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New matter interactions



Possible tension in standard oscillation picture

Discrepancy in mass-squared difference driven by Super-K’s

day-night asymmetry measurement:

1710.09360                                                   1704.04711



Nonstandard interactions in matter
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Iso-day-night asymmetry contours
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Hyper-K and JUNO can detect NSI



Future LBL experiments



Appearance channels 
NH

Liao



L=1300 km,   E=3 GeV

1601.00927



One NSI parameter

1403.0744, 1604.05772

1612.01443



Mass hierarchy resolved at

DUNE and T2HKK

Hierarchy not resolved

Wrong determination of the CP 
phase possible 1612.01443



3 NSI parameters

1612.01443



Constraint on      much 

weaker at T2HK and T2HKK

1612.01443

✏eµ

Degeneracy between NSI 
parameters unbroken at T2HK and 
T2HKK because of the lower energy 
J-PARC beam

✏eµ = tan ✓23✏e⌧



MH known

MH unknown

IH and 

T2HKK better than DUNE for CP; is 
the only expt. that can measure the 
CP phase if MH is unknown

CP sensitivity

1612.01443



Sterile neutrino NSI



LSND

Baseline: 30 m 
Maximum energy: 53 MeV

⌫̄µ ! ⌫̄e

L/E ⇠ 1 km/GeV =) �m2 ⇠ 1 eV2
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MiniBooNE

⌫µ ! ⌫e

Baseline: 500 m 
Average energy: 800 MeV

⌫̄µ ! ⌫̄e

LSND+MiniBooNE anomaly has 6.1 sigma significance

L/E ⇠ 1 km/GeV =) �m2 ⇠ 1 eV2

Oscillation amplitude from global analysis:
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IceCube

crust	

mantle	

core	
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Focus on (anti)muon neutrino survival probabilities



Resonant 3+1 atmospheric neutrino oscillations

Oscillation maximum in vacuum:

Resonance condition in earth matter:

�m2

eV2

L

103 km

TeV

E
⇠ 1

Resonance occurs in antineutrino channel

�m2
41 cos 2✓24 ' ⌥ 1 eV

2 E

5 TeV



Model independent bounds from neutrino oscillation 
data allow large diagonal NSI parameters with O(1) 
differences between them


COHERENT bounds obtained using contact approx 
don’t apply for mediators lighter than 50 MeV

NSI in matter to the rescue?



3+1 oscillations with NSI
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Special case: If the submatrix of NSI parameters is 
proportional to the identity, the NSI interaction can be 
attributed entirely to the sterile neutrino



Bottomline: Adapted from 1602.08766, 1703.00860,

1710.06488, 1803.10661



LIV/CPTV interactions



Cosmic neutrinos at IceCube

60 events with dep. energy > 60 TeV


3 cascade events between 1-2 PeV



Upgoing muon neutrino spectrum (E > 120 TeV) 
harder than HESE spectrum



One Glashow resonance event observed

is unique because of resonant scattering at ⌫̄e
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Multicomponent flux?



Lorentz and CPT violation?

Suppose LIV and CPTV only occur in neutrino sector 


Only consider effects that change the kinematics of 
particle interactions


Postulate that CPTV arises from Planck-suppressed 
terms in the Lagrangian



Modified dispersion relation


!

!

Assume all neutrino flavors have same LIV parameter to 
be consistent with neutrino oscillation data


Dispersion relation for antineutrinos:  


Our choice              neutrinos are superluminal and 
antineutrinos are subluminal
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Dominant energy loss processes for superluminal neutrinos 
are vacuum pair emission (VPE) and neutrino splitting 


!

!

Event pile-up caused by neutrino splitting is larger than 
for VPE because splitting produces 2 additional lower 
energy neutrinos
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               imposes an upper bound on the energy 
of superluminal neutrinos:
⇡+ ! µ+⌫µ

E3  (m⇡ �mµ)2MPl
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VPE occurs above an energy threshold given by

E3
th =

2m2
eMPl
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Effect on neutrino sources?

For a given VPE threshold energy, the upper bound 
on the superluminal neutrino energy is

E < 10.3Eth



1711.09266 update



Superluminal fraction compatible with     contamination⇡�

1711.09266

update
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Interactions with dark matter



direct 
reflected 

ANITA 

Has ANITA seen two 600 PeV tau events?

0.6 EeV events arrived at ~ 30 degs. above the horizon


Polarity and plane of polarization consistent with air 
showers seen directly w/o the reflection phase inversion


Could be tau lepton initiated air showers


But, propagating chord distance is 10-12 interaction lengths  
at 0.6 EeV

1603.05218/1803.05088



ANITA (solid angle integrated) 
exposure is 60 times smaller 
than Auger/IceCube exposure 


Problems solved if source is 
inside the Earth


Heavy right-handed neutrino 
(dark matter) decays to Higgs 
and light neutrino


Lifetime > 10^(29.5) s
PoS(ICRC2017)935
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FIG. 1. The particle’s trajectory to ANITA at a given nadir
angle.

and � = 1.7⇥ 107/(�/pb) km w.e. is the mean-free-path,
with � the neutrino-nucleon charged-current cross sec-
tion. Here, the e↵ective area A

e↵

= A
0

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

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

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

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

We end with three observations: (i) It is generally
assumed that after the dark matter particles become
gravitationally bound, they quickly lose their momentum
and sink to the core of Earth [25]. We have proposed
that ANITA data may be indicating that the dark
matter distribution in the Earth may be more compli-
cated. This may result from a recent encounter of the
Earth with a dark disk.2 (ii) Quasi-stable right-handed
neutrinos will also accumulate in the core of the Sun
and the Moon, and on decay will produce a flux of
high-energy neutrinos. However, the neutrinos will not
escape the Sun or the Moon, and the latter does not
have an atmosphere in which the ⌧ leptons can produce
showers, so consequently the flux from these sources is
unobservable. (iii) Data from the fourth ANITA flight
is currently being analyzed and may lead to further
enlightenment. The second generation of the Extreme
Universe Space Observatory (EUSO) instrument, to be
flown aboard a super-pressure balloon (SPB) in 2022
will monitor the night sky of the Southern hemisphere
for upgoing showers emerging at large angles below the
horizon [28]. EUSO-SPB2 will provide an important
test both of the unusual ANITA events and of the ideas
discussed in this Letter.
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Event distribution maximized 
at 60 deg nadir angle by 
combination of ANITA’s 
efficiency and DM distribution 
in Earth


Atypical DM distribution 
required 


CPT symmetric universe has 
480 PeV right-handed 
neutrino as DM candidate 1803.11554



Summary

At LBL expts, degeneracies between SM and NSI 
parameters, and between NSI parameters strongly affect 
sensitivities


If              is O(1), impossible to determine hierarchy at 
oscillation experiments


DUNE has best sensitivity to NSI


T2HKK has best sensitivity to CP phase in the presence of NSI

✏ee � ✏µµ



LSND/MiniBooNE is consistent with IceCube in a 
(3+1)+NSI model if the NSI parameters only obey model-
independent bounds; NSI can be attributed entirely to 
sterile neutrino


Can survive MINOS/MINOS+ bound only if systematics 
underestimated a la 1803.11488 


Features in IceCube’s cosmic neutrino spectrum may be 
hint of new physics


If ANITA’s events are initiated by neutrinos, radical 
explanations may be needed


