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Upward-propagating EAS 
Three types of interactions in the SM: 
 
• Charged current: Neutrinos  leptons 
 
• Neutral current : Neutrinos  Neutrinos 
 
• Regeneration: Lepton  Neutrino + sh. 

 
Propagation depends on the particle 
energy, local density, and particle 
interactions… 
 
Two anomalous events with emergence 
angles 27° and 35° and energies O(1)EeV. 
 
At such emergence angles, a SM neutrino 
cannot cross the Earth. 
  
No astrophysical source identified. 



Events Features 

[Fox, Sigurdson, Murase et al., Nov 18’]  
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Possible Interpretations 
SM-origin upward-going Extensive Air Showers (EAS) excluded…  

• Downward-going events, interacting with the geomagnetic field [de Vries, Prohira, ‘19] 

• Downward-going events, reflected by sub-layers of the ice sheet [Shoemaker, Kusenko, 

Munneke, Romero-Wolf, Schroeder, Siegert, ‘19] 

 
 
• Axionic UHECR reflecting on the ice [Esteban, Lopez-Pavon, Martinez-Soler, Salvado, ‘19] 

• Askaryan emission in the Ice, induced by heavy dark matter [Hooper, Wegsman, 

Deaconu, Vieregg, ‘19]  
 
 
 

• SUSY interpretations [Fox, Sigurdson, Murase et al., ‘18] [Collins, P. S. Bhupal Dev,  and Y. Su, ‘18] 

• Sterile neutrino converting in the Earth [Cherry, Shoemaker, ‘19][Huang, ‘18] 

 
 
• Dark Matter decaying into leptons [Cline, Gross, Xue ‘19] 

 
 
 

• Dark Matter decaying into RH neutrinos [LH, Mambrini, Pierre ‘19] 

• Inelastic Boosted Dark Matter  [LH, Kim, Park, Shin, ‘19] 

Pure SM, downward going 

BSM, downward going 

DM -> SM scattering, upward going 

DM -> BSM scattering, upward going 

This talk 

BSM, upward going 
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Unitarity bound :  𝑚𝐷𝑀≲ 𝑂(100) TeV 

Boltzmann Equation 

Large Mass 

Large annihilation cross section 
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No Thermal equilibrium Low interactions 

Large Mass Low number density 

How can one detect Heavy Dark-Matter particles ?  
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No Thermal equilibrium Low interactions 

Large Mass Low number density 

How can one detect Heavy Dark-Matter particles ?  

Direct detection ? Difficult… 

Annihilation in the Galaxy ? ∝ 𝑛𝐷𝑀
2   Difficult… 

Decay in the Galaxy ?    ∝ 𝑛𝐷𝑀      Maybe ? 



𝜈𝜏 
In the SM, neutrinos can 
interact, regenerate, interact, … 𝜎 

𝜈𝜏 𝜏 

Γ 
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Energy decreases with the 
number of interactions 

Energy and angular distributions 
affected by the interaction 
topologies… 

𝜎 𝜎 



Challenges for BSM interpretations 

• Understand the total number of events  

1. Incoming Flux 

2. Probability of scattering 

3. Probability that the scatt. Products escape 
the Earth 

4. Probability that they decay in the low 
atmmosphere 

• Understand the angular distribution of the 
events 

1. Integrate over incoming particles directions 

2. Integrate over points of impact on the 
Earth surface 

3. Analyse the results emergence angle per 
emergence angle 



A right-handed neutrino interpretation  [LH, Mambrini, Pierre, ‘19]  
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A right-handed neutrino interpretation  [LH, Mambrini, Pierre, ‘19]  

SM [Romero-Wolf et al., Dec 17’] [LH, Y. Mambrini, M. Pierre, ‘19] 
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Required :  
• RH neutrino long-lived 
• Satisfies cosmo. Bounds (BBN, CMB, 
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Propagation and conversion into tau’s 



ANITA and IceCube detection 
[LH, Y. Mambrini, M. Pierre, ‘19] 

 



ANITA/IceCube detection 

Energies > 0.5 EeV  :  Favour an ANITA detection  at angles ~ 30° 
 
Energies < 0.5 EeV  :  Favour an IceCube detection  at angles ~ 30° 
 

[LH, Y. Mambrini, M. Pierre, ‘19] 

 

Perfect complementarity between the two collaborations detection ! 



How to get a better angular distribution? 

Assuming a tau escapes the Earth 
and produces the EAS  

Need to produce it (very) close to 
the surface in order to let it escape 

Relatively small volume in which scattering 
(or decay) should take place 

Need to push up the scattering cross section 

Earth relatively opaque at large angles… 



A translucent Earth makes it better! 

If some dark particle decays into 
hadrons 

No need for propagating EW 
particles through the Earth ! 

R 

𝑃𝑠𝑐𝑎𝑡 

𝑙𝐴 ≪ 𝑅𝐸𝑎𝑟𝑡ℎ 

𝑙𝐴~𝑅𝐸𝑎𝑟𝑡ℎ 

𝑙𝐴 ≫ 𝑅𝐸𝑎𝑟𝑡ℎ 







Inelastic Boosted Dark Matter 

[Kim, Park, Shin 1702.02944][Kim, Park, Shin 1612.06867][Giudice, Kim, Park, 
Shin, 1712.0712] 

Super-heavy DM Light, boosted DM 𝑈 1 𝑋 −charged dark sector 

[LH, Kim, Park, Shin ‘19] 



Results 



Conclusion 

• The presence in the galaxy of a metastable super-heavy dark matter particle might lead 
to interesting signatures accessible to UHECR searches. 

 

• The presence of a BSM sector modifies the way UHECRs propagate through the Earth. 

 

• This modification can lead to non-trivial energy distributions of the events produced in 

various detectors. 

 

• A dark scalar decaying into right-handed neutrinos can explain the recent 
measurements of both IceCube and ANITA. A dark-matter mass >1-10 EeV predicts a 
perfect complementarity between the two collaborations. 

 

• On the other hand, models of inelastic boosted dark matter, where incoming particles 
are able to up-scatter within the dark sector before decaying into hadrons, can lead to a 
clean angular distribution for the ANITA events. 

 

• The Earth’s volume can act as a gigantic beam –dump detector which is promising for 
the search of  heavy new physics. 



𝑚𝑅 < 10 eV or 𝑚𝑅~0.1 GeV 

A right-handed neutrino interpretation 

𝑚𝑅 < 10 eV                        𝑚𝐷𝑀~ 10 EeV 



𝑚𝑅 < 10 eV or 𝑚𝑅~0.1 GeV 

A right-handed neutrino interpretation 

𝑚𝑅~0.1 GeV                       𝑚𝐷𝑀 ≳  103 EeV = 1012GeV 

Approaches the inflaton mass… 



Differential Exit Probability 

Total Exit Probability Diff. Exit Probability 

Access to the energy distribution per emergence angme of the predicted events 





A right-handed neutrino interpretation  [LH, Mambrini, Pierre, ‘19]  
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Required :  
• RH neutrino long-lived 
• Satisfies cosmo. Bounds (BBN, CMB, 
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𝑚𝑅 < 10 eV                       𝑚𝐷𝑀 ≳ 1 EeV 

𝑚𝑅~0.1 GeV                       𝑚𝐷𝑀 ≳  103 EeV = 1012GeV 
Approaches the inflaton mass… 

SM [Romero-Wolf et al., Dec 17’] [LH, Y. Mambrini, M. Pierre, ‘19] 

 

Propagation and conversion into tau’s 


