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Compatibility of experimental data + ANITA viewpoint Mysterious ANITA events

 2 unusual upgoing showers 
E ~(600 ± 400) PeV 

E ~(560 ± 300) PeV
characteristics of        events

      ~ 62.6◦  and      ~55◦ 

create tension with SM �⌫N

✓n ✓n

D = 2R� cos ✓n

propagating chord distance through Earth

ANITA Collaboration’18

(angular uncertainty ~ 1.5◦) 

⌫⌧

BUT  ☛ arrival nadir angles 
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FIG. 1: Neutrino interaction length Lint in rock as a function
of neutrino energy.

the CTEQ6 parton distribution functions (PDFs)[24].
At ultra-high energies, there is a competing effect in

the neutrino-nucleon cross section as a function of Q2 =
−q2 > 0, the quantity describing the four-momentum
squared of the vector boson. PDFs increase as a func-
tion of lnQ2 [25], however, the vector boson propagator
effectively cuts off the growth in Q2 at the vector boson
mass. For charged current scattering, this means that the
value of parton x ≡ Q2/2p ·q for nucleon four-momentum
p is approximately

x ∼ M2
W

MEν
(1)

in terms of the incident neutrino energy Eν , nucleon mass
M and W boson mass MW . For Eν = 1012 GeV, one
finds that x ∼ 10−8.

The CTEQ6 PDFs are parameterized for 10−6 < x <
1, so one must extrapolate for smaller values of x. The
PDFs at small values of parton x (x < 10−6) are extrap-
olated here using a power law xq(x, Q2) ∼ x−λ matched
to DGLAP evolved PDFs at xmin = 10−6:

xq(xmin, M2
W ) = Ax−λ

min . (2)

This approach is based on the result [26] that for λ ∼
0.3 − 0.4, the gluon PDF has the approximate form of
xg(x, Q) ∼ x−λ, and g → qq̄ splitting is responsible for
the sea quark distributions that dominate the cross sec-
tion at ultra-high energies. We show in Fig. 1 the neu-
trino interaction length in rock. Other approaches to
the small x extrapolations for ultra-high energy neutrino
cross sections yield similar interaction lengths [27], to
within a factor of approximately 2±1 at 1012 GeV.

The differential distribution for neutrino nucleon scat-
tering in terms of the lepton inelasticity y,

y ≡ Eν − Ei
τ

Eν
, (3)

is evaluated similarly. We indicate the energy of the
tau at the point of its production by Ei

τ . The neu-
trino interaction probability and resulting tau energy is
evaluated using a one-dimensional Monte Carlo program.
In our analytic approximations described below, we use
⟨y⟩ ≃ 0.2, which is approximately correct at ultra-high
energies [22]. An indication of this is shown by the solid
line in Fig. 2, which shows the ratio of the average tau
energy to the initial neutrino energy, as a function of
neutrino energy, in the absence of electromagnetic energy
loss corrections.

Our evaluation of the tau electromagnetic energy loss
follows the procedure described in Ref. [21]. Based on the
scheme outlined by Lipari and Stanev [28] and others [29],
we have incorporated the electromagnetic mechanisms of
ionization, bremsstrahlung (brem), e+e− pair production
(pair) and photonuclear (nuc) scattering. The tau life-
time is taken into account.

The average energy lost per unit distance is commonly
described by the formula

⟨dEτ

dz
⟩ = −(α + βEτ )ρ . (4)

In this expression, z is the distance the tau travels. The
quantity α ≃ 2×10−3 GeV cm2/g accounts for ionization
energy loss [30]. Here, β is

β = βbrem + βpair + βnuc

=
!

i

NA

A

"
dy y

dσi

dy
, (5)

for Avogadro’s number NA, atomic mass number A, tau
inelasticity y and i = brem, pair and nuc.

