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Pablo Candia®,"” Giovanna Cottin®,>" Andrés Méndez®,>* and Victor Mufioz®**

'Consortium for Fundamental Physics, School of Physics and Astronomy, University of Manchester,
Manchester M13 9PL, United Kingdom
2Departamento de Ciencias, Facultad de Artes Liberales, Universidad Adolfo Ibdiiez,
Diagonal Las Torres 2640, Santiago, Chile
*Instituto de Fisica, Pontificia Universidad Catolica de Chile,
Avenida Vicuiia Mackenna 4860, Santiago, Chile
*Instituto de Fisica Corpuscular (IFIC), CSIC-Universitat de Valencia,
Apartado de Correos 22085 E-46071, Valencia, Spain

® (Received 18 July 2021; accepted 16 August 2021; published 21 September 2021)

Light neutralinos could be copiously produced from the decays of mesons generated in cosmic-ray air
showers. These neutralinos can be long-lived particles in the context of R-parity violating (RPV)
supersymmetric models, implying that they could be capable of reaching the surface of the earth and decay
within the instrumental volume of large neutrino detectors. In this article, we use atmospheric neutrino data
from the Super-Kamiokande experiment to derive novel constraints for the RPV couplings involved in the
production of long-lived light neutralinos from the decays of charged D-mesons and kaons. Our results
highlight the potential of neutrino detectors to search for long-lived particles, by demonstrating that it is
possible to explore regions of parameter space that are not yet constrained by any fixed-target nor collider

experiments.
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I. INTRODUCTION

The discovery of the Higgs boson at the Large Hadron
Collider (LHC) in 2012 [1,2] provides not only conclusive
evidence of the Standard Model (SM), but also consolidates
the hierarchy problem as one of the main theoretical
puzzles in modern physics [3]. In this context, supersym-
metry (SUSY) remains as one of the most compelling
possibilities to address this problem [4,5]. At the same time,
supersymmetry also provides a rich and complex phenom-
enology which has lead to an intensive search program at
collider experiments [6].

Conventional SUSY theories assume a discrete sym-
metry called R-parity, which avoids conflict with exper-
imental data on the nonobservation of baryon and lepton
number violating processes, such as proton decay [7] and
neutrinoless double beta decay [8]. Within the context of R-
parity conserving SUSY theories, the lightest neutralino as
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the lightest supersymmetric particle (LSP) provides a
natural candidate for fermionic dark matter because of
its stability and lack of electromagnetic interactions (see
[9,10] for seminal articles and [11] for a review). Yet, it is
possible to assume R-parity violation (RPV) [12] while
respecting the bounds on the proton lifetime, as long as
baryon numbers or lepton numbers are preserved. In such a
case, the neutralino LSP is no longer stable and can decay
into SM particles. The smallness of the R-parity violating
couplings can make the decay macroscopic, making the
neutralino, 79, a long-lived particle (LLP) [13]. This
implies that neutralinos can leave a variety of exotic
signatures at colliders such as a displaced vertex (reviews
on possible long-lived particle signals can be found in
[14,15]). On the other hand, unlike the strong interacting
sparticles whose masses have a lower bound at around
1 TeV [16-24], the neutralino mass is less constrained, and
can in principle be massless [25]. For a fraction of the R-
parity violating model parameter space, the ATLAS and
CMS experimental collaborations at the LHC have
searched for a long-lived 79 with a mass O(100) GeV
with a displaced vertex signature [26—28], with null results.
The most up to date constraint comes from ATLAS with
leptonic displaced decays, excluding long-lived neutralinos
between 50 GeV-500 GeV [27].

Phenomenological prospects demonstrate that in
extended regions in the R-parity violating couplings—
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leading to decays with different leptonic or hadronic final
state particles—and lighter masses below 100 GeV, a long-
lived ;?(1) has the potential to be discovered at dedicated LLP
experimental facilities that could operate at the LHC, such
as FASER, MATHUSLA, CODEX-b and AL3X [29-34],
future colliders at the intensity frontier [34], or beam-dump
experiments such as SHiP [32]. In particular, the absence of
experimental constraints in the range from a few MeV to
O(1) GeV makes it a good candidate to be studied in
scenarios were they can be produced from the mesons that
are abundantly created in both colliders and cosmic-ray air
showers.

