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Neutrino Physics is an extensive field, 
with experiments spanning a very wide 
range in energy and sources. similarly, 

theoretical and phenomenological areas 
of study  span a wide range   

Introduction:The Neutrino Sky . . .

In terms of sources and energy range explored, Neutrino
Astronomy remains largely uncharted territory.

(Fig from Halzen 07.)

High Energy Neutrinos . . . Mar 31, 2010 PRL, Ahmedabad R. Gandhi – p. 3/33

Focus  (for most part) on  topics where there is recent theoretical interest and new ideas  
motivated by recent results of experiments. 

Given the number of young people in the audience , also guided by the  question: 
What are good questions to work on now?

Impossible to review comprehensively all active theoretical areas

Choose 4 topics of current theoretical/phenomenological activity, 2 in low energy neutrino 
physics and two in high energy neutrino physics .

Choose signals/ issues which cannot be easily explained away or dismissed.



►The MiniBooNE excess and related theoretical developments 

►The Dirac vs Majorana nature of neutrinos 

►The IceCube events and Dark matter 

►The ANITA observations of the highest energy events 



►The MiniBooNE excess and related theoretical 
developments 
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MiniBooNE	Experiment	

l  Similar	L/E	as	LSND	for	νµ	->	νe	&	νµ	->	νe	oscillaPons	
l  MiniBooNE	~500m/~500MeV	

l  LSND	~30m/~30MeV	

l  Horn	focused	neutrino	beam	(p+Be)	

l  Horn	polarity	→	neutrino	or	anP-neutrino	mode	

l  800t	mineral	oil	Cherenkov	detector	

p	

Dirt	~500m		Decay	region	~50m	π+	

π-	
ν
µ	

µ-	

(an$neutrino	mode)‏	

W C Louis BNL talk

The MiniBooNE excess………… 



Event	Excess	vs	Evis	&	UZ	
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Excesses in  neutrino and 
antineutrino mode 

qualitatively consistent

MiniBooNE confirms 
LSND excess at 4.7𝛔, 

and their combined 
significance is 6.0𝛔

MiniBooNE unable to tell 
if excess is electrons or 

photons.

MicroBooNE will help 
resolve this question.

SBN program will resolve 
whether excess due to 

sterile neutrino 
oscillations.

The MiniBooNE excess………… 



The MiniBooNE excess………… 

Tension	Between	Appearance	&	Disappearance	
Experiments	in	a	3+1	Model	
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Possible 
explanation: 3+1 
sterile neutrino 

Problem: Best fit 
ruled out by other 

experiments. 

Problem: Solution 
implies 𝛎𝛍 

disappearance in 
addition to 𝛎e 

appearance, but 
this is ruled out by 

IceCube and 
MINOS/MINOS+ 

Problems not 
mitigated by going 

to  3+n sterile 
neutrinos 

MiniBooNE backgrounds have been well-checked and 
measured for the most part.

All of this may be pointing to a non-oscillation new 
physics explanation 



The MiniBooNE excess………… 
Before considering an example of new physics, it is important to note that this is a very 

constrained situation, and any new physics explanation must satisfy many conditions.

As part of a dark matter search, MiniBooNE did an off target run, where beam hits the dump.
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lium target, and into a cooling air gap (which is inside
the neck of the aluminum horn). After leaving the horn
the protons enter the air-filled decay pipe, and finally
reach the beam dump located 50m downstream of the
target location, as illustrated in Fig. 5. Running in this
mode reduces the number of charged mesons that are
generated in the thin beryllium target.
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FIG. 5. The production of dark matter in o↵-target run-
ning [19].

The charged mesons that are produced in a thin target
will escape and produce decay-in-flight neutrinos, while
within the beam dump, the charged mesons are absorbed
or decay-at-rest within a few radiation lengths, as illus-
trated in Fig. 6. This is in comparison with neutral
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FIG. 6. (top) Production of dark matter and neutrino when
the beam hits a thin target. (bottom) The production of dark
matter and suppression of neutrino generation when the beam
hits a thick target.

mesons that will decay-in-flight due to their short life-
times. The neutral mesons could decay into a dark pho-
ton which would then decay into two dark matter par-
ticles, as shown schematically in Fig. 5. The horn was
turned o↵ during this run so no charged particles gen-
erated would be (de)focused. For the rest of this paper,

this mode of running will be denoted as o↵-target, since
the beryllium target and horn were not removed from the
beamline.
The decay pipe and beam dump are buried in crushed

aggregate. There is a metal end cap at the downstream
end of the decay pipe which prevents aggregate from en-
tering the pipe. The beam dump consists of 104 inches
of steel followed by 36 inches of concrete and another 26
inches of steel in the beam direction. A detailed study of
the neutrino flux coming from the BNB in on-target mode
seen in the MiniBooNE detector using theGEANT4 [32]
simulation package BooNEG4Beam can be found in
Ref. [33]. On-target running consisted of neutrino, and
anti-neutrino modes. The simulations were updated to
study the o↵-target beam configuration and are described
below.

A. Beam O↵-Target BNB Simulation

BooNEG4Beam was updated to include materials in
the beamline that would have changed the neutrino-mode
flux �⌫ by less than a percent but are important for the
o↵-target beam configuration. Fig. 7 shows a schematic
of the beamline geometry around the target, pointing out
the materials that were added. An aluminum window at

FIG. 7. The simulated geometry around the target. Those
listed with an asterisk were added for the o↵-target simula-
tion. The added materials change the neutrino-mode flux by
less than a percent.

the end of the horn and a steel end cap with a small gap
of air between the end of the beam pipe and the steel
beam dump were also added. Except for the windows
and the end cap, the other materials that were added
are hollow around the beam center, and do not add to
the primary meson production during on-target running.
The starting beam parameters for the o↵-target simu-
lations were chosen by in situ measurements from two
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the end of the horn and a steel end cap with a small gap
of air between the end of the beam pipe and the steel
beam dump were also added. Except for the windows
and the end cap, the other materials that were added
are hollow around the beam center, and do not add to
the primary meson production during on-target running.
The starting beam parameters for the o↵-target simu-
lations were chosen by in situ measurements from two

Importantly, the excess disappeared when this 
was done.

Thus, excess cannot be due to new particle (e.g 
, DM, 𝛘) produced in dump/target and 
scattering off electrons, via a portal .

Excess cannot be due to photons, for instance, 
which are produced via decay of new particle, 

since background of entering photons measured. 
Also, 𝛑0 to 2𝛄 background well measured.

Thus, production of neutrinos, present in target 
case and absent/reduced in off target, must be 

playing a role in the “true” explanation

MB collab,  arXiv: 1807.06137



The MiniBooNE excess………… 

In addition, any new physics explanation must reproduce both the energy and angular 
distribution seen in the data.  

Example of possible new physics explanation : Bertuzzo et al  arXiv: 1807.09877; 
Ballett et al  arXiv: 1808.02915; 
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the ZD can only decay to electrons and light neutrinos. The dark neutrino decay width into ZD + ⌫0s is simply

�ND!ZD+⌫0s =
↵D
2

|UD4|
2(1� |UD4|

2)
m3

ND

m2
ZD

✓
1�

m2
ZD

m2
ND

◆✓
1 +

m2
ZD

m2
ND

� 2
m4

ZD

m4
ND

◆
, (3)

while the ZD decay width into e+e� and light neutrinos
are, respectively,

�ZD!e+e� ⇡
↵ ✏2

3
mZD , (4)

and

�ZD!⌫⌫ =
↵D
3

�
1� |UD4|

2
�2

mZD . (5)

We observe that as long as ↵✏2 � ↵D(1 � |UD4|
2)2, ZD

will mainly decay into e+e� pairs.
We want both ND and ZD to decay promptly. Tak-

ing the typical energy END , EZD ⇠ 1 GeV, and as-
suming for simplicity |Ue4|

2, |U⌧4|
2

⌧ |Uµ4|
2, we can

estimate � c ⌧ND ⇡ 2 ⇥ 10�9/(m2
ND

[MeV2]↵D |Uµ4|
2)

cm and � c ⌧ZD ⇡ 2 ⇥ 10�7/(m2
ND

[MeV2]↵✏2) cm, for
mZD = mND/5. So for ↵D ⇠ 0.25, |Uµ4|

2
⇠ 10�4 and

↵✏2 ⇠ 3⇥10�9, mND & 20 MeV would guarantee prompt
decay for both particles. We will see shortly that mND

and mZD between a few tens to a few hundred of MeV is
exactly what is needed to explain the experimental data.

Analysis and results.—The MiniBooNE experiment is
a pure mineral oil (CH2) detector located at the Booster
Neutrino Beam line at Fermilab. The Cherenkov and
scintillation light emitted by charged particles traversing
the detector are used for particle identification and neu-
trino energy reconstruction, assuming the kinematics of
CCQE scattering. MiniBooNE has observed an excess of
381± 85.2 (79.3± 28.6) electron-like events over the esti-
mated background in neutrino (antineutrino) beam con-
figuration in the energy range 200 < Erec

⌫ /MeV < 1250
corresponding to 12.84 ⇥ 1020 (11.27 ⇥ 1020) protons on
target [18].

Our proposal to explain MiniBooNE’s low energy ex-
cess from the production and decay of a dark neutrino
relies on the fact that MiniBooNE cannot distinguish a
collimated e+e� pair from a single electron. Muon neu-
trinos produced in the beam would up-scatter on the min-
eral oil to dark neutrinos, which will subsequently lead
to ZD ! e+e� as shown schematically in Fig. 1. If ND is
light enough, this up-scattering in CH2 can be coherent,
enhancing the cross section. To take that into account,
we estimate the up-scattering cross section to be

�total

proton
=

1

8
F 2(Er)�

coh
C +

✓
1�

6

8
F 2(Er)

◆
�p, (6)

where F (Er) is the nuclear form factor [21] for Carbon,
while �coh

C and �p are the elastic scattering cross sections

FIG. 1. Contributions to the cross section that in our model
gives rise to MiniBooNE’s excess of electron-like events.

on Carbon and protons, which can be easily calculated.
For Carbon, F (Er) is sizable up to proton recoil energies
of few MeV.
To obtain the spectrum of events, a simplified model

was implemented in FeynRules [22] in which Carbon and
protons were taken to be an elementary fermion and
events were generated in MadGraph5 [23]. Since Mini-
BooNE would interpret ZD ! e+e� decays as electron-
like events, the reconstructed neutrino energy would be
incorrectly inferred by the approximate CCQE formula
(see e.g. Ref. [24])

Erec
⌫ '

mp EZD

mp � EZD (1� cos ✓ZD )
, (7)

where mp is the proton mass, and EZD and ✓ZD are
the dark ZD boson energy and its direction relative to
the beam line. The fit to MiniBooNE data was then
performed using the �2 function from the collaboration
o�cial data release [18], which includes the ⌫µ and ⌫̄µ
disappearance data, re-weighting the Montecarlo events
by the ratio of our cross section to the standard CCQE
one, and taking into account the wrong sign contami-
nation from Ref. [25]. Note that the o�cial covariance
matrix includes spectral data in electron-like and muon-
like events for both neutrino and antineutrino modes.
In Fig. 2 we can see the electron-like event distribu-

tions, including all of the backgrounds, as reported by
MiniBooNE. We clearly see the event excess reflected
in all of them. The neutrino (antineutrino) mode data
as a function of Erec

⌫ is displayed on the top (middle)
panel. The corresponding predictions of our model, for
the benchmark point mND = 320 MeV, mZD = 64 MeV,
|Uµ4|

2 = 10�6, ↵D = 0.25 and ↵✏2 = 3 ⇥ 10�9, are de-
picted as the blue lines. The light blue band reflects
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We present a novel framework that provides an explanation to the long-standing excess of electron-
like events in the MiniBooNE experiment at Fermilab. We suggest a new dark sector containing a
dark neutrino and a dark gauge boson, both with masses between a few tens and a few hundreds
of MeV. Dark neutrinos are produced via neutrino-nucleus scattering, followed by their decay to
the dark gauge boson, which in turn gives rise to electron-like events. This mechanism provides an
excellent fit to MiniBooNE energy spectra and angular distributions.