In our treatment here, as in Ref. [21] we separate β
into continuous and stochastic terms:

β = βcont + βstoc

=
NA

A

" 10−3

0

dy y
dσi

dy
+

NA

A

" 1

10−3

dy y
dσi

dy
. (6)

We treat the tau propagation stochastically, with a se-
ries of electromagnetic interactions occurring according
to probabilities based on dσi/dy for y > 10−3 and the de-
cay probability. For each distance between interactions in
the Monte Carlo program, the tau energy loss calculated
from Eq. (3) is supplemented by Eq. (4) with the substi-
tution of β → βcont. By doing it this way, we account for
the full electromagnetic energy loss, but we limit com-
puter time spent where the cross section is large, but the
energy loss is small (y < 10−3). The detailed formu-
las for the bremsstrahlung [31], pair production [32] and
photonuclear [33] processes are discussed and collected in
Ref. [21]. See also Ref. [34] for the muon case.

For the muon, β is dominated by pair production and
bremsstrahlung for Eµ = 103 − 107 GeV. At higher ener-
gies, β grows slowly with energy due to the photonuclear
process which contributes a larger fraction for Eµ > 107

Dutta-Huang-Reno’05

10 and 12 SM interaction lengths @ E  ∼ 500 PeV

E of event #2 is lowered by 30% if  shower is initiated 4 km above  ice 

� ⇠ 600 km
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Compatibility of experimental data + ANITA viewpoint Deepening the mystery...
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Upward-Pointing Cosmic-Ray-like Events Observed with ANITA Andres Romero-Wolf

Figure 3: Upper bound on acceptance curves for ANITA assuming various ice shell thicknesses and models
of the cross-section and energy loss. The ANITA upper bounds are compared to the Auger 2015 [13] and
IceCube 2016 [14] neutrino acceptances. Note that these are only a fair comparison for the standard neutrino
cross-section and energy loss models (midCS, stdEL), otherwise the Auger and IceCube acceptance curves
would also have to be modified.

The origin of the ANITA-1 t-lepton event candidate remains a mystery. On-going analysis of
the third and fourth flights of ANITA have the potential to confirm or falsify whether this event is
of astrophysical origin.

7

ANITA Collaboration ICRC 2017

cross-section

Connolly-Thorne-Waters’11

tau energy loss

Abramowicz-Levy’97

Armesto-Salgado-Wiedemann’05

standard

saturated model

ANITA (solid angle integrated) exposure     60      Auger or IceCube exposure.⇥
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Compatibility of experimental data + ANITA viewpoint Solving the mystery

Large transient point-source flux of ντ ’s

Source candidate + SN2014dz @
{

1.19◦ from event #2
z = 0.017

SN2014dz discovery + 5 hr before event detection
A posteriori probability of chance association ∼ 3.4× 10−4 + 2.7σ

1 km2 IceCube’s effective point-source area
comparable to ANITA’s 4 km2 @ arrival nadir angle

Auger has potentially much larger effective point-source area
but only limited exposure around time of ANITA event

Caveats
Peak isotropic neutrino luminosity of SN2014dz

must far exceed bolometric luminosity + L = 4.4× 1042 erg s−1

Beaming may come to the rescue + but neeed short-time emission

No SNe or any other significant association for event #1
Sky position within ∼ 10◦ from galactic plane
extinction yields low SNe detection efficiency for this region of sky
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Compatibility of experimental data + ABLMW viewpoint Solving the mystery

DM decay in Earth’s interior
Moving explosions to Earth’s interior + solves short-time scale

Rate of earth-skimmers dependends on n(0)
dm,⊕

2 ANITA events
{

have roughly same energy
were observed at similar angle above horizon

Two events have similar energies
because they result from two-body decay of quasi-stable relic

itself gravitationally trapped inside Earth
If DM particle is heavy νR + for 2-body decays

conservation of angular momentum forces νR → νLH
Non-observation of signal from GC or halo + τνR > 1029.5 s

(IceCube Collaboration’18)

