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The ANITA balloon experiment has observed two EeV-energy, up-going events originating from well
below the horizon. This is puzzling because (i) no standard model (SM) particle is expected to survive
passage through Earth at such energies and incident angles, and (ii) no such events were reported by
IceCube. In this paper, we address both these issues by invoking a beyond-SM interpretation of the EeV
events as due to the decay of a long-lived bino in the R-parity violating (RPV) supersymmetry. In particular,
a TeV-scale slepton/squark can be resonantly produced through the interaction of the EeV neutrino with
electrons/nucleons inside Earth, which decays to a light, long-lived bino that survives the propagation
through Earth matter before decaying back to neutrinos, leptons, and/or quarks, thus producing up-going
air showers in the atmosphere near ANITA. We find that the ANITA events can be explained with a GeV-
scale bino and O(0.1) RPV couplings, which are consistent with all existing high- and low-energy
constraints. We also find that an isotropic neutrino flux is inadequate for a beyond-SM explanation of this
kind, and an anisotropic flux must be invoked. Finally, we also address the apparent tension of these
observations with IceCube. Various aspects of our interpretation are testable in the near future at different
frontiers, such as by the LHC, Belle II, ANITA-IV and IceCube.
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I. INTRODUCTION

The Antarctic Impulsive Transient Antenna (ANITA)
Collaboration has recently reported two anomalous
upward-going ultrahigh energy cosmic ray (UHECR) air
shower events with deposited shower energies of 0.6 4
0.4 EeV and 0.564_’8.‘3 EeV, respectively [1,2]. Both events,
one from ANITA-I [1] and another from ANITA-II [2],
originate from well below the horizon, with elevation
angles of (—27.4 +0.3)° and (—35.0 & 0.3)°, respectively.
They do not exhibit phase inversion due to Earth’s geo-
magnetic effects—a primary characteristic of conventional
down-going UHECR air showers which produce down-
going radio impulses that are reflected off the Antarctic ice
surface. Potential background events from anthropogenic
radio signals that might mimic the UHECR characteristics,
or unknown processes that might lead to a noninverted
polarity on reflection from the ice cap are estimated to
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be <0.015. This leads to 230 evidence for the interpre-
tation of the two anomalous events as due to direct upward-
moving Earth-emergent UHECR-like air showers above the
ice surface [2].

However, such an interpretation faces severe challenges
within the known standard model (SM) framework,
because no SM particle is expected to survive passage
through Earth a chord distance of ~7000 km (correspond-
ing to the observed zenith angles of the two events) at
EeV energies. In particular, the interpretation of these
events as z-lepton decay-induced air showers at or near
the ice surface arising from a diffuse UHE flux of cosmic v,
is strongly disfavored due to their mean interaction length
of only ~300 km. Even including the effect of v, regen-
eration [3-6], the resulting survival probability over the
chord length of the ANITA events with energy greater
than 0.1 BeV is < 107 [7], largely due to z-lepton energy
loss inside Earth because of ionization, e e~ pair produc-
tion, bremsstrahlung, and photonuclear interactions [8§],
thereby excluding the SM interpretation at 5.8¢ confidence.
A possible way out is by invoking significant suppression of
the deep-inelastic neutrino-nucleon cross section above EeV
[9-13] due to gluon saturation at small Bjorken-x < 1076
[14]. This will likely decrease the exponential attenuation
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of the Earth-crossing neutrino flux by at most a factor of
2-3 [15-17], whereas an order of magnitude or more
suppression is needed to explain the two ANITA events.

Another explanation of the anomalous events within the
SM framework was proposed in terms of the transition
radiation from a particle shower crossing the Earth-air
interface and induced by an Earth-skimming neutrino
[18]. In this model, the plane-of-polarization correlation to
geomagnetic angles would be coincidental. Since both
ANITA events are well correlated to the local geomagnetic
angle, and are consistent within 3°-5° of measurement error,
coincidental alignment for both is possible only at the few %
level [2]. Moreover, the diffuse neutrino flux necessary for
this explanation to work is in tension with the current best
limits from the Pierre Auger [19], IceCube [20] and ANITA
[21] data.

Several beyond-SM (BSM) interpretations of the ANITA
anomalous events, such as sterile neutrino mixing [22,23],
heavy dark matter [24,25] and stau [7,26] decays, have also
been discussed. All of these explanations assume that the
showers observed by ANITA were initiated by the hadronic
decays of a 7 lepton. However, a major challenge for any
BSM interpretation in which the ANITA events are initiated
by a decaying 7 lepton is to explain the apparent discrep-
ancy with the null observation of any comparably energetic
and steeply inclined through-going track events at IceCube
[27]," which has been operating at its design sensitivity for
more than nine years, as compared to ANITA’s approx-
imately two months of exposure. With an effective area
of 1 km? (as compared to ANITA’s 4 km?) at EeV energies,
the IceCube exposure is almost 12 times that of ANITA.
Based on this argument, it was pointed out [23] that the
sterile neutrino explanation [22] is in strong tension with
IceCube. The same conclusion holds for the hypothesis
of quasistable dark mater decay inside the Earth [24] and
for the stau-based proposals [7,26]. Moreover, as pointed
out in Ref. [25], given the local dark matter density of
0.3 GeV cm™, the capture rate of an EeV-scale decaying
dark matter is very low, corresponding to one dark matter
decay every 137 years in the entire volume of the Earth.