Introduction.—Neutrinos have been connected to
anomalies in experimental data since their commence-
ment in the realm of Physics. From the problems with
beta decays in the dawn of the XXth century, that culmi-
nated with the proposal and subsequent discovery of the
first of these remarkable particles, to the solar and atmo-
spheric neutrino puzzles, that revealed the phenomenon
of neutrino oscillations driven by masses and mixings, the
neutrino road has been full of surprises. Some, however,
like the 17-keV neutrino [1] or the superluminal neutri-
nos [2] turned out to be mere bumps on the road as they
were resolved by explanations unrelated to new physics.
As it happens, one never knows which small clouds hov-
ering on the horizon of Physics will eventually vanish and
which will instead ignite a revolution.

Even today some peculiar data anomalies remain un-
solved. On one hand, there is an apparent deficit of
⌫e in short-baseline reactor experiments [3] and of ⌫e
in radioactive-source experiments [4], both amounting
to a 2.5-3� discrepancy that many believe may be con-
nected to unknown nuclear physics. On the other hand,
the LSND [5] and MiniBooNE neutrino experiments [6–
9] have reported an excess of ⌫e and ⌫e charge-current
quasi-elastic (CCQE) events in their data. All these co-
nundrums have been o↵ered a number of exotic inter-

pretations in the literature [10–14], typically invoking eV
sterile neutrinos in schemes easily in tension with other
neutrino data [15–17].
Recently, after 15 years of running, MiniBooNE up-

dated their analysis revealing that the excess of electron-
like events in the experiment [18], consistently observed
in the neutrino and antineutrino modes, is now a 4.8�
e↵ect. That makes the MiniBooNE result the most sta-
tistically relevant anomaly in the neutrino sector. The
origin of such excess is unclear – it could be the presence
of new physics, or a large background mismodeling. In
this Letter we propose a phenomenological solution to
understand the MiniBooNE data [19].
Framework.—We introduce a dark sector composed by

a new vector boson, ZD, coupling directly solely to a dark
neutrino, ⌫D, which mixes with the standard ones as

⌫↵ =
3X

i=1

U↵i ⌫i + U↵4 ND , ↵ = e, µ, ⌧,D, (1)

where ⌫i and ⌫↵ are the neutrinos mass and flavor eigen-
states, respectively. The new vector boson will, in gen-
eral, communicate with the Standard Model (SM) sector
via either mass mixing or kinetic mixing. The relevant
part of the dark Lagrangian is

LD �
m2

ZD

2
ZDµZ

µ
D + gDZ

µ
D ⌫D�µ⌫D + e✏Zµ

D Jem
µ +

g

cW
✏0 Zµ

D JZ
µ , (2)

where mZD is the mass of ZD and gD is the coupling in
the dark sector, e is the electromagnetic coupling, g/cW
is the Z coupling in the SM, while ✏ and ✏0 parametrize

⇤ E-mail:bertuzzo@if.usp.br
† E-mail:sudip.jana@okstate.edu
‡ E-mail:pmachado@fnal.gov
§ E-mail:zukanov@if.usp.br

the kinetic and mass mixings, respectively. The electro-
magnetic and Z currents are denoted by Jem

µ and JZ
µ . For

simplicity, we assume the mass mixing between the Z and
the ZD boson to be negligible. We resort to kinetic mix-
ing between Bµ⌫ and B0

µ⌫ [20], the SM hypercharge and
the dark field strengths, as a way to achieve a naturally
small coupling between the ZD and the electromagnetic
current Jem

µ . We will take mND > mZD , so the dark neu-
trino can decay as ND ! ZD + ⌫i, and mZD < 2mµ so
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We present a novel framework that provides an explanation to the long-standing excess of electron-
like events in the MiniBooNE experiment at Fermilab. We suggest a new dark sector containing a
dark neutrino and a dark gauge boson, both with masses between a few tens and a few hundreds
of MeV. Dark neutrinos are produced via neutrino-nucleus scattering, followed by their decay to
the dark gauge boson, which in turn gives rise to electron-like events. This mechanism provides an
excellent fit to MiniBooNE energy spectra and angular distributions.

Introduction.—Neutrinos have been connected to
anomalies in experimental data since their commence-
ment in the realm of Physics. From the problems with
beta decays in the dawn of the XXth century, that culmi-
nated with the proposal and subsequent discovery of the
first of these remarkable particles, to the solar and atmo-
spheric neutrino puzzles, that revealed the phenomenon
of neutrino oscillations driven by masses and mixings, the
neutrino road has been full of surprises. Some, however,
like the 17-keV neutrino [1] or the superluminal neutri-
nos [2] turned out to be mere bumps on the road as they
were resolved by explanations unrelated to new physics.
As it happens, one never knows which small clouds hov-
ering on the horizon of Physics will eventually vanish and
which will instead ignite a revolution.

Even today some peculiar data anomalies remain un-
solved. On one hand, there is an apparent deficit of
⌫e in short-baseline reactor experiments [3] and of ⌫e
in radioactive-source experiments [4], both amounting
to a 2.5-3� discrepancy that many believe may be con-
nected to unknown nuclear physics. On the other hand,
the LSND [5] and MiniBooNE neutrino experiments [6–
9] have reported an excess of ⌫e and ⌫e charge-current
quasi-elastic (CCQE) events in their data. All these co-
nundrums have been o↵ered a number of exotic inter-

pretations in the literature [10–14], typically invoking eV
sterile neutrinos in schemes easily in tension with other
neutrino data [15–17].
Recently, after 15 years of running, MiniBooNE up-

dated their analysis revealing that the excess of electron-
like events in the experiment [18], consistently observed
in the neutrino and antineutrino modes, is now a 4.8�
e↵ect. That makes the MiniBooNE result the most sta-
tistically relevant anomaly in the neutrino sector. The
origin of such excess is unclear – it could be the presence
of new physics, or a large background mismodeling. In
this Letter we propose a phenomenological solution to
understand the MiniBooNE data [19].
Framework.—We introduce a dark sector composed by

a new vector boson, ZD, coupling directly solely to a dark
neutrino, ⌫D, which mixes with the standard ones as

⌫↵ =
3X

i=1

U↵i ⌫i + U↵4 ND , ↵ = e, µ, ⌧,D, (1)

where ⌫i and ⌫↵ are the neutrinos mass and flavor eigen-
states, respectively. The new vector boson will, in gen-
eral, communicate with the Standard Model (SM) sector
via either mass mixing or kinetic mixing. The relevant
part of the dark Lagrangian is

LD �
m2

ZD

2
ZDµZ

µ
D + gDZ

µ
D ⌫D�µ⌫D + e✏Zµ

D Jem
µ +

g

cW
✏0 Zµ

D JZ
µ , (2)

where mZD is the mass of ZD and gD is the coupling in
the dark sector, e is the electromagnetic coupling, g/cW
is the Z coupling in the SM, while ✏ and ✏0 parametrize

⇤ E-mail:bertuzzo@if.usp.br
† E-mail:sudip.jana@okstate.edu
‡ E-mail:pmachado@fnal.gov
§ E-mail:zukanov@if.usp.br

the kinetic and mass mixings, respectively. The electro-
magnetic and Z currents are denoted by Jem

µ and JZ
µ . For

simplicity, we assume the mass mixing between the Z and
the ZD boson to be negligible. We resort to kinetic mix-
ing between Bµ⌫ and B0
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to a 2.5-3� discrepancy that many believe may be con-
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quasi-elastic (CCQE) events in their data. All these co-
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pretations in the literature [10–14], typically invoking eV
sterile neutrinos in schemes easily in tension with other
neutrino data [15–17].
Recently, after 15 years of running, MiniBooNE up-

dated their analysis revealing that the excess of electron-
like events in the experiment [18], consistently observed
in the neutrino and antineutrino modes, is now a 4.8�
e↵ect. That makes the MiniBooNE result the most sta-
tistically relevant anomaly in the neutrino sector. The
origin of such excess is unclear – it could be the presence
of new physics, or a large background mismodeling. In
this Letter we propose a phenomenological solution to
understand the MiniBooNE data [19].
Framework.—We introduce a dark sector composed by

a new vector boson, ZD, coupling directly solely to a dark
neutrino, ⌫D, which mixes with the standard ones as

⌫↵ =
3X

i=1

U↵i ⌫i + U↵4 ND , ↵ = e, µ, ⌧,D, (1)

where ⌫i and ⌫↵ are the neutrinos mass and flavor eigen-
states, respectively. The new vector boson will, in gen-
eral, communicate with the Standard Model (SM) sector
via either mass mixing or kinetic mixing. The relevant
part of the dark Lagrangian is
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ZD
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µ +
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Kinematics is such that many of the e+e- pairs 
will be collimated, and Mini- BooNE would 
interpret ZD → e+e− decays as electron- like 
events  

Introduce a dark sector composed by a new 
vector boson, ZD, coupling directly solely to a 
dark neutrino, νD  

kinetic mixing            mass mixing 

Kinetic mixing: from B𝛍𝛎X𝛍𝛎 term, 
which is gauge invariant



The MiniBooNE excess………… 
Good agreement with observed energy and angular distribution  : 3
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FIG. 2. The MiniBooNE electron-like event data [18] in the
neutrino (top panel) and antineutrino (middle panel) modes
as a function of Erec

⌫ , as well as the cos ✓ distribution (bot-
tom panel) for the neutrino data. Note that the data points
have only statistical uncertainties, while the systematic un-
certainties from the background are encoded in the light blue
band.. The predictions of our benchmark point mND = 320
MeV, mZD = 64 MeV, |Uµ4|2 = 10�6, ↵D = 0.25 and
↵ ✏2 = 3⇥ 10�9 are also shown as the blue lines.