So far, prospects for light, long-lived neutralinos have
been performed from the decays of D and B mesons in
references [30,32,35-37], from Z boson decays in
[29,31,34,38], and from the decay of 7 leptons in Belle-
IT [33]. Most of these searches are based on experiments
that are either in construction like FASER [39], or even in
earlier stages as they are subject to funding/approval (e.g.,
SHiP [40], MATHUSLA [41], and others [42,43]). In
contrast to this situation, large Cherenkov based neutrino
detectors such as IceCube [44] or Super-Kamiokande (SK)
[45] are already built and have been taking data for years,
which can be used to search for LLPs, as the decay of these
particles would generate a signal that is indistinguishable
from the Cherenkov radiation measured in association with
the neutrino interactions in the medium.

Searches for long-lived particles at large neutrino detec-
tors were considered in the literature in references [46-51].
Of these studies, Ref. [49] used public data from IceCube
and Super-Kamiokande to search for long-lived particles
produced in atmospheric showers, using detailed numerical
simulations. The results found demonstrated that the
atmospheric neutrino data from the Super-Kamiokande
experiment can be used to place stringent constraints to
models predicting LLPs (see also Ref. [50]). The main
reason for this is because the atmospheric neutrino data
focused on the low energy regime, where the flux of the
atmospheric particles peaks. In this work we build upon the
general results of [49], and apply the same strategy to
search for neutralinos produced from meson decays,
including an appropriate treatment of the uncertainties
originating from the hadronic interaction models used to
simulate the production of mesons in the shower.

We consider the possibility of searching for neutralinos
produced in the decays of D-mesons and kaons that are
generated in the sky, when highly energetic cosmic rays
collide with the upper layers of the atmosphere. The former
process allows us to compare our results with the pre-
viously mentioned studies in the literature, particularly
references [30,32], where the sensitivity reach at collider
experiments was estimated for selected benchmarks. On the
other hand, neutralino production from kaon decay was
considered long before in the context of spontaneously
broken supersymmetry [52]. In this work, we explore a

novel RPV channel through kaon production that is
particularly well suited for our setup because the produc-
tion of kaons in the atmosphere greatly exceeds the one
from D-mesons [53].

The rest of the paper is organized as follows. In Sec. II
we summarize the relevant phenomenological aspects of
the RPV theory, and describe the neutralino production
from the decay of pseudoscalar mesons generated in
cosmic-ray air showers. In Sec. III we describe the expected
signal from the visible decay of the neutralino in the Super-
Kamiokande detector. The main results obtained for the
two benchmark scenarios considered in this work are
presented in section Sec. 1V, along with the current best
constraints from previous studies. Finally, we draw our
main conclusions in section Sec. V.

II. LONG-LIVED LIGHT NEUTRALINOS IN
COSMIC-RAY AIR SHOWERS

A. Neutralinos in RPV

The simplest realistic realization of a supersymmetric
model is the so-called minimal supersymmetric standard
model [54]. As mentioned above, in this model a Z,
symmetry called R-parity is imposed to avoid proton decay.
However, it is still possible to break R-parity and have a
stable proton by imposing a different discrete symmetry
like the baryon triality B; symmetry [55]. Without impos-
ing R-parity, the most general Lagrangian that respects
gauge and space-time symmetries contains the term [56]

£52,0,0,D5. ()
where the hatted symbols denote gauge multiplets of super-
fields that include leptons #; and sleptons Z; in L;, left-
handed quarks g , and squarks g in 0 ;» and right-handed
antiquarks d,z and antisquarks d}  in IA),i. The family indices
i, j and k run from one to three, leading to 27 independent
parameters. This semileptonic operator violates lepton
number by one unit, and can generate contributions to the
mass and magnetic moment of neutrinos [57], neutrinoless
double beta decay [58,59], and in the parameter space of our
interest, neutralino production from meson decays [60-62].
Comprehensive reviews of RPV and its phenomenological
implications can be found in [12,63-65].

In this work we focus on the trilinear couplings 4{,, and
215, which allow us to produce neutralinos from the decays
of D-mesons and kaons, respectively. These decays are
always accompanied with an electron, as detailed in our
two benchmarks in Table II. The introduction of RPV
parameters also allows neutralino two-body decays into a
meson and a lepton. In our first benchmark, we study
neutralinos with masses in the range from the mass of the
kaon to the mass of the D-meson, while in the second
benchmark case we restrict the neutralino mass to the
interval between the mass of the pion and the mass of the
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FIG. 1. Neutralino production diagrams. We display the specific case where production occurs via the decay of a charged meson M, +
composed of quarks dc and u;. For the cases of our interest (see Table II), we set the flavor indices of the initial states in the diagram such

that M;; corresponds to D* (k =1,j = 2) for benchmark Bl and K" (k =2, j = 1) for benchmark B2.

kaon. Therefore, for the second benchmark, we include the
trilinear A7,,, as it is the only coupling associated with
pions, and is therefore necessary to make the neutralino
decay when its mass is lower than the kaon mass. The
relevant Feynman diagrams involved in the production of
neutralinos from these mesons are shown in Fig. 1.