The assumption that the upward-going showers observed
by ANITA were initiated by z-leptons may be premature,
since it is not clear how the ANITA experiment would
distinguish between showers initiated by different kinds of
particle decays on an event-by-event basis. The decays of a
highly boosted BSM particle directly into hadrons, elec-
trons, or photons would also result in the production of an
impulsive radio cone, and this might give rise to miscali-
brated energy measurement or effective area prediction
when interpreted in terms of a = hypothesis. Moreover, all

'"Though it is worth noting that there are three IceCube events
which could be interpreted as through-going 7 tracks with energy
10 to 100 PeV and inclined at angles 10 to 30 degrees below the
horizontal [7,28].

the BSM scenarios discussed above assume an isotropic
flux of incident neutrinos, which has serious problems
producing the observed arrival directions at ANITA without
overproducing at shallower angles. As we discuss in this
paper, it is difficult to account for the ANITA anomalous
events using an isotropic Greisen-Zatsepin-Kuzmin (GZK)
neutrino flux. We, therefore, consider an anisotropic flux to
fit the ANITA events and show that this is so far consistent
with the existing searches for potential candidate transient
sources in the northern sky.

We then propose a new BSM solution to the ANITA
puzzle in terms of a long-lived neutral particle. In particu-
lar, we advocate a GeV-scale bino in R-parity violating
supersymmetry (RPV-SUSY) as a natural candidate for this
purpose. Our solution has several advantages over the other
BSM explanations entertained earlier:

(i) The RPV couplings allow the on-shell, resonant
production of a TeV-scale squark/slepton from
neutrino-nucleon/electron scattering inside Earth,
thereby naturally enhancing the signal cross section.

(i) The squark/slepton decay inside the Earth can
produce a pure bino which interacts with the SM
fermions only via the U(1), gauge interactions and
heavier supersymmetric particles and, therefore, can
easily travel through thousands of km inside the
Earth without significant energy loss.

(iii) For a suitable, yet realistic, sparticle mass spectrum
and couplings consistent with all existing low- and
high-energy constraints, we find some parameter
space where the bino is sufficiently long-lived (with
proper lifetime of order of ns) and decays to SM
fermions at or near the exit-surface of Earth to
induce the air shower observed by ANITA.

(iv) For LLE-type RPV couplings, the bino decays to a
z-lepton (if kinematically allowed) and electron,
either of which could induce the air shower seen
by ANITA, whereas for LQD-type couplings, the
bino directly decays to quarks and neutrino, which
mimic the SM z-decay. In the latter case, there exists
some parameter space for which no through-going
track events are predicted at IceCube.

II. THE MODEL SETUP

We start with the general trilinear RPV superpotential in
the minimal supersymmetric SM [29],

Wy = %AijkLiLjE; + 2 LiQ;Df + %z;}kU;‘D;Dg, (1)
where L; 3 (v, ¢;);, and Q; D (u;,d;), are the SU(2),-
doublet and U¢, DS, E¢ are the SU(2),-singlet chiral
superfields, and i, j, k = 1, 2, 3 are the generation indices.
Here we have suppressed all gauge indices for brevity. Note
that SU(2), and SU(3). gauge invariance enforces anti-
symmetry of the 4;;; and A7 couplings with respect to their
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FIG. 1. Representative Feynman diagrams for the neutrino-
electron (top) and neutrino-nucleon (bottom) interactions via RH-
sfermion mediation in our RPV-SUSY scenario to produce a
long-lived bino. Similar diagrams exist for LH-sfermion media-
tion, which are not shown here, but included in the calculation.

i, j or j, k indices, respectively. Since we are interested in
the UHE neutrino interactions with matter, we will only
consider the 1 and A'-terms, one at a time.

A. LLE contribution

Let us consider the A terms first. Expanding them in
Eq. (1), we obtain the Lagrangian

1
_ ~ - 5 = Sk =C
Lig= Ellijk[viLekRejL + e errljL + €iplire;L

— (i« j)]+Hec. (2)

With these interactions, we can have new contributions to
the (anti)neutrino-electron scattering inside Earth, as shown
in Fig. 1 (top panel). In particular, given enough energy of
the incoming (anti)neutrino, this will lead to the resonant
production of a left-handed (LH) slepton through the
second term in Eq. (2) and, similarly, a right-handed
(RH) slepton through the third term in Eq. (2). For an
incoming neutrino energy E,, the slepton mass at which the
resonance occurs is simply m; = Vs = /2E,m, [33,34],
where s is the center-of-mass energy. This is reminiscent of
the Glashow resonance in the SM, where an on-shell W
boson is produced from the 7, — e scattering with an initial
neutrino energy of E, = m3,/2m, = 6.3 PeV [35].

Once produced, the slepton can decay back to an electron
and neutrino through the same RPV interaction in Eq. (2) or
to the corresponding lepton and neutralino through gauge
interactions. The slepton might, in principle, be from any
generation, though here we will make the assumption that
the slepton is a stau (7), and also assume the lightest
neutralino ( )((1)) to be much lighter than the stau, so that the

’In the presence of the A’ terms, the A terms can be explicitly
forbidden, e.g., by imposing baryon triality [30], in order to avoid
dangerous proton decay operators [31,32].

decay 7 — 77! is kinematically allowed. All other sparticles
are assumed to be heavier than the stau and do not play any
role in our analysis, except for the gravitino (G), which
could be the lightest supersymmetric particle (LSP) and
plays the role of dark matter in this scenario.’

The cross section for ve — # — 77} production, which
can be approximated by a Breit-Wigner formula close to the
s-pole with s — m2, is given by [33] as

8
OLLE —ZBr(% — ve)Br(t — 7%1)
mz
_ 8z |Aijl*g
mz (|dize> + g°)*

(3)

where ¢ = e/cos8,, is the U(1), gauge coupling (e being
the electromagnetic coupling and 6,, the weak mixing
angle), and j=1, k=3 or vice versa, depending on
whether it is the RH or LH-slepton resonance, respectively.
The index i for the incoming neutrino is free and we will
assume a democratic flux ratio 1:1:1 for v,:v, v, and
similarly for antineutrinos, as expected for a typical
astrophysical neutrino flux with 1:2:0 flavor composition
at the source [37].