an approximated systematic uncertainty from the back-
ground estimated from Table I of Ref. [18]. On the bot-
tom panel we show the cos ✓ distribution of the electron-
like candidates for the neutrino data, as well as the dis-
tribution for cos ✓ZD for the benchmark point (blue line).
The cos ✓ distribution of the electron-like candidates in
the antineutrino data is similar and not shown here and
our model is able to describe it comparably well. We
remark that our model prediction is in extremely good
agreement with the experimental data. In particular, our
fit to the data is better than the fit under the electron-
Volt sterile neutrino oscillation hypothesis [18] if one con-
siders the constraints from other oscillation experiments.
We find a best fit with �2

bf/dof = 31.2/36, while the

background only hypothesis yields �2
bg/dof = 63.8/38,

corresponding to a 5.4� preference for our model.
In Fig. 3 we see the region in the plane |Uµ4|

2 ver-
sus mND consistent with MiniBooNE data at 1� to 5�
CL, for the exemplifying hypothesis mZD = mND/5,
↵ZD = 0.25 and ↵✏2 = 3⇥10�9. Other values of these pa-

rameters can also provide good agreement with the data.
We also show the combined non-oscillation bounds from
meson decays, muon decay Michel spectrum and lepton
universality compiled in Refs. [26, 27], which exclude the
region above the red line. The dashed gray lines repre-
sent �c⌧ = 1 cm for ND and ZD with 1 GeV of energy, as
a reference. The ship hull shape region can be divided in
two parts: a high mixing region at |Uµ4|

2
⇠ 10�3

�10�6,
corresponding to mND & 300 MeV, and a low mixing re-
gion for |Uµ4|

2 . 10�7 and mND . 200 MeV. The latter
seems to be favored by spectral data. As a side remark,
we have checked that the typical opening angle ✓e+e�

of the e+e� pair satisfy cos ✓e+e� = 0.99, ensuring that
MiniBooNE will identify these events as electron-like.
The MicroBooNE experiment at Fermilab [28] is cur-

rently investigating the low energy excess of electron-like
events observed by MiniBooNE. They can distinguish
electrons from photon conversions into a e+e� pair by
their di↵erent ionization rate at the beginning of their
trajectory in the liquid argon detector. So by analyzing
the energy deposited along the track as a function of the
range (dE/dX) they hope to distinguish a photon from
a single electron. Our model predicts a dE/dX distribu-
tion similar to photons but with a prompt ZD decay to a
collimated e+e� pair. In addition our framework allows
for the possibility of the experimental observation of the
KL ! ⌫D⌫D, via o↵-shell ZD exchange, by the KOTO
or NA62 experiments as B(KL ! ⌫D⌫D) can go up to
O(10�10) for mND < mK [29].

We also have inquired into the possible e↵ects of ND
and ZD on oscillation experiments. While low energy
sources, such as the sun or nuclear reactors, do not have
enough energy to produce these particles, they could be,
in principle, produced in higher energy oscillation exper-
iments. Typically ⌫µ and ⌫µ beams in accelerator neu-
trino experiments have an insurmountable O(1%) con-
tamination of ⌫e + ⌫e, and atmospheric neutrinos have a
large ⌫e and ⌫e component. While Cherenkov detectors,
like Super-Kamiokande, cannot distinguish between elec-
trons and photons, detectors like MINOS, NO⌫A or T2K
would have a hard time to see any signal over their neu-
tral current contamination. That is particularly relevant
at lower energies where one would expect the signal of
new physics to lay.
In a di↵erent note, we do not foresee any issues with

cosmological data, as the particles in the dark sector de-
cay too fast to a↵ect Big Bang Nucleosynthesis, and the
⌫ � ⌫ self-interactions are too small to change neutrino
free streaming. Supernova cooling would not constrain
the model, as the ZD is trapped due to the large kinetic
mixing.
Finally, one may wonder if the phenomenological ap-

proach we propose here can arise in a UV-complete
anomaly free model. We have checked that such real-
ization is possible as follows. A gauge U(1)D symme-
try, under which the only charged fermions are the dark
neutrinos, protects neutrino masses from the standard
Higgs mechanism. An enlarged scalar sector is called

Bertuzzo et al  arXiv: 1807.09877; 

Questions open for 
exploration: 

Is this the right solution? How 
does it fit into the larger 

framework of BSM physics? 

What are the ways in which it can 
be tested?

Would signals of this have been 
already seen in existing 

detectors? What will planned/
upcoming neutrino detectors see if 

this is true? 



►The Dirac vs Majorana nature of neutrinos 



This remains one of the most important unanswered questions in neutrino 
physics. 

The Dirac vs Majorana nature of neutrinos………… 

Majorana neutrinos offer, in principle, a window to physics at very high scales, 
and thus an opportunity to better understand what lies beyond the Standard 
Model (SM). 

For Dirac neutrinos, if we add RH neutrinos to the SM, the Yukawa term  
                              LY =−yH0νRνL+h.c   

  leads, after electroweak symmetry breaking, to the mass term 

                 LD = −mD νR νL + h.c. , = −mD ν ̄ ν ,  only minimal extension 
of SM necessary

For Majorana neutrinos, however, 2 types of terms are possible, both  
connected in different ways to possible BSM/high scale physics  

ν = νL +νR 

Dirac and Majorana mass terms

-

-



The Dirac vs Majorana nature of neutrinos………… 

(νL)c H0H0 νL/Λ 

The Dirac vs Majorana nature of neutrinos………… 

Even if there are no RH neutrinos, physics at high scales (𝚲) can induce a LH majorana 
mass term via the effective operator, via an interaction with the SM Higgs field, 

Or, if there is a weak isospin  (BSM) Higgs triplet, 𝜟, it can induce a similar 
term via   

In either case, the mass term has the form 

Dirac and Majorana mass terms

∆0(νL)c νL, where ∆0 is the neutral member of the triplet which acquires a vev 

LL = -1/2mL (νL)c νL + h.c. , LH Majorana mass term

LR = -mR/2 (νR)c νR + h.c. ,  

ν = νR + (νR)c. 

breaks total lepton number 
Since no other conserved quantum number carried by 
νR,  mR can be very large in principle.



The Dirac vs Majorana nature of neutrinos………… Distinguishing between Dirac 
and Majorana neutrinos 

experimentally
This is very hard to do…….Why? 

For any fermonic field, 𝜳L ≃ 𝛹− + m/E 𝛹+ and 𝜳R ≃ 𝛹+ + m/E 𝛹-  

 Thus, for a relativistic fermion, chirality and helicity are almost identical. 

Consider                             and                               in the Dirac case, π+ → μ+ + νμ  π− → μ− + νμ 

Chirality and helicity

 LH and essentially -ve helicity  RH and essentially +ve helicity

_
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ADDRESSING THE MAJORANA VS. DIRAC QUESTION USING

NEUTRINO DECAYS a

BORIS KAYSER
Theoretical Physics Department, Fermilab, P.O. Box 500, Batavia, IL 60510 USA

We explain why it is so hard to determine whether neutrinos are Majorana or Dirac particles
as long as the only neutrinos we study are ultra-relativistic. We then show how non-relativistic
neutrinos could help, and focus on the angular distributions in the decays of an as-yet-to-be-
discovered heavy neutrino N . We find that these angular distributions could very well tell us
whether neutrinos are Majorana or Dirac particles.

One of the most basic questions about the neutrinos is whether every neutrino mass eigen-
state is a Majorana particle (that is, identical to its antiparticle), or a Dirac particle (that is,
distinct from its antiparticle). Determining whether neutrinos are Majorana or Dirac particles
experimentally is very challenging. To understand why, let us note first that all the neutrinos
we have been able to study directly so far have been ultra-relativistic. As an example, let us
consider the neutrinos from pion decay. The decay π+ → µ+ + νµ produces a neutrino νµ that
is not only ultra-relativistic but also of essentially 100% left-handed helicity. Correspondingly,
the decay π− → µ− + νµ produces an ultra-relativistic neutral lepton that is an antineutrino if
indeed antineutrinos are distinct from neutrinos, and that is of essentially 100% right-handed
helicity. Now, suppose the neutral lepton from a π → µν decay undergoes a charged-current
weak interaction with some target, producing an outgoing muon in the process. The Standard
Model (SM) Lagrangian density describing this interaction is

LCC ∝ µ̄γλ
(1− γ5)

2
νµJλ + νµγ

λ (1− γ5)

2
µJ†

λ , (1)

where Jλ is a current that pertains to the target. As we know, the field µ in this Lagrangian
creates only a µ+, not a µ−, while the field µ̄ creates only a µ−, not a µ+. Similarly, in the

Dirac case, the field νµ absorbs only a neutrino, while νµ absorbs only an antineutrino. Thus,
in the Dirac case, only the first term on the right-hand side of Eq. (1) can absorb the neutral
lepton from the decay π+ → µ++νµ, so only a µ−, not a µ+, can be produced in the interaction.
Similarly, only the second term can absorb the neutral lepton from π− → µ−+νµ, so only a µ+,
not a µ−, can be produced. The lepton number L that distinguishes antileptons from leptons is
conserved.

In the Majorana case, both the fields νµ and νµ can absorb a neutrino. However, owing to
the left-handed chiral projection operator (1 − γ5)/2, when the neutrino is ultra-relativistic in
the rest frame of the target, only the first (second) term on the right-hand side of Eq. (1) can
absorb it if it is of ∼ 100% left-handed (right-handed) helicity. Thus, only a µ− (µ+) will be
produced if the neutrino is from π+ (π−) decay. That is, the result of the interaction with the
target will be identical to what it is in the Dirac case.

As this example illustrates, in almost all circumstances, when neutrinos are ultra-relativistic,
helicity is a substitute for the lepton number L. Whether there is a conserved lepton number

aTo appear in the Proceedings of the 53rd Rencontres de Moriond Electroweak session, held in March, 2018.
Fermilab report FERMILAB-CONF-18-186-T.
Based on A. B. Balantekin and B. Kayser, submitted to Ann. Rev. Nucl. Part. Sci., arXiv:1805.00922 [hep-ph],
and on A. B. Balantekin, A. de Gouvêa, and B. Kayser, in preparation.

In the case when neutrinos are Dirac, only one term contributes to each of 
the two decays, since neutrinos and antineutrinos are distinct particles 



The Dirac vs Majorana nature of neutrinos………… Distinguishing between Dirac 
and Majorana neutrinos 

experimentally

Thus, since in almost all circumstances, neutrinos are ultra-relativistic, whether neutrinos are  
majorana or Dirac makes no practical difference in an experiment. 

However, if the neutrino is non-relativistic ,  from 
𝜳L ≃ 𝛹− + m/E 𝛹+ and 𝜳R ≃ 𝛹+ + m/E 𝛹- 

(Dirac case) or not (Majorana case) makes no practical difference. Majorana and Dirac neutrinos
behave indistinguishably.

