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« Never underestimate the joy 
people derive from hearing 

something they already know.» 
E. Fermi

From the WIMP paradigm 
to alternative scenarios

« It doesn't matter how 
beautiful your theory is, it 

doesn't matter how smart you 
are. If it doesn't agree with 

experiment, it's wrong.» 
R. Feynman
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The first DM paper
Contrarily to the common belief, the first time the word « dark matter » is proposed in a 
scientific paper is not Oort in 1932 but Poincaré in 1906.  Indeed, Lord Kelvin in 1904 

had the genius to apply the kinetic theory of gas recently elaborated, to the galactic 
structures in his Baltimore lecture (molecular dynamics and the wave theory of light). 
Poincaré was impressed by this idea and computed the amount of stars in the Milky 

way necessary to explain the velocity of our sun one observes nowadays.

19
06
PA
..
..
.1
4.
.4
75
P

19
06
PA
..
..
.1
4.
.4
75
P

19
06
PA
..
..
.1
4.
.4
75
P

19
06
PA
..
..
.1
4.
.4
75
P

Henri Poincaré



The WIMP paradigm



« The Waning of the WIMP? 
Review of Models, Searches and 

Constraints » 

G. Arcadi, M. Dutra, P. Ghosh, M. Lidner, Y.M.,  
M. Pierre, S. Profumo and F. Queiroz;  
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Direct detection of dark matter  
(basic principle)

nucleus (A,Z) 
A nucleons  
Z protons 
mass MN

dark matter χ 
mass mχ 

velocity vχ
vχ

v’χ

ER 

(momentum transfer q, 
elastic collision)



Direct detection of dark matter (theory)

dR

dER
=

R0

E0r
e�ER/E0r (3.1)

where ER is the recoil energy, E0 is the more probable incident kinetic energy of a dark
matter particle of mass m�, r is a kinematic factor 4m�MT /(m� +MT )2 for a target nucleus
of mass MT , R is the event rate per unit mass, and R0 the total event rate. Since Galactic
velocities are of order v ' 10�3c, values of m� in the 10-1000 GeVc�2 range would give
typical recoil energies in the range 5-500 keV (⇠ 1

2
m�v2). All the experimental e↵orts lie on

discriminating in Eq.(3.1) the signal to the background composed of neutrons produced in
cosmic ray muons, or to develop methods to distinguish between nuclear and electron recoils
which permit to reject gamma and beta–decay background.
More generically, one can deduce the di↵erential rate R per energy of recoil ER, dR/dER

for the interaction of an incoming particle of mass m� and of velocity v� with a distribution
f(v�) on a nucleus of mass MN ' Amp per kilogram of target :

dR =
N0

A

⇢0

m�

✓
v�

d�

d|q|2

◆
d|q|2 f(v�)d3v� (3.2)

N0 being the Avogadro number1 (6.02⇥1026 kg�1) and q the impulsion transferred from the
WIMP to the nucleus. We will compute each of the terms of this equation in the following
sections.
In this section we will reconstruct step by step the Eq.(3.1) and shows its limitation. We will
also correct it, adding the dependence on the earth velocity, escape velocity or form factor of
the nucleus. We will then go into the details of the experimental strategies settled nowadays
to detect such events. The unit for di↵erential events or background rates are conventionally
expressed as 1 event keV�1 kg�1 d�1 called ’di↵erential rate unit’ (dru). When integrated
over the recoil energy, on can talk about ’total rate unit’ (tru) expressed in events kg�1 d�1.
When integrated between two energies (threshold energy and escape velocity for instance)
we usually refer to integrated rate unit (iru) also expressed in events kg�1 d�1.

3.2 Velocity distribution of dark matter : f (v)

The di↵erential particle density, number of particles with velocities on earth (hitting the
detector) comprised between v ± dv can be written

dn =
n0

C
f(v,vE)d3v (3.3)

where C is a normalization constant such that
R vesc

0
dn = n0, in other words,

C =

Z
2⇡

0

d�

Z
+1

�1

d cos ✓

Z vesc

0

f(v,vE)v2dv (3.4)

n0 is the mean dark matter particle number density (⇢0/m�, ⇢0 being the local dark matter
density), v = v�/Earth the velocity of the dark matter in the referential of the experiment,

1As a reminder, the Avogadro number 6.02⇥1023 g�1 corresponds by definition to the number of Carbon
12 in 12 grams of Carbon, or in other word, the number of mass (nucleons) per gram of material.
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qrN < 1

At low momentum transfer (long wavelength), 
the dark matter « sees » all the nucleus and its A 

nucleons. the cross section is then proportional to 
A2

qrN > 1

At large momentum transfer (short 
wavelength), the dark matter « sees » only the 

nucleons. 
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Figure 3.3: Form factor as function of the energy of recoil of the nucleus for several types of nucleus used

in di↵erent experiments: Silicium (blue-dotted), Germanium (green–dashed) and Xenon (red–full).

f(v) =
1

(v2

0
⇡)3/2

e�v2/v2
0 ) dR

dER
=

N0MN

A

⇢0�0

m�µ2

F 2(ER)

v0⇡1/2
e�ERMN/2µ2v2

0 ⌘ R0

E0r
e�ER/E0r

(3.28)
which is the form of the Eq;(3.1) that we have reconstructed. If moreover we neglect the
influence of the form factor (F (ER) ' 1), we can compute an analytical expression of the
total rate after integrating on the recoil energy ER from the threshold energy to an energy
of recoil ER we have

R(ER) =
2

⇡1/2

N0

Am�
⇢0�0v0


e�EthMN/2µ2v2

0 � e�ERMN/2µ2v2
0

�

= R0


e�EthMN/2µ2v2

0 � e�ERMN/2µ2v2
0

�
with (3.29)

R0 ' 5 ⇥ 10�6

A

✓
100 GeV

m�

◆ ⇣ ⇢0

0.4 GeVcm�3

⌘ ⇣ �0

10�42 cm2

⌘ ⇣ v0

220 kms�1

⌘ events

day kg

R0 corresponding to the total number of event expected (integration on ER from 0 to 1).
In fact, the majority of the events appears at low energy of recoil due to the Boltzmann
suppression. Lowering threshold energy is thus a fundamental keypoint in the experimental
process to increase the number of events, especially for light dark matter candidates. A first
glance at this number shows that the rate is very weak and the detection is thus a di�cult
task from the experimentally front. If we take as an example a 100 GeV WIMP hitting a
100 kg experience of Xenon (A = 131) with a cross section of 1 pb (10�36 cm2) we expect
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with µ =
m�MN

m� +MN

~vCoM =
m� ~v� +~0

m� +MN
=

µ

MN
~v�

~VN = ~0� ~vCoM = � µ

MN
~v�

~V� = ~v� � ~vCoM =
µ

m�
~v�

~P� + ~PN = ~0 = ~P 0
� + ~P 0

N ) ~V 0
� = �MN

m�

~V 0
N

1

2
m�|~V�|2 +

1

2
MN |~VN |2 =

µ

2
v2� =

1

2
m�|~V 0

�|2 +
1

2
MN |~V 0

N |2 =
1

2

MN

m�
(m� +MN )|~V 0

N |2

) (V 0
N )2 =

µ2

M2
N

v2� ) (v0N )2 = |~V 0
N � ~vCoM |2 = 2v2�

µ2

M2
N

(1� cos ✓⇤)

ER =
|p0N |2

2MN
=

|MNv0N |2

2MN
=

µ2v2�
MN

(1� cos ✓⇤)

Emax
R =

2µ2v2�
MN

vmin
� =

s
ERMN

2µ2

|q|2 = 2MNER = 2µ2v2�(1� cos ✓⇤)

thickness of the order of 1 fm by ⇢1(r) = e�|r|2/2s2
. ⇢0 and ⇢1 are normalized such thatR

d3r0⇢0,1(r0) = 1. After implementing the density function in Eq.(3.18) one obtains
the Wood-Saxon form

F (q) =
3j1(qrN)

qrN
e�(qs)2/2, (3.24)

where j1 is a spherical Bessel function of the first kind. A least squares fit [47] from
muon scattering data gives

r2

N = c2 +
7

3
⇡2a2 � 5s2, c ' 1.23A1/3 � 0.60 fm, a ' 0.52 fm, s ' 0.9 fm.

This result is quite similar to the Fermi distribution:

⇢Fermi(r) = ⇢0


1 + e(r�c)/a

��
1

. (3.25)

We show in Fig.(3.3) the evolution of the coherence factor F as function of the recoil energy
ER = q2/2MN for di↵erent nucleus used in di↵erent direct detection experiments (Sodium for
DAMA, Germanium for CDMS and Xenon for XENON100). We notice the e↵ect of the form
factor becomes stronger for higher energies of recoil, where the condition qrN . 1 becomes
not valid anymore. The exchanged wavelength begins to reach the size of the nucleus. We
also clearly see the influence of the number of nucleons in the process: the larger is the mass
number A, the larger is the radius of the nucleus and the stronger becomes the decoherence
e↵ect. For a Xenon nucleus, the form factor already vanished for an energy of recoil of 50-100
keV.

3.5 Computing a rate

After defining the di↵erential cross section at zero momentum transfer �0 and remembering
that F(q=0) = 1,

�0 =

Z qmax=4µv2
�

0

d�

d|q|2d|q|2 =
(µAf)2

⇡
) d�

d|q|2 = �0

F 2(ER)

4µ2v2
�

, (3.26)

when we combine Eq.(3.2), Eq.(3.16) and Eq.(3.17) one can write

dR

dER
=

N0MN

A

⇢0

m�

�0 F 2(ER)

2µ2v
f(v,vE)d3v (3.27)

To have an idea of the evolution of the rate as function of the recoil energy, one can build a
toy model with vE = 0, vesc = 1. In this case, assuming a Maxwellian velocity distribution

and integrating on the WIMP velocity from vmin =
q

ERMN
2µ2 to 1 using Eq.(B.39) one

obtains
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(1 GeV2 = 10-28 cm2 )

What do we expect for a WIMP :

p

χ

p

Z

χ

�EW (� p ! � p) ' G2
Fm

2
�

' g22
M4

Z

m2
� ' 10�9

⇣ m�

1 GeV

⌘2' g2
M4

Z

m2
� ' 10�9

⇣ m�

1 GeV

⌘2
GeV�2

= 4⇥ 10�37
⇣ m�

1 GeV

⌘2
cm2
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Julien Masbou, Moriond EW 2017, 23rd March 2017 30

PandaX-II	continue	data	taking	with	~400kg

XENON1T	is	analyzing	Science	Run	0	!

And	other	analysis	
already	published	or	
to	come:
- Axions /	ALP
- 2n double	electron	

capture	on	124Xe
- Low	mass
- Effective	field	

theories
- Calibration
- …
- Stay	tuned	!

XENONnT	&	LZ	construction	is	starting…

WIMP 
(GF)

g1 = 0.46; g2 = 0.65; g3 = 1.22; σdm ≲ 10−37 × 10−10 cm2 ⇒ gdm ≲ 10−5



The WIMP miracle !

Why are we so attached to 
WIMP-like particle?



⌦A =
xf

h�vi
(10�9GeV�2)

8.8 ⇥ 10�7

p
g⇢⇢0

c

GeV cm�3 (2.104)

Taking g⇢ ' 100 (see Fig.(2.5)), xf ⇠ 20 (Eq.(2.114)) and the value of ⇢0

c of Eq.(2.4) we can
write22

⌦Ah2 ' 0.17
h�vi

(1.2⇥10�26 cm3 s�1)

(2.105)

This is oftenly called ”WIMP miracle”. Indeed, we see that for a typical electroweak cross
section the relic abundance ⌦A reach 0.17/h2 ' 0.3 which is the measured value of the
matter content in the Universe. Some corrections has to be taken into account: the velocity
at decoupling time is not c, the value of xf should be computed iteratively (see next section
for a more complete calculation) and the dependance on the e↵ective degree of freedom or
mass of dark matter should be looked carefully. However, this approximation is surprisingly
quite accurate in any models with s-wave dominated annihilation process.

General solution

Now that we understood how to compute the relic abundance in a specific case, we can now
apply the same method in the generic case, developing �v = a + bv2, v being the relative
velocity between the two annihilating particles23. Notice that in the In the he Boltzmann
equation, it is not �v which enters in the definition of � in Eq.(2.98) but the thermal averaged
cross section h�vi. At the temperature of interest at freeze out (xf = m/Tf ⇡ 20 as we will
compute more in detail later on) we can consider that the annihilating particles ”1” and
”2” is non-relativistic and thus their Boltzmann distributions (2.23) can be approximate by
fi ' e�Ei/T ' e�(m+p2

i /2m)/T . One thus can write

h�vi =

R
1

R
2
d3p1d3p2(a + bv2)e�E1/T e�E2/T

R
1

R
2
d3p1d3p2e�E1/T e�E2/T

(2.106)

We can thus deduce ha+bv2i = a+bhv2i with in the non-relativistic limit v = |p2�p1|/m We
then have v2 = (|p1|2 + |p2|2 � 2p1p2 cos ✓)/m2, ✓ being the angle between the two colliding
particles. Noticing by symmetry that hcos ✓i = 0 and h|p1|2i = h|p2|2i, using Eq.(B.39) we
then can write24

hv2i = 2

R
1
p2

1
dp1(p2

1
/m2)e�p2

1/2mT

R
1
p2

1
dp1e�p2

1/2mT
=

2

m2

3/8
p

⇡(2mT )5/2

1/4
p

⇡(2mT )3/2
= 6

T

m
= 6x�1 (2.107)

giving

22h�vi has been normalized to a typical electroweak cross section for a 100 GeV particle: 10�9 GeV�2 =
1.2 ⇥ 10�26cm3 s�1, Eq.(2.99).

23We define the relative velocity between two particles i and j by vij =
p

(pi.pj)2�m
2
i m

2
j

EiEj
, with pi and Ei

being four-momentum and energy of particle i.
24See the section (2.5.1) for another way to lead the integration for the mean h�vi.
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dn

dt
= �3Hn� h�vi

�
n
2 � n

2
eq

�
) dn

dT
= 3

n

T
� h�vi

HT

�
n
2
eq � n

2
�

The Boltzmann equation 
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FIG. 1. Comoving number density evolution as a function of the ratio m�/T in the context of

the thermal freeze-out. Notice that the size of the annihilation cross section determines the DM

abundance since ⌦DM / 1/h�vi.

remarkable is the fact that independent theoretical reasons, such as naturalness and the

hierarchy problem, indicate that it is plausible to expect new physics at EEW; Moreover,

weak interactions are the only gauge interactions in the Standard Model that a DM

particle might interact through.

The WIMP paradigm is thus an attractive solution of the DM issues since the DM

abundance is set to the observed value by a new physics scale that is well motivated,

and by interactions mediated by one of the Standard Model gauge interactions. As a

result, concrete realizations of WIMP models had been developed in di↵erent Beyond

the Standard Model (BSM) frameworks, accessible to several di↵erent search strategies,

as reviewed in the next sections.

Operationally, all the information about the particle physics framework connected to

a specific DM particle candidate is contained in the thermally pair averaged cross section
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h�vi = 1.2⇥ 10�26cm3s�1

= 10�9GeV�2
⇣ mDM

1 GeV

⌘2
' G�2

F
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⌘2
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SM
Z 

SM

χ

χ

One needs a phase of depletion of dark 
matter, annihilating to SM  to avoid the 

overabundance. Can we deplete it without 
even coupling to the SM, and thus 

avoiding the direct detection conflict? p

χ

p

Z

χ



Developing a microscopical approach

Ockham’s razor (lex parsimoniae) principle :  
« Pluralitas non est ponenda sine necessitate » 

Among competing hypotheses, the one with the fewest assumptions 
should be selected  

(everything should be made as simple as possible..) 

Dark matter couple only with the Standard Model (SM) particles : 
Higgs-portal, Z-portal, sterile neutrino. Consequences on observables 

are strong:  
Invisible width of the Higgs/Z, LHC/LEP production in the case of 

portal models, instability and production of monochromatic photons in 
the case of sterile neutrino.

On which principle should we extend the microscopic interaction?

Ockham, in Cambridge  
13th century



Z-portal Higgs-portal

22

FIG. 4. The SM Higgs portal with scalar (upper left panel), fermionic (upper right panel) and vector

(bottom) DM. In each plot, the red line represents the model points featuring the correct DM relic

density. The blue region is excluded by the current LUX limits. The magenta coloured region would

be excluded in case of absence of signals in XENON1T after two years of exposure time while the

purple region is within reach of future LZ limits. Finally, the green region is excluded because of a

experimentally disfavored invisible branching fraction of the SM Higgs boson.

The models defined by Lagrangians of eq. (12) have only two free parameters, the

DM masses m�, ,V and couplings �H

�, ,V
. The constraints on these models can be then

straightforwardly summarized in bi-dimensional planes.

In figs. (4) we summarize our results for scalar, fermion and vector DM, respectively.

All the plots report basically three set of constraints 9. The first one (red contours) is

represented by the achievement of the correct DM relic density. The DM annihilates into

SM fermions and gauge bosons, through s-channel exchange of the Higgs boson, and, for

higher masses, also into Higgs pairs through both s- and t-channel diagrams (in this last

9 We will report in the main text just the results of the analysis. Analytical expressions of the relevant

rates are extensively reported in the appendix.

26

FIG. 6. The same as fig. (5) but for Dirac fermion DM with both vectorial and axial couplings (left

panel), set to the same value, and only axial couplings (right panel) with the Z-boson.

FIG. 7. The same as fig. (5) but for Vector DM with (i) Abelian case (left-panel) and (ii) Non-Abelian

case (right-panel).

As evident, in all but the Majorana Z-portal case, thermal DM is already excluded,

even for masses above the TeV scale, by current constraints by LUX. These constraints

are even stronger with respect to the case of the Higgs portal. This because, apart

the lighter mediator, the scattering cross section on Xenon nuclei is enhanced by the

isospin violation interactions of the Z with light quarks. Low DM masses, possibly

out of the reach DD experiments, are instead excluded by the limit on the invisible

width of the Z. As already pointed the only exception to this picture is represented by

the case of Majorana DM where the SI component of the DM scattering cross-section is

largely suppressed due to the absence of a vectorial coupling of the DM with the Z. This

scenario is nevertheless already (partially) within the reach of current searches for a Spin

37

FIG. 11. Summary of constraints for Z
0 portal in the context of a scalar DM for the three di↵erent

realizations i.e., SSM (left), E6� (middle) and E6 (left) (see table (I)). In these plots the red coloured

contours represent the correct DM relic density. The blue coloured region is already excluded by LUX

while the magenta, purple coloured regions are allowed by LUX but within the sensitivity of XENON1T

(assuming two years of exposure) and LZ, respectively. Finally, the green and orange coloured regions

represent the exclusions from dilepton searches by the LEP/Tevatron and LHC experiments.

comes, in general, as already remarked, from the fact that fp 6= fn. As a consequence,

an absence of signal from XENON1T would exclude values of the masses of the DM

and of the Z 0 even above 5 TeV. Sizable limits from DD, although weaker with respect

to the previous two cases, are remarkably present also for the E6 realization, despite

the assignations of the charges of the quarks under the new U(1) imply a null vectorial

combination. Indeed non-null vectorial couplings, at the typical energy scale of DM

scattering with nucleons, are radiatively generated by the axial couplings of the Z 0, in

originated by matrix element hN |qq|Ni which is related to the mass of the nucleon. In the case of

spin-1 mediator one instead evaluates the matrix element hN |q�µ
q|Ni which is, instead, related to the

electric charge of the nucleon.