To calculate the decay rate of the mesons to neutralinos,
we closely follow reference [32] and consider the effective
interactions involving the relevant mesons, leptons, and
neutralinos. Assuming that the sfermion masses involved
are degenerate and large enough so that they can be
integrated out, the relevant decay rates are
}Cl/z(mlzj,m;?,mg)
64xm3, (m. + my)?

X mD(mD - m?(? —m?), (2)

I(D* - A +¢*) = G 1P fD

and

KY2(m%, m%?, m?)

F(K _’11"’@ ) )2‘Gf12|2f%<

64xmy (m, + m

X (. = m2y = m2), (3)

where K(x,y,z) = x> +y* 4+ z% — 2xy — 2xz — 2yz is the
Kallén function [66], and fp, fk are the D-meson and kaon
decay constants, respectively. The effective couplings G} ik

are given by

39 Ak
Gikziz%;éumew, (4)
2

where my represents the common value that we assume for
the masses of sleptons and squarks, which are the sfermions
involved in neutralino production (details can be found in
reference [32]). In Eq. (4), 8y, =tan™! g,/g, is the weak
mixing angle [21], and g;, g, are the gauge coupling
constants associated to U(1), and SU(2),, respectively.
The symbols mg and mp, denote the masses of the K* and
D* mesons, and m,, m,, m,, and m, are the masses of the
charm, down, up, and strange quarks, respectively. In our

calculations, we use the values fx ~ 156 MeV and fp ~
213 MeV [21].

B. Neutralinos from D-meson and kaon decays in
atmospheric showers

Cosmic rays hitting our atmosphere provide us with a
beam of protons (and other species) that is constantly
switched on. A single cosmic ray can produce an extensive
cascade of charged particles and radiation called an air
shower [67-69]. Mesons in the shower, including D-
mesons and kaons, decay to charged leptons and neutrinos,
among other particles. The flux of leptons can be measured
both at the surface of the earth and in underground
experiments, while their careful reconstruction allows to
estimate the expected mesonic contributions to the spec-
trum [53,70-77]. Similarly as with the case of neutrinos,
we simulate the production of light neutralinos in the
shower by solving the cascade equation involving only
source terms from meson decays [74]

=3 e

where the sum runs over all possible mesons that can decay
to neutralinos when a given trilinear coupling A/ i 18
switched on. In Eq. (5), p is the density of the atmosphere
at a column depth X, and Ay, = yypBycty is the decay
length of the meson, which includes the boost factor y,,/,
and its proper lifetime 7;,. The differential production rate

of mesons in the shower per unit of solid angle is given by
dd
T d5

E; 7 and E~0 + dE~o produced in the decay of the meson M
is given b

Ao 7
dE ondX

d(I)M dl’l

(5)

The number of neutralinos with energies between

-body decays, this last quantity is
given by
dn  Br(M -7} +e)

_ , 6
dE)?O m o2 ( )
' DPum K(l,ﬁ,ﬁ)

where Br(M — 7 + e) is the branching fraction of meson
decays to neutralinos and p,, is the meson momentum.
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FIG. 2. Neutralino Production Rate. Energy spectrum of the
atmospheric production rate of light neutralinos from charged
D-mesons (blue curve), and kaons (orange band). The spread of
the orange band reflects the difference in the production origi-
nated from the election of different hadronic event generators;
SIBYLL (solid line), QGSJET (dot-dashed line), and DPMJET
(dashed line). We choose a representative mass for the neutralino
with a value of 0.31 GeV. The angular direction is fixed at
cos @ = 0.9, while the height was chosen around 15 km, where a
maximum production rate is expected.

In Eq. (5), both the density of the atmosphere and the
differential production rate of mesons are extracted using
the Matrix Cascade Equation (MCEqg) software package
[75,77]. Here, we choose the NRLMSISE-00 atmospheric
model [78], while for the hadronic interaction model we
consider the different event generators which are updated
with LHC data (see for instance, references [79,80]). In
particular, we focus on the SYBILL-2.3 [53], QGSJET-
II-04 [81], EPOS-LHC [82], and DPMJET-III [83]
models. These models might yield non-negligible differ-
ences in the production rate of mesons and can be a relevant
source of uncertainty in our calculations.’