In contrast, non-relativistic Majorana and Dirac neutrinos can behave quite differently. To
illustrate, let us consider an electron neutrino that is non-relativistic in the rest frame of some
target. Suppose this neutrino initiates on the target an exothermic reaction in which a charged
lepton is produced. The SM Lagrangian for this reaction, similar to that in Eq. (1), is

LCC ∝ ēγλ
(1− γ5)

2
νeJλ + νeγ

λ (1− γ5)

2
eJ†

λ . (2)

If the incoming neutrino is a Dirac particle tagged as a neutrino rather than an antineutrino by
the process that created it, it can be absorbed only by the first term on the right-hand side of
Eq. (2), and consequently it can produce only an electron, not a positron. However, if it is a
Majorana neutrino, then regardless of how it was created, and regardless of its helicity, it can
be absorbed by either of the terms on the right-hand side of Eq. (2). The left-handed chiral
projection operator (1− γ5)/2 does not significantly suppress the absorption of non-relativistic
neutrinos of either helicity by either of these two terms. Thus, a Majorana neutrino can produce
either an electron or a positron.

The observation that non-relativistic Majorana and Dirac neutrinos can behave quite dif-
ferently leads us to wonder if nature contains a so-far-undiscovered heavy neutrino N whose
decays could be studied. After all, in its rest frame—the natural frame in which to consider
its decays—a neutrino is completely non-relativistic. The observation at a hadron collider of a
lepton-number-nonconserving sequence such as

quark + antiquark → W+ → N + µ+ ,

|−→ e+ + π− (3)

which is forbidden if N is a Dirac particle, would signal that the neutrinos, including N , are
Majorana particles. However, if the N is created at a neutrino oscillation experiment, lepton-
number violation such as in the sequence (3) may be impossible to detect because the detector
may not be able to tell whether a charged particle is positive or negative. Thus, it is quite
interesting that the Majorana or Dirac character of neutrinos could also be revealed by the
angular distribution of the particle X in a decay of the form N → ν + X. Here, ν is one of
the established light neutrino mass eigenstates, ν1, ν2, or ν3, and X is a self-conjugate boson:
X̄ = X. Depending on the mass of N, X could be, for example, a γ, π0, ρ0, Z0, or the Higgs
boson H0, and we shall consider these five cases 1.

For each of the decay modes under consideration, the decay rate Γ(N → ν+X) will be twice

as big if N and ν are Majorana particles as it will be if they are Dirac particles 2. However,
this difference may not be too useful, because the decay rate also depends on unknown mixing
angles. Therefore, we turn to the decay angular distribution in the N rest frame. We assume
that the mechanism that produces the N leaves it fully polarized, with its spin vector s⃗ pointing
in a space-fixed direction we shall call the +z direction. We denote the X and ν helicities by
λX and λν , respectively, and define λ ≡ λX − λν . The quantity λ is the projection J⃗final · p̂ of
the total final-state angular momentum J⃗final along the direction p̂ of the outgoing particle X.

From rotational invariance alone, it follows that the differential decay rate for N → ν +X
is given as a function of the angle θ between p̂ and s⃗ by

dΓ(N → ν +X)

d(cos θ)
=

Γλ=+1/2

2
(1 + cos θ) +

Γλ=−1/2

2
(1− cos θ)

=
Γ0

2
(1 + α cos θ) ; −1 ≤ α ≤ +1 . (4)

Here, Γλ=+1/2 and Γλ=−1/2 are the rates for decay into all the final states with λ = +1/2,
and all those with λ = −1/2, respectively. Γ0 = Γλ=+1/2 + Γλ=−1/2 is the total decay rate for

In the majorana case, neutrinos and antineutrinos are one and the same particle, hence 
both terms can contribute. However, contribution of  the second term is severely helicity 
suppressed , by a factor m/E. 

Now, in the Majorana case, the contribution from the “second” term is no longer small, since 
each chirality is a mix of both helicities. 

In the decay of a heavy, sterile neutrino, this leads to different energy and angular 
distributions for the daughters in the Dirac and Majorana cases.  

  Kayser, 1805.07523; Balantekin and Kayser, 1805.00922



Distinguishing between Dirac and Majorana neutrinos experimentally. Consider, in the parent’s 
rest frame, the decay N → νl + X of a heavy neutrino N that is fully polarized by its production 
mechanism, with its spin pointing along +z. X is a self-conjugate boson and νl is a SM neutrino 

 X  and emerges at an angle θ with respect to the +z direction (with νl emerging oppositely), with 
helicities 𝛌X , and 𝛌ν , respectively.  With 𝛌 ≡ 𝛌X − 𝛌ν , rotational invariance dictates that the  

2

If there is a heavy neutrino N , the observation at, for example, a hadron collider of a lepton-number nonconserving
sequence such as quark + antiquark ! W

+
! N + µ

+
! (e+⇡�) + µ

+ would tell us that the neutrinos, including N ,
are Majorana particles. However, this type of information is not always experimentally available. For example, if N is
discovered at a neutrino oscillation experiment, manifest lepton-number nonconservation involving like-sign leptons as
in our illustrative sequence may be impossible to establish because the detector may not have charge discrimination.
The angular distributions on which we focus here could nonetheless still be studied.

II. NEUTRINO DECAY

Here we consider the two-body decays N ! ⌫l + X of a heavy, polarized, spin one-half, neutral fermion mass
eigenstate N .⇤ A preliminary version of the following discussion was given in Refs. [24, 25]. The daughter fermion
⌫l is a lighter neutral fermion, possibly one of the established light neutrino mass eigenstates ⌫1, ⌫2, or ⌫3, and X is
a self-conjugate boson. Depending on the mass of N, X could, for example, be a �, ⇡

0
, ⇢

0
, Z

0, or H
0. If X is any

of these particles, the decay rate �(N ! ⌫l +X) is twice as large if N and ⌫l are Majorana particles as it is if they
are Dirac particles [23]. However, as already noted, this di↵erence may not be a useful way to tell whether neutrinos
are Majorana or Dirac particles, because the decay rate �(N ! ⌫l +X) also depends on other unknown parameters.
Thus, it is fortunate that the angular distribution of the daughters, which in most of these decay modes does not
depend on elusive unknown parameters, is also quite sensitive to whether neutrinos are Majorana or Dirac particles.

A. Decay properties

Let us consider, in the parent’s rest frame, the decay N ! ⌫l + X of a heavy neutrino N that is fully polarized
by its production mechanism, with its spin pointing along a direction we shall call +z. Suppose that the particle X

emerges at an angle ✓ with respect to the +z direction (with ⌫l emerging oppositely), and that X and ⌫l are produced
with helicities �X , and �⌫ , respectively (see Figure 1). With � ⌘ �X � �⌫ , rotational invariance dictates that the

z

!
X

"X

"#
#!

N

FIG. 1: The decay N ! ⌫l +X.

angular distribution of X is given by

d�(N ! ⌫l +X)

d(cos ✓)
=

��=+1/2

2
(1 + cos ✓) +

��=�1/2

2
(1� cos ✓) . (II.1)

⇤ In what follows, nothing precludes N from being one of the established light neutrino mass eigenstates ⌫1, ⌫2, or ⌫3. In this case, in the
absence of new, very light particles, the only accessible two-body decay is N ! ⌫l + �.

The Dirac vs Majorana nature of neutrinos………… 

(Dirac case) or not (Majorana case) makes no practical difference. Majorana and Dirac neutrinos
behave indistinguishably.

In contrast, non-relativistic Majorana and Dirac neutrinos can behave quite differently. To
illustrate, let us consider an electron neutrino that is non-relativistic in the rest frame of some
target. Suppose this neutrino initiates on the target an exothermic reaction in which a charged
lepton is produced. The SM Lagrangian for this reaction, similar to that in Eq. (1), is

LCC ∝ ēγλ
(1− γ5)

2
νeJλ + νeγ

λ (1− γ5)

2
eJ†

λ . (2)

If the incoming neutrino is a Dirac particle tagged as a neutrino rather than an antineutrino by
the process that created it, it can be absorbed only by the first term on the right-hand side of
Eq. (2), and consequently it can produce only an electron, not a positron. However, if it is a
Majorana neutrino, then regardless of how it was created, and regardless of its helicity, it can
be absorbed by either of the terms on the right-hand side of Eq. (2). The left-handed chiral
projection operator (1− γ5)/2 does not significantly suppress the absorption of non-relativistic
neutrinos of either helicity by either of these two terms. Thus, a Majorana neutrino can produce
either an electron or a positron.

The observation that non-relativistic Majorana and Dirac neutrinos can behave quite dif-
ferently leads us to wonder if nature contains a so-far-undiscovered heavy neutrino N whose
decays could be studied. After all, in its rest frame—the natural frame in which to consider
its decays—a neutrino is completely non-relativistic. The observation at a hadron collider of a
lepton-number-nonconserving sequence such as

quark + antiquark → W+ → N + µ+ ,

|−→ e+ + π− (3)

which is forbidden if N is a Dirac particle, would signal that the neutrinos, including N , are
Majorana particles. However, if the N is created at a neutrino oscillation experiment, lepton-
number violation such as in the sequence (3) may be impossible to detect because the detector
may not be able to tell whether a charged particle is positive or negative. Thus, it is quite
interesting that the Majorana or Dirac character of neutrinos could also be revealed by the
angular distribution of the particle X in a decay of the form N → ν + X. Here, ν is one of
the established light neutrino mass eigenstates, ν1, ν2, or ν3, and X is a self-conjugate boson:
X̄ = X. Depending on the mass of N, X could be, for example, a γ, π0, ρ0, Z0, or the Higgs
boson H0, and we shall consider these five cases 1.

For each of the decay modes under consideration, the decay rate Γ(N → ν+X) will be twice

as big if N and ν are Majorana particles as it will be if they are Dirac particles 2. However,
this difference may not be too useful, because the decay rate also depends on unknown mixing
angles. Therefore, we turn to the decay angular distribution in the N rest frame. We assume
that the mechanism that produces the N leaves it fully polarized, with its spin vector s⃗ pointing
in a space-fixed direction we shall call the +z direction. We denote the X and ν helicities by
λX and λν , respectively, and define λ ≡ λX − λν . The quantity λ is the projection J⃗final · p̂ of
the total final-state angular momentum J⃗final along the direction p̂ of the outgoing particle X.