Z’-portal
G. Arcadi, M. Dutra, P. Ghosh, M. Lindner, Y.M., M. Pierre, S. Profumo and F. S. Queiroz,  

Eur. Phys. J. C 78 (2018) no.3,  203 [arXiv:1703.07364]
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PandaX-II	continue	data	taking	with	~400kg

XENON1T	is	analyzing	Science	Run	0	!

And	other	analysis	
already	published	or	
to	come:
- Axions /	ALP
- 2n double	electron	

capture	on	124Xe
- Low	mass
- Effective	field	

theories
- Calibration
- …
- Stay	tuned	!

XENONnT	&	LZ	construction	is	starting…

WIMP 
(GF)

g1 = 0.46; g2 = 0.65; g3 = 1.22; σdm ≲ 10−37 × 10−10 cm2 ⇒ gdm ≲ 10−5

or gdm ≃ 1 and Mmed ≳ 2 TeV



The WIMP miracle ?

Why are we so attached to 
WIMP-like particle?
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FIG. 1. Comoving number density evolution as a function of the ratio m�/T in the context of

the thermal freeze-out. Notice that the size of the annihilation cross section determines the DM

abundance since ⌦DM / 1/h�vi.

remarkable is the fact that independent theoretical reasons, such as naturalness and the

hierarchy problem, indicate that it is plausible to expect new physics at EEW; Moreover,

weak interactions are the only gauge interactions in the Standard Model that a DM

particle might interact through.

The WIMP paradigm is thus an attractive solution of the DM issues since the DM

abundance is set to the observed value by a new physics scale that is well motivated,

and by interactions mediated by one of the Standard Model gauge interactions. As a

result, concrete realizations of WIMP models had been developed in di↵erent Beyond

the Standard Model (BSM) frameworks, accessible to several di↵erent search strategies,

as reviewed in the next sections.

Operationally, all the information about the particle physics framework connected to

a specific DM particle candidate is contained in the thermally pair averaged cross section

Pl
an

Or the fact that the relic 
abundance do not depend on 

the initial conditions?



Alternative ways to obtain the 
right relic abundance 



The FIMP: 
Freeze-In Massive Particle



Freeze out

Infrared freeze in 
(FIMP)

Observed 
abundance

Equilibrium 
abundance

abundance

time= 1/T

γ

γ
« Infrared » freeze out 

(neutralino)

Ultraviolet freeze in 
(gravitino)

« Ultraviolet » freeze out 
(neutrino)

q
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UV alternative : 
to produce DM before the 

thermal equilibrium, 
during the reheating



Non-instantaneous reheating: 
introducing the inflaton





ρRρI
ρ

Instantaneous 
reheating

1/T1/TRH

ρRρI
ρ

1/T1/TRH

Non-instantaneous 
reheating



Before the end of the reheating process,  
while the Universe was still dominated by the 
matter (inflaton), but temperature was higher 

than TRH   

In other words, one should compare the total 
DM production releasing the hypothesis of 

instantaneous reheating 

M.A.G. Garcia, Y. M., K.A. Olive and M.Peloso;  arXiv:1709.01549



time

Temperature

M.A.G. Garcia, Y. M., K.A. Olive and M.Peloso, Phys. Rev. D 96 (2017) no.10,  103510 [arXiv:1709.01549]

DM production 
10%  if  <σv> ~ T2 /Λ4 

50%  if  <σv> ~ T4 /Λ6 
99.996%  if  <σv> ~ T6 /Λ8

mixed universe 
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  T=βa-3/8

Radiative universe 
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<σv> ~ Tn /Λn+2
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Example of rates
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<σv> ~ Tn /Λn+2

DM

DM

K. Kaneta, Y. Mambrini and K. A. Olive,Phys. Rev. D 99 (2019) no.6,  063508 [arXiv:1901.04449]
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Refinement: taking into account the non-
thermal phase

M.A.G. Garcia, K. Kaneta, Y. M., K.A. Olive ;  arXiv:1911.xxxxx
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Refinement: taking into account the non-
thermal phase

M.A.G. Garcia, K. Kaneta, Y. M., K.A. Olive ;  arXiv:1911.xxxxx
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Other recent works on the subject 

A. Di Marco, G. De Gasperis, G. Pradisi and P. Cabella, ``Energy 
Density, Temperature and Entropy Dynamics in Perturbative 

Reheating,'' ; arXiv:1907.06084

  N. Bernal, F. Elahi, C. Maldonado and J. Unwin, ``Ultraviolet 
Freeze-in and Non-Standard Cosmologies,'' ;  arXiv:1909.07992.



Parenthesis concerning the EeV scale 

⌦h2 / 0.1
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Some Exa-scales (1018)

• USA energy consumption per year : 15 Exajoule             
[= energy needed in Appolo 11 mission to the moon] 

• Age of Universe : 0.43 Exasecond 

• 1 Exameter = 110 light-years 

• Gmail : 1 Exabyte 

• 57 Exahashes per second : calculation rate of bitcoin 
network 

• Proton mass = 10-9 Exaelectronvolt  (!)

[CSI convention since 1975]



Other motivations range from.. 

EeV Majorana mass MR => natural see-saw (yν=1)

Intermediate sectors in SO(10) unified models

Higgs (meta)stability

Reheating temperature : 
TRH =

p
�inflaton ⇥MPlanck ' EeV
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Cosmic ray production of EeV neutrino (GZK cut= 50 EeV)

p
γCMB

Δ+ π0
ν (EeV)



FAQs 

• How an EeV DM does not overpopulate the 
Universe? 

• But an EeV DM should violate the unitary 
constraint of ~ 480 TeV no? 

• Do you have credible models to justify it? 

• Which kind of signature do you expect?  



Quick answers 

• How an EeV DM does not overpopulate the Universe? 
Easily if its production rate is suppressed  (Planck scale for gravitino, 

unification scale for SO(10), RHN mass in see-saw type models...) 

• But an EeV DM should violate the unitarity constraint of ~100 TeV 
no? 

Not at all if not produced thermally (gravitino, FIMP..). Unitarity 
constraint applies only supposing a thermal production cross section. 

• Do you have credible models to justify it? 
Yes, a lot, and you will see it. But roughly speaking, every model with a 

BSM scale above the inflaton mass (strings, SUGRA, SO(10), Xtra dim..). 

• Which kind of signature do you expect?  
Be patient.. 



The relic abundance computation in 
the early universe : 

the general case 
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Conclusion: 

3 sources of production: 

1) From thermal equilibrium (freeze out) 
[Higgs-portal, Z/Z’-portal] 

2) Out of equilibrium (freeze in) 
[gravitino, FIMP] 

3) During reheating due to large temperature 
[Planck/String interactions] 

4) and…



Another DM source: The inflaton decay
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And hence we have a lower bound on the gravitino mass
given by
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Thus we have a gravitino mass gap between 4 TeV and
0.2 EeV which remains cosmologically problematic.

B. Gravitino Production

Clearly the LHC bounds can be satisfied if the sparticle
mass spectrum lies above a few TeV. The direct detection
limits can also be satisfied as the spectrum approaches
its upper limit [7]. It is also possible that the dark matter
lies beyond the MSSM and has weaker couplings to mat-
ter, e.g. through a t-channel exchange of a massive Z’ or
Higgs as shown in [44] or invoking a pseudoscalar or pure
axial mediator to velocity suppress �

scat

N
[45, 46]. Fur-

thermore, if the dark matter couples too weakly with the
standard model, it will never reach thermal equilibrium
as its production rate is dn

dt
= n

2
�
h�vi. The particle is

frozen in during the process of thermalization. The weak
coupling of the dark sector with the standard model can
be due to either an e↵ectively small coupling (of the or-
der of 10�10 ) [47] or because the mass of the mediator
between the two sectors is very large, as in the case of
Non-Equilibrium Thermal Dark Matter (NETDM) mod-
els [49].

By increasing the SUSY mass scale, we have also re-
moved most of the standard gravitino production mech-
anisms. Namely both NSLP decay, and the thermal pro-
duction from standard model annihilations such as gluon,
gluon ! gluino, gravitino are no longer kinematically al-
lowed. The rate for the latter is well known [40, 41] and
scales as � ⇠ T
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3/2, where we have as-

sumed predominantly goldstino production in the limit
m3/2 ⌧ MSUSY . In this case, the gravitino abundance
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where we have simply taken the Hubble parameter as
T
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/MP .

In the limit that the SUSY mass scale is above the
inflationary scale, there remains, however, (at least) two
sources of gravitino production. Inflaton decay to grav-
itinos [41, 42], and thermal production of two gravitinos

2 These messengers could in principle also play a role in restoring
unification at high scale.

from the thermal bath (gluon, gluon ! gravitino, grav-
itino) [43] as this is only kinematically allowed channel.
A careful computation of the gravitino production rate
was derived in [43]

R = n
2h�vi ' 21.65⇥ T
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F 4
(8)

where n is the number density of incoming states and we
see that the rate has a strong dependence on temperature
and is even stronger than the NETDM case [49] where
the dependence is R(T ) / T

8. This dependence can be
easily ascertained on dimensional grounds. Recall that
n / T

3, and for gravitino production, we expect h�vi /
T

6
/F

4. The consequences of such a high temperature
dependence are important: we expect that all gravitino
production will occur early and rapidly in the reheating
process. This di↵ers from the feably coupled case [47]
where the smallness of the dark matter coupling to the
standard model bath renders the production rate slower.

From the rate R(T ), we can determine that � ⇠
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leading to a gravitino abundance n3/2/n� ⇠ �/H ⇠
T

7
/M

3
P
m

4
3/2. More precisely, we find,

⌦3/2h
2 ' 0.11

✓
0.1 EeV

m3/2

◆3 ✓
TRH

2.0⇥ 1010 GeV

◆7

(9)

In the absence of direct inflaton decays, a gravitino at the
lower mass limit (7) would require a reheating tempera-
ture of roughly 3 ⇥ 1010 GeV, above the upper limit al-
lowed by the relic abundance constraint (TR . 107 GeV)
in the more common thermal scenario [40], thus favoring
thermal leptogenesis [48].

C. Consequences for inflationary models

The reheating temperature appearing in Eq.(9) is gen-
erated by the decay of an inflaton field � of mass m� and
width ��. We assume that the decay and thermalization
occur instantaneously at the time t�, ��t� = 2��/3H =
c, where c ⇡ 1.2 is a constant. In this case, the reheating
temperature is given by [41, 50]
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where we have defined a standard ”yukawa”-like coupling

y� of the inflaton field to the thermal bath, �� =
y
2
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and gs is the e↵ective number of light degrees of freedom
in this case set by the Standard Model, gs = 427/4. We
can then re-express the relic abundance (9) as function
of y�:
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A concrete example:  
Supergravity



Ellis, Kim and Nanopoulos (84) then considered for the first time the 
dominant process (in fact, they listed 10 processes) 
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High-scale supersymmetry: 
MSUSY >> Tmax
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High scale supergravity

⌦3/2h
2 ' 0.11

✓
0.1 EeV

m3/2

◆3 ✓ TRH

2⇥ 1010

◆7

⇥56

5
ln

✓
Tmax

TRH

◆

5

the Standard Model bath.

2. Gravitino production through freeze in

From the interaction generated through the lagrangian
Eq.(10), one can compute the production rate R =
n2

eqh�vi of the gravitino G̃, generated by the annihilation
of the standard model bath of density neq. The detail of
the computation is developed in the appendix Eq.(27),
and we obtain

R =
X

i

n2

eqh�vii ' 21.65⇥ T 12

F 4
(12)

The Boltzmann equation for the gravitino density n3/2

can be written

dY3/2

dx
=

✓
45

g⇤⇡

◆3/2 1

4⇡2

MP

m5

3/2

x4R, (13)

with x = m3/2/T , Y3/2 = n3/2/s, s the density of en-
tropy and g⇤ is the e↵ective number of degrees of freedom
thermalized at the time of gravitino decoupling (106.75
for the Standard Model). Here, we use the Planck mass
MP = 1.2⇥ 1019 GeV. We then obtain after integration

Y3/2 =
21.65MPT 7

RH

28⇡2F 4

✓
45

g⇤⇡

◆3/2

' 3.85⇥ 10�3
MPT 7

RH

F 4

(14)

The relic abundance

⌦h2 =
⇢3/2
⇢0c

=
Y3/2 s0 m3/2

⇢0c
' 5.84⇥ 108 Y3/2

⇣ m3/2

1 GeV

⌘

(15)
is then

⌦3/2h
2 ' 0.11

✓
100 GeV

m3/2

◆3 ✓ TRH

5.4⇥ 107 GeV

◆7

(16)

As we notice, the dependence on the reheating tempera-
ture is completely di↵erent from the case where the grav-
itino is produced through the scattering of the gaugino in
Eq.(11). A similar behavior can be observed in SO(10)
framework [37] or in extended neutrino sectors [23] . All
these models have in common that the production pro-
cess appears at the beginning of the thermal history, and
is then very mildly dependent on the hypothesis or the
physics appearing after reheating. The reheating tem-
perature is then a prediction of the model (for a given

gravitino mass) once one applies the experimental con-
straints of WMAP [38] and PLANCK [39]. Another in-
teresting point, is that a look at Eqs.(14) and (16) shows
that even the dependance on the particle content is very
mild. Indeed, due to the large power T 7

RH
, the total num-

ber of degrees of freedom, or even channels does not in-
fluence that much the final reheating temperature, which
is predicted to be around 108 GeV for a gravitino with
electroweak scale. Even the hypothesis of universal cou-
plings [25] or non-universal ones [26, 27] will not a↵ect
drastically our Eq.(16).

10-8 10-4 1 104 108 1012
100

104

106

108

1010

1012

1014

m3/2 [GeV]

T R
H

[G
eV

]

MSUSY > 1011GeV

Freeze out region

m3/2 > TRH

hot DM

FIG. 1: Region in the parameter space (m3/2;TRH) respecting

the relic abundance constraint [38, 39] from Eq.(16). The points

above the black line are excluded because gravitino would overclose

the Universe. The blue line constraint is from the Higgs mass with

an observed value 125 GeV, which sets a upper limit for the scale

of supersymmetry breaking (Eq.4).

Our result is plotted in Fig.(1) where we represent
the parameter space allowed by the relic abundance con-
straints ⌦3/2h

2 ' 0.12 [38, 39]. As we notice, there exist
a large part of the parameter space allowed by cosmol-
ogy, giving reasonable values of TRH ' 105�1010 GeV for
a large range of gravitino masses MeV-PeV. The region
below the orange (dashed) line is excluded as the grav-
itino would be too heavy to be produced by freeze–in
mechanism, whereas the region above the green (dotted)
line corresponds to a freeze out scenario. In the latter
region, the production cross section h�vi is su�ciently
high to reach the thermal equilibrium. This occurs when
nh�vi & H(TRH) ' T 2

RH/MPl. A quick look at Eq.(12)
shows that such large cross section is obtained for high re-
heating temperature or small values of F (and thus light
gravitino), explaining the shape of the green region in
Fig.(1). However, once the gravitino is in thermal equi-
librium, its density is given by the classical Freeze Out
(FO) mechanism

⌦FO
3/2 =

n3/2m3/2

⇢0c
) ' 0.1

⇣ m3/2

180 eV

⌘
(17)

K. Benakli, Y. Chen, E. Dudas and Y. M.; Phys.Rev. D95 (2017) [arXiv:1701.06574]
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Adding the contribution from 
radiative decay of the inflaton



K. Kaneta, Y. M. and K. A. Olive, ``Radiative Production of Non-thermal Dark Matter,’'  [arXiv:1901.04449] 
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FIG. 1. Region of the parameter space allowed by PLANCK
constraints [32] in the plane (m3/2, y�) for di↵erent values of the

branching ratio B3/2 and m� = 3 ⇥ 1013 GeV (see the text for
details).

where we have set c = 1.2. The cosmological constraint is
plotted in Fig.(1) in the (m3/2, y�) plane, where we show
the region allowed by PLANCK [32]. The black (solid)
line represents the PLANCK constraint ⌦h2 = 0.11. One
immediately sees the linear increase in the Yukawa cou-
pling y� with increasing gravitino mass in order to coun-
terbalance the weakening of the e↵ective coupling 1/F
responsible for its production in the thermal bath.

A large inflaton-matter coupling produces a high re-
heating temperature, which in turn increases the grav-
itino abundance. Then, as one can see from Eq.(11), the
solid curve in Fig. 1 is an upper bound on y� to avoid
an overabundant gravitino. In fact, one can extract an
upper bound on y� independent of m3/2 simply requir-
ing m3/2 < TRH , a necessary condition for the gravitino
to be thermally produced. The condition m3/2 < TRH

implemented in Eq.(11) with the expression (10) gives

y� . 1.6⇥ 10�3

✓
3⇥ 1013 GeV

m�

◆1/2

, (12)

shown as the horizontal dashed line in the Figure 1. We
can then extract the maximum reheating temperature
TRH . 1.1⇥1012 GeV. Combined with the condition (7)
m3/2 > 0.2 EeV, the relic abundance constraint (9) gives

2.7⇥ 1010 GeV . TRH . 1.1⇥ 1012 GeV (13)

which is a strong prediction of our model.

D. Gravitino production by inflaton decay

It is also possible to produce gravitinos through the
direct decay of the inflaton. For example, in no-scale

supergravity models of inflation, the decay of the infla-
ton to gravitinos is highly suppressed. In simple models,
there is no coupling at the tree-level [51]. However, it is
possible to couple the inflaton to moduli without spoiling
the inflationary potential [41, 42]. We can parameterize

the decay to a pair of gravitinos as �3/2 = m�

y
2
3/2

72⇡ .