As an illustration of our numerical simulations, we show
in Fig. 2 the production rate for a 0.31 GeV neutralino, at a
height 4 of 15.51 km and with a vertical direction of 25.84°
degrees from the zenith, produced in the decay of both
D-mesons and kaons. The spread of the orange band in the
plot covers the most pessimistic and optimist cases given
the uncertainties associated with the election of an event
generator. Note that there is an important difference in the
amount of neutralinos produced from the decay of
D-mesons and kaons, as the latter are expected to be
orders of magnitude more abundant than in the atmosphere
[53]. Finally, it is important to remark that we were not able
to assess the uncertainty that pertains to the simulations
from D-mesons, as currently the only updated hadronic

' Another relevant input in this calculation is the cosmic-ray
model chosen for the primary spectra. We checked that the
uncertainties from this election are sub-leading in the energy
regime considered in this work. We use the Hillas-Gaisser
cosmic-ray model H3a [84] in our calculations.

interaction model for charmed hadrons is SYBILL-2.3
[53,85-87].

The uncertainties are estimated following reference [88]
(see also reference [89] for a similar discussion). For a
given meson, we calculate the total expected flux % at the
surface of the earth with different hadronic models. In order
to do so, we let the mesons propagate through the
atmosphere without decaying, which can be accomplished
by switching off their decay in MCEqg. The impact of the
variation in the meson production rate for different models
is then quantified with respect to a benchmark model,
which we take here to be the SYBILL-2.3 model, by
defining the ratio A; (M) between the meson flux predicted

by the event generators that are being compared

S, A
Aj(M) = fA dE% ) (7)
Emin dE

where M is the meson of interest, j is the index used to
denote the model that is being compared with the bench-
mark model BM, E,;, = 1.6 GeV is the minimum energy
available in MCEq, and A = 10° GeV is the upper energy
cutoff that we use in order to obtain the neutralino
production rate from a given parent meson. Table I shows
the A coefficients obtained for the production of kaons with
different event generators. The uncertainty as quantified by
Eq. (7) reaches a maximum of around 66% for QGSJET.
We calculate the neutralino production rate using different
hadronic interaction models, and assess their impact on the
region of parameter space that can be probed. We stress that
dedicated efforts are needed in order to reduce the uncer-
tainties involved in meson production in the forward
direction, a problem that is also crucial for precise model-
ing of neutrino fluxes at the LHC [90-92].

III. NEUTRALINO SIGNALS AT SUPER-
KAMIOKANDE

After light neutralinos are produced from the decay of
mesons in the atmospheric shower, they decay to SM
particles as they propagate. We assume that all the particles
in the decay chain are highly boosted, and hence approx-
imately collinear in their trajectories. The degree of
attenuation of the flux that arrives at the detector depends

TABLE I. Comparison of the meson flux using
different hadronic interaction models. Numerical
values of A, the relative integrated meson flux
with respect to SYBILL, for the different had-
ronic interaction models considered in this work.

Model A;(K*)
DPMJET 1.163
EPOS-LHC 1.116
QGSJET 1.660

055024-4



SEARCHING FOR LIGHT LONG-LIVED NEUTRALINOS AT ...

PHYS. REV. D 104, 055024 (2021)

on the relation between the lifetime of the neutralino
and the distance it travels before reaching the detector.
In particular, it is expected that the detector signal from
up-going events (i.e., the neutralinos that arrive from
below the detector), will be suppressed in comparison
with down-going events (i.e., the neutralinos that reach
the detector from above). Assuming that the production
rate of neutralinos is symmetric with respect to the
azimuthal component, the expected differential flux
is obtained by integrating over the column depth X,
according to

dCD)-{o
71 p—
dE)?od cos @
1

ddo —t/hg
axX— 4 A8
ﬂ/ dE)?rl)dcos GdXe b

where ¢ corresponds to the traveled distance of the
neutralino, measured from the production point, which
can be obtained from the height /# and the zenith angle 6
using the geometrical relation

h:\/Ré+2fR®cost9+f2—R®, 9)

with Rg the earth’s radius. In Eq. (8), the lifetime of the
neutralino enters via the exponential decay factor that

depends on the decay length 1, » = rpbpct.