We assume the bino is long-lived enough to survive its
passage through Earth, before decaying close to or at the
surface of exit. It can decay back to the z-lepton and an
off-shell stau, leading to a three-body final state: 79 —
7t7*~ — e~ D, In principle, the up-going shower may be
initiated either directly by the electron, or by the subsequent
decay of the 7, as shown schematically in Fig. 2. In the limit
My <K Mz, the three-body decay rate can be estimated as

5

2 2m3
0y 9 AT
L(7) >t etD) s m?f .

(4)

According to the geometry shown in Fig. 2, the incident
neutrino travels a short distance /; inside Earth, and the
remaining distance /, is traveled by the bino. In the limit
[y < [, we can approximate [, as the chord length of
~7000 km required for the two ANITA events, which
translates into the mean lifetime of bino in the lab frame

as T)];})b ~ 0.022 s. From the decay kinematics of the event,

1
we estimate that the incoming neutrino energy should be

roughly four times the detected energy at ANITA. Given
that the two ANITA events had an average energy of
0.5 EeV, the initial neutrino energy should be E, ~ 2 EeV.
Then the resonance condition fixes the stau mass:
m; = /2E,m, ~2 TeV. Substituting this in Eq. (4), we
find that for a typical value of || ~0.1, as allowed by
current experimental constraints [38], one needs a light

3Gravitino LSP and bino next-to-LSP (NLSP) can be realized,
e.g., in natural gauge mediation without gaugino unification [36].
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FIG. 2. A sketch of our model setup. The incoming UHE
neutrino interacts with electron or quark inside the Earth within a
distance /; and produces a bino through the diagrams shown in
Fig. 1. The bino travels a distance [,, before decaying to ve~ 7+ or
vqq close to the surface, which induces the air shower seen by
ANITA. Here, [, is the total distance between the point where the
UHE neutrino enters Earth to the ANITA detector, located at a
height i above Earth’s surface, and 0 is the incoming angle of the
neutrino with respect to the vertical direction.

bino of mass Mo ~ 8 GeV. A more accurate calculation
1

of the allowed range in the (myp.|A|) plane, taking into
account all statistical interaction/decay probabilities for the
neutrino, bino and tau, will be presented in a later section.

We should mention here that for gravitino LSP and bino
NLSP, the bino can also have a two-body decay into a
photon and a gravitino via its photino component and the
decay rate is given by [39]

3
29 m
~ cos- 4, "0

T = 6r) = oo
4871’M%,] xg/z

(1- x§/2)3(1 + 3x§/2), (5)

where x3/, = mg/ m. The photon can also initiate the air
shower, but as mentioned above, we will only consider the =
final state. For the parameter space we work with, the three-
body decay rate given by Eq. (5) is larger than the two-body
decay rate given by Eq. (4) for very light gravitino with
mass mg < 0.1 eV, which is actually preferred by cosmol-
ogy [40]. In particular, our scenario is naturally free from
the cosmological gravitino problem [41] and consistent
with cosmological constraints, such as from Lyman-a
forest [42], cosmic microwave background (CMB) lensing
and large-scale structure [43].

B. LOD contribution

Now we consider the 4’ terms in Eq. (1) which, when
expanded, lead to the Lagrangian

— 2 (D d.. d d5 7
Lrop = ’lijk[yiLddejL +dj dgyir + digtipd;
~ ~ 5 k=
— & dyguyy, — ity dyge;, — digefu; ] + Hee.

(6)

These interactions will contribute to the neutrino-nucleon
scattering mediated by either s or u-channel exchange of
a down-type squark, as shown in Fig. 1 (bottom panel).
For simplicity, we only consider the first-generation squark
in the intermediate state. As for the initial state quarks, both
d and s quark contributions turn out to be comparable.
However, due to stringent constraints on the product
v k’i}zk <5x 107 from K-meson decays [29], we will
consider either the down-quark or the strange-quark in the
initial state separately, but not both simultaneously. In
particular, we will only consider the 4}; couplings with
j=1, 2 and k=1 for RH down-squark. After being
resonantly produced, the bino will have a three-body decay
via off-shell down-type squark: 79 — ddv and 79 — ude.
In this case, the final-state quarks from the three-body bino
decay hadronize to either pions or kaons, mimicking the
hadronic shower induced by the z. All other supersym-
metric particles (except for the bino NLSP and gravitino
LSP) are assumed to be heavier and not to play any role in
our analysis.

The total differential cross section for the (anti)neutrino-
nucleon interactions can be written in terms of the Bjorken
scaling variables x = Q?/2myE!, and y = E| /E,, where
my = (m, + m,)/2 is the average mass of the proton and
neutron for an isoscalar nucleon, —Q? is the invariant
momentum transfer between the incident neutrino and
outgoing bino, and E, = E, — E)?(]; is the energy loss in
the laboratory frame. Keeping only the dominant s-channel
contributions, we obtain [33]

dojop  myE, W‘jk|zglz [ 4xf4(x, 0?)
dxdy 16z 18  |(xs— m%lk)2 + m?lRI%R
xfa(xv QZ) :| (7)
(xs — mi)2 + mil"i ’

dojop _ myE, il xfa(x, Q%)
dxdy lox 18  [(xs— m?iL)2 + m%LI%L
4xfa(x. 0%) ]

