B,) 45 008 206 T g,
(A3)

where C, A,, A, B, and B, are energy-dependent linear
combinations of the ¢; and ¢4” coefficients. The specific
linear combination depends on the geometry of the neutrino
beam with respect to the Earth N; explicit expressions can
be found in Egs. (4)—(13) of Ref. [93]. The directional
vectors in the Sun-centered celestial-equatorial frame for
each kaleidoscope configuration are

Ny 0.1836 Ny 0.0124
Ny =105876 |, [N, | =] 04079 [,
N,/ cass 0.788 N,/ -0.9129
Ny 0.1099
Ny = | -0.9591 (A4)
N, ) vone 0.2609

2. Analysis

We begin by using Eq. (4) to determine the expected
sidereal oscillation signal at each neutrino telescope as a
function of the SME coefficients. Supplemental Fig. 5
shows the expected rate in the v, sample and the v -
enriched sample in each kaleidoscope over one sidereal day
for different values of c7*, as a ratio to the Standard Model
expectation. Statistical uncertainties reflect predicted event
rates after one year of neutrino kaleidoscope operation. In
the v, sample, the largest variations occur in IceCube due
to the long baseline, while the variations are the same size
in the v,-enriched sample as the Standard Model prediction
also depends linearly on the baseline. In both samples, the
smallest statistical uncertainties occur in P-ONE due to the
event rate enhancement from the 100 m decay region. For

this specific Lorentz violation scenario, oscillations occur
at the first harmonic of the sidereal frequency. In general,
SME-induced oscillations can occur as any integer
harmonic of the sidereal frequency. We follow the
procedure outlined in Ref. [107] to assess our sensitivity.
For each detector, we generate 10° pseudoexperiments
from the null hypothesis (no sidereal variations) and take
the Fourier transform of the sidereal time distribution to
determine the amplitude of each mode corresponding to
the first four harmonics of the sidereal frequency. The
first harmonic distributions for the v, and v -enriched
samples are shown in Fig. 8. As we are looking for
amplitudes in excess of the null expectation, the vertical
dotted lines show the one-tailed sensitivity at the
{1,2,3,4}6 confidence level. The solid vertical lines
indicate the expected amplitude of the first harmonic for
the indicated values of ¢7X. In this example, the v, sample

TABLE IV. Sensitivity of the v, sample in each kaleidoscope
configuration to all relevant y-7 a4 and ¢} SME coefficients at
the 36 C.L., considering one year of data at a muon energy of
5 TeV. The current limits on each coefficient are also shown,
which come from sidereal variation searches at either IceCube
[102] or MINOS [108].

P-ONE

Coefficient KM3NeT IceCube (IP) Current limit
af/107% GevV 8.2 5.8 1.0 1.7 x 10% ([102])
ay /107 GeV 8.2 5.8 1.0 1.7 x 10% ([102])
c/X/107%8 1.6 1.1 0.2 79 ([102])
/10728 0.7 1.0 0.2 79 ([102])
XX /10728 4.0 2.4 0.7 2.5 x10% ([108])
cf¥ /10728 5.2 5.4 04 1.2 x10° ([108])
cf?/107%8 2.0 1.2 0.7 7x10* ([108])
cy¥/107%8 4.2 2.4 0.6 2.4 x10° ([108])
cy?/107%8 2.0 1.2 0.7 7x10* ([108])
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FIG. 10. Top: Sensitivity of each kaleidoscope to A, at
dimension 3 for ten years of data with a muon energy of
5 TeV. Separate results for a v, and v,-enriched sample
are shown.

of the P-ONE (IP) neutrino kaleidoscope would rule out
X =7%x107% at > 4o.

We repeat this exercise to determine the value of each
SME coefficient that results in an amplitude at the 3¢
sensitivity of the three neutrino kaleidoscopes. This analysis
is carried out for each of the first four harmonics of the
sidereal frequency, and the strongest constraint over the four
modes is taken as the 3¢ sensitivity of a given kaleidoscope
to a given SME coefficient. Figure 9 depicts this analysis for
c;* and ¢[” in both the v, and v,-enriched samples. The
sensitivity of the v, sample for all relevant a; and ¢}’
coefficients is shown in Table IV. As discussed in Sec. 1V,
neutrino kaleidoscopes can improve upon existing limits on
u-t SME coefficients by multiple orders of magnitude.

We now touch on analysis of higher-dimensional SME
operators. As indicated by Eq. (5), in order to compute the
sensitivity of each kaleidoscope to A¢ from operators of
mass-dimension d, we must first compute the sensitivity to

TABLE V. Sensitivity of each kaleidoscope configuration to A¢
at the 90% CL, considering a v, sample with one year of data at a
muon energy of 5 TeV.

Dimension A¢ Units KM3NeT IceCube P-ONE
v, sample, E, =5 TeV, 1 year
d=3 GeV!  3.1x10% 15x107% 6.3 x1072°
d=4 GeV?  12x1078 57x107%® 23x107%
d=>5 GeV™l  47x1072 22x10732 8.7x 1073
d=6 GeV™?  1.8x 107 83x107% 32x 107
v, sample, S/B(v,) = 0.1, E, = 5 TeV, 10 years
d=3 GeV! 3x107%  21x107% 24x1028
d=4 GeV?  12x10730 78x 1073 94 x107%
d=>5 GeV™!  45x107% 29x1073* 37x 1073
d=6 GeV2 17x107% 1.1x107%7 14x1073%
v, Sample, E, = 50 TeV, 10 years

d=3 GeV!  12x107* 54x107® 25x107®
d=4 GeV?  48x107% 22x107% 92x 107
d=5 GeV™!l  19x1073 8.8x 107 34 x 10~
d=6 GeV2 73x107% 36x1073% 1.3x1073%

A} and scale by the average neutrino energy |p|~ E,/2.
According to Eq. (A3), A? represents the amplitude of first-
harmonic sidereal variations. Figure 10 shows the induced
first harmonic amplitude as a function of A? for the v, and
v,-enriched sample in each kaleidoscope. The dotted lines
in Fig. 10 indicate the 90% CL sensitivity to A> computed

using the psuedoexperiments described above. Table V
shows the sensitivity of the nominal, tau-enriched, and
high-energy kaleidoscope configurations introduced in
Sec. IV to AY, for d€{3,4,5,6}. The d = 6 sensitivities
in particular suggest sensitivity near the double-Planck
suppressed regime.
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