From rotational invariance alone, it follows that the differential decay rate for N → ν +X
is given as a function of the angle θ between p̂ and s⃗ by

dΓ(N → ν +X)

d(cos θ)
=

Γλ=+1/2

2
(1 + cos θ) +

Γλ=−1/2

2
(1− cos θ)

=
Γ0

2
(1 + α cos θ) ; −1 ≤ α ≤ +1 . (4)

Here, Γλ=+1/2 and Γλ=−1/2 are the rates for decay into all the final states with λ = +1/2,
and all those with λ = −1/2, respectively. Γ0 = Γλ=+1/2 + Γλ=−1/2 is the total decay rate for

3

Here, ��=+1/2 is the total rate for decays N ! ⌫l +X yielding daughter helicity configurations that have � = +1/2,
and similarly for ��=�1/2. We may rewrite the angular distribution of Eq. (II.1) as

d�(N ! ⌫l +X)

d(cos ✓)
=

�

2
(1 + ↵ cos ✓) , (II.2)

where

� = ��=+1/2 + ��=�1/2 > 0 , (II.3)

and

↵ = (��=+1/2 � ��=�1/2)/� 2 [�1,+1] (II.4)

is the asymmetry parameter.
For the moment, let us suppose that neutrinos are Dirac particles, and that the decays described by Eqs. (II.1-II.4)

are those of neutrinos. For the antineutrino decays, we have, in analogy to Eqs. (II.1) and (II.2),

d�(N̄ ! ⌫̄l +X)

d(cos ✓)
=

�̄�=+1/2

2
(1 + cos ✓) +

�̄�=�1/2

2
(1� cos ✓)

=
�̄

2
(1 + ↵̄ cos ✓) , (II.5)

where the parameters �̄�=+1/2, �̄�=�1/2, �̄, and ↵̄ are the N̄ decay analogues of their N decay counterparts.
At leading order in perturbation theory, the N decay amplitude for given ✓ and daughter helicities is

hX(✓,�X) ⌫l(⇡ � ✓,�⌫) | Hint | N(up)i . (II.6)

Here, Hint is the Hamiltonian, or e↵ective Hamiltonian, that causes the decay, and the “up” indicates that the parent
N spin points in the +z direction. We assume that Hint is invariant under CPT ⌘ ⇣ : ⇣Hint⇣

�1 = Hint. Then, taking
into account that CPT is an antiunitary operator,

|hX(✓,�X) ⌫l(⇡ � ✓,�⌫) | Hint | N(up)i|2 = | h⇣Hint⇣
�1

⇣N(up) | ⇣X(✓,�X) ⌫l(⇡ � ✓,�⌫)i |
2

= | hHintN̄(down) | X(✓,��X) ⌫̄l(⇡ � ✓,��⌫)i |
2

= | hX(⇡ � ✓,��X) ⌫̄l(✓,��⌫) | Hint | N̄(up)i |2 . (II.7)

Here, the last step assumes invariance under a 180� rotation about the axis perpendicular to the decay plane.
Owing to the antiunitarity and antilinearity of ⇣, the CPT invariance of Hint, ⇣Hint⇣

�1 = Hint, does not imply
that the all-orders transition operator T for N ! ⌫l +X obeys ⇣T ⇣

�1 = T , but only that it obeys ⇣T ⇣
�1 = T

†. For
this reason, the constraint of Eq. (II.7) holds only in lowest order, where T = Hint, a Hermitean operator for which
H

†
int = Hint. Henceforth, unless otherwise noted, we assume that the lowest order result is an excellent approximation

for the full result.
Summed over the helicities for which �X � �⌫ ⌘ � = +1/2, Eq. (II.7) implies that ��=+1/2 = �̄�=�1/2. Similarly,

summed over the helicities for which � = �1/2, it implies that ��=�1/2 = �̄�=+1/2. It follows that

�̄ = � , (II.8)

and that

↵̄ = �↵ . (II.9)

Now, suppose that neutrinos are not Dirac particles, but Majorana ones. Eq. (II.7) still holds, but with the bars
distinguishing antineutrinos from neutrinos erased. The neutrino decay angular distribution is described by Eqs. (II.1-
II.4) and now Eq. (II.7), summed over the helicities for which � = +1/2, implies that ��=+1/2 = ��=�1/2. That
is,

↵ = 0 ; (II.10)

the angular distribution is isotropic in the case of Majorana neutrino decay. This isotropy was noted for the special

0

𝚪 ≡ Total decay 
rate

  Kayser, 1805.07523; Balantekin and Kayser, 1805.00922; Balantekin, de Gouvea and 
Kayser, 1808.10518

α = (Γλ=+1/2 − Γλ=−1/2)/Γ ∈ [−1, +1] 

Example: N → νl  π0. 
νl   is always -ve helicity, 
so 𝛌= 𝛌X − 𝛌ν=1/2; and 
𝛼=1. Thus this decay 

will have angular 
distribution 

of the form (1+cosθ) 



 Thus, if mass of N is known, the angular distribution can in principle determine if 
SM neutrinos are Majorana or Dirac, because even if one neutrino that mixes with 

the others  is Majorana, all of them are majorana.

From  CPT and rotational invariance, it can be shown that for Majorana neutrinos, 𝛼=0, whereas for 
Dirac neutrinos 

N → ν + X, and α = (Γλ=+1/2 − Γλ=−1/2)/(Γλ=+1/2 + Γλ=−1/2) is the asymmetry parameter
for this decay.

To an excellent approximation, the heavy neutrino decay N → ν + X is described by an
amplitude ⟨X(p̂,λX) ν(−p̂,λν)|H|N(s⃗)⟩ that is first order in some Hermitean Hamiltonian H.
If N and ν are Majorana particles, so that every participant in the decay N → ν + X is a
self-conjugate particle, CPT plus rotational invariance implies that

|⟨X(p̂,λX) ν(−p̂,λν)|H|N(s⃗)⟩|2 = |⟨X(−p̂,−λX) ν(p̂,−λν)|H|N(s⃗)⟩|2 . (5)

This relation, summed over all Xν final states with λ = λX − λν = +1/2, implies that in
Eq. (4), Γλ=+1/2 = Γλ=−1/2. This, in turn, implies that α = 0. That is, the angular distribution
is isotropic. It is to be emphasized that this isotropy is a consequence of CPT and rotational
invariance alone. It does not depend on any further details of the interactions driving the decay.

For this isotropy in the Majorana case to be a useful probe of whether neutrinos are of
Majorana or Dirac character, the decay angular distribution must be non-isotropic in the Dirac
case. In contrast to the Majorana case, in the Dirac case the decay angular distribution does
depend on the interaction. We assume that whenX = γ, the decay is driven by effective neutrino
transition magnetic and electric dipole moments µ and d. When X = π0 or ρ0, we take the
decay to be dominated by a virtual Z0 that emerges via a SM coupling from the neutrino line
and becomes the X particle. Finally, when X = Z0, the Z0 is simply emitted via a SM gauge
coupling from the neutrino line, and when X = H0, the H0 is emitted via a Yukawa coupling
from the neutrino line.

As desired, these processes do lead to non-isotropic angular distributions if neutrinos are
Dirac particles. This is nicely illustrated by the decay N → ν + π0. Driven by an intermediate
Z0 exchange, this decay has, in the Dirac case, an amplitude proportional to

ūν/pπ
(1− γ5)

2
uN = mN

[

(1− γ5)

2
uν

]†

γ0uN . (6)

Here, uν and uN are Dirac wave functions for the neutrinos, pπ is the pion momentum, and
mN is the N mass. So long as mN is not extremely close to the pion mass, the ν will be
ultra-relativistic in the N rest frame. Consequently, the left-handed chiral projection operator
(1 − γ5)/2 acting on uν will allow only a ν of left-handed helicity to be emitted. That is, only
decays with λ ≡ λX − λν = λπ0 − λν = +1/2 will be allowed. Hence, from Eq. (4), in the Dirac
case,

dΓ(N → ν + π0)

d(cos θ)
∝ (1 + cos θ) . (7)

Given that the asymmetry parameter α in the decays N → ν +X must satisfy −1 ≤ α ≤ +1
(see Eq. (4)), the angular distribution of Eq. (7) is as far from isotropy as it is possible to get.

We find by explicit calculation that in the Dirac case, the asymmetry parameter α in the
angular distribution

dΓ(N → ν +X)

d(cos θ)
=

Γ0

2
(1 + α cos θ) (8)

is as given in Table 1 for X = γ, π0, ρ0, Z0, and H0. From Table 1 we see that, except
in unlikely special circumstances such as m2

N = 2m2
ρ, α is not zero. That is, the angular

distribution is not isotropic, in contrast to its isotropy in the Majorana case. Moreover, once
mN has been measured, the value of α in the Dirac case will be known for four of the five
possible decays we have considered. Thus, the decay angular distributions of a heavy neutrino
could be a quite fruitful probe of the Majorana vs. Dirac question.

Does a heavy neutrino actually exist? Such a neutrino is being sought at CERN 3. The
potential for the Fermilab Short Baseline Neutrino program to discover such a neutrino through
its decays has been considered by Ballett, Pascoli, and Ross-Lonergan4. Some of the physics of
such a neutrino has been discussed by Hernandez et al. 5 and by Caputo et al. 6.

Table 1: The asymmetry parameter α in the angular distribution of the particle X from the decay N → ν +X

when N and ν are Dirac particles. The quantities mN , mρ and mZ are the masses of the N, ρ, and Z, respectively.

X γ π0 ρ0 Z0 H0

α 2ℑm(µd∗)
|µ|2+|d|2 1

m2

N−2m2
ρ

m2

N+2m2
ρ

m2

N−2m2

Z

m2

N+2m2

Z
1

In summary, we conclude that if a heavy neutrino is discovered, the angular distributions in
its decays could tell us whether neutrinos are Dirac or Majorana particles.
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 This requires experiments to look for heavy sterile neutrinos, and possibly 
measure their decays.

µ and d are the 
magnetic and 
electric transition 
dipole moments  



 There are several experiments planning to or looking for heavy sterile neutrinos, 
some of them are MicroBooNE, SHiP, DUNE, NA48/2, and NA62

 What are some of the possible challenges in such a program to determine the 
Dirac or Majorana nature of neutrinos?

►They must be produced in a sufficient number (e.g. say by meson decays) and be massive 
enough (few hundred MeV or more)  to decay quickly in the detector and give a statistically 

significant number of events. 

►The sample must be polarized. If produced in a weak decay, this is the case. 

►Such a neutrino should exist!  (Models?) 

►If there is a charged lepton in decay final state, its charge identification needs to be made 
to get supplementary information on lepton number violation. This is often not possible in 

many neutrino experiments, e.g, Super-K, Hyper-K, NovA, DUNE, etc 

►In order to do an angular distribution analysis in the rest frame, the momentum of N  in the 
lab frame must be accurately reconstructed. This can be difficult if there is a neutrino in the 

final state, whose momentum cannot be directly measured. 

(More work and investigation needed!)