+
(xs — m%R)2 + méRFéR

(8)

where s = 2myE, is the squared center-of-mass energy,
and f,, f; are the PDFs for down and antidown quark
within the proton, respectively. The Breit-Wigner reso-
nance is regulated by the squark widths®

“The RH down-squark has two RPV decay modes: dig =
virdj, ejpuj, whereas the LH down-squark has only one:

dy, — vipdjg. Similarly, for the R-parity conserving decays
d— d7), the RH squark coupling is twice that of the LH squark
(due to different hypercharges).
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Note that the resonance condition is satisfied for the
incoming neutrino energy E, = m3/2me, but due to
the spread in the initial quark momentum fraction
x € [0, 1], the resonance peak is broadened and shifted
above the threshold value E} = mZ/2my, unlike the LLE

case where the resonance was much narrower. This is one
of the reasons why the LOD case allows for a larger
parameter space than the LLE case in explaining the
ANITA events, as we show in the next section.

III. EVENT RATE

We estimate the total number of expected events in the
following way,

E,
N:/ dev<Aeff'AQ>'T'q)w (11)
E;

where AE' = E; — E; is the incident neutrino energy range
that gives rise to the resonance, ®,(E,) is the incoming
neutrino flux, 7 = 53 days is the total effective exposure
time for the reported three flights of ANITA,’ and (A - AQ)
is the effective area integrated over the relevant solid angle,
averaged over the probability for interaction and decay to
happen over the specified geometry shown in Fig. 2.

For the LLE case, since the resonance is very narrow, we
can evaluate the energy integral [ dE, at the resonance
energy E, = m% /2m, with the energy spread AE =
2Imz/m, ~0.05 EeV. The integrated effective area is
defined as

dl IS
Aty AQ) = 702 / dfdd¢ tan 6 / 20 o st
0 BSM
o=l dl, _—
X/ 1 2 e ldecay(ltot — ll _ 12)2, (12)
lot=D—1; ldecay

where [;, [, are the distance traveled by v and )?(1),
respectively, and [ is the total distance from neutrino
entering Earth to the detector, @ is the angle between the
travel path and the vertical direction as defined before in
Fig. 2, D is the distance between the bino’s decay point to

>This corresponds to the combination of 17.25, 28.5 and
7 days of effective full-payload exposure time for ANITA-I,
ANITA-II and ANITA-III, respectively, based on the experi-
mental analysis given in Refs. [1,2,44]. We have included the
ANITA-II exposure time, even though it did not use a dedicated
trigger algorithm sensitive to these events [1].

30 Bound : Anisotropic

30 Bound : Isotropic

m;rll =8 GeV
Ak = 0.2

10"

FIG. 3. The minimum neutrino flux needed to explain the two
ANITA events at 3¢ confidence for an isotropic (blue shaded) and
anisotropic (red shaded) area. The grey curve is the 90% con-
fidence level (CL) upper bound on the GZK flux from IceCube
[20]. Here, we have chosen My = 8 GeV and 4;;; = 0.2.

the detector, 0, ~ 0.015 is the Cherenkov cone angle, and
Ism and [ggy stand for the neutrino interaction lengths in
the SM and BSM case, respectively. The interaction length
can be generically written as [j,, ~ 1/(6N,p), where Ny
is the Avogadro number, p is the density and o is the
interaction cross section. In our case, lggy i a function of
the new physics parameters 4;; and m;. Including the
7-lepton decay probability would modify Eq. (12) to the
following,

oo dl;  _j (1 4 1
(A AQ) = 767 / dOdg¢ tan 0 / L o Tt
0o Ipsm

Loy dlz ) D dl3 _ B
X —e [dccay e [dCCGYJ
L=y =D ldecay 0 ldecay.r

X (Loy = 1 —12—13)2, (13)

where ljecay - 18 the decay length of 7.

A quick test could be done to see if the GZK flux would
be strong enough to provide the required number of events.
Taking a benchmark point m; = 8 GeV and 4;; = 0.2, the
flux needed to generate two events at 3¢ confidence (with
Poisson distribution) is shown in Fig. 3. The blue shaded
region corresponds to the isotropic flux needed to match
ANITA events within 3. Thus, we need an isotropic flux
as strong as ~5 x 1072 (GeV cm? s sr)~!, at least 3 orders
of magnitude larger than the GZK upper limit ~2.2 x
10726 (GeV cm? s sr)~! at EeV level [20], shown as the
grey curve in Fig. 3. Therefore, under this RPV-SUSY bino
scenario, GZK flux is disfavored as the source of UHE
neutrinos at more than 3o CL.
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FIG. 4. The 3¢ preferred region (yellow shaded) explaining the ANITA anomalous events in our RPV-SUSY framework for an
average anisotropic neutrino flux of 2 x 1072° (GeV cm? s sr)~!. The left panel is for the LLE case with a stau mass of m; = 2 TeV,
and the right panel is for the LQD case with a down-squark mass of m3; = 1 TeV. In the right panel, the dashed contours are for v — s
initial state, while the solid contours are for v — d initial state. The dashed blue line in each plot corresponds to the mean lifetime of the

bino 712 =
X1

0.022 s, obtained from setting the ) decay length to match the average chord length. The horizontal shaded areas are the

excluded regions for single RPV couplings from low-energy experiments [38]. The vertical shaded regions are the kinematically

forbidden regions for the bino decay considered here.