The neutralinos that reach the Super—Karmokande detec-
tor can decay to SM particles inside its instrumental
volume, which we model as a cylinder of 20 meters in
radius and 40 meters in height [45]. Among the possible
decay products of the neutralinos it is possible to find
charged leptons and mesons, as well as neutral pseudo-
scalar and vector mesons. Different decay products
correspond to different kinds of signals in the detector,
which at Super-Kamiokande can be classified in two ways:
showering (or e-like), and nonshowering (or p-like
events). The former originates from electromagnetic and
hadronic showers in the detector, while the latter is
primarily associated to muons, which leave a distinctive
Cherenkov ring with crisp edges. In this work, we focus on
the showering signals originated from the decay of neu-
tralinos described in Table II. In particular, for the case of
neutral mesons in the final states, we assume that they
decay to a showering signal inside the volume of the
detector. The parameter choice of the benchmark B1 also
allows K9 as a final state for neutralino decays, but we do
not consider this as part of our signal since this particle will
typically decay outside the detector due to its large decay
length.

For our benchmark scenarios, the important decay width
formulas of neutralinos to pseudoscalar and vector mesons
accompanied with a lepton are [32]

0 K2 (m O’ka ) GS. 1242
I'(y M 4 5.
W= My +40) = 1287m3, (m, +m,,)* 2 |Gl o
X mj{,,ik(m%,,ub - m?(? - m%i), (10)
IC1/2(m~0,mﬁ,ﬁ m2 )
T - M5 +¢,) = 4 GT. |2
(Zl - jk+ 1) 2 m)?? | zjk|
(fM* )2 (mio - m?ﬂ)2
_mﬁ,,;k(mM;k +m§? +mz)l,  (11)
where
9 X k
Gl =—""_-"Ltand 12
ijk 4\/§ m% w- ( )

In the equation above, M;; (M};) represents one of the final-
state pseudoscalar (vector) mesons listed in the neutralino
decays of Table II. The indices i, j designate the family of
the meson’s valence quarks. For the final state pseudoscalar
mesons, we use the decay constants f, ~ 130 MeV [21],
fo = fr/V2, and fro = fx/V2 [93], where fyx was
defined after Eq. (4). For vector mesons, on the other
hand, le* represents the vector meson decay constant, and
for K*°, K** we use the approximate value f%. ~ 230 MeV
[32,93]. As mentioned before, although for the production
of neutralinos from D-mesons and kaons we only need the
trilinear couplings 17,, and 4,,, the decay of neutralinos
produced from kaons into visible showers in SK proceeds
via the coupling 4},,. The two benchmark scenarios

TABLE II. Parameter choices that define our benchmark
scenarios B1 and B2. The CP conjugate processes of all the
decays shown are also allowed and therefore contribute to the
neutralino decay width. The decay modes displayed in this table
are compatible with a shower (or e-like) signal in Super-
Kamiokande. See text for details.

RPV coupling Production Decay mode

~0 AIZ]

Kg—H/

!
]21

KO+,

j./
¥ ~0 " (%) + _
Bl Mot Y12 Dt 22 ot +)?(1)  — K +e

~0 }‘112

Kg—H/

!
]12

){1 K*O + v,

X
~0 "
/ ’ A X1 — at 4 e

B2 2> 4 Kt =5 e+ 0 Xy
)?(1) — 2+,
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considered in this article can be seen in Table II. For
benchmark B1 we consider neutralino masses in the range
My +me <myp < mpr = me, while for B2 the neutralino

mass lies in the range m o + m, < my < My = M. The

election of Bl allows for a direct comparison with
references [30,32], where the sensitivity reach for future
experiments aiming to explore the lifetime frontier was
estimated. The election of B2 allows us to study a novel
production channel where neutralinos can be abundantly
produced in atmospheric showers. Furthermore, it can be
seen from Eqgs. (4) and (12) that it is possible to combine the
dependence of the decay widths on the RPV parameters
and the sfermion mass in the ratio 1 i / m]%, which we set as

a free parameter.
To obtain the expected number of events with an
energy in therange £ 7 and E 7+ dE 70 and with trajectories

within cos @ and cos @ + d cos 8, we include the effective
surface S for a decay to take place inside the SK detector,
such that for a given time window AT the event rate is

dN dq))?n
— = AT x— xS, 13
dEzd cos 0 dEpd cos 0 eff (13)
where the effective surface is obtained by integrating the
surface of the detector that is perpendicular to the incoming
direction of the neutralino flux, weighted by the probability
that the particle decays inside the detector

~Al /Ay

Seff:/dSJ_(l — e ) (14)