The Dirac vs Majorana nature of neutrinos…………Detection and Challenges 



►The IceCube events and Dark matter 



IceCube / Deep Core

5320 Digital Optical Modules (DOM)

� detects Cherenkov light 
from showers and muon 
tracks initiated by 
neutrinos

� detects ~220 neutrinos 
and 1.7x108 muons per 
day

� threshold 10 GeV
� angular resolution

0.4~1 degree

 The IceCube Detector

86 strings, 60 OM/string

17 m distance between 2 OM on 
same string

125 m distance between 2 
consecutive strings

1 km^3 instrumented volume



NuSky 20-June-2011 Tom Gaisser 13

More events

A cascade event, candidate for 
a high energy �e ~50 TeV

NuSky 20-June-2011 Tom Gaisser 12

High-energy events in IceCube-40

~100 TeV �� induced muon

~ EeV air shower Signals in  Icecube…..    Showers/

Track event (muons)Shower/Cascade
Charged current νµ  

Factor ~2 energy resolution 

 <1° angular resolution  

All NC, most CC 𝛎𝞽 all CC νe 
 

15 % resolution on the deposited 
energy  

10° angular resolution (above 100 TeV)  
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Figure 1: Arrival angles and electromagnetic-equivalent deposited energies of the events. Track-
like events are indicated with crosses whereas shower-like events are shown as filled circles. The
error bars show 68% confidence intervals including statistical and systematic errors. Deposited
energy as shown here is always a lower limit on the primary neutrino energy.

IceCube Preliminary

Figure 2: Best-fit per-flavor neutrino flux results (combined neutrino and anti-neutrino) as a func-
tion of energy. The black points with 1s uncertainties are extracted from a combined likelihood fit
of all background components together with an astrophysical flux component with an independent
normalization in each energy band (assuming an E�2 spectrum within each band). The atmospheric
neutrino and muon fluxes are already subtracted. The best-fit conventional flux and the best-fit up-
per limit on “prompt” neutrinos are shown separately, not taking into account the effect of the
atmospheric self-veto, which will significantly reduce their contribution. The blue band shows the
1s uncertainties on the result of a single power-law fit to the HESE data. The pink band shows
the nµ,up best fit [10] with 1s uncertainties. Its length indicates the approximate sensitive energy
range of the nµ,up analysis.
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high-energy (“hard”) component of the HESE two power-law fit. The results are shown in Fig. 3,
together with the single power-law fit. A non-zero second component with a softer spectrum is then
preferred by the likelihood fit. Due to the large uncertainties on this low-energy (“soft”) component
it is compatible with zero within about 2s in which case the fit reduces to a single astrophysical
component. A corresponding likelihood ratio test comparing the single power-law fit with the two
power-law fit using the independent nµ,up measurement as a prior yields a p-value of 1.5%. Despite
the strong prior, there is no clear evidence for a break in the astrophysical spectrum in the HESE
data. Future IceCube analyses to be presented later this year, using samples extending to lower

Figure 3: Contour plot of the best-fit astrophysical spectral index gastro vs. best-fit per-flavor
normalization at 100TeV, Fastro. Shown is the single power-law fit in black (“1-Component”),
where the best-fit point is marked with a black star. The best-fit power law is E2f(E) =

2.46±0.8⇥10�8(E/100TeV)�0.92GeVcm�2s�1sr�1. The orange contours show the best-fit com-
ponents assuming a two power-law hypothesis with the nµ,up best fit [10], shown in pink, as a prior
for the hard component. Due to the large uncertainties on the soft component it is compatible with
zero within ⇡ 2s , in which case the fit reduces to a single astrophysical component.

energies and incorporating multiple channels, will have improved sensitivity to a possible break in
the astrophysical spectrum. Distributions of the HESE data events compared to background and
best-fit signal expectations for the above described single and two power-law model fits as func-
tions of deposited energy and declination can be found in figures 4a and 4b, respectively.

5. Spatial Clustering
A maximum-likelihood clustering method [3] was used to look for any neutrino point source in
the sample. The test statistic (TS) was defined as the logarithm of the ratio between the maximal
likelihood including a point source component and the likelihood for the isotropic null hypothesis.
The significance of our observed TS was determined by comparing to maps scrambled in right
ascension. As before, the analysis was run twice, once with all events and once with only shower-
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 Power-law behavior (index)  of 8 yr up-going muon data and HESE data significantly 
different.

It is widely believed that UHE neutrinos 
are produced in charged pion decays 

produced in pp and or p𝛾 interactions in 
the source. Such neutrinos are expected 

to follow a E-2 spectrum
However….

 Questions/Issues:  Power-law behavior of observed neutrino fluxes…..



Medium Energy Starting Events

• Lower energies accessible with scaled veto 

• Null hypothesis of isotropic, power-law flux  
not rejected, but we can have fun speculating
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At lower energies, in the range of 50 − 200 TeV, there appears to be an excess, with a 

bump-like feature (compared to a simple power-law spectrum), which is prominently 

present in events from the southern hemisphere, but also visible in events from the 

northern hemisphere.The maximum local significance of this excess is about 2.3σ. 

 Questions/Issues:  Excess in 30-100 GeV region……



Beyond Waxman-Bahcall?: MESE “Excess” Problem

• pp → ~100% of IGRB even w. s~2.0
• minimal pg → >50% of IGRB (via EM cascades)

• Best-fit spectral indices tend to be as soft as s~2.5
• 10-100 TeV data: large fluxes of ~10-7 GeV cm-2 s-1 sr-1
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contrary to
sub-threshold source 
& cross-corr. analyses 

If g-ray transparent
strong tensions w. Fermi 
for both pp & pg

For both pp and p𝛾 sources, the observed neutrino flux in IC in the 30-200 TeV region 
exhibits strong tension with Fermi gamma ray (IRGB) data in GeV region. 

This implies either “dark” or opaque sources, or new physics. 

For any source, the 
same processes that 
produce charged 
pions which decay 
to give you the UHE 
neutrino flux also 
produce neutral 
pions which decay 
to HE photons. 

This leads to a 
natural co-relation  

between the 𝜈 and 
the 𝛾 fluxes. 

 Fermi Gamma-ray data in tension with IC neutrino data in >30 TeV range………



 The “hidden source solution” to the IC signals………

 (Murase, Guetta , Ahlers 1509.00805)

γ rays above TeV energies initiate electromagnetic cascades in the extra- 
galactic background light (EBL) and cosmic microwave background (CMB) as they 
propagate over cosmic distances. As a result, high-energy γ rays are 
regenerated at sub-TeV energies, and should have been seen by Fermi. 

Thus , assume and study sources are such that two-photon annihilation, inverse-
Compton scattering, and synchrotron radiation processes in them can prevent 
direct γ- ray escape —“dark/hidden sources” 

Possible with p𝛾, but strong tension in case of pp sources persists. 

Conclude that dark p𝛾 sources could alleviate this tension, examples of such 
sources are models of choked gamma-ray burst (GRB) jets  and active galactic 
nuclei (AGN) cores  which are opaque to GeV-TeV γ rays.  2

FIG. 1: Left panel: All-flavor neutrino (thick blue lines) and isotropic diffuse γ-ray (thin red lines) fluxes for pp and minimal
pγ scenarios of Eqs. (4) and (5) that account for the latest IceCube data from ∼ 10 TeV to ∼ 2 PeV energies [5], where
s′ = sob = 2.5 is used. While pp scenarios require εbν = 25 TeV with a strong tension with the Fermi IGRB [13], minimal pγ
scenarios allow the range εbν of 6–25 TeV (shaded regions) as long as the sources are transparent to γ rays (see the main text
for details). Right panel: Same as the left panel, but now showing neutrino fluxes of AGN core and choked jet models from
Refs. [21, 24]. To illustrate the strength of diffuse γ-ray constraints, we pretend that the sources were transparent to γ rays.

may not be directly observable. First, γ rays above TeV
energies initiate electromagnetic cascades in the extra-
galactic background light (EBL) and cosmic microwave
background (CMB) as they propagate over cosmic dis-
tances. As a result, high-energy γ rays are regenerated
at sub-TeV energies [27]. Second, intrasource cascades
via two-photon annihilation, inverse-Compton scattering,
and synchrotron radiation processes can prevent direct γ-
ray escape [28]. To see their importance, we temporarily
assume that the sources are γ-ray transparent. We will
see in the following that this hypothesis leads to strong
tensions with the IGRB, disfavored by the Fermi data.
In pp scenarios, neutrino and generated γ-ray spectra

follow the CR spectrum, assumed to be a power law. In
CR reservoirs such as galaxies and clusters, a spectral
break due to CR diffusion is naturally expected [14, 15].
Thus, the neutrino spectrum is approximately given by

ενQεν ∝

{

ε2−s
ν (εν ≤ εbν)

ε2−s′
ν (εbν < εν)

(pp) , (4)

where εbν is the break energy and the softening of the
spectrum, δ ≡ s′ − s, is expected from the energy depen-
dence of the diffusion tensor [99]. In pp scenarios, the
corresponding generated γ-ray spectrum is also a power
law ε−s

γ into the sub-TeV region [see Eq. (3)], where it
directly contributes to the IGRB [100] and Ref. [12] ob-
tained a limit s ! 2.1–2.2 for generic pp scenarios that
explain the " 100 TeV neutrino data. The limit is tighter
(s ∼ 2.0) if one relaxes this condition by shifting εbν to
! 30 TeV to account for the lower-energy data [29].
Motivated by results of Ref. [5], we calculate the dif-

fuse neutrino spectrum using Eq. (4) with s = 2 and
s′ = 2.5 and the corresponding γ-ray spectrum using

Eq. (3). Following Ref. [25], we numerically solve Boltz-
mann equations to calculate intergalactic cascades, in-
cluding two-photon annihilation, inverse-Compton scat-
tering, and adiabatic losses. In the left panel of Fig. 1 we
show the resulting all-flavor neutrino and γ-ray fluxes as
thick blue and thin red lines, respectively, in comparison
to the Fermi IGRB and IceCube neutrino data [5]. To
explain the ! 100 TeV neutrino data, the contribution to
the IGRB should be at the level of 100% in the 3 GeV to
1 TeV range and softer fluxes with s " 2.0 clearly over-
shoot the data. As pointed out by Ref. [12], this argu-
ment is conservative: the total extragalactic γ-ray back-
ground is dominated by a subclass of AGN, blazars (e.g.,
Refs. [30, 31]), and their main emission is typically vari-
able and unlikely to be of pp origin [32, 33]. Most of the
high-energy IGRB is believed to be accounted for by un-
resolved blazars [34–36]. Although the IGRB should be
decomposed with caution, if this blazar interpretation is
correct, there is little room for CR reservoirs [12].
In pγ scenarios, neutrino and γ-ray spectra depend on

a target photon spectrum. The effective optical depth
to photomeson production (fpγ) typically increases with
CR energy, so that the neutrino spectrum is harder than
the CR spectrum. However, it cannot be too hard since
the decay kinematics of pions gives ενQεν ∝ ε2ν as a low-
energy neutrino spectrum [37]. In minimal pγ scenarios,
where neutrinos with εν ! εbν ! 25 TeV are produced
by CRs at the pion production threshold, the neutrino
spectrum is approximately given by

ενQεν ∝

{

ε2ν (εν ≤ εbν)

ε2−s′
ν (εbν < εν)

(minimal pγ) . (5)

In the left panel of Fig. 1, we show the resulting neu-



 Power-law incompatibilities and DM………

The incompatibilities  a) between expected E^-2 flux and observed spectrum b) 
between through going muons and HESE spectra, along with proximity of flux to WB 
bound  have led to the speculation that IC sees more than one flux. 