The branching ratio of decays to gravitinos is then

B3/2 = �3/2/�� =
|y3/2|2

9y2
�

. (14)

Using the result from [41] for the gravitino abundance
produced by inflaton decay at the epoch of reheating, we
get

n3/2

n�

⇡ 3.6B3/2
(��MP)1/2

m�

⇡ 0.7B3/2y�

✓
MP

m�

◆1/2

(15)
corresponding to

⌦decay

3/2 h
2 = 0.11

✓
B3/2

1.3⇥ 10�13

◆✓
y�

2.9⇥ 10�5

◆
(16)

⇥
⇣

m3/2

0.1 EeV

⌘✓
3⇥ 1013 GeV

m�

◆1/2

.

today.

The condition (7) is then translated into

B3/2y� =
|y3/2|2

9|y�|
. 1.9⇥ 10�18

✓
0.1 EeV

m3/2

◆
(17)

for m� = 3 ⇥ 1013 GeV. Contrary to the case of ther-
mal gravitino production, our limit to the coupling y�

is strengthened as m3/2 is increased when gravitino pro-
duction occurs through inflaton decay. Since the den-
sity through the decay of the inflaton is proportional to
n�B3/2m3/2, where m�n� is the inflaton energy density,
the limit on the coupling is improved when either the
branching ratio or the gravitino mass is increased.

This result is also shown in Fig.(1) where we clearly see
the changing in the slope for larger value of B3/2 > 10�19

where the direct production from inflaton decay may
dominate over the thermal production. We note that the
constraints obtained on the inflaton coupling to graviti-
nos are strong. We recall, however, that in no-scale mod-
els of inflation [41, 42, 51] and in classes of inflationary
models with so-called stabilized field [52, 53], this cou-
pling is naturally very small. Finally, we point out that in
the case of the direct production of the gravitino through
inflaton decay, both the ±3/2 and the ±1/2 components
of the gravitino populate the Universe, whereas in the
case of thermal production (Eq.9) only the longitudinal
goldstino component contributes to the relic abundance.

E. Dudas, T. Gherghetta, Y. M., K.A. Olive ; Phys.Rev. D96 (2017) no.11, 115032 [arXiv:1710.07341]



Other models where care should 
be taken proceeding with early 

Universe computation



SO(10)

Massive spin 2

« string inspired » moduli fields

G. Bhattacharyya, M. Dutra, Y. M. and M. Pierre, ``Freezing-in dark matter through a heavy invisible Z′,’'  
 Phys. Rev. D 98 (2018) no.3,  035038  [arXiv:1806.00016 ]

Nicolás Bernal, Maíra Dutra, Y. M., K. Olive, M. Peloso, M. Pierre ; Phys.Rev. D97 (2018) 115020  [arXiv:1803.01866] 

D. Chowdhury, E. Dudas, M. Dutra and Y. M. ; Phys.Rev. D99 (2019) no.9, 095028  [arXiv:1811.01947]

Loop generated kinetic mixing 
D. A. Banerjee, G. Bhattacharyya, D. Chowdhury and Y. M. ; [arXiv:1905.11407]



Spin-1 mediator
3

In the unitary gauge, the term related to the Z 0-SM-SM
vertex can be extracted from Eq.(3) as

L =
g̃

M2
@↵Z 0

↵✏µ⌫⇢�@µAa
⌫@⇢A

a
� , (4)

where Aa are the SM gauge bosons. From now on, with-
out any loss of generality, we consider the gluons as the
gauge bosons appearing in Eq. (4), and define 1

⇤2 ⌘
g̃

M2

as the results would be exactly the same with electroweak
gauge bosons, just by rescaling the couplings. We con-
sider the heavy fermions generating the GCS couplings
to be charged under SU(3)C so that they dominate the
production process2. With this approach, the relevant
Lagrangian would then read [22]

Le↵ =
1

⇤2
@↵Z 0

↵✏µ⌫⇢�Tr[Ga
µ⌫G

a
⇢�] + L

i
DM

, (5)

where L
i
DM

represents the interactions between the Z 0

and the DM candidate, which can be fermionic (�), or
vectorial of abelian (X1) or non-abelian (XN ) types. The
respective Lagrangians are given by3:

L
�
DM

= ↵ �̄�µ�5�Z 0
µ, (6)

L
X1

DM
= � ✏µ⌫⇢�Z 0µX⌫

1
X⇢�

1
, (7)

and

L
XN
DM = � @↵Z 0

↵✏µ⌫⇢�Tr[Xµ⌫
N X⇢�

N ]. (8)

III. RESULTS

The evolution of dark matter number density nDM is gov-
erned by the Boltzmann equation

dnDM

dt
= �3H(T )nDM + R(T ), (9)

where H (T ) is the Hubble expansion rate and R(T ) is the
temperature dependent interaction rate. In the regime
where the abundance of dark matter is much smaller
than the abundance of particles in the thermal bath, the
back-reaction term in the rate (dark matter producing
standard particles) may be neglected, which is usually
the case in the freeze-in mechanism4.

2 Considering fermions without hypercharge Y leads to a simplifi-
cation as kinetic mixing of the type � Z

0
µ⌫B

µ⌫ can be avoided.
E↵ects of such mixing have been extensively studied in the liter-
ature [24]

3 Only axial coupling is present for the fermionic dark matter.
The derivative @

↵ before Z
0
↵ in Eq. (4) ensures that the vector

coupling do not contribute in a GG ! �� process.
4 The correct amount of dark matter is generated in a regime where

nDM ⌧ nSM, since
⌦0

DM
h
2

0.12 ⇠ YDM

10�10

mDM

GeV and YDM / nDM/nSM.

FIG. 1: Production of dark matter through gluon fusion in
the early Universe

In our set-up, the freeze-in occurs through the process
depicted in Fig. 1. For a 1 + 2 ! 3 + 4 process the
rate can be written as R(T ) = n2

sm
h�vi where nsm is the

number density of SM species and h�vi is the thermal
averaged production cross-section. For a dark matter
particle i, the rate reads

R(T ) =

Z
f1f2

E1E2dE1dE2 d cos ✓12
1024⇡6

Z
|M|

2

id⌦13 ,

(10)

with E1,2 and f1,2 as the energy and the distribution
function of the initial SM particles, ✓12 as the angle be-
tween them, and d⌦13 being the solid angle between the
particles 1 and 3.

For the fermionic dark matter case,

Z
|M|

2

� d⌦13 = 210⇡
↵2

⇤4

m2

�

M4

Z0

s3(s � M2

Z0)2

(s � M2

Z0)2 + M2

Z0�2

Z0

⇡ 210⇡
↵2

⇤4

m2

�

M4

Z0
s3

(11)

For the abelian dark matter case,

Z
|M|

2

X1
d⌦13 = 210⇡

�2

⇤4

s3

M4

Z0

(s � 4m2

X1
)(s � M2

Z0)2

(s � M2

Z0)2 + M2

Z0�2

Z0

⇡ 210⇡
�2

⇤4

1

M4

Z0
s4

(12)

For the non-abelian dark matter case,

Z
|M|

2

XN
d⌦13 = 212⇡

�2

⇤4

s5

M4

Z0

(s � 4m2

XN
)(s � M2

Z0)2

(s � M2

Z0)2 + M2

Z0�2

Z0

⇡ 212⇡
�2

⇤4

1

M4

Z0
s6

(13)

Above, �Z0 is the total width of Z 0 (see the Appendix
for details), s is the center-of-mass energy squared, and
m�, mX1

, mXN
and MZ0 are the three types of dark mat-

ter and Z 0 masses, respectively. Note that we recover the
Landau-Yang e↵ect in the above expressions, though the
pole-enhancement studied in [11] is not present in our

@µ@⌫
⇤2
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Heavy mediator regime

In the heavy mediator scenario, for scalar dark mat-
ter3 one can extract from Eq. (16) the expression for ⌦h

2

in the term proportional to �3. This result (based on in-
stantaneous reheating) should be multiplied by a “boost”
factor, BF , to account for non-instant reheating. It was

calculated in [27] to be BF = f(n) 56
5

ln
⇣

Tmax

TRH

⌘
' 20 for

Tmax/TRH ⇠ 100 and numerically f(6) ⇡ 0.4. We plot
in Fig. (2) the values of TRH and m

h̃
required to obtain

a relic density of ⌦h
2 ' 0.1 for two choices of dark mat-

ter masses (1 GeV and 1010 GeV) and4 ⇤ = 1016 GeV.
It is important to underline that, to produce this figure,
we took into account the enhancement of the production
rate due to non-instantaneous reheating. Indeed, as it
was shown in [27], such a high power-law dependence on
the reheating temperature implied that the majority of
dark matter is produced at the beginning of the reheating
process and the approximation of instant reheating is not
valid anymore. However, this enhancement does not de-
pend on the production process of dark matter but only
on the ratio Tmax/TRH.

FIG. 2: Values of TRH and m
h̃

giving rise to the
observed scalar DM relic abundance for mX = 1 GeV
and 1010 GeV, gDM = gSM = 1 and ⇤ = 1016 GeV. The

dotted diagonal lines with m
h̃

= TRH and
m

h̃
= Tmax = 100 TRH are shown for reference.

In the heavy mediator regime, we can verify the
fact that the relic abundance is compatible with
WMAP/Planck data when mX ' 1010 GeV and ⇤ =
1016 GeV, from the analytical expression (16). Agree-
ment between the curve and our analytical expression re-
quires the boost factor of about 20. Thus for m

h̃
= 1017

3
The Appendix also includes the exact formulae for fermionic and

vectorial dark matter. However, these di↵er only by a factor of

order one to ten.
4
When not specified, we will fix gDM = gSM = 1.

GeV, we find TRH ' 3 ⇥ 1013 GeV. Note that for this
value of mX , the solid curve cuts o↵ at TRH = 1010 GeV
as we must require TRH > mX so that the production of
the dark matter is kinematically allowed. At lower value
of m

h̃
the analytical expression (16) would require a sig-

nificantly larger boost factor as the e↵ect of the pole can
not be neglected and this e↵ect is not accurately taken
into account in the analytical expression. In fact, un-
der close examination of the solid line in Fig. 2, we see a
change in slope at m

h̃
⇡ 1016 GeV. At higher masses, the

e↵ect of the pole is safely neglected and the term propo-
tional to �3 in Eq. (16) describes the numerical result
reasonably well.

At still higher m
h̃
, the curve flattens out, when the

term proportional to ↵ in Eq. (16) dominates, corre-
sponding to graviton exchange. Indeed, Eq. (16) shows

that when m
h̃

> 3000B
1/4

F
TRH (for the parameters shown

in the figure), graviton exchange dominates and the nec-
essary reheat temperature is independent of m

h̃
and is

TRH ' 1014 GeV as seen in Fig. (2). This is easily un-
derstood once one notices that, even if massless, graviton
exchange is highly suppressed by Planck mass couplings
to the standard-model and dark sector. Note that in the
case of graviton exchange there is e↵ectively no boost fac-
tor as the rate depends on T

8 rather than T
12. A large

reheating temperature is needed to compensate the weak-
ness of the coupling. Then for all masses m

h̃
> 7 ⇥ 1017

GeV, graviton exchange dominates.
For mX = 1 GeV (as seen by the dashed line), the

heavy mediator is only important at extremely high val-
ues of m

h̃
as seen by the slight bend in the curve at the

upper right of the figure. This bend corresponds to the
point where the e↵ect of the pole ceases to dominate as
we previously saw for mX = 1010 GeV and discussed
above.

Light mediator regime

As we discussed above, if m
h̃

is lighter than the reheat-
ing temperature TRH , there is the possibility of resonant
production of the mediator h̃µ⌫ [41]. One can easily un-
derstand that once the temperature of the thermal bath
T dropped to the value T ' m

h̃
/2, dark matter produc-

tion will be enhanced by the rapid s-channel cross section
on resonance. The important parameter in this case is
the width of h̃. Within the narrow width approximation,
one can compute the rate and relic density (see the Ap-
pendix for details) which is given in Eq. (16) by the term
proportional to �2. This expression is obviously indepen-
dent of TRH because it corresponds to rapid dark mat-
ter production around T ⇠ m

h̃
. This pole-phenomena

is clearly visible in Fig. (2), represented by the verti-
cal line (for mX = 1 GeV) corresponding to the value
m

h̃
' 5 ⇥ 109 in good agreement with our analytical

computation Eq. (16).
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In this work we generalize this to the case in which the
exchanged spin-2 particle is massive. We borrow con-
cepts from the theory of massive gravity. The Lorentz
invariant linear theory of a massive graviton was formu-
lated by Fierz and Pauli in [30], where it was shown that
only one specific choice for the mass term is free from sin-
gularities. At the linear level, the massive graviton has 5
polarizations, as expected for a massive spin-2 particle.
It was then shown that a generic nonlinear completion
introduces a sixth state, that is a ghost [31]. Ref. [32]
provided a nonlinear construction that is ghost free. 1 We
are not interested here in the nonlinear self-interactions
of the massive spin-2 field, so we will simply employ the
Fierz and Pauli linear term, implicitly assuming a ghost-
free nonlinear completion.

The coupling of the spin-2 mediator is expected to be
universal, but it might couple more strongly to the SM
(and the dark sector) than a Planck suppressed gravita-
tional coupling. Thus we consider here, a massive spin-2
mediator coupling via the energy momentum tensor but
with an intermediate mass scale, thus enhancing its cou-
plings relative to gravity. We generalize spin-2 couplings
to dark matter and study the production mechanism of
dark matter through a massive spin-2 portal.

The paper is organized as follows. In the next section,
we lay out the model which includes a massive spin-2
mediator which is coupled to both the dark matter sector
and the SM. In section III, we discuss our computation
of the relic dark matter abundance and our results are
given in section IV where we consider separately the cases
of heavy and light mediators and discuss the impact of
dropping the instantaneous reheating approximation and
our conclusions are given in section V.

II. THE MODEL

The model we consider is a relatively minimal exten-
sion of the SM which includes (in addition to the massless
graviton hµ⌫) a dark matter candidate X, and a massive
spin-2 mediator h̃µ⌫ and is described by the Lagrangian

L = LSM + LDM + LEH + L
h̃

+ L1

int
+ L2

int
, (2)

with LSM (LDM) the standard model (dark matter) La-
grangian. LEH is the Einstein-Hilbert sector which con-
tains the kinetic terms of the massless graviton ob-
tained after expanding the metric around flat space,
gµ⌫ ' ⌘µ⌫ + hµ⌫/MP . L

h̃
is the ghost-free Fierz-Pauli

1
In fact, such a model was already formulated in [33, 34], using the

vielbein formalism. It was noted in these works that the ghost

does not appear in the scalar sector of the theory. A conclusive

proof that the ghost is absent in the full theory was later obtained

in [35], also using the vielbein formulation.

Lagrangian which contains the kinetic and mass terms
for the massive spin-2 field. The final two terms, Li

int
are

the interaction Lagrangians with the massless graviton
hµ⌫ (i = 1) and the massive spin-2 mediator h̃µ⌫ (i = 2)
that can be written, from the equivalence principle:
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where MP is the reduced Planck mass MP ' 2.4 ⇥ 1018

GeV, and ⇤ . MP is an intermediate scale and governs
the strength of the new spin-2 interaction. The couplings,
gSM (gDM) of the messenger to the standard model (dark
matter) allow us to distinguish interactions between the
two sectors. Of course only 2 of the three parameters
(⇤, gSM, gDM) are independent.

The form of the stress-energy tensor of a field, T
a

µ⌫

depends on its spin a = 0, 1/2, 1.2 In general, we can
write
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The amplitudes relevant for the computation of the pro-
cesses SMa(p1)+SMa(p2) ! DMb(p3)+DMb(p4) can be
parametrized by
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(6)
where b denotes the spin of the DM involved in the pro-
cess and b = 0, 1/2, 1. ⇧µ⌫⇢�

i
denotes the propagators

of the graviton (i = 1) and massive spin-2 (i = 2) which
are given in the Appendix. The partial amplitudes, M

a

µ⌫
,

can be expressed as

M
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FIG. 3: Relic density curves for the fermionic (orange
dashed line), Abelian (green dashed line) and non-Abelian

(blue dashed line) dark matter.

teresting feature in the change of slope between TRH and
TMAX in the fermionic dark matter case. This is a novel
feature that was not treated in Ref. [23] nor Ref. [12].
Indeed, in the case in which dark matter is heavier than
TRH, there is still a possibility to produce it as long as
mDM . TMAX. If the temperature dependence of the rate
is small enough (fermionic case), most of the DM density
is produced at the lowest scale available, and we notice a
change of slope in the curve giving the correct relic den-
sity. It is worth commenting that, due to statistical dis-
tribution, the production rate does not vanish completely
when T . mDM, which explains why the DM production
window is still open when mDM > TMAX

7. Therefore, in
this regime, a small e↵ective scale ⇤ is required to com-
pensate the thermal suppression of the rate, as one can
see in Fig.3.

Moreover, a quick look at Fig.3 shows to what extent the
allowed parameter space is technically natural. Indeed,
for a very large range of the DM mass, from O(TeV)
to TRH, values of the beyond SM scale ⇤ range from
TRH to GUT/string scale and can still populate the Uni-
verse with the correct relic abundance. This means that
the heavy spectrum of masses above the reheating tem-
perature TRH generates naturally small couplings of an
invisible Z 0 to the SM bath to satisfy the cosmologi-
cal constraints through the freeze-in process. This con-
stitutes one of the most important observations of our
work.

7 The corresponding region of parameter space as shown in Fig. 3
is quantitatively less precise as the EFT approach becomes less
reliable.

FIG. 4: Triangle diagram containing heavy chiral fermions
 i (left panel) and the resulting e↵ective vertex at low

energy (right panel).