The challenge in explaining the ANITA event rate in
terms of an isotropic GZK flux is quite general. Given the
GZK upper limit of ~50 EeV beyond which the UHECR
flux is suppressed due to interactions of UHECRs with relic
photons [45,46] and noting that the average neutrino energy
is roughly 5%—10% of the primary CR energy [47], we can
integrate the projected differential GZK flux given in
Ref. [48] from 0.1 up to 5 EeV, and use Eq. (11), with
AQ = 27 and writing A = (4 km?) x € where 4 km? is
the inferred area of the radio cone for the observed ANITA
events and ¢ is interpreted as a conversion efficiency for
incoming neutrinos into observed upward-going events at
ANITA. We find a predicted event rate of N ~ 600¢e. Two
events at ANITA, therefore, suggest € ~3 x 1073, Under
the hypothesis that the event is initiated by a long-lived
particle with yct ~ Rg,, Which decays below an altitude of
10 km after emerging from Antarctica (otherwise the air
density drops rapidly and the shower does not fully develop
before it reaches ANITA), there is already a suppression
factor in e which goes like (10 km)/Rpupm =2 x 1073,
Similarly, if the events are due to a decaying z which
has been produced in the collision between a highly
energetic weakly interacting particle with scattering length
1/(6N ayp) ~ Rgamn and a nucleus in the Antarctic crust or
ice within 10 km of the surface, there is also the same
suppression factor. This is before considering the produc-
tion cross section for the long-lived particle in a v-N
collision in the northern hemisphere and any additional
branching ratio suppression.

We can still consider anisotropic sources for the incom-
ing neutrinos. In this case, the solid angle considered now
(~0.00077, defined using the uncertainty of angles in the
ANITA events [2]) is much smaller than the solid angle in
the isotropic case (~1.3z). Therefore, to get the same

amount of events, the angular averaged anisotropic flux
needed will become even larger than the isotropic flux,
which is shown in Fig. 3 as the red area. Due to the angular
average effect, we can see that the required anisotropic flux
is at least 2 orders of magnitude larger than the corre-
sponding isotropic flux, i.e., ~1072° (GeV cm?® s sr)~!.
According to Refs. [49-53], such a large flux could, in
principle, come from a transient point source, such as a
blazar, supernova burst, gamma-ray burst, or starburst
galaxy, in the northern sky. In Refs. [51,52], upper bounds
on the strength of the neutrino flux from point sources in
the north sky are given as ~3.2 x 1072° (GeV cm? s sr)~!
around 0.5 EeV. The ANITA Collaboration [2] also
considered the transient source possibility for their anoma-
lous events and, in fact, found a supernova candidate well
within their expected angular uncertainty in the sky. The
current and future ground arrays, such as Pierre Auger,
Telescope Array (TA), AugerPrime and TA x 4 should be
able to shed more light on these transient sources [54].
Assuming the average strength of the anisotropic sources
being @, ~2 x 1072° (GeV c¢m? s sr)~! with the mass of
the RPV-SUSY mediator stau at m; =2 TeV, we use
Egs. (3) and (11) and perform a statistical analysis to find
the 30 favored region of the parameter space in the
(Aijis m)-(?) plane, which is shown in the left panel of

Fig. 4 as the yellow shaded region. The dashed blue line
shows the relation between the parameters once we set the
bino decay length to be exactly the maximum distance
traveled inside Earth, which corresponds to a mean lab-

frame lifetime of 72> ~ 0.022 s. The horizontal purple and
7

1
red shaded regions in Fig. 4 are excluded from the R,

measurements [38]. The vertical shaded region is the
kinematically forbidden region for the bino to decay into
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a 7-lepton. Combining all the constraints, we find a window
with ;31 ~0.3 and My ~ 8 GeV for the new physics

parameters to explain the events observed by ANITA.
The stau mass is roughly fixed to lie in the 1-2 TeV region
by the requirement that m; = /s = \/2m,E,, and that E,
should be a few times larger than the observed cosmic ray
energy of 0.2-1 EeV. Such a particle may be observed in
current or future collider experiments. The current LHC
lower limits on the stau mass in the RPV-SUSY scenario is
about 500 GeV, derived from multilepton searches [55].

As for the LOD case, we can do a similar calculation as
for the LLE case described above, except that we can no
longer replace the energy integral in Eq. (11) by a delta
function, due to a much broader resonance [cf. Egs. (7)
and (8)]. Our results for the 3o preferred region are
shown in the right panel of Fig. 4 (yellow shaded region)
for both v —d (solid contours) and v —s (overlapping
dashed contours) initial states. The vertical shaded regions
are the kinematically forbidden regions for the bino to
decay into pions or kaons, corresponding to the A/, or 4,,
scenario, respectively. The horizontal shaded regions
bounded by the purple and blue solid lines are excluded
from the V,; and R,, measurements, respectively [38],
which constrain the v — d scenario. Similarly, the shaded
regions bounded by the red and yellow dashed lines are
excluded from the Q,, and R, measurements, respectively
[38], which constrain the v — s scenario. Here we have
chosen the RH down-squark mediator mass as my=1TeV.
We do not include the LH squark contribution, because
according to our estimates, the production cross section for
a 1-TeV RH down-squark at the /s = 13 TeV LHC is
6.2 tb, which is safely below the current upper limit of
13.5 fb [56]. Including the LH squark contribution
increases the cross section to 15.5 fb. The black and green
shaded regions in Fig. 4 are the exclusion regions based on
a recent update of the LHC constraints on the LQD
couplings 25, and on 15,,, respectively [57].

Based on these bounds, we find that there is allowed
parameter space at 3¢ for the 1},, scenario (v — s initial
state), whereas for the 1}, scenario (v — d initial state),
there is a smaller 3¢ range with 2;;, ~0.07-0.1 and My ~

7-10 GeV allowed. Increasing the squark mass moves the
30 contours to larger A’ values, which are excluded by the
V.q and Q,, measurements [38]. Thus, we predict that if
our LOD-type RPV-SUSY interpretation of the ANITA
events is correct, then a TeV-scale squark should be soon
found at the LHC. Another independent test of the allowed
parameter space shown in Fig. 4 might come soon from the
Belle II upgrade [58], which could significantly improve
the R, measurements.