Secondly, the second component may not be astrophysical, but due to decay of DM to 
SM particles leading to neutrinos. 

The 𝛾-ray constraints from Fermi can also be used to constrain DM mass and lifetime 
in this scenario.
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Abstract

Utilizing the Fermi measurement of the gamma-ray spectrum toward the Inner Galaxy, we derive
some of the strongest constraints to date on the dark matter (DM) lifetime in the mass range from
hundreds of MeV to above an EeV. Our profile-likelihood based analysis relies on 413 weeks of Fermi
Pass 8 data from 200 MeV to 2 TeV, along with up-to-date models for di↵use gamma-ray emission
within the Milky Way. We model Galactic and extragalactic DM decay and include contributions to
the DM-induced gamma-ray flux resulting from both primary emission and inverse-Compton scat-
tering of primary electrons and positrons. For the extragalactic flux, we also calculate the spectrum
associated with cascades of high-energy gamma-rays scattering o↵ of the cosmic background radi-
ation. We argue that a decaying DM interpretation for the 10 TeV-1 PeV neutrino flux observed
by IceCube is disfavored by our constraints. Our results also challenge a decaying DM explanation
of the AMS-02 positron flux. We interpret the results in terms of individual final states and in the
context of simplified scenarios such as a hidden-sector glueball model.

A primary goal of the particle physics program is to
discover the connection between dark matter (DM) and
the Standard Model (SM). While the DM is known to
be stable over cosmological timescales, rare DM decays
may give rise to observable signals in the spectrum of
high-energy cosmic rays. Such decays would be induced
through operators involving both the dark sector and the
SM. In this work, we derive some of the strongest con-
straints to date on decaying DM for masses from ⇠400
MeV to ⇠107 GeV by performing a dedicated analysis of
Fermi gamma-ray data from 200MeV to 2TeV.

The solid red line in Fig. 1 gives an example of our
constraint on the DM (�) lifetime, ⌧ , as a function of
its mass, m�, assuming the DM decays exclusively to a
pair of bottom quarks. Our analysis includes three con-
tributions to the photon spectrum: (1) prompt emission,
(2) gamma-rays that are up-scattered by primary elec-
trons/positrons through inverse Compton (IC) within the
Galaxy, and (3) extragalactic contributions.

In addition to deriving some of the strongest limits on
the DM lifetime across many DM decay channels, our re-
sults provide the first dedicated constraints on DM using
the latest Fermi data for m� & 10TeV. To emphasize
this point, we provide a comparison with other limits in
Fig. 1. The dashed red curve indicates our new estimate
of the limits set by high-energy neutrino observations at
the IceCube experiment [1–4]. Our IceCube constraint
dominates in the range from ⇠107 to 109 GeV.

Constraints from previous studies are plotted as solid
grey lines labeled from 1-6. Curve 6 shows that for masses
above ⇠109 GeV, limits from null observations of ultra-
high-energy gamma-rays at air shower experiments [5],
such as the Pierre Auger Observatory (PAO) [6], KAS-
CADE [7], and CASA-MIA [8], surpass our IceCube lim-
its. Curves 2, 5, and 3 are from previous analyses of the
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FIG. 1: Limits on DM decays to b b̄, as compared to previ-
ously computed limits using data from Fermi (2,3,5), AMS-
02 (1,4), and PAO/KASCADE/CASA-MIA (6). The hashed
green (blue) region suggests parameter space where DM de-
cay may provide a ⇠3� improvement to the description of
the combined maximum likelihood (MESE) IceCube neutrino
flux. The best-fit points, marked as stars, are in strong ten-
sion with our gamma-ray results. The red dotted line provides
a limit if we assume a combination of DM decay and astro-
physical sources are responsible for the spectrum.

extragalactic [9, 10] and Galactic [11] Fermi gamma-ray
flux (for related work see [12–14]). Our results are less
sensitive to astrophysical modeling than [9], which makes
assumptions about the classes of sources and their spec-
tra that contribute to the unresolved component of the
extragalactic gamma-ray background. We improve and
extend beyond [10, 11] in a number of ways: by including
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IceCube Anomalies and DM………… 
This implies either “hidden” or opaque sources, or new physics. 

Example of new physics: DM which decays only to neutrinos Chianese et al   arXiv: 1808.02486 

Impose new global U(1) and arrange its charges such that  

it  allows the 𝛘 to  decay to  only to neutrinos via  

 Extend the Standard Model with a scalar 
SU(2)L-triplet with hyper-charge Y = +1  

4

with the recent IceCube and Fermi-LAT data. Finally, in Section 5 we draw our conclusions.

2. THE MODEL

According to the Table S2 of Ref. [57], the only renormalizable operator for a Dark Matter

neutrino line is obtained by extending the Standard Model with a scalar SU(2)L-triplet with

hypercharge Y = +1

� =
3X

i=1

�i⌧i =

0

@ �+
p
2�++

p
2�0

��+

1

A , (1)

where �0
⌘

1p
2
(�1 + i�2), �+

⌘ �3, �++
⌘

1p
2
(�1 � i�2) and ⌧i are the Pauli matrices. In this

way the Standard Model Lagrangian is extended with new physics terms given by

L � Lkin + L⌫ + V , (2)

where Lkin is the kinetic term for the scalar triplet, V is the scalar potential involving the Higgs

field H, and

L⌫ =
1

2
�ijL

T
i C

�1
i⌧2�Lj + h.c. , (3)

where

Li =

0

@ ⌫iL

`
�
iL

1

A (4)

is the lepton left-handed doublet and �ij is a complex symmetric matrix. The components of �

and H are complex fields, they can be defined by an expansion around the corresponding v.e.v.’s

as

H
0 = v + h

0 + iG
0
, H

+ = G1 + iG2 ,

�0 = v� + ⌘
0 + i A

0
, �+ = A1 + iA2 , �++ = A3 + iA4 ,

(5)

where v = 174 GeV is the Higgs v.e.v.. Then, by substituting (5) in the expression (3) we get the

coupling

1
p
2
�ij �⌫

T
iLC

�1
⌫jL + h.c. , (6)

that is responsible for the decay of the Dark Matter into a neutrino couple, � ! ⌫i ⌫j (�⇤
! ⌫i ⌫j),

where we have defined the Dark Matter field as � ⌘ ⌘
0+ iA

0. The structure of the matrix � defines

 Role of Dark Matter is played by the 
neutral component of this triplet, 𝛘, which 

couples to leptons via  
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FIG. 2: Numbers of neutrino events as a function of the neutrino energy after 2078 days of data-taking, for

the best-fit two-component flux. The astrophysical contribution (green color) is a power-law with a spectral

index 2.2 and normalization �
Astro
0 = 0.4 ⇥ 10�18 GeV�1cm�2sec�1sr�1. The Dark Matter contribution

(yellow color) corresponds to a Dark Matter mass m� ' 220 TeV and a lifetime ⌧� ' 3⇥ 1028 sec.

The confidence contour levels (C.L.) have been obtained by considering the astrophysical flux

normalization as nuisance parameter. According to the Wilks’ theorem, the quantity �2� lnL

follows a chi-squared distribution with two degrees of freedom. In the plot, the regions at 68%

(short dashed), 95% (long dashed) and 99% (solid) C.L. are delimited by the white contours. The

region of Dark Matter parameters excluded at more than 5� is bounded from above by the red

solid line. Moreover, the green solid line shows instead the constraint on our model deduced by

the Fermi-LAT gamma-rays measurements [57]. Indeed, even though our Dark Matter candidate

decays into a neutrino line only, electrons/positrons and gamma-rays are produced as well through

the radiative corrections that induce W/Z bremsstrahlung. Moreover, it is worth observing that,

in addition to the neutrinophilic decays, our model also allows for Dark Matter annihilations into

Standard Model particles, especially into electroweak gauge bosons. However, the present gamma-

rays constraints on these annihilation channels are not relevant since, according to Eq. (13), the

thermally average cross-section is very small for a Dark Matter mass larger than 1 TeV [91, 92].

Finally, we note that our results are compatible with the corresponding limits provided by the

IceCube Collaboration [93].

The maximum of the likelihood (best-fit point shown with a white star) has been found for the

No coupling to quarks due 
to color conservation 
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Bhattacharya, RG, Gupta JCAP 
1503 (2015), 027 (1407.3280) 

Another new physics possibility…. DM
Study the implications of the premise that any new, relativistic, 
highly energetic neutral particle that interacts with quarks and 
gluons would create cascade-like events in the IceCube (IC) 
detector.  

Premise: A flux of boosted light dark matter (LDM) particles (χ), 
which results from the late-time decay of a heavy dark matter 
(HDM) particle (φ). When χ is much lighter than φ, its scattering in 
IC resembles the NC DIS scattering of an energetic neutrino, 
giving rise to cascade-like events. 

Bhattacharya, RG, 
Gupta, S. Mukhopadhyay 
JCAP 1705 (2017) no.05, 

002  (1612.02834) • Over the present exposure period, no HESE events are expected in the region beyond
2–3 PeV, since the only contributing flux here is the astrophysical flux, which is
significantly lower in this scenario as opposed to the IC best-fits. With more exposure,
some astrophysical events can be expected to show up in this region.
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Figure 4: Best-fit events (stacked bars) from a combination of secondary ‹’s, astrophysical
‹’s and background in the sub-PeV energies, with LDM events explaining the PeV+ events.
The best-fit value of m

bf
„ = 5.34 PeV. Left: Decays to bb̄. Right: The mediator mass

limited to below bb̄ production threshold, so that it can dominantly decay only to cc̄ pairs.

3.1.1 Parameter correlation analyses

It is useful to examine the parameter space for Scenario I allowed by IC data. We use
the case of a pseudo-scalar mediator as representative, and examine the correlations and
degeneracies between the parameters. We give contour plots between pairs of parameters
for each of the LDM decay scenarios considered above, i.e. for decay to bb̄ and to cc̄. Noting
that the sub-PeV events in the HESE sample that do not have their origin in the atmosphere
are, in our scenario, either from the secondary neutrino flux or from the astrophysical
(power-law) neutrino flux, we denote the total number (in the 1347-day sample) of the
former by NDM, and that of the latter by NAst.