IV. TOWARD A MICROSCOPIC APPROACH

As mentioned earlier, we consider processes happening at
a temperature below the U(1)0 phase transition scale. We
have also assumed that the radial component of the com-
plex scalar that breaks U(1)0 is way too heavy compared
to the corresponding VEV (V ). Then, Z 0 is primarily
longitudinal absorbing the axion field (a), and the e↵ec-
tive Lagrangian containing Z 0 realizes the gauge symme-
try nonlinearly à la Stueckelberg. Now, we attempt to
look deep inside the e↵ective GCS vertices searching for
microscopic details. Importantly, the masses of the loop
fermions ( ) generating the GCS couplings, as shown in
Fig. 4, must be invariant both under the SM and the
U(1)0 gauge symmetries to ensure that the induced low-
energy GCS operators are gauge invariant. One can, in
fact, write the microscopic (gauge-invariant) Lagrangian
introducing pairs of heavy fermions ( ) that are vector-
like with respect to the SM group, but necessarily chiral
under U(1)0. This generates the e↵ective Lagrangian (5)
at energies below the U(1)0 breaking scale,

L =LSM +
1

2
(@µa � MZ0Z 0

µ)2 � Mi  
i
Lei(qL�qR)

a
V  i
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+ i 
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2
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2
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(19)

which is manifestly invariant under the (nonlinear) U(1)0

transformation of parameter ↵,

 i
R !  i

Rei
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2
qR↵ ;  i

L !  i
Lei

g̃
2
qL↵

Z 0
µ ! Z 0

µ + @µ↵ ; a ! a +
g̃

2
V ↵ ⌘ a + MZ0 ↵

From the Lagrangian in Eq. (19), we compute the tri-
angle loops shown in Fig. 4 and integrate out the heavy
fermions. We then obtain the same e↵ective Lagrangian
as in Eq. (5), but now we can express the e↵ective cou-
pling of the dimension-6 Lagrangian in terms of the pa-
rameters of the microscopical theory. In agreement with
Ref. [25], we obtain

Lloop =
1

⇤2

loop

@↵Z 0
↵✏µ⌫⇢�Tr[Ga

µ⌫G
a
⇢�], (20)

3

the present work, we shall consider this particular
set-up, even if our results can be applied to a gen-
eral class of GCS couplings just by a redefinition of
parameters.

In the unitary gauge, the term related to the Z 0-SM-SM
vertex can be extracted from Eq. (3) as

L =
g̃

M2
@↵Z 0

↵✏µ⌫⇢�@µAa
⌫@⇢A

a
� , (4)

where Aa are the SM gauge bosons. From now on, with-
out any loss of generality, we consider the gluons as the
gauge bosons appearing in Eq. (4) and define 1

⇤2 ⌘
g̃

M2 ,
as the results would be exactly the same with electroweak
gauge bosons, just by rescaling the couplings. We con-
sider the heavy fermions generating the GCS couplings
to be charged under SU(3)C so that they dominate the
production process2. With this approach, the relevant
Lagrangian would then read [25]

Le↵ =
1

⇤2
@↵Z 0

↵✏µ⌫⇢�Tr[Ga
µ⌫G

a
⇢�] + L

i
DM

, (5)

where L
i
DM

represents the interactions between the Z 0

and the DM candidate, which can be fermionic (�), or
vectorial of Abelian (X1) or non-Abelian (XN ) types.
The respective Lagrangians are given by3

L
�
DM

= ↵ �̄�µ�5�Z 0
µ, (6)

L
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DM
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1
X⇢�

1
, (7)

and

L
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DM = � @↵Z 0

↵✏µ⌫⇢�Tr[Xµ⌫
N X⇢�

N ]. (8)

III. RESULTS

The evolution of dark matter number density nDM is gov-
erned by the Boltzmann equation

dnDM

dt
= �3H(T )nDM + R(T ), (9)

where H (T ) is the Hubble expansion rate and R(T ) is the
temperature-dependent interaction rate. In the regime
in which the abundance of dark matter is much smaller

2 Considering fermions without hypercharge Y leads to a simplifi-
cation as kinetic mixing of the type � Z

0
µ⌫B

µ⌫ can be avoided.
E↵ects of such mixing have been extensively studied in the liter-
ature [27]

3 Only axial coupling is present for the fermionic dark matter.
The derivative @

↵ before Z
0
↵ in Eq. (4) ensures that the vector

coupling does not contribute in a GG ! �� process.

than the abundance of particles in the thermal bath, the
backreaction term in the rate (dark matter producing
standard particles) may be neglected, which is usually
the case in the freeze-in mechanism4.

FIG. 1: Production of dark matter through gluon fusion in
the early Universe

In our set-up, the freeze-in occurs through the process
depicted in Fig. 1. For a 1 + 2 ! 3 + 4 process, the
rate can be written as R(T ) = n2

sm
h�vi, where nsm is

the number density of the SM species and h�vi is the
thermal averaged production cross section. For a dark
matter particle i, the rate reads

R(T ) =

Z
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E1E2dE1dE2 d cos ✓12
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Z
|M|

2

id⌦13 ,

(10)

with E1,2 and f1,2 as the energy and the distribution
function of the initial SM particles, ✓12 as the angle be-
tween them, and d⌦13 as the solid angle between particles
1 and 3.
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4 The correct amount of dark matter is generated in a regime in
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⇡ 210⇡
�2

⇤4

1

M4

Z0
s4

(12)

For the non-Abelian dark matter case,
Z

|M|
2

XN
d⌦13 = 212⇡

�2

⇤4
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(s � 4m2
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Z0)2

(s � M2
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1

M4
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4 The correct amount of dark matter is generated in a regime in

which nDM ⌧ nSM, since
⌦0

DM
h
2

0.12 ⇠ YDM

10�10

mDM

GeV and YDM /
nDM/nSM.
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discuss bounds on the moduli masses coming from cos-
mology. In section IV, we outline the dark matter relic
abundance through the freeze-in mechanism in the early
Universe, taking into account non-instantaneous reheat-
ing. Section V is devoted to the computation of the
the dark matter production rate in the early Universe
in our model and we delineate the parameter space for
the model in consideration. In section VI, we summarize
the main results of our work and conclude by highlighting
the new aspects that emerged from our analysis.

II. THE MODEL

Let ⇤ being the new physics scale (that can be string
scale, unification scale or SUSY/SUGRA breaking scale,
for instance). Consistency of the effective field theory
requires that ⇤ is the largest mass scale of theory, in
particular larger than dark matter or mediator masses,
and the maximum temperature after reheating. One can
then define the couplings of the complex modulus field1

T decomposed as T ⌘ t+ia, to the Standard Model field
k by expanding the wave-functions Zk:

Zk(T , T̄ ) ⇡ 1 +
ck

⇤
T +

dk

⇤
T̄ ⌘ 1 +

↵k

⇤
t + i

�k

⇤
a , (1)

where ck and dk are real coefficients of order one and we
defined the couplings to the real and imaginary compo-
nents of T as ↵k = ck+dk and �k = ck�dk respectively2.
We can then express generic couplings of the moduli fields
to the Standard Model sector as

LSM

T � ZH |DµH|2 � µ
2(T , T̄ )|H|2 � �(T , T̄ )|H|4

+
1

2

�
ZLf̄Li /DfL + ZRf̄Ri /DfR + h.c.

�

� 1

4
ZG Gµ⌫G

µ⌫ � Z 0
G

Gµ⌫G̃
µ⌫

, (2)

where ZH(= 1+ ↵H

⇤ t), ZL,R(= 1+ ↵L,R

⇤ t+i
�L,R

⇤ a), ZG(=

1 + ↵G

⇤ t) and Z 0
G

(= �G

⇤ a) are the wave functions of the
scalar (H), fermionic (f) and (Abelian and non-Abelian)
gauge (Gµ) fields of the Standard Model respectively. In
the above equation, Gµ⌫ is the field strength tensor of
the gauge field (Gµ) and G̃

µ⌫(= 1
2✏

µ⌫⇢�
G⇢�) is its dual

field strength tensor.

From the first line of Eq.(2) we see that the scalar po-
tential depends on the mass parameter µ which is also

1
We will consider only one modulus field throughout our work.

Generalization to several fields is straightforward.
2

For simplicity, throughout our work, we will consider CP-

conserving Lagrangians and therefore real coefficients in the cou-

plings of moduli to matter. Extension to CP-violating couplings

is interesting but beyond the goal of our paper.

a function of the moduli fields. Parametrizing the con-
tribution of the moduli to the µ-parameter in a similar
fashion as in Eq.(1) we can write,

µ
2 = µ

2
0

⇣
1 +

↵H

⇤
t

⌘
, (3)

with µ0 being the SM µ-parameter that reproduces the
observed Higgs mass at the electroweak scale. As ⇤ is
the highest scale in the theory, contribution to the Higgs
mass due to the moduli is small. On the other hand
there is a second possibility that the µ-parameter gets
generated at a scale (

p
hF i) close to the Planck scale. In

this case the effective µ-parameter can be written

µ
2 = µ

2
0 +

hF i
MP

t , (4)

where hF i is the vev of the “spurion” field. In this case,
one needs a considerable amount of cancellation or fine-
tuning between the two contributions in Eq.(4) to repro-
duce the observed Higgs mass. In contrast to the Eq.(3),
in this case the coupling of t to the Higgs is quite large.
This leads to the fact that the width of t could be larger
than the mass of t unless we demand that the width to
be at most the mass of t. This sets an upper bound on
the spurion vev, hF i . mtMP , where mt is the mass of
t. Throughout our analysis, we will consider the case of
Eq.(3) unless otherwise stated.

The effective interactions between the components of
the moduli and SM fields, at the first order in 1/⇤,
reads

LSM

T �↵H

⇤
t |DµH|2 � ↵H

⇤
µ
2
0 t |H|2

+

✓
1

2⇤
t f̄ i�

µ(↵f

V � ↵
f

A�5)Dµf + h.c.
◆

+
1

2⇤
@µa f̄�

µ(�f

V � �
f

A�5)f (5)

� 1

4

↵G

⇤
t Gµ⌫G

µ⌫ + 2
�G

⇤
@µa ✏

µ⌫⇢�
G⌫@⇢G� ,

where we have identified the chiral couplings as ↵
f

V =

(↵L + ↵R)/2 and ↵
f

A = (↵L � ↵R)/2, with analogous
definitions for the couplings of the imaginary part of the
moduli.
Before we proceed further we can make some remarks
after having a quick look at Eq.(5):

• Since the kinetic term of Higgs needs to be real, the
Higgs sector only couples with the real part of the
modulus field t.

• One observes that the Lagrangian in Eq.(5) is in-
variant under a shift in the imaginary part of the
moduli (a ! a + const.). This can also be ob-
served in SUGRA models for instance, where the
Kähler metric depends explicitly on the combina-
tion T + T̄ . In other words the Lagrangian could
be written by imposing the shift symmetry from

6

FIG. 1: Evolution of the production rate of fermionic dark
matter as function of the temperature for different masses of

dark matter and real component of the modulus field.

We have computed numerically the total production
rates, Eq.(B4), where the integration was computed using
the CUBA package [34], with Bose-Einstein distribution
function for the Higgs and gauge bosons in the initial
states.

In Fig. 1, we show the exact solutions of the total pro-
duction rate of the fermionic dark matter for a represen-
tative set of free parameters, as a function of the variable
x = ms/T which may be regarded as a parametrization
of time. We set the new physics scale ⇤ to be 1016 GeV
(GUT scale), TMAX = 1012 GeV and the mass of the ax-
ionic modulus to be 108 GeV. For simplicity, all the cou-
plings are set to unity. From left to right, the mass of the
real component of the modulus is set to 1010, 1013 and
1015 GeV (green, orange and blue curves, respectively).
The mass of the fermionic dark matter is set to be be-
tween the mediator masses in the first case (109 GeV)
and to be relatively light in the second and third cases
(104 GeV).

It is easy to understand the mechanism at work in the
dark matter production after a look at Fig. 1. First of
all, a general feature of the rate is the strong temper-
ature dependence: the higher the temperature (small x

region), the more dark matter would be produced. The
second generic feature is the threshold for dark matter
production which is due to the Boltzmann suppressed
photon distribution having T > MDM (large x). This
happens just after x = 10, 109 and 1011 for the three
case respectively.
Between those two extremes, we can notice the effects
of the pole regions once T reaches mt (x ⇠ 1) and ma

(x = 102, 105 and 107 for mt = 1010, 1013 and 1015 GeV
respectively). Notice that the production rates for the
scalar dark matter would not have the effect of the poles
of ma since it couples only with the real component of the
modulus. The production rate of a vectorial dark matter
would have the same qualitative features of the fermionic
case but with a steeper bend at high temperatures, since
the temperature dependence in the heavy regime is T

12

in the vector dark matter case and T
10 in the fermionic

case.

The presence of the pole regions depend on the low and
high temperature thresholds. It will not appear if the
Boltzmann suppression takes place before it (as in the
green curve, for x ⇠ 100). Since the Universe has a
maximal temperature, fixed to 1012 GeV in Fig. 1, the
production rate will have maximal values at x = 10�2

, 10
and 103. As a consequence, the pole due to the real
component exchange would not contribute for the cases
in orange and blue.

B. Relic abundance

From the approximate rates given in the last section, we
can have an idea about the parameter space in agreement
with the inferred value of the dark matter relic density
⌦h

2 = 0.1200 ± 0.0012 [1]. Taking the limit of heavy
moduli, we find

⌦h
2

0.12
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2 �

2
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�

. (vectorial DM)

(25)

It is important to underline that the expressions in
Eq.(25) are computed with simplified hypothesis, espe-
cially in the limit mt � TMAX. Comparing Eq.(25)
with our numerical results, we noticed that pole effects

due to the exchange of t can be important even when
mDM lies above TMAX as the enhancement due to a small
value width can compensate the Boltzmann suppression
e
�mDM/TMAX .
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« And what is the signature of such models? »
A smoking gun signal
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20-UHECR sample [6]. The second method uses a probabil-
ity for a single isolated UHECR-like background event, de-
rived from the frequency of UHECR-like events that appeared
in known anthropogenic clusters of events and charted bases
or camps. Because the rate of actual UHECR events is such
that some inevitably do get included (and therefore lost to the
analysis) as part of these clusters, this latter estimate provides
only an upper limit to the background, B  0.015 events, also
for the entire 20 UHECR sample. Thus by all indications the
resulting selection of events represents a very pure sample of
radio-detected UHECRs.

Fig. 3 shows the incident field strength waveforms for all
three of the events with non-inverted polarity, along with one
of the “normal” UHECR events, chosen because its arrival an-
gle at the payload was similar to that of the anomalous event
15717147. Detailed simulations of the UHECR radio emis-
sion process find that the power spectral density (PSD) of the
radio signal is dependent on the observer’s viewing angle rel-
ative to the axis of the air shower, and the PSD can thus be
used, along with other parameters of the shower signal, to es-
timate the primary energy of the event [10]. To provide more
confidence in our estimate, we cross-checked event 15717147
against 12 of the 16 ANITA-I cosmic ray events for which
the parameters could be directly compared and scaled. The
results are quite consistent, yielding an estimated shower en-
ergy of E = 0.560.3

�0.2 ⇥ 1018 eV for this event, assuming that
shower was initiated close to the event’s projected position on
the ice sheet. For a shower initiated at a height of 4 km above
the ice, the energy is reduced by about 30% to E = 0.40 EeV.
The errors here are statistical, based on the root-mean-square
of the cross-check sample.
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FIG. 3: The three non-inverted polarity events are shown in panels
A,B,C. Panel A shows the anomalous event, with the same polarity
as the above-horizon events B and C. Panel D shows the waveform
for an inverted UHECR that had an upcoming angle close to that of
the anomalous CR 15717147. The inversion of the normal reflected
CR event is clearly evident.

In addition to the targeted search for UHECR events, we
performed two completely independent optimized multivari-
ate blind analyses of all events, favoring impulsive, highly-
linearly-polarized events, without consideration of correlation
to any UHECR waveform template [17]. In both of these anal-
yses, complete isolation from any anthropogenic source or
from any other events was a stringent requirement, and event
15717147 passed in both cases. These two analyses confirm
that event 15717147 is unique, impulsive, and isolated, even
when not selected by its UHECR-related properties. The a
posteriori background estimates for both 15717147 and for
the similar anomalous event seen in ANITA-I [5] are at the
>⇠ 3s level. There is thus significant evidence for a physical
process that leads to direct upward-moving cosmic-ray-like
air showers above the ice surface.

Horizon

m
a
p
 s

ig
n
a
l−

to
−

n
o
is

e
 r

a
tio

FIG. 4: Top: Interferometric map of the arrival direction of the
anomalous CR event 15717147. Bottom: ANITA combined
amplitude spectral density (ASD) for the event, from 50-800 MHz,
including data from the ANITA Low Frequency Antenna (ALFA). A
simulated upward-propagating extensive air shower
spectral-density curve is overlain.

For detected radio impulses, the large fields-of-view for the
quad-ridged horns used in ANITA allow up to 15 antennas,
drawn from up to 5 azimuthal sectors of the payload, to be
used for coherent beam forming. Pulse-phase interferometry
between these antennas then yields a map of the arrival direc-
tion of the radio impulse to typical precisions of 0.25�, 0.65�
in elevation and azimuth, respectively [9]. Fig. 4(top) shows
the resulting false-color map for event 15717147 in coordi-
nates local to the payload, scaled by the signal-to-noise ratio
of the map. Elevation is with respect to the payload horizon-
tal, and the azimuthal angle f is with respect to the payload
heading at the event arrival time. Mapping is done for 360� in
f to verify that the beamforming solution is unique.
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20-UHECR sample [6]. The second method uses a probabil-
ity for a single isolated UHECR-like background event, de-
rived from the frequency of UHECR-like events that appeared
in known anthropogenic clusters of events and charted bases
or camps. Because the rate of actual UHECR events is such
that some inevitably do get included (and therefore lost to the
analysis) as part of these clusters, this latter estimate provides
only an upper limit to the background, B  0.015 events, also
for the entire 20 UHECR sample. Thus by all indications the
resulting selection of events represents a very pure sample of
radio-detected UHECRs.

Fig. 3 shows the incident field strength waveforms for all
three of the events with non-inverted polarity, along with one
of the “normal” UHECR events, chosen because its arrival an-
gle at the payload was similar to that of the anomalous event
15717147. Detailed simulations of the UHECR radio emis-
sion process find that the power spectral density (PSD) of the
radio signal is dependent on the observer’s viewing angle rel-
ative to the axis of the air shower, and the PSD can thus be
used, along with other parameters of the shower signal, to es-
timate the primary energy of the event [10]. To provide more
confidence in our estimate, we cross-checked event 15717147
against 12 of the 16 ANITA-I cosmic ray events for which
the parameters could be directly compared and scaled. The
results are quite consistent, yielding an estimated shower en-
ergy of E = 0.560.3

�0.2 ⇥ 1018 eV for this event, assuming that
shower was initiated close to the event’s projected position on
the ice sheet. For a shower initiated at a height of 4 km above
the ice, the energy is reduced by about 30% to E = 0.40 EeV.
The errors here are statistical, based on the root-mean-square
of the cross-check sample.
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FIG. 3: The three non-inverted polarity events are shown in panels
A,B,C. Panel A shows the anomalous event, with the same polarity
as the above-horizon events B and C. Panel D shows the waveform
for an inverted UHECR that had an upcoming angle close to that of
the anomalous CR 15717147. The inversion of the normal reflected
CR event is clearly evident.