Non-gravitational couplings chosen to produce long lifetime
and needed abundance of νR inside Earth to yield 2 ANITA events

To achieve sizable n(0)
dm,⊕ + self-interactions may be invoked
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Compatibility of experimental data + ABLMW viewpoint No signal @ Auger

High Energy Neutrino Astronomy: Inclined Air Showers 20

Figure 6. Differential τ spectra produced by earth-skimming neutrinos. All τ ’s are

included and the spectra are differential in τ energy, Eτ . Left panel: τ spectra for the

GRB flux at different zenith angles. Right panel: τ spectra after solid angle integration

for both the TD and GRB fluxes.

regeneration. If we ignore regeneration due to the τ decays in matter we can simply

express it as g(x̄, Eν) = (xT −x)σeff where the effective absorption cross section is given

by:

σeff = σtot − σreg = σtot − 1

φν(Eν)

! 1

0
dy φν

"
Eν

1 − y

#
dσnc

dy

"
Eν

1 − y
, y

#
(29)

and dσnc/dy is the differential neutral current interaction cross section. It thus depends

strongly on the zenith angle. We can finally integrate Eq. 26 over solid angle to obtain

the energy spectrum of the total emerging τ rate. The results for both fluxes are also

shown in Fig. 6. We note that the bulk of the τ lepton spectrum is contained within

about 3 105 − 107 GeV for the prediction from GRB’s, while for topological defects,

which is a harder flux, the range is ∼ 106 − 3 108 GeV.

The earth skimming τ flux as a function of Eτ is a complex result from the

competition of an increasing effective volume and cross section for the neutrinos and a

decreasing solid angle because of neutrino absorption. This is convoluted with a neutrino

flux spectrum which often falls with energy like ∼ E−γ
ν . The effective volume increases

linearly with Eτ until the scale of 9 107 GeV is reached above which the rise is slow.

The cross section increases with energy as E∼1/3 for Eτ > 100 TeV while the solid angle

decreases with approximately the inverse energy dependence. If γ > 2 the dominant

part of the τ flux will be for energies at the 100 TeV scale which include all directions.

But if γ < 2 the rate will be dominated by the turnover scale of 9 107 GeV. For hard

spectral indices of order one, the dominant part of the flux shifts to the absorption scale

∼ 1010 eV.

High Energy Neutrino Astronomy: Inclined Air Showers 22

altitude at which it lies above ground. The expression of h is simple in terms of l and

lsh:

h =
!

R2
⊕ cos2 θ + (l + lsh)2 + 2(l + lsh)R⊕ cos θ − R⊕ (32)

where R⊕ is the Earth’s radius. For a given shower energy we calculate rmax, the lateral

distance below which the electron density of the shower is above threshold ρe. We make

h = rmax sin θ and invert Eq. 32 to obtain the corresponding l. This value of l which

we will denote lmax is the maximum distance the τ can travel before decaying to be

successfully detected according to our simplifying assumptions.

The function chosen for Pτ
det allows analytic integration of the probability factor

thus simplifying the calculation:

dNsh

dEτ
= Pdet[Eτ , θ]φ[Eτ , θ] =

"
1 − e−lmax(cτ)−1mc2E−1

τ

#
φ[Eτ , θ] (33)

We have expressed the detection probability integrated over decay length as an overall

factor to multiply the τ flux rate. The corresponding suppression factor has been plotted

in Fig. 7 for different zenith angles and different conditions to fix the minimum particle

density to be detected at ground level. The probability is reduced for both low and high

energy showers. Low energy showers do not meet the threshold requirement while high

energy showers have maximum too high above ground. At energies around 108 GeV the

detection restriction becomes important even for showers with 87◦ nadir angle.

Figure 7. Integrated probability for the τ to decay in the atmosphere producing a

shower that reaches ground level with electron number density (ρe) above different

threshold values.