Note that there is no LEP limit on our light bino scenario,
because the Z decay to binos is forbidden at the tree level.
In fact, there is no lower limit for the bino mass, as long as
it is not the dark matter candidate [59]. Similarly, the
stringent cosmological bounds on RPV couplings from the

requirement that any baryon or lepton number violating
interactions in equilibrium down to the electroweak scale
could spoil the mechanism of baryogenesis due to fast
electroweak sphaleron processes [60] can be avoided in our
setup, because the mediator slepton/squark mass is at the
TeV-scale and a low-scale baryogenesis could happen after
they freeze out.

IV. ICECUBE SIGNATURES

Explanations for the ANITA anomalous events which
proceed via the decay of a 7 lepton predict the presence of
through-going track events at IceCube. While a few events
exist which may be interpreted as being of this kind [7,28],
their energies are 1 to 2 orders of magnitude smaller than
those inferred for the events at ANITA. It is, therefore,
worth exploring models which predict fewer or no through-
going track events at IceCube. For both of the models
presented in Sec. II, only a fraction of events will proceed
via a 7 decay. A variation on the LQD model may produce
no ice-penetrating charged lepton signature at all. For
example, a model making use of a L;Q;D; vertex would
mean no 5((1) — td,¢; decay for myo < my, while a L, Q; Dy
would lead to an electron which does not penetrate ice.
In this case, the leading IceCube signature is 7} decay
within the volume of the IceCube detector, which is
suppressed in rate compared to ANITA by an additional
factor of hyc/hanta ~ 1/10, in comparison with the
through-going track signature.

V. CONCLUSION

We have explored a RPV-SUSY interpretation of the
two anomalous up-going air showers seen by ANITA. In
our framework, the UHE neutrino interacts with Earth
matter to resonantly produce a squark/slepton, which then
decays to a long-lived bino, whose decay products are
responsible for the up-going air shower. We considered
both LLE and LQD-type interactions and our main results
are given in Fig. 4. We find that a light bino of a few GeV
mass and the RPV couplings of order 0.1 provide the best-
fit solution to the ANITA events. In the LLE case, a stau
of mass around 2 TeV, and in the LQD case, a down-type
squark of mass around 1 TeV are predicted, which should
be accessible by the next run of the LHC. The Belle II
upgrade will provide a complementary low-energy probe
of the allowed parameter space. Our hypothesis could be
completely tested with more events at ANITA-IV (and
beyond), as well as by IceCube in the future. It would be
remarkable if weak-scale supersymmetry were discovered
in such an unexpected way.

ACKNOWLEDGMENTS

We gratefully acknowledge useful discussions with
Dave Besson, Bob Binns, Slava Bugaev, JJ Cherry, Tony
Gherghetta, Marty Israel, Kunio Kaneta, Doug McKay,

043009-7



COLLINS, DEYV, and SUI

PHYS. REV. D 99, 043009 (2019)

Keith Olive and Brian Rauch and collaboration in the early
stages of this work with Kim Berghaus and Ofri Telem.
J.H.C. and B.D. acknowledge the local hospitality at
Washington University and University of Maryland,
respectively, where part of this work was done. The work

of J.H.C. was supported in part by National Science
Foundation Grant No. PHY-1620074 and the Maryland
Center for Fundamental Physics. The work of B.D. and
Y. S. is supported by the U.S. Department of Energy under
Grant No. DE-SC0017987.

[1] P. W. Gorham et al. (ANITA Collaboration), Phys. Rev. Lett.
117, 071101 (2016).

[2] P. W. Gorham et al. (ANITA Collaboration), Phys. Rev. Lett.
121, 161102 (2018).

[3] F. Halzen and D. Saltzberg, Phys. Rev. Lett. 81, 4305
(1998).

[4] E. Bugaev, T. Montaruli, Y. Shlepin, and I. A. Sokalski,
Astropart. Phys. 21, 491 (2004).

[5] O.B. Bigas, O. Deligny, K. Payet, and V. Van Elewyck,
Phys. Rev. D 78, 063002 (2008).

[6] Y.S. Jeong, M. V. Luu, M. H. Reno, and I. Sarcevic, Phys.
Rev. D 96, 043003 (2017).

[7] D.B. Fox, S. Sigurdsson, S. Shandera, P. Mszros, K.
Murase, M. Mostaf, and S. Coutu, arXiv:1809.09615.

[8] J. Alvarez-Muniz, W.R. Carvalho, K. Payet, A. Romero-
Wolf, H. Schoorlemmer, and E. Zas, Phys. Rev. D 97,
023021 (2018).

[9] A. Connolly, R. S. Thorne, and D. Waters, Phys. Rev. D 83,
113009 (2011).

[10] C.Y. Chen, P.S.B. Dev, and A. Soni, Phys. Rev. D 89,
033012 (2014).

[11] J. L. Albacete, J. I. Illana, and A. Soto-Ontoso, Phys. Rev. D
92, 014027 (2015).

[12] M. Bustamante and A. Connolly, Phys. Rev. Lett. 122,
041101 (2019).

[13] V. Bertone, R. Gauld, and J. Rojo, J. High Energy Phys. 01
(2019) 217.

[14] E.M. Henley and J. Jalilian-Marian, Phys. Rev. D 73,
094004 (2006).

[15] N. Armesto, C. Merino, G. Parente, and E. Zas, Phys. Rev.
D 77, 013001 (2008).