In addition to the targeted search for UHECR events, we
performed two completely independent optimized multivari-
ate blind analyses of all events, favoring impulsive, highly-
linearly-polarized events, without consideration of correlation
to any UHECR waveform template [17]. In both of these anal-
yses, complete isolation from any anthropogenic source or
from any other events was a stringent requirement, and event
15717147 passed in both cases. These two analyses confirm
that event 15717147 is unique, impulsive, and isolated, even
when not selected by its UHECR-related properties. The a
posteriori background estimates for both 15717147 and for
the similar anomalous event seen in ANITA-I [5] are at the
>⇠ 3s level. There is thus significant evidence for a physical
process that leads to direct upward-moving cosmic-ray-like
air showers above the ice surface.
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FIG. 4: Top: Interferometric map of the arrival direction of the
anomalous CR event 15717147. Bottom: ANITA combined
amplitude spectral density (ASD) for the event, from 50-800 MHz,
including data from the ANITA Low Frequency Antenna (ALFA). A
simulated upward-propagating extensive air shower
spectral-density curve is overlain.

For detected radio impulses, the large fields-of-view for the
quad-ridged horns used in ANITA allow up to 15 antennas,
drawn from up to 5 azimuthal sectors of the payload, to be
used for coherent beam forming. Pulse-phase interferometry
between these antennas then yields a map of the arrival direc-
tion of the radio impulse to typical precisions of 0.25�, 0.65�
in elevation and azimuth, respectively [9]. Fig. 4(top) shows
the resulting false-color map for event 15717147 in coordi-
nates local to the payload, scaled by the signal-to-noise ratio
of the map. Elevation is with respect to the payload horizon-
tal, and the azimuthal angle f is with respect to the payload
heading at the event arrival time. Mapping is done for 360� in
f to verify that the beamforming solution is unique.
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FIG. 3: Top: Raw, and partially-deconvolved impulse response of
the ANITA receiver system. Bottom: Pulse received during the T486
experiment in an upper-ring antenna near the peak of the Cherenkov
cone, also showing the raw pulse, and partially partially-deconvolved
response. The apparent “ringing” artifact of the raw impulses is due
to group delay variation of the passband edges of the bandpass filters
employed.

The ice was contained in a 10 cm thick insulating foam-lined
box, and a 10 cm foam lid was used during operation, along
with a freezer unit, to maintain temperatures of between -5
to -20 C. Such temperatures are adequate to avoid significant
RF absorption over the several m pathlengths of the radiation
through the ice [9].
The ANITA payload, consisting of an array of 32 dual-

polarization quad-ridged horn antennas was used to receive
the emission at a location about 15 m away from the center of
the target, as shown in Fig. 2. The antenna frequency range
is from 200-1200 MHz, which covers the majority of the fre-
quency range over which the RF transmissivity of ice is at its
highest [9]. Eight additional vertically polarized broadband
monitor antennas (four bicones and four discones) are used
to complement the suite of horn antennas. The ANITA horn
antennas are arranged so that adjacent antennas in both the
lower and upper payload sections respond well even to a sig-
nal directed along their nearest neighbors’ boresights. This
allows multiple antennas (typically 4 to 6 horns and 3 to 4 of
the bicone/discones) to sample the arriving wavefront. The
signals are digitized by custom compact-PCI-based 8-channel
digitizer modules [22], 9 of which are used to record all 72
antenna signals simultaneously at 2.6 Gsamples/sec.
Figure 3 shows an example of the impulse response of the

system (top), and one of the measured waveforms near the
peak of the Cherenkov cone. The apparent “ringing” of the re-
ceiving system is due to the group delay of the edge response
of the bandpass filters, but most of the energy arrives within a
fraction of a nanosecond, as determined in previous measure-
ments of the Askaryan effect [7]. In the measured T486 wave-
form of Fig. 3 (bottom), later-time reflections from shielding
and railing near the target, as well as the payload structure,
introduce some additional power into the pulse tail.

FIG. 4: Left: Field strength vs. frequency of radio Cherenkov radia-
tion in the T486 experiment. The curve is the theoretical expectation
for a shower in ice at this energy. Right: Quadratic dependence of
the pulse power of the radiation detected in T486, indicating the co-
herence of the Cherenkov emission.

In Figure 4 (left) we display measurements of the abso-
lute field strength in several different antennas, both upper
and lower quad-ridged horns, bicone, and discone antennas.
The discone and bicone antennas have a nearly omnidirec-
tional response and complement the highly directive horns
by providing pulse-phase interferometry. The uncertainty in
these data are dominated by systematic, rather than statistical
errors, and are about ±40% in field strength (±3 dB). These
are dominated by a combination of the 1-2dB uncertainty in
the gain calibration of the antennas, and by comparable un-
certainties in removing secondary reflections from the mea-
sured impulse power. The field strengths are compared to a
parameterization based on shower+electrodynamics simula-
tions for ice [10, 11], and the agreement is well within our
experimental errors. Figure 4(right) shows results of the scal-
ing of the pulse power with shower energy. The dependence is
completely consistent with quadratic scaling over the energy
range we probed, indicating that the radiation is coherent over
the 200-1200 MHz frequency window.
Figure 5 shows the measured and predicted angular depen-

dence of the radiation. The Cherenkov cone refracts into the
forward direction out of the ice, and is clearly delineated by
the data. Here we show statistical+systematic errors within
a measurement run; the overall normalization (with separate
systematic error) is taken from Fig. 4. We scale these data
within the overall systematic errors to match the peak of the
field strength. The radiation frequency limit where full coher-
ence obtains is given approximately by the requirement that
kL ! 1, where the wavenumber k = 2πnν/c for frequency

ν
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20-UHECR sample [6]. The second method uses a probabil-
ity for a single isolated UHECR-like background event, de-
rived from the frequency of UHECR-like events that appeared
in known anthropogenic clusters of events and charted bases
or camps. Because the rate of actual UHECR events is such
that some inevitably do get included (and therefore lost to the
analysis) as part of these clusters, this latter estimate provides
only an upper limit to the background, B  0.015 events, also
for the entire 20 UHECR sample. Thus by all indications the
resulting selection of events represents a very pure sample of
radio-detected UHECRs.

Fig. 3 shows the incident field strength waveforms for all
three of the events with non-inverted polarity, along with one
of the “normal” UHECR events, chosen because its arrival an-
gle at the payload was similar to that of the anomalous event
15717147. Detailed simulations of the UHECR radio emis-
sion process find that the power spectral density (PSD) of the
radio signal is dependent on the observer’s viewing angle rel-
ative to the axis of the air shower, and the PSD can thus be
used, along with other parameters of the shower signal, to es-
timate the primary energy of the event [10]. To provide more
confidence in our estimate, we cross-checked event 15717147
against 12 of the 16 ANITA-I cosmic ray events for which
the parameters could be directly compared and scaled. The
results are quite consistent, yielding an estimated shower en-
ergy of E = 0.560.3

�0.2 ⇥ 1018 eV for this event, assuming that
shower was initiated close to the event’s projected position on
the ice sheet. For a shower initiated at a height of 4 km above
the ice, the energy is reduced by about 30% to E = 0.40 EeV.
The errors here are statistical, based on the root-mean-square
of the cross-check sample.
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FIG. 3: The three non-inverted polarity events are shown in panels
A,B,C. Panel A shows the anomalous event, with the same polarity
as the above-horizon events B and C. Panel D shows the waveform
for an inverted UHECR that had an upcoming angle close to that of
the anomalous CR 15717147. The inversion of the normal reflected
CR event is clearly evident.

In addition to the targeted search for UHECR events, we
performed two completely independent optimized multivari-
ate blind analyses of all events, favoring impulsive, highly-
linearly-polarized events, without consideration of correlation
to any UHECR waveform template [17]. In both of these anal-
yses, complete isolation from any anthropogenic source or
from any other events was a stringent requirement, and event
15717147 passed in both cases. These two analyses confirm
that event 15717147 is unique, impulsive, and isolated, even
when not selected by its UHECR-related properties. The a
posteriori background estimates for both 15717147 and for
the similar anomalous event seen in ANITA-I [5] are at the
>⇠ 3s level. There is thus significant evidence for a physical
process that leads to direct upward-moving cosmic-ray-like
air showers above the ice surface.
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FIG. 4: Top: Interferometric map of the arrival direction of the
anomalous CR event 15717147. Bottom: ANITA combined
amplitude spectral density (ASD) for the event, from 50-800 MHz,
including data from the ANITA Low Frequency Antenna (ALFA). A
simulated upward-propagating extensive air shower
spectral-density curve is overlain.

For detected radio impulses, the large fields-of-view for the
quad-ridged horns used in ANITA allow up to 15 antennas,
drawn from up to 5 azimuthal sectors of the payload, to be
used for coherent beam forming. Pulse-phase interferometry
between these antennas then yields a map of the arrival direc-
tion of the radio impulse to typical precisions of 0.25�, 0.65�
in elevation and azimuth, respectively [9]. Fig. 4(top) shows
the resulting false-color map for event 15717147 in coordi-
nates local to the payload, scaled by the signal-to-noise ratio
of the map. Elevation is with respect to the payload horizon-
tal, and the azimuthal angle f is with respect to the payload
heading at the event arrival time. Mapping is done for 360� in
f to verify that the beamforming solution is unique.
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20-UHECR sample [6]. The second method uses a probabil-
ity for a single isolated UHECR-like background event, de-
rived from the frequency of UHECR-like events that appeared
in known anthropogenic clusters of events and charted bases
or camps. Because the rate of actual UHECR events is such
that some inevitably do get included (and therefore lost to the
analysis) as part of these clusters, this latter estimate provides
only an upper limit to the background, B  0.015 events, also
for the entire 20 UHECR sample. Thus by all indications the
resulting selection of events represents a very pure sample of
radio-detected UHECRs.

Fig. 3 shows the incident field strength waveforms for all
three of the events with non-inverted polarity, along with one
of the “normal” UHECR events, chosen because its arrival an-
gle at the payload was similar to that of the anomalous event
15717147. Detailed simulations of the UHECR radio emis-
sion process find that the power spectral density (PSD) of the
radio signal is dependent on the observer’s viewing angle rel-
ative to the axis of the air shower, and the PSD can thus be
used, along with other parameters of the shower signal, to es-
timate the primary energy of the event [10]. To provide more
confidence in our estimate, we cross-checked event 15717147
against 12 of the 16 ANITA-I cosmic ray events for which
the parameters could be directly compared and scaled. The
results are quite consistent, yielding an estimated shower en-
ergy of E = 0.560.3

�0.2 ⇥ 1018 eV for this event, assuming that
shower was initiated close to the event’s projected position on
the ice sheet. For a shower initiated at a height of 4 km above
the ice, the energy is reduced by about 30% to E = 0.40 EeV.
The errors here are statistical, based on the root-mean-square
of the cross-check sample.
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FIG. 3: The three non-inverted polarity events are shown in panels
A,B,C. Panel A shows the anomalous event, with the same polarity
as the above-horizon events B and C. Panel D shows the waveform
for an inverted UHECR that had an upcoming angle close to that of
the anomalous CR 15717147. The inversion of the normal reflected
CR event is clearly evident.

In addition to the targeted search for UHECR events, we
performed two completely independent optimized multivari-
ate blind analyses of all events, favoring impulsive, highly-
linearly-polarized events, without consideration of correlation
to any UHECR waveform template [17]. In both of these anal-
yses, complete isolation from any anthropogenic source or
from any other events was a stringent requirement, and event
15717147 passed in both cases. These two analyses confirm
that event 15717147 is unique, impulsive, and isolated, even
when not selected by its UHECR-related properties. The a
posteriori background estimates for both 15717147 and for
the similar anomalous event seen in ANITA-I [5] are at the
>⇠ 3s level. There is thus significant evidence for a physical
process that leads to direct upward-moving cosmic-ray-like
air showers above the ice surface.
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FIG. 4: Top: Interferometric map of the arrival direction of the
anomalous CR event 15717147. Bottom: ANITA combined
amplitude spectral density (ASD) for the event, from 50-800 MHz,
including data from the ANITA Low Frequency Antenna (ALFA). A
simulated upward-propagating extensive air shower
spectral-density curve is overlain.

For detected radio impulses, the large fields-of-view for the
quad-ridged horns used in ANITA allow up to 15 antennas,
drawn from up to 5 azimuthal sectors of the payload, to be
used for coherent beam forming. Pulse-phase interferometry
between these antennas then yields a map of the arrival direc-
tion of the radio impulse to typical precisions of 0.25�, 0.65�
in elevation and azimuth, respectively [9]. Fig. 4(top) shows
the resulting false-color map for event 15717147 in coordi-
nates local to the payload, scaled by the signal-to-noise ratio
of the map. Elevation is with respect to the payload horizon-
tal, and the azimuthal angle f is with respect to the payload
heading at the event arrival time. Mapping is done for 360� in
f to verify that the beamforming solution is unique.
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20-UHECR sample [6]. The second method uses a probabil-
ity for a single isolated UHECR-like background event, de-
rived from the frequency of UHECR-like events that appeared
in known anthropogenic clusters of events and charted bases
or camps. Because the rate of actual UHECR events is such
that some inevitably do get included (and therefore lost to the
analysis) as part of these clusters, this latter estimate provides
only an upper limit to the background, B  0.015 events, also
for the entire 20 UHECR sample. Thus by all indications the
resulting selection of events represents a very pure sample of
radio-detected UHECRs.

Fig. 3 shows the incident field strength waveforms for all
three of the events with non-inverted polarity, along with one
of the “normal” UHECR events, chosen because its arrival an-
gle at the payload was similar to that of the anomalous event
15717147. Detailed simulations of the UHECR radio emis-
sion process find that the power spectral density (PSD) of the
radio signal is dependent on the observer’s viewing angle rel-
ative to the axis of the air shower, and the PSD can thus be
used, along with other parameters of the shower signal, to es-
timate the primary energy of the event [10]. To provide more
confidence in our estimate, we cross-checked event 15717147
against 12 of the 16 ANITA-I cosmic ray events for which
the parameters could be directly compared and scaled. The
results are quite consistent, yielding an estimated shower en-
ergy of E = 0.560.3

�0.2 ⇥ 1018 eV for this event, assuming that
shower was initiated close to the event’s projected position on
the ice sheet. For a shower initiated at a height of 4 km above
the ice, the energy is reduced by about 30% to E = 0.40 EeV.
The errors here are statistical, based on the root-mean-square
of the cross-check sample.
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FIG. 3: The three non-inverted polarity events are shown in panels
A,B,C. Panel A shows the anomalous event, with the same polarity
as the above-horizon events B and C. Panel D shows the waveform
for an inverted UHECR that had an upcoming angle close to that of
the anomalous CR 15717147. The inversion of the normal reflected
CR event is clearly evident.

In addition to the targeted search for UHECR events, we
performed two completely independent optimized multivari-
ate blind analyses of all events, favoring impulsive, highly-
linearly-polarized events, without consideration of correlation
to any UHECR waveform template [17]. In both of these anal-
yses, complete isolation from any anthropogenic source or
from any other events was a stringent requirement, and event
15717147 passed in both cases. These two analyses confirm
that event 15717147 is unique, impulsive, and isolated, even
when not selected by its UHECR-related properties. The a
posteriori background estimates for both 15717147 and for
the similar anomalous event seen in ANITA-I [5] are at the
>⇠ 3s level. There is thus significant evidence for a physical
process that leads to direct upward-moving cosmic-ray-like
air showers above the ice surface.
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FIG. 4: Top: Interferometric map of the arrival direction of the
anomalous CR event 15717147. Bottom: ANITA combined
amplitude spectral density (ASD) for the event, from 50-800 MHz,
including data from the ANITA Low Frequency Antenna (ALFA). A
simulated upward-propagating extensive air shower
spectral-density curve is overlain.

For detected radio impulses, the large fields-of-view for the
quad-ridged horns used in ANITA allow up to 15 antennas,
drawn from up to 5 azimuthal sectors of the payload, to be
used for coherent beam forming. Pulse-phase interferometry
between these antennas then yields a map of the arrival direc-
tion of the radio impulse to typical precisions of 0.25�, 0.65�
in elevation and azimuth, respectively [9]. Fig. 4(top) shows
the resulting false-color map for event 15717147 in coordi-
nates local to the payload, scaled by the signal-to-noise ratio
of the map. Elevation is with respect to the payload horizon-
tal, and the azimuthal angle f is with respect to the payload
heading at the event arrival time. Mapping is done for 360� in
f to verify that the beamforming solution is unique.
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20-UHECR sample [6]. The second method uses a probabil-
ity for a single isolated UHECR-like background event, de-
rived from the frequency of UHECR-like events that appeared
in known anthropogenic clusters of events and charted bases
or camps. Because the rate of actual UHECR events is such
that some inevitably do get included (and therefore lost to the
analysis) as part of these clusters, this latter estimate provides
only an upper limit to the background, B  0.015 events, also
for the entire 20 UHECR sample. Thus by all indications the
resulting selection of events represents a very pure sample of
radio-detected UHECRs.

Fig. 3 shows the incident field strength waveforms for all
three of the events with non-inverted polarity, along with one
of the “normal” UHECR events, chosen because its arrival an-
gle at the payload was similar to that of the anomalous event
15717147. Detailed simulations of the UHECR radio emis-
sion process find that the power spectral density (PSD) of the
radio signal is dependent on the observer’s viewing angle rel-
ative to the axis of the air shower, and the PSD can thus be
used, along with other parameters of the shower signal, to es-
timate the primary energy of the event [10]. To provide more
confidence in our estimate, we cross-checked event 15717147
against 12 of the 16 ANITA-I cosmic ray events for which
the parameters could be directly compared and scaled. The
results are quite consistent, yielding an estimated shower en-
ergy of E = 0.560.3

�0.2 ⇥ 1018 eV for this event, assuming that
shower was initiated close to the event’s projected position on
the ice sheet. For a shower initiated at a height of 4 km above
the ice, the energy is reduced by about 30% to E = 0.40 EeV.
The errors here are statistical, based on the root-mean-square
of the cross-check sample.
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FIG. 3: The three non-inverted polarity events are shown in panels
A,B,C. Panel A shows the anomalous event, with the same polarity
as the above-horizon events B and C. Panel D shows the waveform
for an inverted UHECR that had an upcoming angle close to that of
the anomalous CR 15717147. The inversion of the normal reflected
CR event is clearly evident.