4.5. The Resulting Shower Rate for an Air Shower Array

The final shower rate recorded with an air shower array is severely constrained by

the probability that the shower has sufficient particle density at ground level to be

Integrated probability for     to decay in atmosphere producing shower              
that reaches ground level with electron number density ρ above threshold

Differential     spectra produced by earth-skimming neutrinos.

No sensitivity to showers coming few degrees below horizon

Fluorescence detection subject to 10% duty cycle➢

➢

➢

➢

➢

E2
⌫�⌫(E⌫) = 6 ⇥ 10�9 GeV s�1cm�2

Zas’05

⌧

⌧
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Compatibility of experimental data + ABLMW viewpoint Re-interpreting IceCube data

PTEP 2017, 12A105 M. Ahlers and F. Halzen

3. Cosmic neutrinos
For neutrino astronomy, the first challenge is to select a pure sample of neutrinos, roughly 100,000 per
year above a threshold of 0.1 TeV for IceCube, in a background of ten billion cosmic ray muons, while
the second is to identify the small fraction of these neutrinos that is astrophysical in origin, observed
at the level of tens of events per year. Atmospheric neutrinos are an overwhelming background for
cosmic neutrinos, at least at energies below ∼100 TeV. Above this energy, however, the atmospheric
neutrino flux is too low to produce events, even in a kilometer-scale detector, and events in that
energy range are cosmic in origin.

Using the Earth as a filter, a flux of neutrinos has been identified that is predominantly of atmo-
spheric origin. IceCube has measured this flux over three orders of magnitude in energy with a
result that is consistent with theoretical calculations [12,13]. However, in seven years of data, an
excess of events is observed at energies beyond 100 TeV [6,14], which cannot be accommodated
by the atmospheric flux; see Fig. 4. Allowing for large uncertainties on the extrapolation of the
atmospheric component, the statistical significance of the excess astrophysical flux is 6 σ . While
IceCube measures only the energy deposited by the secondary muon inside the detector, from Stan-
dard Model physics we can infer the energy spectrum of the parent neutrinos represented in the
figure. For the highest-energy event, already shown in Fig. 3, the most likely energy of the parent
neutrino approaches 10 PeV. Independent of any calculation, the energy lost by the muon inside
the instrumented detector volume is 2.6 ± 0.3 PeV. The cosmic neutrino flux is well described by a
power law with a spectral index γ = 2.13 ± 0.13 and a normalization at 100 TeV neutrino energy of
(0.90+0.30

−0.27)×10−18 GeV−1 cm−2 s−1sr−1 [6]. The error range is estimated from a profile likelihood
using Wilks’ theorem and includes both statistical and systematic uncertainties. The neutrino energy
contributing to this flux covers the range 200 TeV to 9 PeV.

Fig. 4. Spectrum of secondary muons initiated by muon neutrinos that have traversed the Earth, i.e., with
zenith angle less than 5◦ above the horizon, as a function of the energy they deposit inside the detector. For
each reconstructed muon energy, the median neutrino energy is calculated assuming the best-fit spectrum.
The colored bands (blue/red) show the expectation for the conventional and astrophysical contributions. The
black crosses show the measured data. Additionally, the neutrino energy probability density function for the
highest-energy event assuming the best-fit spectrum is shown (dashed line).

5/20
Downloaded from https://academic.oup.com/ptep/article-abstract/2017/12/12A105/4665683
by CERN - European Organization for Nuclear Research user
on 18 January 2018

# IceCube events

# ANITA events
⇠ 1 km3 ⇥ 2078 day

4 km2 ⇥ depth ⇥ 53 day
' 10 km

depth

➢ 95% CL interval for observing 1 event with no expected background 
then IceCube should have seen 5 events 

➢ If  typical depth of shower initiation for ANITA is taken to be 4 km 

➢ IceCube data may not be in tension with ANITA’s 2 events
[0.05, 5.14]

 probability density functionE⌫µ

⇠ m⌧/mµE⌫⌧
> E⌫µ

by

Kistler-Laha’16

⌫⌧ with E ~ 200 PeV ? 
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Compatibility of experimental data + ABLMW viewpoint Re-interpreting IceCube data