[16] A.Y.Illarionov, B. A. Kniehl, and A. V. Kotikov, Phys. Rev.
Lett. 106, 231802 (2011).

[17] V.P. Goncalves and D. R. Gratieri, Phys. Rev. D 92, 113007
(2015).

[18] P. Motloch, J. Alvarez-Muiz, P. Privitera, and E. Zas, Phys.
Rev. D 95, 043004 (2017).

[19] A. Aab et al. (Pierre Auger Collaboration), Phys. Rev. D 91,
092008 (2015).

[20] M. G. Aartsen et al. (IceCube Collaboration), Phys. Rev. D
98, 062003 (2018).

[21] P. W. Gorham et al. (ANITA Collaboration), Phys. Rev. D
98, 022001 (2018).

[22] J.F. Cherry and 1. M. Shoemaker, arXiv:1802.01611.

[23] G.y. Huang, Phys. Rev. D 98, 043019 (2018).

[24] L. A. Anchordoqui, V. Barger, J. G. Learned, D. Marfatia,
and T.J. Weiler, Lett. High Energy Phys. 1, 13 (2018).

[25] E. Dudas, T. Gherghetta, K. Kaneta, Y. Mambrini, and K. A.
Olive, Phys. Rev. D 98, 015030 (2018).

[26] A. Connolly, P. Allison, and O. Banerjee, arXiv:1807
.08892.

[27] M. G. Aartsen et al. (IceCube Collaboration), arXiv:1710
.01191.

[28] M. D. Kistler and R. Laha, Phys. Rev. Lett. 120, 241105
(2018).

[29] R. Barbier et al., Phys. Rep. 420, 1 (2005).

[30] L. E. Ibanez and G. G. Ross, Phys. Lett. B 260, 291 (1991).

[31] A.Y. Smirnov and F. Vissani, Phys. Lett. B 380, 317 (1996).

[32] P. Nath and P. Fileviez Perez, Phys. Rep. 441, 191 (2007).

[33] M. Carena, D. Choudhury, S. Lola, and C. Quigg, Phys.
Rev. D 58, 095003 (1998).

[34] P.S. B. Dev, D. K. Ghosh, and W. Rodejohann, Phys. Lett.
B 762, 116 (2016).

[35] S.L. Glashow, Phys. Rev. 118, 316 (1960).

[36] J. Barnard, B. Farmer, T. Gherghetta, and M. White, Phys.
Rev. Lett. 109, 241801 (2012).

[37] J.G. Learned and S. Pakvasa, Astropart. Phys. 3, 267
(1995).

[38] Y. Kao and T. Takeuchi, arXiv:0910.4980.

[39] L. Covi, J. Hasenkamp, S. Pokorski, and J. Roberts, J. High
Energy Phys. 11 (2009) 003.

[40] H. K. Dreiner, M. Hanussek, J. S. Kim, and S. Sarkar, Phys.
Rev. D 85, 065027 (2012).

[41] T. Moroi, H. Murayama, and M. Yamaguchi, Phys. Lett. B
303, 289 (1993).

[42] M. Viel, J. Lesgourgues, M. G. Haehnelt, S. Matarrese, and
A. Riotto, Phys. Rev. D 71, 063534 (2005).

[43] K. Osato, T. Sekiguchi, M. Shirasaki, A. Kamada, and N.
Yoshida, J. Cosmol. Astropart. Phys. 06 (2016) 004.

[44] H. Schoorlemmer et al., Astropart. Phys. 77, 32 (2016).

[45] K. Greisen, Phys. Rev. Lett. 16, 748 (1966).

[46] G.T. Zatsepin and V. A. Kuzmin, JETP Lett. 4, 78 (1966).

[47] S.R. Kelner, F. A. Aharonian, and V. V. Bugayov, Phys.
Rev. D 74, 034018 (2006); 79, 039901(E) (2009).

[48] K. Kotera, D. Allard, and A. V. Olinto, J. Cosmol. Astropart.
Phys. 10 (2010) 013.

[49] O. Kalashev, D. Semikoz, and 1. Tkachev, J. Exp. Theor.
Phys. 120, 541 (2015).

[50] I. B. Jacobsen, K. Wu, A. Y. L. On, and C. J. Saxton, Mon.
Not. R. Astron. Soc. 451, 3649 (2015).

[51] S. Adrian-Martinez et al. (ANTARES and IceCube Collab-
orations), Astrophys. J. 823, 65 (2016).

[52] M. G. Aartsen et al. (IceCube Collaboration), Astrophys. J.
835, 151 (2017).