In addition to the targeted search for UHECR events, we
performed two completely independent optimized multivari-
ate blind analyses of all events, favoring impulsive, highly-
linearly-polarized events, without consideration of correlation
to any UHECR waveform template [17]. In both of these anal-
yses, complete isolation from any anthropogenic source or
from any other events was a stringent requirement, and event
15717147 passed in both cases. These two analyses confirm
that event 15717147 is unique, impulsive, and isolated, even
when not selected by its UHECR-related properties. The a
posteriori background estimates for both 15717147 and for
the similar anomalous event seen in ANITA-I [5] are at the
>⇠ 3s level. There is thus significant evidence for a physical
process that leads to direct upward-moving cosmic-ray-like
air showers above the ice surface.

Horizon

m
a
p
 s

ig
n
a
l−

to
−

n
o
is

e
 r

a
tio

FIG. 4: Top: Interferometric map of the arrival direction of the
anomalous CR event 15717147. Bottom: ANITA combined
amplitude spectral density (ASD) for the event, from 50-800 MHz,
including data from the ANITA Low Frequency Antenna (ALFA). A
simulated upward-propagating extensive air shower
spectral-density curve is overlain.

For detected radio impulses, the large fields-of-view for the
quad-ridged horns used in ANITA allow up to 15 antennas,
drawn from up to 5 azimuthal sectors of the payload, to be
used for coherent beam forming. Pulse-phase interferometry
between these antennas then yields a map of the arrival direc-
tion of the radio impulse to typical precisions of 0.25�, 0.65�
in elevation and azimuth, respectively [9]. Fig. 4(top) shows
the resulting false-color map for event 15717147 in coordi-
nates local to the payload, scaled by the signal-to-noise ratio
of the map. Elevation is with respect to the payload horizon-
tal, and the azimuthal angle f is with respect to the payload
heading at the event arrival time. Mapping is done for 360� in
f to verify that the beamforming solution is unique.
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20-UHECR sample [6]. The second method uses a probabil-
ity for a single isolated UHECR-like background event, de-
rived from the frequency of UHECR-like events that appeared
in known anthropogenic clusters of events and charted bases
or camps. Because the rate of actual UHECR events is such
that some inevitably do get included (and therefore lost to the
analysis) as part of these clusters, this latter estimate provides
only an upper limit to the background, B  0.015 events, also
for the entire 20 UHECR sample. Thus by all indications the
resulting selection of events represents a very pure sample of
radio-detected UHECRs.

Fig. 3 shows the incident field strength waveforms for all
three of the events with non-inverted polarity, along with one
of the “normal” UHECR events, chosen because its arrival an-
gle at the payload was similar to that of the anomalous event
15717147. Detailed simulations of the UHECR radio emis-
sion process find that the power spectral density (PSD) of the
radio signal is dependent on the observer’s viewing angle rel-
ative to the axis of the air shower, and the PSD can thus be
used, along with other parameters of the shower signal, to es-
timate the primary energy of the event [10]. To provide more
confidence in our estimate, we cross-checked event 15717147
against 12 of the 16 ANITA-I cosmic ray events for which
the parameters could be directly compared and scaled. The
results are quite consistent, yielding an estimated shower en-
ergy of E = 0.560.3

�0.2 ⇥ 1018 eV for this event, assuming that
shower was initiated close to the event’s projected position on
the ice sheet. For a shower initiated at a height of 4 km above
the ice, the energy is reduced by about 30% to E = 0.40 EeV.
The errors here are statistical, based on the root-mean-square
of the cross-check sample.
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FIG. 3: The three non-inverted polarity events are shown in panels
A,B,C. Panel A shows the anomalous event, with the same polarity
as the above-horizon events B and C. Panel D shows the waveform
for an inverted UHECR that had an upcoming angle close to that of
the anomalous CR 15717147. The inversion of the normal reflected
CR event is clearly evident.

In addition to the targeted search for UHECR events, we
performed two completely independent optimized multivari-
ate blind analyses of all events, favoring impulsive, highly-
linearly-polarized events, without consideration of correlation
to any UHECR waveform template [17]. In both of these anal-
yses, complete isolation from any anthropogenic source or
from any other events was a stringent requirement, and event
15717147 passed in both cases. These two analyses confirm
that event 15717147 is unique, impulsive, and isolated, even
when not selected by its UHECR-related properties. The a
posteriori background estimates for both 15717147 and for
the similar anomalous event seen in ANITA-I [5] are at the
>⇠ 3s level. There is thus significant evidence for a physical
process that leads to direct upward-moving cosmic-ray-like
air showers above the ice surface.
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FIG. 4: Top: Interferometric map of the arrival direction of the
anomalous CR event 15717147. Bottom: ANITA combined
amplitude spectral density (ASD) for the event, from 50-800 MHz,
including data from the ANITA Low Frequency Antenna (ALFA). A
simulated upward-propagating extensive air shower
spectral-density curve is overlain.

For detected radio impulses, the large fields-of-view for the
quad-ridged horns used in ANITA allow up to 15 antennas,
drawn from up to 5 azimuthal sectors of the payload, to be
used for coherent beam forming. Pulse-phase interferometry
between these antennas then yields a map of the arrival direc-
tion of the radio impulse to typical precisions of 0.25�, 0.65�
in elevation and azimuth, respectively [9]. Fig. 4(top) shows
the resulting false-color map for event 15717147 in coordi-
nates local to the payload, scaled by the signal-to-noise ratio
of the map. Elevation is with respect to the payload horizon-
tal, and the azimuthal angle f is with respect to the payload
heading at the event arrival time. Mapping is done for 360� in
f to verify that the beamforming solution is unique.
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20-UHECR sample [6]. The second method uses a probabil-
ity for a single isolated UHECR-like background event, de-
rived from the frequency of UHECR-like events that appeared
in known anthropogenic clusters of events and charted bases
or camps. Because the rate of actual UHECR events is such
that some inevitably do get included (and therefore lost to the
analysis) as part of these clusters, this latter estimate provides
only an upper limit to the background, B  0.015 events, also
for the entire 20 UHECR sample. Thus by all indications the
resulting selection of events represents a very pure sample of
radio-detected UHECRs.

Fig. 3 shows the incident field strength waveforms for all
three of the events with non-inverted polarity, along with one
of the “normal” UHECR events, chosen because its arrival an-
gle at the payload was similar to that of the anomalous event
15717147. Detailed simulations of the UHECR radio emis-
sion process find that the power spectral density (PSD) of the
radio signal is dependent on the observer’s viewing angle rel-
ative to the axis of the air shower, and the PSD can thus be
used, along with other parameters of the shower signal, to es-
timate the primary energy of the event [10]. To provide more
confidence in our estimate, we cross-checked event 15717147
against 12 of the 16 ANITA-I cosmic ray events for which
the parameters could be directly compared and scaled. The
results are quite consistent, yielding an estimated shower en-
ergy of E = 0.560.3

�0.2 ⇥ 1018 eV for this event, assuming that
shower was initiated close to the event’s projected position on
the ice sheet. For a shower initiated at a height of 4 km above
the ice, the energy is reduced by about 30% to E = 0.40 EeV.
The errors here are statistical, based on the root-mean-square
of the cross-check sample.
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FIG. 3: The three non-inverted polarity events are shown in panels
A,B,C. Panel A shows the anomalous event, with the same polarity
as the above-horizon events B and C. Panel D shows the waveform
for an inverted UHECR that had an upcoming angle close to that of
the anomalous CR 15717147. The inversion of the normal reflected
CR event is clearly evident.

In addition to the targeted search for UHECR events, we
performed two completely independent optimized multivari-
ate blind analyses of all events, favoring impulsive, highly-
linearly-polarized events, without consideration of correlation
to any UHECR waveform template [17]. In both of these anal-
yses, complete isolation from any anthropogenic source or
from any other events was a stringent requirement, and event
15717147 passed in both cases. These two analyses confirm
that event 15717147 is unique, impulsive, and isolated, even
when not selected by its UHECR-related properties. The a
posteriori background estimates for both 15717147 and for
the similar anomalous event seen in ANITA-I [5] are at the
>⇠ 3s level. There is thus significant evidence for a physical
process that leads to direct upward-moving cosmic-ray-like
air showers above the ice surface.
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FIG. 4: Top: Interferometric map of the arrival direction of the
anomalous CR event 15717147. Bottom: ANITA combined
amplitude spectral density (ASD) for the event, from 50-800 MHz,
including data from the ANITA Low Frequency Antenna (ALFA). A
simulated upward-propagating extensive air shower
spectral-density curve is overlain.

For detected radio impulses, the large fields-of-view for the
quad-ridged horns used in ANITA allow up to 15 antennas,
drawn from up to 5 azimuthal sectors of the payload, to be
used for coherent beam forming. Pulse-phase interferometry
between these antennas then yields a map of the arrival direc-
tion of the radio impulse to typical precisions of 0.25�, 0.65�
in elevation and azimuth, respectively [9]. Fig. 4(top) shows
the resulting false-color map for event 15717147 in coordi-
nates local to the payload, scaled by the signal-to-noise ratio
of the map. Elevation is with respect to the payload horizon-
tal, and the azimuthal angle f is with respect to the payload
heading at the event arrival time. Mapping is done for 360� in
f to verify that the beamforming solution is unique.
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20-UHECR sample [6]. The second method uses a probabil-
ity for a single isolated UHECR-like background event, de-
rived from the frequency of UHECR-like events that appeared
in known anthropogenic clusters of events and charted bases
or camps. Because the rate of actual UHECR events is such
that some inevitably do get included (and therefore lost to the
analysis) as part of these clusters, this latter estimate provides
only an upper limit to the background, B  0.015 events, also
for the entire 20 UHECR sample. Thus by all indications the
resulting selection of events represents a very pure sample of
radio-detected UHECRs.

Fig. 3 shows the incident field strength waveforms for all
three of the events with non-inverted polarity, along with one
of the “normal” UHECR events, chosen because its arrival an-
gle at the payload was similar to that of the anomalous event
15717147. Detailed simulations of the UHECR radio emis-
sion process find that the power spectral density (PSD) of the
radio signal is dependent on the observer’s viewing angle rel-
ative to the axis of the air shower, and the PSD can thus be
used, along with other parameters of the shower signal, to es-
timate the primary energy of the event [10]. To provide more
confidence in our estimate, we cross-checked event 15717147
against 12 of the 16 ANITA-I cosmic ray events for which
the parameters could be directly compared and scaled. The
results are quite consistent, yielding an estimated shower en-
ergy of E = 0.560.3

�0.2 ⇥ 1018 eV for this event, assuming that
shower was initiated close to the event’s projected position on
the ice sheet. For a shower initiated at a height of 4 km above
the ice, the energy is reduced by about 30% to E = 0.40 EeV.
The errors here are statistical, based on the root-mean-square
of the cross-check sample.
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FIG. 3: The three non-inverted polarity events are shown in panels
A,B,C. Panel A shows the anomalous event, with the same polarity
as the above-horizon events B and C. Panel D shows the waveform
for an inverted UHECR that had an upcoming angle close to that of
the anomalous CR 15717147. The inversion of the normal reflected
CR event is clearly evident.

In addition to the targeted search for UHECR events, we
performed two completely independent optimized multivari-
ate blind analyses of all events, favoring impulsive, highly-
linearly-polarized events, without consideration of correlation
to any UHECR waveform template [17]. In both of these anal-
yses, complete isolation from any anthropogenic source or
from any other events was a stringent requirement, and event
15717147 passed in both cases. These two analyses confirm
that event 15717147 is unique, impulsive, and isolated, even
when not selected by its UHECR-related properties. The a
posteriori background estimates for both 15717147 and for
the similar anomalous event seen in ANITA-I [5] are at the
>⇠ 3s level. There is thus significant evidence for a physical
process that leads to direct upward-moving cosmic-ray-like
air showers above the ice surface.
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FIG. 4: Top: Interferometric map of the arrival direction of the
anomalous CR event 15717147. Bottom: ANITA combined
amplitude spectral density (ASD) for the event, from 50-800 MHz,
including data from the ANITA Low Frequency Antenna (ALFA). A
simulated upward-propagating extensive air shower
spectral-density curve is overlain.

For detected radio impulses, the large fields-of-view for the
quad-ridged horns used in ANITA allow up to 15 antennas,
drawn from up to 5 azimuthal sectors of the payload, to be
used for coherent beam forming. Pulse-phase interferometry
between these antennas then yields a map of the arrival direc-
tion of the radio impulse to typical precisions of 0.25�, 0.65�
in elevation and azimuth, respectively [9]. Fig. 4(top) shows
the resulting false-color map for event 15717147 in coordi-
nates local to the payload, scaled by the signal-to-noise ratio
of the map. Elevation is with respect to the payload horizon-
tal, and the azimuthal angle f is with respect to the payload
heading at the event arrival time. Mapping is done for 360� in
f to verify that the beamforming solution is unique.
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UHE cosmic rays reach the earth and propagate before
decaying into a gravitino and a ⌧ . Another supersym-
metric framework is proposed in [23] where EeV active
neutrino produced resonantly in the rock a long-lived
bino (plus slepton) which in turn decay into a neutrino
near the surface through Rp-violating couplings. Even if
very interesting, none of these analysis proposes a dark
matter interpretation to the ANITA observations. That
is the aim of our work where we show that these EeV
events can be the signature of a decaying dark matter
into sterile neutrinos mutating into active ones through
their passages in the earth.

The paper is organized as follows. After a summarize
of the ANITA anomalous events in section I, we introduce
our model in section II and compute the galactic produc-
tion of neutrino from dark matter decay. We apply a set
of cosmological constraints in section III before develop-
ing our simulation of the ANITA observations in section
IV. We then analyze the anomalous events in section V
before concluding.

I. THE SIGNAL

The Antarctic Impulsive Transient Antenna (ANITA)
is a balloon experiment operating around the south pole,
aiming to detect ultra-high energy (UHE) neutrinos by
searching for radio pulses produced during their propa-
gation through the Antartic ice. The collaboration has
been launching three di↵erent flights, for a total du-
ration of ⇠ 85.5 days (see Tab. I) during which they
could collect more than & 30 events [15, 16, 24]. Al-
though most of these events featured a phase reversal
characteristic of Extensive Air Showers (EAS) reflecting
o↵ the Antartic ice from downward-propagating cosmic
rays, the collaboration reported two anomalous ⇠ 0.6
EeV upward-moving events in ANITA I [15] and ANITA
III [16] flights which do not feature this phase reversal
and can therefore be considered as produced by origi-
nally upward-propagating cosmic rays2. More interest-
ingly, these two events could not be associated with any
astrophysical point source such as SNe neutrino bursts.
Therefore such events are likely to originate from some
unknown cosmic-ray neutrino flux.

Last but not least, such events have been shown to
reach the detector with angles �27.4± 0.3� and �35.0±
0.3� under the horizontal3, corresponding to showers
which escaped the surface of the Earth with emergence

2 ANITA II was not configured to be sensitive to such events.
3 corresponding to 117� and 125� zenith angles, and 25.4� and
35.5� emergence angles, respectively.

Flight ANITA I ANITA II ANITA III ANITA IV

Duration 35 days 28.5 days 22 days 29 days

Events #398526 - #1571714 TBA

Energy 0.6±0.4EeV - 0.56+0.3
�0.2EeV -

✓em 25.4±1� - 35.5±1� -

TABLE I. Duration of the three flights realized by ANITA for
a total of 85.5 operating days.

angles 25.4� and 35.5� with a ⇠ 1� uncertainty [25]. Such
large zenith angles, corresponding to a passage through
the earth of more than 5000 kms of rocks are very chal-
lenging in the framework of Standard Model interactions.
Indeed, the probability p to observe an EeV ⌧ emerg-
ing through multiple ⌫⌧ � ⌧ regenerations is p . 10�6

[16]. To have an idea, the ⌫⌧ flux necessary to observe
2 events emerging below ANITA is 12 millions of ⌫⌧ per
km2sr�1year�1 which is more than 1 million times above
the current limit given by Icecube. The authors of [22]
concluded that a Standard Model interpretation of the
up-going ANITA events is excluded at the 5� level.

II. GALACTIC PRODUCTION OF RIGHT
HANDED NEUTRINOS

Decaying Dark Matter hypothesis

The minimal and simplest extension one can imagine
involving a dark matter scalar field � of mass mDM and
a right-handed neutrino ⌫R, both assumed to be SM sin-
glets, can be written4

L = LSM + L⌫ +
y�
p
2
�⌫̄cR⌫R �

1

2
m2

DM�2 , (1)

with

L⌫ = �
1

2
mR⌫̄

c
R⌫R � y⌫L̄LH̃⌫R + h.c. , (2)

where y⌫ is a Yukawa coupling, LL denotes a SM leptonic
SU(2)L doublet5 and H̃ is the conjugate SU(2)L Higgs
doublet H̃ ⌘ i�2H⇤. We introduced explicitely a Ma-
jorana mass mR for the right-handed neutrino, allowed
by gauge invariance and a Yukawa coupling y�. A simi-
lar construction was proposed to interprete high energies
events observed by Icecube [26] It is important to notice
that even if it seems natural in high-scale versions of the

4 We give the example of a real scalar dark matter, but considering
a complex scalar would not a↵ect our results.

5 We consider only terms involving one generation of leptons for
simplicity.



2 Anomalous events at 0.5 EeV

• Mean free path for an EeV neutrino in the earth crust is 
~100 kms 

• Probability p~10-6 of crossing 7000 kms 4

FIG. 1. Cumulative histograms (top panels) of observed tau energies for injected tau neutrinos over a range of energies
from 0.1EeV to 1000EeV (indicated by legend in right panel, labeled by the logarithm of the energy in eV) for the two
ANITA anomalous events AAE061228 (left) and AAE141220 (right). Observed energies of the events are indicated by the
black dots (with error bars). Histograms show the number of Earth-emergent tau following propagation of 100 million tau
neutrinos through the Earth, at or greater than the lower energy boundary for each bin, along the trajectory of each event; the
histogram for input neutrino energy "⌫ = 1EeV is shaded in light orange and serves as a reference for the residuals plot below.
Bottom panel: Residuals of the cumulative distribution for each energy, compared to the distribution for "⌫ = 1EeV. For both
trajectories, "⌫ = 1EeV neutrinos provide a near-maximal number of emergent "⌧ > 0.1EeV tau particles.

fore) as events yielding an emergent "⌧ � 0.1EeV tau.
We find that the success rate, as weighted by solid angle,
declines exponentially with zenith angle (Fig. 2), with
e-folding angular distance �z = 2.�7. We approximate
this distribution as a pure exponential and construct the
probability distribution function (PDF) and its cumula-
tive function (the CDF) for AAEs in zenith angle, under
the SM, over 91�  z  141�.