There may be others...
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Compatibility of experimental data + ABLMW viewpoint Constraints on model parameters

Rate ⌘ dN

dt
= 4⇡

Z R�

0

r2 dr
n(r, t)

⌧⌫R,1

Ae↵
d Rate

d | cos ✓n| = 4⇡2A0

Z R�

R�sin ✓n

r2dr
n(r, t0)

⌧⌫R,1

⇣
e�(l+/�) + e�(l�/�)

⌘
E(✓n)

➢ Event rate integrated over entire Earth at particular time

➢ Observable rate today (t=t0) as function of nadir angle 

3

+	

l�
l+ R�

✓n

r

r

ANITA

FIG. 1. The particle’s trajectory to ANITA at a given nadir
angle.

and � = 1.7⇥ 107/(�/pb) km w.e. is the mean-free-path,
with � the neutrino-nucleon charged-current cross sec-
tion. Here, the e↵ective area Ae↵ = A0E(✓n) defines the
experimental e�ciency E that includes the target area
dependence on ✓n but not the e�l/� suppression which
is given explicitly in the integrand. Note that E(✓n)
vanishes for ✓n < 35�, peaks at about 75�, and van-
ishes above 85� [21]. In Eq. (1) we have neglected en-
ergy losses due to neutral current interactions and e↵ects
from ⌫⌧ regeneration [22]. For 200 . E⌫/PeV . 1000,
these e↵ects are not important. For a 100 PeV neu-
trino, � ⇠ 4.43 ⇥ 103 pb, the interaction length in rock
is � ⇠ 103 km, and the average range of the outgoing ⌧
lepton is a few km [23, 24]. Integrating over the duration
of an experiment yields the event number as opposed to
the event rate.

The fact that for fixed r, we have two special values of
l, i.e., l±, can be seen from Fig. 1. Of course, if r is too
small, then the trajectory at fixed ✓n does not intersect
the circle at all; this is the origin of the lower limit in the
integration over dr.

The exponential suppression factor in Eq. (1) can be

written as

e�(l+/�) + e�(l�/�) = 2 exp

✓
�R� cos ✓n

�

◆

⇥ cosh

0
@

q
r2 � R2

� sin2 ✓n

�

1
A . (2)

The competition between the falling (with increasing ✓n)
e�R� cos ✓n/� term and the rising E(✓n) term in Eq. (1)
determines the most probable angle of observation. The
two unusual ANITA events occur at 27.4� and 35� above
the horizon, so we may set the peak of the distribution
at ⇠ 30� above the horizon, corresponding to a nadir
angle of ✓n ⇠ 60�. So, taking the view that the event
distribution is maximized at ✓n = 60� by a combination
of ANITA’s e�ciency and the dark matter distribution
in the Earth, we require

d2 Rate

d | cos ✓n|2
����
cos ✓n= 1

2

= 0 . (3)

This result becomes a constraint on the model parame-
ters in Eq. (1).

We end with three observations: (i) It is generally
assumed that after the dark matter particles become
gravitationally bound, they quickly lose their momentum
and sink to the core of Earth [25]. We have proposed
that ANITA data may be indicating that the dark
matter distribution in the Earth may be more compli-
cated. This may result from a recent encounter of the
Earth with a dark disk.2 (ii) Quasi-stable right-handed
neutrinos will also accumulate in the core of the Sun
and the Moon, and on decay will produce a flux of
high-energy neutrinos. However, the neutrinos will not
escape the Sun or the Moon, and the latter does not
have an atmosphere in which the ⌧ leptons can produce
showers, so consequently the flux from these sources is
unobservable. (iii) Data from the fourth ANITA flight
is currently being analyzed and may lead to further
enlightenment. The second generation of the Extreme
Universe Space Observatory (EUSO) instrument, to be
flown aboard a super-pressure balloon (SPB) in 2022
will monitor the night sky of the Southern hemisphere
for upgoing showers emerging at large angles below the
horizon [28]. EUSO-SPB2 will provide an important
test both of the unusual ANITA events and of the ideas
discussed in this Letter.