043009-8


https://doi.org/10.1103/PhysRevLett.117.071101
https://doi.org/10.1103/PhysRevLett.117.071101
https://doi.org/10.1103/PhysRevLett.121.161102
https://doi.org/10.1103/PhysRevLett.121.161102
https://doi.org/10.1103/PhysRevLett.81.4305
https://doi.org/10.1103/PhysRevLett.81.4305
https://doi.org/10.1016/j.astropartphys.2004.03.002
https://doi.org/10.1103/PhysRevD.78.063002
https://doi.org/10.1103/PhysRevD.96.043003
https://doi.org/10.1103/PhysRevD.96.043003
http://arXiv.org/abs/1809.09615
https://doi.org/10.1103/PhysRevD.97.023021
https://doi.org/10.1103/PhysRevD.97.023021
https://doi.org/10.1103/PhysRevD.83.113009
https://doi.org/10.1103/PhysRevD.83.113009
https://doi.org/10.1103/PhysRevD.89.033012
https://doi.org/10.1103/PhysRevD.89.033012
https://doi.org/10.1103/PhysRevD.92.014027
https://doi.org/10.1103/PhysRevD.92.014027
https://doi.org/10.1103/PhysRevLett.122.041101
https://doi.org/10.1103/PhysRevLett.122.041101
https://doi.org/10.1007/JHEP01(2019)217
https://doi.org/10.1007/JHEP01(2019)217
https://doi.org/10.1103/PhysRevD.73.094004
https://doi.org/10.1103/PhysRevD.73.094004
https://doi.org/10.1103/PhysRevD.77.013001
https://doi.org/10.1103/PhysRevD.77.013001
https://doi.org/10.1103/PhysRevLett.106.231802
https://doi.org/10.1103/PhysRevLett.106.231802
https://doi.org/10.1103/PhysRevD.92.113007
https://doi.org/10.1103/PhysRevD.92.113007
https://doi.org/10.1103/PhysRevD.95.043004
https://doi.org/10.1103/PhysRevD.95.043004
https://doi.org/10.1103/PhysRevD.91.092008
https://doi.org/10.1103/PhysRevD.91.092008
https://doi.org/10.1103/PhysRevD.98.062003
https://doi.org/10.1103/PhysRevD.98.062003
https://doi.org/10.1103/PhysRevD.98.022001
https://doi.org/10.1103/PhysRevD.98.022001
http://arXiv.org/abs/1802.01611
https://doi.org/10.1103/PhysRevD.98.043019
https://doi.org/10.31526/LHEP.1.2018.03
https://doi.org/10.1103/PhysRevD.98.015030
http://arXiv.org/abs/1807.08892
http://arXiv.org/abs/1807.08892
http://arXiv.org/abs/1710.01191
http://arXiv.org/abs/1710.01191
https://doi.org/10.1103/PhysRevLett.120.241105
https://doi.org/10.1103/PhysRevLett.120.241105
https://doi.org/10.1016/j.physrep.2005.08.006
https://doi.org/10.1016/0370-2693(91)91614-2
https://doi.org/10.1016/0370-2693(96)00495-9
https://doi.org/10.1016/j.physrep.2007.02.010
https://doi.org/10.1103/PhysRevD.58.095003
https://doi.org/10.1103/PhysRevD.58.095003
https://doi.org/10.1016/j.physletb.2016.08.066
https://doi.org/10.1016/j.physletb.2016.08.066
https://doi.org/10.1103/PhysRev.118.316
https://doi.org/10.1103/PhysRevLett.109.241801
https://doi.org/10.1103/PhysRevLett.109.241801
https://doi.org/10.1016/0927-6505(94)00043-3
https://doi.org/10.1016/0927-6505(94)00043-3
http://arXiv.org/abs/0910.4980
https://doi.org/10.1088/1126-6708/2009/11/003
https://doi.org/10.1088/1126-6708/2009/11/003
https://doi.org/10.1103/PhysRevD.85.065027
https://doi.org/10.1103/PhysRevD.85.065027
https://doi.org/10.1016/0370-2693(93)91434-O
https://doi.org/10.1016/0370-2693(93)91434-O
https://doi.org/10.1103/PhysRevD.71.063534
https://doi.org/10.1088/1475-7516/2016/06/004
https://doi.org/10.1016/j.astropartphys.2016.01.001
https://doi.org/10.1103/PhysRevLett.16.748
https://doi.org/10.1103/PhysRevD.74.034018
https://doi.org/10.1103/PhysRevD.74.034018
https://doi.org/10.1103/PhysRevD.79.039901
https://doi.org/10.1088/1475-7516/2010/10/013
https://doi.org/10.1088/1475-7516/2010/10/013
https://doi.org/10.1134/S106377611503022X
https://doi.org/10.1134/S106377611503022X
https://doi.org/10.1093/mnras/stv1196
https://doi.org/10.1093/mnras/stv1196
https://doi.org/10.3847/0004-637X/823/1/65
https://doi.org/10.3847/1538-4357/835/2/151
https://doi.org/10.3847/1538-4357/835/2/151

R-PARITY VIOLATING SUPERSYMMETRIC EXPLANATION ... PHYS. REV. D 99, 043009 (2019)

[53] P. Mertsch, M. Rameez, and I. Tamborra, J. Cosmol. [57] S. Bansal, A. Delgado, C. Kolda, and M. Quiros, arXiv:

Astropart. Phys. 03 (2017) O11. 1812.04232.
[54] T. Fujii, arXiv:1810.06678. [58] E. Kou et al. (Belle II Collaboration), arXiv:1808.10567.
[55] G. Aad et al. (ATLAS Collaboration), Phys. Rev. D 90, [59] H. K. Dreiner, S. Heinemeyer, O. Kittel, U. Langenfeld, A.
052001 (2014). M. Weber, and G. Weiglein, Eur. Phys. J. C 62, 547 (2009).
[56] M. Aaboud et al. (ATLAS Collaboration), Phys. Rev. D 97, [60] B. A. Campbell, S. Davidson, J.R. Ellis, and K. A. Olive,
112001 (2018). Phys. Lett. B 256, 484 (1991).

043009-9


https://doi.org/10.1088/1475-7516/2017/03/011
https://doi.org/10.1088/1475-7516/2017/03/011
http://arXiv.org/abs/1810.06678
https://doi.org/10.1103/PhysRevD.90.052001
https://doi.org/10.1103/PhysRevD.90.052001
https://doi.org/10.1103/PhysRevD.97.112001
https://doi.org/10.1103/PhysRevD.97.112001
http://arXiv.org/abs/1812.04232
http://arXiv.org/abs/1812.04232
http://arXiv.org/abs/1808.10567
https://doi.org/10.1140/epjc/s10052-009-1042-y
https://doi.org/10.1016/0370-2693(91)91795-W