As an aside, we note that the zenith angle z0 observed
by ANITA is not identical to the zenith angle z, rela-
tive to Earth’s surface, reflecting the particle’s trajec-
tory through the Earth (e.g., for purposes of NuTauSim
simulation), due to the combined e↵ects of the balloon
altitude (h ⇡ 35 km) and Earth curvature. We have cal-
culated and use corrected z values for the AAEs as shown
in Table I.

We choose a minimum zenith angle of 91� because a
nonzero path length through dense media is required to
realize the first neutrino interaction; we choose a maxi-
mum zenith angle because the sensitivity of the ANITA
experiment does not extend to the nadir [8, 19]; it must
extend to at least z = 124.�5 given observation of the
AAE141220 event. We make a conservative choice of
zmax = 141� which is 45� beyond the ANITA horizon
(z0 = 96� [2]). As this bound lies more than six e-foldings
beyond the largest observed angle, there will be negligi-
ble integrated probability density at even greater angles.
Over this range of zenith angle, we assume the ANITA
detectors deliver uniform sensitivity.

We use the normalized CDF(z) to calculate a p-value
for each AAE, defined as the chance for ANITA to ob-
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FIG. 2. Expected zenith angle distribution for AAEs un-
der the SM given an isotropic flux of incident "⌫ ⇠> 1EeV
neutrinos. We calculate the expected distribution by mul-
tiplying the success rate at any given zenith angle (z) by
sin z to account for solid angle e↵ects. We fit an exponen-
tial model to the data and extrapolate to a maximum zenith
angle zmax = 141�. Zenith angles (red hash marks) and simu-
lation results for AAE061228 and AAE141220 are indicated.
Bottom panel: Exponential distribution in zenith angle as a
PDF (blue dashed line), showing simulations data (purple di-
amonds), and the associated cumulative distribution (black
line, with scale provided on the right). Top panel: Log of the
CDF residual, showing the p-values for the two AAEs.
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FIG. 1. Expected flux, in red, as a function of the declinaison
angle from a mDM = 10 EeV dark matter candidate with a
lifetime ⌧DM = 1023 s. The mean flux h�i, averaged over
✓DE, in represented in dashed purple. [MP: The orange
part dubbed ”ANITA” corresponds to the region for
which events coming from the earth are observable
by ANITA. J’ai pris 6 degrés pour l’angle min c’est
bien ca?]

It is surprising to observe that a flux of the order of
� ' 2⇥ 10�11 cm�2s�1 corresponds to roughly 2 events
in 100 days of observations on a 1 m2 surface, which is
the order of magnitude of the number of events observed
by ANITA during its 85.5 days of flights.

Right-handed neutrino galactic propagation

The mixing between the right-handed neutrinoNR and
SM neutrino ⌫ renders the former unstable and allows it
to decay into SM lighter particles. In order for the NR

to propagate through the galaxy and reach the Earth, it
is necessary for the decay length to be su�ciently large,
typically larger than the size of the dark matter halo
of the Milky Way ⇠ 50 kpc. As shown further, such
constraints restricts the mass mR to be typically mR .
1 GeV. For such masses, the NR decays dominantly into
three neutrinos with a decay width

�NR!3⌫ =
G2

Fm
5
R

32⇡3
✓2R ' 10�22

✓
✓R
10�2

◆2 ⇣ mR

0.1 GeV

⌘5
GeV

(7)

and into NR ! ⇡0⌫, ⇢⌫, ⌫e+e� [31]. In the Earth frame,
the decay length � of a boosted RHN with energy of
ENR = mDM/2 produced by a DM decay at rest is there-

fore

� '
c�

�NR!3⌫
' 40 kpc

✓
10�2

✓R

◆2 ✓
22 MeV

mR

◆6 ⇣ mDM

20 EeV

⌘
,

(8)
where we introduced the boost factor � = ENR/mR. Re-
quiring the right-handed neutrino to be able to propagate
over 50 kpc gives the following condition

mR . 20 MeV

✓
10�2

✓R

◆1/3 ⇣ mDM

20 EeV

⌘1/6
. (9)

A quick look to the equations (7) and (9) helps to un-
derstand some tensions that can appear once we want to
interpret the ANITA events with a dark matter source.
Indeed, to generate an event observable by ANITA, NR

should convert while crossing the earth into an active
neutrino ⌫. For that reason, a reasonable mixing angle
✓R is needed. On the other hand, a too large mixing
angle shorten the lifetime of the right-handed neutrino
dangerously, reducing drastically its flux on earth. On
then needs a relatively light NR to compensate the e↵ect
of ✓R on its lifetime which restricts the possible mass
range to be mR < 200 MeV for reasonables values of the
mixing angle ✓R & 10�5 and mDM & 20 EeV required to
explain the signal.

III. CONSTRAINTS

However, the introduction of a light species with a
mass mR . 200 MeV and a sizable coupling ✓R > 10�5

could have dramatic consequences on the cosmological
history of the universe. Such coupling could indeed lead
the right-handed neutrino to thermalize with the Stan-
dard Model bath by essentially being produced via mix-
ing e↵ects with Standard Model neutrinos for which ther-
mal plasma e↵ects would induce a maximal production
at a temperature Tmax ' 100 MeV (mR/keV)1/3, known
as the Dodelson-Widrow mechanism [44]. For typical
masses mR . 1 GeV, thermalization would be achieved
and the RHN population would decouple from the bath
at a temperature T dec

NR
, rescaled compared to the SM neu-

trinos decoupling temperature T dec
⌫ according to

T dec
NR

= T dec
⌫ ✓�2/3

R . (10)

Depending on the value of the mixing angle ✓R, a de-
coupled RHN population might subsequently decay into
SM neutrinos after the neutrino decoupling temperature
T dec
⌫ ⇠ MeV, inject energy and reheat the decoupled neu-

trino sector, causing a substantial increase of the value
of the e↵ective number of relativistic species Ne↵ and af-
fect the predictions of light element abundances from the

3

see-saw mechanisms (like SO(10) inspired models for in-
stance) to expect mR in the range 106 � 1010 GeV, there
are no real experimental nor theoretical constraints on
the right-handed neutrino mass which can be as light as
mR ' 1 eV [27], implying a su�ciently long-lived right-
handed neutrino to cross galactic scales before reaching
the earth. After diagonalization, the physical states ⌫1
and ⌫2 of masses m1 < m2 are defined as [26]

⌫1 ' ⌫L + ⌫cL � ✓R(⌫R + ⌫cR)

⌫2 ' ⌫R + ⌫cR + ✓R(⌫L + ⌫cL)

at leading order in ✓R ' sin ✓R ' y⌫v/mR, v being the
Higgs vacuum expectation value and ⌫1 is the Standard
Model neutrino. The mixing angle ✓R being experimen-
tally constraints by PLANCK data to lies in the range
✓R . 10�2 for mR & 1 eV [28], ⌫2 is almost exclusively
composed of its right handed component. From now
on we will then denote the physical right-handed neu-
trino state NR ⌘ ⌫2 and the Standard Model neutrino
⌫ ⌘ ⌫1. By simplicity we will consider in our analysis
mixing with the ⌧ -neutrino, generalization to three fam-
ilies being straightforward6.

An interesting point of considering low-energy see-saw
is that a ⇠ eV scale right-handed neutrino allows for
a long free path once NR is produced in the dark mat-
ter decay � ! ⌫NR. It allows NR to reach the earth
before interacting in the rock and generating the active
⌫ after a relatively long passage before emerging as ⌧
below ANITA. Moreover, independently on the specific
underlying particle physics model, noticing that the most
important contribution to the dark matter decay width
is the channel �DM ' ��!NRNR , one expects the decay
channels � ! NR⌫ and � ! ⌫⌫, to be suppressed respec-
tively by factor of ✓2R and ✓4R rendering the condition on
the lifetime of the dark matter compatible with indirect
constraints from other neutrino observations.

The right-handed neutrino induced flux

The right-handed neutrino flux produced by dark mat-
ter decay reaches the earth surface with a given direction
in the International Celestial Reference System (ICRS)
parametrized by the declination (✓DE) and the right-
ascension (�RA) angles given by

F(✓DE,�RA) =
2

4⇡⌧DMmDM

Z

los
⇢DM [r(l, ✓DE,�RA)] d` ,

(3)

6 In general, mixings with ⌫e and ⌫µ are also possible. However,
such a detailed analysis lies beyond the simplest setup required
to explain the ANITA events and is beyond the scope of this
work.

where ⌧DM = ��1
DM is the dark matter lifetime and ⇢DM(r)

is the dark matter density distribution of the Milky Way
(whose radial coordinate is denoted by r(`, ✓DE,�RA)7).
l is a coordinate that runs along the line of sight (los).
For our purpose, we parametrize the dark matter dis-
tribution in the Milky-Way by a Navarro-Frenk-White
(NFW) profile [29] :

⇢DM(r) /
1

✓
r

rs

◆"
1 +

✓
r

rs

◆2
# , (4)

with rs = 24 kpc and the distribution is normalized such
that the dark matter density in the vicinity of the solar
system is ⇢� = 0.3 GeV cm�3 [30] . Dealing with events
generated in directions opposite to the galactic center, we
checked that the dependence on the profile is completely
negligible in our analysis. Since the ANITA experiment
is located at the south pole on the Earth rotation axis
which is a time-invariant in the ICRS, the coordinate
�DE of any fixed direction in the galaxy varies from 0
to 2⇡ in 24 hours while the ✓DE coordinate remains un-
changed. Therefore to deal with a galactic flux, it is more
convenient to define a quantity integrated over �RA

8

�(✓DE) =

Z
F(✓DE,�RA) d�RA . (5)

The evolution of this integrated flux with the declination
is shown in Fig. 1 where h�i is the mean flux, averaged
over ✓DE that can be estimated as

h�i ' 1.6⇥ 10�11 cm�2 s�1

✓
1023 s

⌧DM

◆✓
10 EeV

mDM

◆
. (6)

For illustration, we show in Fig. 1 the expected right-
handed neutrino flux on earth as function of the dec-
lination angle9 ✓DE , for a 10 EeV dark matter candi-
dates with a lifetime ⌧DM = 1023 seconds. We notice
that the expected flux is almost isotropic after averaging
over �RA, which makes the particular angles favoured
by the anomalous ANITA events unlikely to be related
to the dark matter distribution in the Milky Way10.

7 The coordinates of the Galactic Center (GC) are rGC '
8.33 kpc, ✓GC

DE ' �28.92�,�GC
RA ' 17.86� at J2000

8 Our approach is valid on average here as the ANITA observation
time 85.5 days is much larger than 24 hours.

9 In such notations, the horizontal plane for ANITA corresponds
to the plane defined by ✓DE = 0. [LH: Note that, due to

the elevation of ANITA above the Earth of about 35

km, the horizontal (✓DE = 0) does not correspond to the

Earth horizon as seen by ANITA, corresponding to a

declination angle of ✓DE ⇡ 6�] below the horizontal.
10 The consideration of a di↵erent galactic DM profile is not ex-

pected to have a significant impact on our results, whereas a
di↵erent normalization of ⇢� would correspond an overall rescal-
ing of the flux.
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UHE cosmic rays reach the earth and propagate before
decaying into a gravitino and a ⌧ . Another supersym-
metric framework is proposed in [23] where EeV active
neutrino produced resonantly in the rock a long-lived
bino (plus slepton) which in turn decay into a neutrino
near the surface through Rp-violating couplings. Even if
very interesting, none of these analysis proposes a dark
matter interpretation to the ANITA observations. That
is the aim of our work where we show that these EeV
events can be the signature of a decaying dark matter
into sterile neutrinos mutating into active ones through
their passages in the earth.

The paper is organized as follows. After a summarize
of the ANITA anomalous events in section I, we introduce
our model in section II and compute the galactic produc-
tion of neutrino from dark matter decay. We apply a set
of cosmological constraints in section III before develop-
ing our simulation of the ANITA observations in section
IV. We then analyze the anomalous events in section V
before concluding.

I. THE SIGNAL

The Antarctic Impulsive Transient Antenna (ANITA)
is a balloon experiment operating around the south pole,
aiming to detect ultra-high energy (UHE) neutrinos by
searching for radio pulses produced during their propa-
gation through the Antartic ice. The collaboration has
been launching three di↵erent flights, for a total du-
ration of ⇠ 85.5 days (see Tab. I) during which they
could collect more than & 30 events [15, 16, 24]. Al-
though most of these events featured a phase reversal
characteristic of Extensive Air Showers (EAS) reflecting
o↵ the Antartic ice from downward-propagating cosmic
rays, the collaboration reported two anomalous ⇠ 0.6
EeV upward-moving events in ANITA I [15] and ANITA
III [16] flights which do not feature this phase reversal
and can therefore be considered as produced by origi-
nally upward-propagating cosmic rays2. More interest-
ingly, these two events could not be associated with any
astrophysical point source such as SNe neutrino bursts.
Therefore such events are likely to originate from some
unknown cosmic-ray neutrino flux.

Last but not least, such events have been shown to
reach the detector with angles �27.4± 0.3� and �35.0±
0.3� under the horizontal3, corresponding to showers
which escaped the surface of the Earth with emergence

2 ANITA II was not configured to be sensitive to such events.
3 corresponding to 117� and 125� zenith angles, and 25.4� and
35.5� emergence angles, respectively.

Flight ANITA I ANITA II ANITA III ANITA IV

Duration 35 days 28.5 days 22 days 29 days

Events #398526 - #1571714 TBA

Energy 0.6±0.4EeV - 0.56+0.3
�0.2EeV -

✓em 25.4±1� - 35.5±1� -

TABLE I. Duration of the three flights realized by ANITA for
a total of 85.5 operating days.

angles 25.4� and 35.5� with a ⇠ 1� uncertainty [25]. Such
large zenith angles, corresponding to a passage through
the earth of more than 5000 kms of rocks are very chal-
lenging in the framework of Standard Model interactions.
Indeed, the probability p to observe an EeV ⌧ emerg-
ing through multiple ⌫⌧ � ⌧ regenerations is p . 10�6

[16]. To have an idea, the ⌫⌧ flux necessary to observe
2 events emerging below ANITA is 12 millions of ⌫⌧ per
km2sr�1year�1 which is more than 1 million times above
the current limit given by Icecube. The authors of [22]
concluded that a Standard Model interpretation of the
up-going ANITA events is excluded at the 5� level.

II. GALACTIC PRODUCTION OF RIGHT
HANDED NEUTRINOS

Decaying Dark Matter hypothesis

The minimal and simplest extension one can imagine
involving a dark matter scalar field � of mass mDM and
a right-handed neutrino ⌫R, both assumed to be SM sin-
glets, can be written4

L = LSM + L⌫ +
y�
p
2
�⌫̄cR⌫R �

1

2
m2

DM�2 , (1)

with

L⌫ = �
1

2
mR⌫̄

c
R⌫R � y⌫L̄LH̃⌫R + h.c. , (2)

where y⌫ is a Yukawa coupling, LL denotes a SM leptonic
SU(2)L doublet5 and H̃ is the conjugate SU(2)L Higgs
doublet H̃ ⌘ i�2H⇤. We introduced explicitely a Ma-
jorana mass mR for the right-handed neutrino, allowed
by gauge invariance and a Yukawa coupling y�. A simi-
lar construction was proposed to interprete high energies
events observed by Icecube [26] It is important to notice
that even if it seems natural in high-scale versions of the

4 We give the example of a real scalar dark matter, but considering
a complex scalar would not a↵ect our results.

5 We consider only terms involving one generation of leptons for
simplicity.
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density generated by the Dodelson-Widrow mechanism
in the allowed parameter of Fig. 3 is not su�cient to al-
ter the matter power spectrum in the sensitivity reach of
the current Lyman-↵ measurements [60, 63].

The existence of light species has recently presented
some interests in the cosmology community as a pos-
sible solution to a set of discrepancies between several
cosmological observations. Indeed, it was shown that a
non-negligible value of �Ne↵ ⇠ 0.2 � 0.5 could alleviate
the ⇠ 4� tensions [52] between local measurement of the
local Hubble constant H0 [49, 50] and the value inferred
from CMB observations [51]. Such tensions have been
addressed by introducing extra light degrees of freedom
or in extended cosmology framework [62] but interest-
ingly the generation of a non-negligible value of �Ne↵

appears naturally in some part of our parameter space
as represented in Fig. 3.

Moreover, the long-standing discrepancy between large
scale structure surveys and the CMB determination of
the amplitude of matter density fluctuations in spheres
with radius of 8h�1 Mpc [64] as well as a ⇠ 2.5� ten-
sion between the BOSS DR11 BAO measurements from
Lyman-↵ with the ⇤CDM predictions from Planck [54]
have been adressed in [53]. It was shown that the best fit
model for alleviating simultaneously such tensions points
towards a sum of neutrino masses of⇠ 0.4 eV which could
be achieved within our model.[MP: Checking with V.

Poulin]

Another source of interest for eV scale right-handed
neutrino concerns recent measurements of neutrino ex-
periments. In particular, the 2 � 4� discrepancy from
the so-called short baseline (SBL) neutrino experiments
for which a global fit analysis suggests the existence of
a sterile neutrino of mass close to the eV scale [56]. Re-
cently, IceCube capacities of searching for right-handed
neutrino mixing through matter-e↵ects induced mixing
to ⌧ -neutrinos have been investigated in [55] for mR >
10 eV and it was shown that a non-zero mixing is mildly
preferred to the non-mixing case and compatible with
mR ⇠ 1 eV and a mixing angle ✓R ' 10�1 as considered
in the ANITA anomalous event interpretation presented
in [17]. However, such a large mixing is in conflict with
cosmological observations based on a Dodelson-Widrow
mechanism and would require the presence of supplemen-
tary degrees of freedom and a more exotic cosmological
history, which is beyond the scope of the minimalist ap-
proach considered in this work.

[MP: Do we expect other constraints from

structure formation than Lyman-↵?]

IV. SIMULATING ANITA EVENTS

In order to predict the number of events per emergence
angle that a dark-matter decay would have produced in
the ANITA detector, one needs to properly describe how

0.1 0.5 1 5 10 50

10-7

10-5

0.001

0.100

FIG. 3. Constraints on the RHN mixing angle and masses
from cosmological observations, assuming a Dodelson-Widrow
production, and Super-Kamiokande bounds represented in
brown [58]. Constraints from a CMB analysis based on Planck
measurements performed in [28] is represented in purple and
dubbed ”Planck 2015”. Predicted values of �Ne↵ from [28]
are represented in dashed blue lines. The green region dubbed
”Planck 2013 + BAO” correspond to the constraints de-
rived in the analysis [48] including early results from Planck,
WMAP9 and BAO constraints.