Here, AZ. is the segment of the particle trajectory that
traverses the detector, for which explicit analytical expres-
sions can be found in the Appendix of Ref. [49]. The
computation of the effective surface for decay is a purely
geometrical problem. Figure 3 shows the effective surface as
a function of the decay length of the neutralino, with
trajectories fixed by different values of the cosine of the
zenith angle given by 0.9,0.5,and 0.1. The event distribution
in Eq. (13) can be integrated in energies and trajectories
within a given bin determined by the resolution of the
experiment. As mentioned before, we use atmospheric
neutrino data reported by the Super-Kamiokande experi-
ment in reference [94]. This data contains the angular
distribution of events involving electron and muon neutri-
nos, from different energy regimes; the Sub-GeV and Multi-
GeV sample of events with energies below and above
1330 MeV, respectively. Taking into account the trilinear
couplings considered in this article, as well as the minimum
energy available in MCEq, we chose the showering (or
e-like) event sample in the Multi-GeV energy window. The
total events reported in reference [94] correspond to the SK-I
up to the SK-IV data taking periods with a total run of
5,326 days.

T T T T Ty == cos0=01]
108 b S cos = 0.5
E N\ 3
3 N\ - cosf =09 1
£ N ]
107 ¢ E
¥ 10° 10° \\ ]
a0 10t g 10 E
=) ¥ A
&= r g AN
o 00E Ry N 1
£ RN \‘\
£ AN \\
O N
107 g AN AN E
N \
AN \\
1072 & AN 7 \\ 3
\ E
k \ 4
10—3 : TS ETTITY BRSPS TTT MRS TTTR T TTY BT EAArE T By 1y
1073 1071 10! 10 10° 107 10°
A (m]
FIG. 3.  Effective Surface for decay. The expected area of decay

in Super-Kamiokande is shown as a function of the neutralino
decay length for different incoming directions fixed by values of
the cosine of the zenith angle at 0.1 (red line), 0.5 (yellow line),
and 0.9 (green line). A similar result holds for negative values
of cos 6.

The number of events contained in the Multi-GeV range
for the ith bin in the cosine of the zenith angle is computed
with the formula

cos 6;+0.1

N, =Br(#} - e—like)/ dcos@

cos ;0.1
ElTI‘dX dN
X dE e ————, 15
Amm X?edE)??dcosﬁ (13)

where € is the detection efficiency, which for the Multi-
GeV sample is flat in energy with a value of 0.75, while
Ein and E . are equal to 1.5 GeV and 90.5 GeV,
respectively [94]. The background for our search corre-
sponds to the expected e-like events from electron neu-
trinos at SK as reported in reference [94]. As an illustration,
in Fig. 4 we show an example of the expected event signal
generated from neutralino decays, when the couplings 4,
and A},, are both fixed to a value of 0.002, and the
neutralino mass is 0.31 GeV.

IV. RESULTS AND DISCUSSION

The signal computed in Eq. (15) depends on the
neutralino mass and RPV couplings through its lifetime,
branching fraction of production from mesons, and the
fraction of neutralinos that decay to an e-like signal in the
detector. We adopt the distribution for Poisson events,
which implies a chi-squared statistic of the form

)(2 = ZZ [Nci(mj?vﬂ/) +BC[ _DCi

D.
D, 1 o , 16
D, "g(zvc,.(m;?,z')wc,ﬂ (16)
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FIG. 4. Expected events at SK. Distribution of atmospheric
events in Super-Kamiokande for incoming directions fixed by the
cosine of the zenith angle. Data points are shown in black, while
the background is depicted by the cyan line. The signal produced
from the decay of neutralinos generated from kaons is shown in
purple. The signal plus background contribution is shown in
orange. The mass value and RPV couplings are fixed as indicated
in the figure.

where the sum runs over the ten bins in cosine of the zenith
angle, and B, , D.., are the background and data in the ith
bin, respectively. We apply this statistical test to the
SK data and derive constraints at 90% confidence level.
The results for our two benchmark scenarios are displayed
in Figs. 5 and 6.
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There are numerous phenomenological constraints on
the lepton number violating operator A’ ]kL 0 JDC (see [93]
and references therein). In particular, as pointed out in [95],
RPV parameters can be subject to strong constraints due to
their contribution to meson oscillation observables. This is
the strongest bound that applies to the benchmark B1
specified in Table II, where the tree-level contributions to
kaon oscillations induced by that choice of parameters
imply the sneutrino mass dependent bound [96]

m,; 2
21240 €22 %1078 <ﬁ> ) (17)

where m;_ is the sneutrino mass. Our results for B1 are
shown Fig. 5, where we evaluated the limits for a sneutrino
and squark mass of 1 TeV. As it can be seen on the left
panel, the limits imposed by kaon oscillations for degen-
erated sneutrino and squark masses exclude all the param-
eter space within the projected sensitivity reach at SHiP
[32], our limits from SK, and the limit from the Drell-Yan
(DY) monolepton process pp — ¢v at the LHC (labeled as
‘Colliders’) The latter is a single coupling bound for the
parameter A},, given by [97]