This work has been supported by the U.S. National
Science Foundation (NSF Grant PHY-1620661), the De-
partment of Energy (DoE Grants DE-SC0017647, DE-
SC0010504, and DE-SC-0011981), and the National
Aeronautics and Space Administration (NASA Grant
80NSSC18K0464). V.B. thanks KITP at UCSB for its
hospitality while this work was in progress.

l± = R�

0
@cos ✓n ±

s✓
r

R�

◆2

� sin2 ✓n

1
A

R2
� + l2 � 2R�l cos ✓n = r2☛ roots of l±➢

n(r, t0) ⌘ n
(0)
dm,�(r)Ae↵ = A0 E(✓n)
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Compatibility of experimental data + ABLMW viewpoint Constraints on model parameters (cont’d)

e�(l+/�) + e�(l�/�) = 2 exp

✓
�R� cos ✓n

�

◆
cosh

0
@

q
r2 � R2

� sin2 ✓n

�

1
A

➢ Exponential suppression factor can be rewritten as

➢ Taking viewpoint that event distribution is maximized at 

➢ Competition between  falling (with increasing      )                             term 
and rising             term      determines most probable angle of observation 

➢ Unusual ANITA events occur at 27.4◦ and 35◦ above horizon
 so we set peak of distribution at ∼ 30◦ above horizon

by combination of ANITA’s efficiency and DM distribution in Earth

✓n e�R� cos ✓n/�

E(✓n)

✓n = 60�

d2 Rate

d | cos ✓n|2
����
cos ✓n= 1

2

= 0

➢ Atypical dark matter density distribution inside Earth
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Candidate model + CPT symmetric Universe Relic density sets Mdm

universe/anti-universe pair production ☛

Comoving abundance of DM neutrinos  ☛  with entropy density as fiducial

e+ e�

State of universe does not spontaneously violate CPT

Boyle-Finn-Turok’18

Matter fields  ☛ SM + right-handed neutrinos (with 1 stable heavy neutrino) 

I ⌘ 1

2⇡2

Z 1

0

dx x2
h
1 �

p
1 � e�x2

i
⇡ 0.01276

Ydm =
ndm

s
=

16

9
⇡G3I

✓
15

g⇤

◆1/4

M3/2
⌫dm

Predicted present-day dark matter energy density

s(0) ⇡ 2.3 ⇥ 10�38 GeV3 ⇢
(0)
dm ⇡ 9.7 ⇥ 10�48 GeV4

g⇤ = 106.75 ☛ # of effective degrees of freedom (excluding       ) 

☛ dimensionless constant

⌫R

M⌫dm
= 4.8 ⇥ 108 GeV = 480 PeV

⇢
(0)
dm = M⌫dm

n
(0)
dm = M⌫dm

Ydms(0)

To compare with observation

L. A. Anchordoqui (CUNY) ANITA events as evidence of heavy DM Pheno 2018 14 / 15



Conclusions and Challenges

Take Home Message

➢ Data from 4th ANITA flight is currently being analyzed
and may lead to further enlightenment

➢ EUSO-SPB2 (to be flown in 2022) will provide  important test

➢ Upgoing ultra-high energy shower events observed by ANITA                  

➢ Since both events emerge at same angle from  Antarctic ice-cap           

➢ Challenging theoretical modeling is underway 

➢ E.g. ☛ heavy right-handed neutrino from CPT symmetric Universe     

model requires atypical dark matter density distribution inside Earth

may  arise from decay in Earth’s interior of  quasi-stable dark matter
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