FIG. 4. Illustration of the ANITA experiment and useful notations
for our simulation understanding.
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FIG. 2. Constraints on the RHN mixing angle for mDM =
5 ⇥ 104 EeV, imposing a galactic propagation length of at
least 50 kpc (in blue), a lifetime shorter respecting BBN con-
straints (10). Constraints from the CHARM [45] and DEL-
PHI [46] collaborations are represented in purple and green as
well as predictions for the NA62 experiments [47] represented
in red.

reach the earth imposes a strong boost factor, mDM &
104 EeV.

On the other side of the spectrum, if a light right-
handed neutrino decays during BBN, after the CMB or
if its lifetime is larger than the age of the Universe, it can
a↵ects the Hubble constant (through its e↵ect on the
acceleration), the Supernovae Ia luminosity distances,
the CMB shift parameter as well as measurements of
the Baryon Acoustic Oscillation scale. Adding the con-
straints on the e↵ective relativistic degrees of freedom
and the relic density of the Universe, a complete analy-
sis was made in [48]. The only region left for reasonable
value of ✓R & 10�3 corresponds to mR . 50 eV. In this
case, the lifetime of the right-handed neutrino is su�-
ciently large to reach the earth crossing the milky way
halo. We will look in detail these two scenario (mR & 50
MeV and mR . 50 eV) in the next sections.

The mR ⇠ 100 MeV window

In this part of the parameter space, satisfying simulta-
neously the conditions (9) and (10) implies the following
condition on the Dark Matter mass mDM & 104 EeV,
which is required to generate a sizable boost factor for
the produced right-handed neutrino to travel throughout
the galaxy before decaying whilst evading strong bounds
from BBN. In Fig. 2 we represented these constraints for
a 50 ZeV dark matter, together with bounds on the ✓R
from the CHARM [45] and DELPHI [46] collaborations,
as well as predictions for the NA62 experiments [47],

which are less constraining than the requirement � <
50 kpc. Fig. 2 shows that constraints on the parameter
space suggest a restrained window for the right-handed
neutrino mass mR 2 [0.02, 0.2] GeV while the mixing
angle can take any arbitrary value ✓2R > 10�7. Interest-
ingly, the allowed part of the parameter space points to-
wards a region allowing for a successful low-scale leptoge-
nesis in models involving extra heavy neutral states [57].
Such a large dark-matter mass mDM & 104 EeV (and
right-handed neutrino energy) could at first sight look
far too much for explaining the anomalous events seen by
ANITA, but we will see that it actually can perfectly in-
terpret the signal, due to the loss of energy that the right-
handed neutrino and its decay products will go through
while propagating across the Earth crust. For complete-
ness, and as a comparison of our simulation results with
previous studies, we will also probe the parameter space
at energies ⇠ 10 EeV and see how the e↵ect of the mixing
angle a↵ects the propagation through the Earth in what
follows.

The mR ⇠ eV window

While the mixing angle ✓R for such light NR is rather
unconstrained from experiments11, as discussed further
on, the precise value of the mixing angle does not play
a significant role on our analysis. The stronger con-
straint on the mixing angle is derived by the Super-
Kamiokande experiment which excludes mixing angles
sin2 ✓R > 0.18 [58]. Nevertheless, such light species
could have a possible impact on cosmological observ-
ables [59, 60] through an extra contribution to the ef-
fective number of relativistic species �Ne↵ or via its
energy density at the present time whose e↵ect can be
accounted for by considering an extra e↵ective neutrino
mass me↵

⌫ = �Ne↵ mR
12. Such e↵ects are expected to al-

ter the ⇤CDM-expected CMB spectrum by a↵ecting the
matter-radiation equality redshift, resulting in an overall
shift of the peaks to higher multipoles. Constraints from
the analysis performed in [48], from early results of the
Planck CMB measurements, WMAP9 and BAO is repre-
sented in Fig. 3 which shows as well constraints derived
in light of the latest Planck results [28, 61].
One would typically expect extra particles, free-

streaming in the universe, to suppress the matter power
spectrum on small physical scales and therefore to be
constrained by the Lyman-↵ forest measurements. How-
ever, the typically small right-handed neutrino energy

11 As we assumed a mixing mostly with the ⌧ -neutrino
12 Cosmological constraints are expected to depend on the specific

RHN production process, in our case we assume a production via
the Dodelson-Widrow mechanism, as expected if no extra state
is introduced.

Taking into account constraints from Neff + BAO + relic abundance + CHARM + 
mean free path.. 

2 regions are left: νR < 50 eV and 10 MeV < νR < 0.5 GeV   
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FIG. 1. Expected flux, in red, as a function of the declinaison
angle from a mDM = 10 EeV dark matter candidate with a
lifetime ⌧DM = 1023 s. The mean flux h�i, averaged over
✓DE, in represented in dashed purple. [MP: The orange
part dubbed ”ANITA” corresponds to the region for
which events coming from the earth are observable
by ANITA. J’ai pris 6 degrés pour l’angle min c’est
bien ca?]

It is surprising to observe that a flux of the order of
� ' 2⇥ 10�11 cm�2s�1 corresponds to roughly 2 events
in 100 days of observations on a 1 m2 surface, which is
the order of magnitude of the number of events observed
by ANITA during its 85.5 days of flights.

Right-handed neutrino galactic propagation

The mixing between the right-handed neutrinoNR and
SM neutrino ⌫ renders the former unstable and allows it
to decay into SM lighter particles. In order for the NR

to propagate through the galaxy and reach the Earth, it
is necessary for the decay length to be su�ciently large,
typically larger than the size of the dark matter halo
of the Milky Way ⇠ 50 kpc. As shown further, such
constraints restricts the mass mR to be typically mR .
1 GeV. For such masses, the NR decays dominantly into
three neutrinos with a decay width

�NR!3⌫ =
G2

Fm
5
R

32⇡3
✓2R ' 10�22

✓
✓R
10�2

◆2 ⇣ mR

0.1 GeV

⌘5
GeV

(7)

and into NR ! ⇡0⌫, ⇢⌫, ⌫e+e� [31]. In the Earth frame,
the decay length � of a boosted RHN with energy of
ENR = mDM/2 produced by a DM decay at rest is there-

fore

� '
c�

�NR!3⌫
' 40 kpc

✓
10�2

✓R

◆2 ✓
22 MeV

mR

◆6 ⇣ mDM

20 EeV

⌘
,

(8)
where we introduced the boost factor � = ENR/mR. Re-
quiring the right-handed neutrino to be able to propagate
over 50 kpc gives the following condition

mR . 20 MeV

✓
10�2

✓R

◆1/3 ⇣ mDM

20 EeV

⌘1/6
. (9)

A quick look to the equations (7) and (9) helps to un-
derstand some tensions that can appear once we want to
interpret the ANITA events with a dark matter source.
Indeed, to generate an event observable by ANITA, NR

should convert while crossing the earth into an active
neutrino ⌫. For that reason, a reasonable mixing angle
✓R is needed. On the other hand, a too large mixing
angle shorten the lifetime of the right-handed neutrino
dangerously, reducing drastically its flux on earth. On
then needs a relatively light NR to compensate the e↵ect
of ✓R on its lifetime which restricts the possible mass
range to be mR < 200 MeV for reasonables values of the
mixing angle ✓R & 10�5 and mDM & 20 EeV required to
explain the signal.

III. CONSTRAINTS

However, the introduction of a light species with a
mass mR . 200 MeV and a sizable coupling ✓R > 10�5

could have dramatic consequences on the cosmological
history of the universe. Such coupling could indeed lead
the right-handed neutrino to thermalize with the Stan-
dard Model bath by essentially being produced via mix-
ing e↵ects with Standard Model neutrinos for which ther-
mal plasma e↵ects would induce a maximal production
at a temperature Tmax ' 100 MeV (mR/keV)1/3, known
as the Dodelson-Widrow mechanism [44]. For typical
masses mR . 1 GeV, thermalization would be achieved
and the RHN population would decouple from the bath
at a temperature T dec

NR
, rescaled compared to the SM neu-

trinos decoupling temperature T dec
⌫ according to

T dec
NR

= T dec
⌫ ✓�2/3

R . (10)

Depending on the value of the mixing angle ✓R, a de-
coupled RHN population might subsequently decay into
SM neutrinos after the neutrino decoupling temperature
T dec
⌫ ⇠ MeV, inject energy and reheat the decoupled neu-

trino sector, causing a substantial increase of the value
of the e↵ective number of relativistic species Ne↵ and af-
fect the predictions of light element abundances from the

3

see-saw mechanisms (like SO(10) inspired models for in-
stance) to expect mR in the range 106 � 1010 GeV, there
are no real experimental nor theoretical constraints on
the right-handed neutrino mass which can be as light as
mR ' 1 eV [27], implying a su�ciently long-lived right-
handed neutrino to cross galactic scales before reaching
the earth. After diagonalization, the physical states ⌫1
and ⌫2 of masses m1 < m2 are defined as [26]

⌫1 ' ⌫L + ⌫cL � ✓R(⌫R + ⌫cR)

⌫2 ' ⌫R + ⌫cR + ✓R(⌫L + ⌫cL)

at leading order in ✓R ' sin ✓R ' y⌫v/mR, v being the
Higgs vacuum expectation value and ⌫1 is the Standard
Model neutrino. The mixing angle ✓R being experimen-
tally constraints by PLANCK data to lies in the range
✓R . 10�2 for mR & 1 eV [28], ⌫2 is almost exclusively
composed of its right handed component. From now
on we will then denote the physical right-handed neu-
trino state NR ⌘ ⌫2 and the Standard Model neutrino
⌫ ⌘ ⌫1. By simplicity we will consider in our analysis
mixing with the ⌧ -neutrino, generalization to three fam-
ilies being straightforward6.

An interesting point of considering low-energy see-saw
is that a ⇠ eV scale right-handed neutrino allows for
a long free path once NR is produced in the dark mat-
ter decay � ! ⌫NR. It allows NR to reach the earth
before interacting in the rock and generating the active
⌫ after a relatively long passage before emerging as ⌧
below ANITA. Moreover, independently on the specific
underlying particle physics model, noticing that the most
important contribution to the dark matter decay width
is the channel �DM ' ��!NRNR , one expects the decay
channels � ! NR⌫ and � ! ⌫⌫, to be suppressed respec-
tively by factor of ✓2R and ✓4R rendering the condition on
the lifetime of the dark matter compatible with indirect
constraints from other neutrino observations.

The right-handed neutrino induced flux

The right-handed neutrino flux produced by dark mat-
ter decay reaches the earth surface with a given direction
in the International Celestial Reference System (ICRS)
parametrized by the declination (✓DE) and the right-
ascension (�RA) angles given by

F(✓DE,�RA) =
2

4⇡⌧DMmDM

Z

los
⇢DM [r(l, ✓DE,�RA)] d` ,

(3)

6 In general, mixings with ⌫e and ⌫µ are also possible. However,
such a detailed analysis lies beyond the simplest setup required
to explain the ANITA events and is beyond the scope of this
work.

where ⌧DM = ��1
DM is the dark matter lifetime and ⇢DM(r)

is the dark matter density distribution of the Milky Way
(whose radial coordinate is denoted by r(`, ✓DE,�RA)7).
l is a coordinate that runs along the line of sight (los).
For our purpose, we parametrize the dark matter dis-
tribution in the Milky-Way by a Navarro-Frenk-White
(NFW) profile [29] :

⇢DM(r) /
1

✓
r

rs

◆"
1 +

✓
r

rs

◆2
# , (4)

with rs = 24 kpc and the distribution is normalized such
that the dark matter density in the vicinity of the solar
system is ⇢� = 0.3 GeV cm�3 [30] . Dealing with events
generated in directions opposite to the galactic center, we
checked that the dependence on the profile is completely
negligible in our analysis. Since the ANITA experiment
is located at the south pole on the Earth rotation axis
which is a time-invariant in the ICRS, the coordinate
�DE of any fixed direction in the galaxy varies from 0
to 2⇡ in 24 hours while the ✓DE coordinate remains un-
changed. Therefore to deal with a galactic flux, it is more
convenient to define a quantity integrated over �RA

8

�(✓DE) =

Z
F(✓DE,�RA) d�RA . (5)

The evolution of this integrated flux with the declination
is shown in Fig. 1 where h�i is the mean flux, averaged
over ✓DE that can be estimated as

h�i ' 1.6⇥ 10�11 cm�2 s�1

✓
1023 s

⌧DM

◆✓
10 EeV

mDM

◆
. (6)

For illustration, we show in Fig. 1 the expected right-
handed neutrino flux on earth as function of the dec-
lination angle9 ✓DE , for a 10 EeV dark matter candi-
dates with a lifetime ⌧DM = 1023 seconds. We notice
that the expected flux is almost isotropic after averaging
over �RA, which makes the particular angles favoured
by the anomalous ANITA events unlikely to be related
to the dark matter distribution in the Milky Way10.

7 The coordinates of the Galactic Center (GC) are rGC '
8.33 kpc, ✓GC

DE ' �28.92�,�GC
RA ' 17.86� at J2000

8 Our approach is valid on average here as the ANITA observation
time 85.5 days is much larger than 24 hours.

9 In such notations, the horizontal plane for ANITA corresponds
to the plane defined by ✓DE = 0. [LH: Note that, due to

the elevation of ANITA above the Earth of about 35

km, the horizontal (✓DE = 0) does not correspond to the

Earth horizon as seen by ANITA, corresponding to a

declination angle of ✓DE ⇡ 6�] below the horizontal.
10 The consideration of a di↵erent galactic DM profile is not ex-

pected to have a significant impact on our results, whereas a
di↵erent normalization of ⇢� would correspond an overall rescal-
ing of the flux.
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UHE cosmic rays reach the earth and propagate before
decaying into a gravitino and a ⌧ . Another supersym-
metric framework is proposed in [23] where EeV active
neutrino produced resonantly in the rock a long-lived
bino (plus slepton) which in turn decay into a neutrino
near the surface through Rp-violating couplings. Even if
very interesting, none of these analysis proposes a dark
matter interpretation to the ANITA observations. That
is the aim of our work where we show that these EeV
events can be the signature of a decaying dark matter
into sterile neutrinos mutating into active ones through
their passages in the earth.

The paper is organized as follows. After a summarize
of the ANITA anomalous events in section I, we introduce
our model in section II and compute the galactic produc-
tion of neutrino from dark matter decay. We apply a set
of cosmological constraints in section III before develop-
ing our simulation of the ANITA observations in section
IV. We then analyze the anomalous events in section V
before concluding.

I. THE SIGNAL

The Antarctic Impulsive Transient Antenna (ANITA)
is a balloon experiment operating around the south pole,
aiming to detect ultra-high energy (UHE) neutrinos by
searching for radio pulses produced during their propa-
gation through the Antartic ice. The collaboration has
been launching three di↵erent flights, for a total du-
ration of ⇠ 85.5 days (see Tab. I) during which they
could collect more than & 30 events [15, 16, 24]. Al-
though most of these events featured a phase reversal
characteristic of Extensive Air Showers (EAS) reflecting
o↵ the Antartic ice from downward-propagating cosmic
rays, the collaboration reported two anomalous ⇠ 0.6
EeV upward-moving events in ANITA I [15] and ANITA
III [16] flights which do not feature this phase reversal
and can therefore be considered as produced by origi-
nally upward-propagating cosmic rays2. More interest-
ingly, these two events could not be associated with any
astrophysical point source such as SNe neutrino bursts.
Therefore such events are likely to originate from some
unknown cosmic-ray neutrino flux.

Last but not least, such events have been shown to
reach the detector with angles �27.4± 0.3� and �35.0±
0.3� under the horizontal3, corresponding to showers
which escaped the surface of the Earth with emergence

2 ANITA II was not configured to be sensitive to such events.
3 corresponding to 117� and 125� zenith angles, and 25.4� and
35.5� emergence angles, respectively.

Flight ANITA I ANITA II ANITA III ANITA IV

Duration 35 days 28.5 days 22 days 29 days

Events #398526 - #1571714 TBA

Energy 0.6±0.4EeV - 0.56+0.3
�0.2EeV -

✓em 25.4±1� - 35.5±1� -

TABLE I. Duration of the three flights realized by ANITA for
a total of 85.5 operating days.

angles 25.4� and 35.5� with a ⇠ 1� uncertainty [25]. Such
large zenith angles, corresponding to a passage through
the earth of more than 5000 kms of rocks are very chal-
lenging in the framework of Standard Model interactions.
Indeed, the probability p to observe an EeV ⌧ emerg-
ing through multiple ⌫⌧ � ⌧ regenerations is p . 10�6

[16]. To have an idea, the ⌫⌧ flux necessary to observe
2 events emerging below ANITA is 12 millions of ⌫⌧ per
km2sr�1year�1 which is more than 1 million times above
the current limit given by Icecube. The authors of [22]
concluded that a Standard Model interpretation of the
up-going ANITA events is excluded at the 5� level.

II. GALACTIC PRODUCTION OF RIGHT
HANDED NEUTRINOS

Decaying Dark Matter hypothesis

The minimal and simplest extension one can imagine
involving a dark matter scalar field � of mass mDM and
a right-handed neutrino ⌫R, both assumed to be SM sin-
glets, can be written4

L = LSM + L⌫ +
y�
p
2
�⌫̄cR⌫R �

1

2
m2

DM�2 , (1)

with

L⌫ = �
1

2
mR⌫̄

c
R⌫R � y⌫L̄LH̃⌫R + h.c. , (2)

where y⌫ is a Yukawa coupling, LL denotes a SM leptonic
SU(2)L doublet5 and H̃ is the conjugate SU(2)L Higgs
doublet H̃ ⌘ i�2H⇤. We introduced explicitely a Ma-
jorana mass mR for the right-handed neutrino, allowed
by gauge invariance and a Yukawa coupling y�. A simi-
lar construction was proposed to interprete high energies
events observed by Icecube [26] It is important to notice
that even if it seems natural in high-scale versions of the

4 We give the example of a real scalar dark matter, but considering
a complex scalar would not a↵ect our results.

5 We consider only terms involving one generation of leptons for
simplicity.
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IceCube

For this reason it has been shown by Fox et al. [1809.09615] 
that the 2 ~PeV down-going events observed by IceCube can be 

misinterpreted as ~ 0.07 EeV upgoing events. 
Which is also the number of events we predict…

Even if the exposure of IceCube is larger 
than ANITA, a 20 PeV τ has a mean free 
path > 1 km : difficult to distinguish it 

from a µ (just a track, no decay)



Conclusions

Wimp paradigm is in question

Alternative scenarios (FIMP, reheating) 
can lead to EeV DM

PeV/EeV DM observable (observed?) by 
Icecube and/or ANITA

Not independent on the initial conditions 
(more complex thermal scenarios)