(18)

112

where m;, is the strange squark mass, which is also set to
1 TeV to compare with our results. However, since in

107 ———
Super-Kamiokande |
T
=
@ X
O, 1070 | -
et . ]
= Colliders (m; = 1 TeV) i
Tl
500 600 700 800 900 1000
m u [NIQV]

FIG. 5. Limits for benchmark B1. L1m1ts derived at 90% confidence level in the parameter space defined by the neutralino mass my
and the trilinear RPV parameters 4/,,, 4},,. On the left panel, the pink contour indicates the parameter space excluded by SK when the
two RPV couplings are set to the same value, while the dashed line shows the projected SHiP sensitivity reach [32]. On the right panel,
the green contour indicates the excluded parameter space when 1},, # 0 and 4},, = 0. Solid lines indicate constraints from neutral kaon
oscillations [96] in green and DY processes at the LHC (labeled as ‘Colliders’) [97] in black, both evaluated at a sfermion mass of 1 TeV

(for details, see text).
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FIG. 6. Limits for benchmark B2. Limits derived at 90% confidence level in the parameter space defined by the neutralino mass Mo
and the trilinear RPV parameters 4| ,,, 4{,,. On the left panel, the red contours indicate the parameter space excluded by SK when the two
RPV parameters included in B2 have the same value. The different types of lines are used to distinguish the contours obtained with three
different event generators, SYBILL-2.3, QGSJET-II-04, and DPMJET-III. On the right panel, the SYBILL-2 .3 hadronic
interaction model was used to generate three blue contours that indicate the parameter space excluded by SK when both RPV parameters
vary freely. The different shades of blue represent different values of the neutralino mass. Solid lines indicate constraints from kaon
oscillations [96] in green and neutrinoless double beta decay (Ovff) [99] in black. The bounds are evaluated for degenerated sfermion

masses set to a value of 1 TeV.

Super-Kamiokande all the neutralino decay products listed
in Table II are visible as e-like events, we can still have a
signal when the parameter 2/, is set to zero and we are left
with neutral kaons in the final states. In such a case, the
limits from kaon oscillations do not apply (see Fig. 5, right
panel), and we are left with the collider constraint from the
DY dilepton process pp — £7¢~ for the parameter 2),,,
which is given by [97]

™ 1018
TeV o

1 <034+ (19)

where mj is the squark mass. In this case, we find that the
limit obtained from Super-Kamiokande data is better than
the current constraint for the corresponding mass range.

On the other hand, in the case of benchmark B2, there is
also a stringent limit from kaon oscillations on the product
of the parameters, namely [96]

2oal<15x 103 (") 20
il £ 1.5 % 1 Tev ) - (20)

Nevertheless, the most stringent constraint comes from its
contribution to Ovpp. The current limit for the half life of
this process as determined by the Kam[LAND-Zen experi-
ment [98], imposes the upper limit [99]

m-

7o<aax103 (TN (M) o
2 X - s
= 1 TevV) \I TeV

where m; and m; are the masses of the squarks and gluinos,
respectively. To contrast these bounds with our results,
again we set both mass parameters to the value of 1 TeV
(see Fig. 6). Remarkably enough, due to the higher kaon
flux with respect to D-mesons, the limits from Super-
Kamiokande in this parameter space turn out to be more
stringent than the bounds that come from both kaon
oscillations and Ovfp. The excluded parameter space for
this benchmark scenario changes marginally with different
choices of hadronic interaction models, as it can be seen
from the lines that indicate the exclusion region obtained
with each model (see the left panel of Fig. 6). The
difference between the kaon flux obtained with EPOS-
LHC and with our benchmark model SYBILL-2.3 does
not translate to any visible impact in the excluded param-
eter space, therefore we omit its contour in the figure. As a
caveat, we note that the bound shown in Eq. (21) relies
upon the gluino dominance assumption, where the neu-
tralino mass is a fraction of the order of 1072 times the
gluino mass [59].

Finally, we emphasize that our results do not depend on
the value of the sfermion masses. However, the bounds
shown in Egs, (17)—(21) become more strict as sfermion
masses increase and less strict when they are lowered.
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Comparison with lifetime frontier experiments. Limits at 90% confidence level in the plane defined by the total branching ratio

and the proper decay length of the long-lived neutralino. On the left panel, the purple contour shows the limits for SK derived in this
article for benchmark B1, and the colored lines displays the projected sensitivity reach at future experiments for the same benchmark
scenario derived in references [30,32]. On the right panel, the limit obtained using Super-Kamiokande data for the benchmark scenario
B2 is shown. There are no other studies for this case in the literature.

Moreover, in the case where the squarks and sneutrino
masses are kept fixed and the gluino mass is increased, the
bound from Ovff becomes less stringent.

The excluded combinations of values for the neutralino
masses and RPV couplings allow us to determine the
region of the parameter space that can be probed in the
plane defined by the total branching fraction, which is
the production branching ratio of the neutralino times the
branching ratio of its decay to a visible signal, and the
lifetime of the neutralino. The results can be seen in Fig. 7.
Given that for benchmark B1 we are considering the same
production and decay channels as in references [30,32], we
can compare the current region that can be excluded by
Super-Kamiokande, with the sensitivity reach expected for
FASER, and other possible future experiments including
CODEX-b, MATHUSLA and SHiP (left panel of Fig. 7).

In the case where the neutralinos are produced in kaon
decays, there are no studies on the expected sensitivity
reach at the next generation of detectors. The results
obtained in this case demonstrate the great capacity of
the Super-Kamiokande neutrino detector to place stringent
limits for long-lived particles, owed to its ability to probe
particles with lifetimes with a peak sensitivity around
10 km and total branching fractions of order 10~°.

V. CONCLUSIONS

The lifetime frontier has emerged as a powerful line
of exploration to search for beyond the Standard Model
physics, specially in the absence of new signals at the LHC.
R-parity-violating supersymmetry with light, long-lived

neutralinos constitutes a well-motivated scenario for new
physics, with a rich phenomenology that has been gather-
ing attention in recent years. In this work, we demonstrate a
new way to search for long-lived neutralinos with masses of
order 0.1 GeV-1 GeV that could be produced from the
decay of charged D-mesons and kaons in cosmic-ray air
showers, and whose visible decay can take place within
large neutrino detectors such as Super-Kamiokande. We
have analyzed two benchmark scenarios that include the
couplings A},,, 4},,, and 4{,,. In both cases, it is possible to
improve the excluded region in parameter space when
compared to existing constraints from colliders and neu-
trinoless double beta decay. Note, however, that this
comparison requires to fix the mass of the sfermions,
which we set to 1 TeV. An interesting feature about
benchmark B1 is that in this case it is possible to compare
the lifetime range that can be probed using SK data, against
the expected sensitivity reach of next-generation, long-
lived particle detectors. We find that the sensitivity for
Super-Kamiokande peaks for lifetimes of the order of
1.0 km. In the case of the benchmark scenario B2, the
advantage is twofold. On the one hand, there are currently
no searches for light neutralinos produced from kaon
decays. On the other hand, since kaons have a considerably
higher production rate in air showers (as it can be
inferred from Fig. 2), we find that it is possible to probe
neutralinos with lifetimes of the order of hundreds of
kilometers, while also being able to achieve a limit in
i/ m}zc and 1),/ m% of order 10~ GeV~2, assuming these

RPV couplings are equal.

055024-9



CANDIA, COTTIN, MENDEZ, and MUNOZ

PHYS. REV. D 104, 055024 (2021)

When possible, we quantified the uncertainty that results
from the choice of different hadronic interaction models.
This was not possible for the benchmark scenario B1, since
SYBILL-2.3 is the only event generator that provides a
state of the art simulation of charmed mesons. For the case
of the benchmark scenario B2, we find no strong depend-
ence on the hadronic interaction model chosen to simulate
the production of kaons in the atmospheric shower.

Overall, the results found in this study demonstrate
the potential of large neutrino detectors to place limits
on beyond the SM scenarios predicting long-lived particles,
specially when contrasted with supersymmetric searches at
colliders, where signals must be carefully chosen, and
the reinterpretation of results is usually a complicated
task. Finally, we stress that further scenarios can be

pursued systematically along the direction presented in
this work.
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