For each case we start with the best-fit values obtained in the previous section for each
of the parameters in the set: {NDM, ma, NAst, “, m„, gq}. We note that NDM is proportional
to (f„ g

2
‰)/·„, whereas the primary DM component of the event spectrum, coming from

‰ scattering o� ice nuclei at PeV energies is related to m„, f„ (g‰gq)2
/·„ and ma. For

a fixed “, specifying the NAst is tantamount to specifying the overall astrophysical flux
normalisation A in the uniform power-law spectrum �Ast = AE

≠“ .
The total number of signal events observed in the 1347-day IC sample is 35 at its best-

fit value, with a 1‡ (3‡) variation of 29–42 (20–57). This assumes the conventional atmo-
spheric background is at the expected best-fit, and the prompt background is zero. Selecting
two parameters for each analysis, we vary their values progressively from their best-fits,

– 18 –



►The ANITA observations of the highest energy events 
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ANITA FlightANITA Flight
• ANITA launched on Dec. 15th

• Took 3.5 trips around Antarctica
• In flight for 35 days
• Terminated on Jan 18th

• Full recovery completed
• Analysis is underway
• Expect to either be the first to discover UHE

neutrinos or set world’s best limits
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The ANITA Experiment………… 
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• Experiments being planned to exploit this technique 
• Mechanism used by Auger to set strong limits 
• ANITA has reported two events that would fit this 

signature but their steep angle would require a lower 
cross section than SM expectations predict �28

Air showers induced by tau neutrinos

TAROGE-1

Particle	and	Nuclear	Physics	
93	(2017)	1-68

Other experiments - 
POEMMA 
arXiv:1708.07599 
Trinity 
See N. Otte, Apr. APS `18 
GRAND 
arXiv:1508.01919 
Phased array atop a 
mountain - S. Wissel

arXiv:1803.05088
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Credit:		Mike	Duvernois,	ARA/NSF

Askaryan Radio Array (ARA)
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Rmoliere ⇡ 10 cm

• Shower - 20% charge asymmetry 
• Cerenkov radiation 
• Coherent for λ ≫ 10 cm 
→ RADIO  
Power∝Eshower2 

Gurgen	
Askaryan,	
1962

ν θC ≈ 56° 
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Confirmed 
experimentally in 
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PRL 86, 2802 (2002);     
PRD 72, 023002 (2005); 
PRD 74, 043002 (2006); 
PRL 99, 171101 (2007)

Radio Cerenkov Technique

Radio pulses produced by 
UHE showers 



The ANITA Anamolous Events………… 
2

TABLE I. Properties of the ANITA Anomalous Events

Property AAE061228 AAE141220

Flight & Event ANITA-I #3985267 ANITA-III #15717147

Date & Time (UTC) 2006-12-28 00:33:20 2014-12-20 08:33:22.5

Equatorial coordinates (J2000) R.A. 282.�14064, Dec. +20.�33043 R.A. 50.�78203, Dec. +38.�65498

Energy "cr 0.6± 0.4EeV 0.56+0.30
�0.20 EeV

Zenith angle z0/z 117.�4 / 116.�8± 0.�3 125.�0 / 124.�5± 0.�3

Earth chord length ` 5740± 60 km 7210± 55 km

Mean interaction length for "⌫ = 1EeV 290 km 265 km

pSM("⌧ > 0.1EeV) for "⌫ = 1EeV 4.4⇥ 10�7 3.2⇥ 10�8

pSM(z > zobs) for "⌫ = 1EeV, "⌧ > 0.1EeV 6.7⇥ 10�5 3.8⇥ 10�6

n⌧ (1–10PeV) : n⌧ (10–100PeV) : n⌧ (> 0.1EeV) 34 : 35 : 1 270 : 120 : 1

incident EeV ⌫⌧ on such trajectories yield "⌧ > 0.1EeV
emerging tau leptons with probabilities pSM < 10�6

(Table I). Attempting to accommodate the AAEs in a
strictly SM scenario, [2] suggest that gluon saturation
might lead the SM neutrino cross section to plateau
(rather than continue to increase) above "⌫ ⇠ 1018 eV.
As they concede, even in this case, existing constraints
on di↵use UHE neutrino fluxes [11, 12] mean that bright
and impulsive UHE neutrino-emitting transients would
likely be required to explain the AAEs, raising other dif-
ficulties.

Our paper proceeds as follows. In Sec. II we review
the evidence against SM explanations for the AAEs, in-
troducing new arguments more definitive than those pre-
sented to date, and addressing the implications of our
findings. We argue that existence of a BSM particle
with appropriate properties would resolve all outstand-
ing questions regarding the otherwise extremely unlikely
properties of these events. Given the strong exclusion
of SM scenarios, and the promising case for BSM expla-
nations, we proceed in Sec. III to seek out confirming
or refuting observations from other facilities. We find
that the IceCube Neutrino Observatory holds the great-
est promise in this regard. Reviewing the highest-energy
neutrino events from IceCube, we find that these already
provide independent support for the reality of the AAE
phenomenon, including three candidate analog events. In
Sec. IV we review theoretical precedents for the anoma-
lous ANITA and IceCube events in the literature, and
implications of these theories. In Sec. V we conclude
that, taken together, the ANITA and IceCube anomalous
events provide dramatic and highly credible evidence of
the first new bona fide BSM phenomenon since the dis-
coveries of neutrino oscillations, dark matter, and dark
energy.

II. UPGOING SHOWERS IN THE STANDARD
MODEL

The AAEs are forbidden under strictly SM scenarios
on at least two grounds.

A. Di↵use neutrino flux limits

The AAE trajectories are highly improbable. Any
SM-based estimate for the optical depths along these
trajectories, for incident neutrino energies greater than
the estimated shower energies, leads to implied neu-
trino fluxes well in excess of published bounds from
the Pierre Auger Cosmic Ray Observatory [11] and the
IceCube Neutrino Observatory [12]. Because of the po-
tential for ⌫⌧ regeneration e↵ects to complicate neutrino
survival calculations, and the requirement that events
generate a high-energy tau near Earth’s surface to be
observed, we have explored this question via simulations;
specifically, the NuTauSim ⌫⌧ propagation and emergent
⌧ shower software of [13].
We begin by injecting a monoenergetic flux of 100 mil-

lion ⌫⌧ at each half-decade of energy between 0.1EeV and
1000EeV (nine energies in all), along the trajectories of
each AAE (1.8 billion total injections). NuTauSim prop-
agates each neutrino according to SM physics, allowing
for a choice of ⌧ energy loss models and neutrino cross
sections beyond "⌫ > 0.1EeV, and using the Preliminary
Reference Earth Model (in a purely spherical approxi-
mation) from [14]. During propagation the ⌫⌧ will typ-
ically participate in multiple charged current (CC) and
neutral current (NC) interactions with nucleons; the ⌧
particles generated by CC reactions propagate, lose en-
ergy, and decay, regenerating (at lower energy) the ⌫⌧ .
Propagation stops when the energy of the primary ⌫⌧ or
⌧ particle drops below 0.1PeV, as the authors were con-
cerned with UHECR shower observations with current
and near-future facilities [13], for which this energy falls
well below threshold. Energies and interaction histories
of ⌧ particles that successfully emerge from the surface

SM cross sections imply that it is very unlikely that these are tau neutrinos. 

Example of new physics: Model with heavy Rh neutrino in CPT symmetric universe, mass 480 PeV,  
which is also DM, decays inside earth to  to Higgs and SM neutrino. need non-central 
distribution—-assume collision of earth with “dark disk” 

Anchordoqui et al, 1803.11554 

New physics? Source must be inside earth. 

𝞽 must be produced close to and inside earth’s surface. This implies many interactions for the 

primary 𝛎𝞽 given zenith angle, and implies starting energies which are very high. Flux at these 

enemies is very low, and this flux violates bounds by Pierre Auger and IceCube. 



Summary 
▶︎The MiniBooNE excess, when combined with previous LSND results, is an intriguing puzzle 

▶︎Could be due to mundane physics (un-understood background)  

▶ ▶︎But results have been carefully scrutinized over the long term and many important 
backgrounds measured may also imply that they are signals of new physics. If so, whatever 

new physics explains one or both is likely to be non-trivial and important.

▶︎The question whether neutrinos are Dirac or Majorana in nature remains unanswered. 
Recent progress offers possibly an additional handle on this if there exists a heavy sterile 

neutrino, by studying the  energy and angular distributions in its decay. 

▶While several experiments are looking for such a neutrino, determining angular and energy 

distributions in a decay to an active neutrino and a boson is very challenging.

▶IceCube events show a power-law discrepancy between up going muon and contained HESE/

MESE events, and a tension with Fermi-LAT gamma-ray data in GeV region. Hidden sources? 
or DM? DM decay to SM particles also in tension with Fermi-LAT. DM to DM decay?

▶ANITA, a ballon experiment, has recorded 2 events which are ~600 PeV with non-inversion 

in polarization of the detected radio signal. While 𝛎𝞽 can in principle be responsible, angle of 
approach makes this highly unlikely. If new physics, need fresh ideas. 



Thank You for your attention 
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after 6 years: 3.7Æ 6.0 sigma

 Questions/Issues:  Power-law behavior of observed neutrino fluxes…..

Power-laws of the HESE and thoroughgoing muon fluxes seem consistent with 

each other only above 100 TeV, and with Fermi shock acceleration. 

Difficult, in this way of looking at the data, to understand the 30-100 TeV 

data (MESE), or use single power-law for all data. 



 The “hidden source solution” to the IC signals………

 (Murase, Guetta , Ahlers 1509.00805)

γ rays above TeV energies initiate electromagnetic cascades in the extra- 
galactic background light (EBL) and cosmic microwave background (CMB) as they 
propagate over cosmic distances. As a result, high-energy γ rays are 
regenerated at sub-TeV energies, and should have been seen by Fermi. 

Thus , assume and study sources are such that two-photon annihilation, inverse-
Compton scattering, and synchrotron radiation processes in them can prevent 
direct γ- ray escape —“dark/hidden sources” 

Possible with p𝛾, but strong tension in case of pp sources persists. 

Conclude that dark p𝛾 sources could alleviate this tension, examples of such 
sources are models of choked gamma-ray burst (GRB) jets  and active galactic 
nuclei (AGN) cores  which are opaque to GeV-TeV γ rays.  2

FIG. 1: Left panel: All-flavor neutrino (thick blue lines) and isotropic diffuse γ-ray (thin red lines) fluxes for pp and minimal
pγ scenarios of Eqs. (4) and (5) that account for the latest IceCube data from ∼ 10 TeV to ∼ 2 PeV energies [5], where
s′ = sob = 2.5 is used. While pp scenarios require εbν = 25 TeV with a strong tension with the Fermi IGRB [13], minimal pγ
scenarios allow the range εbν of 6–25 TeV (shaded regions) as long as the sources are transparent to γ rays (see the main text
for details). Right panel: Same as the left panel, but now showing neutrino fluxes of AGN core and choked jet models from
Refs. [21, 24]. To illustrate the strength of diffuse γ-ray constraints, we pretend that the sources were transparent to γ rays.

may not be directly observable. First, γ rays above TeV
energies initiate electromagnetic cascades in the extra-
galactic background light (EBL) and cosmic microwave
background (CMB) as they propagate over cosmic dis-
tances. As a result, high-energy γ rays are regenerated
at sub-TeV energies [27]. Second, intrasource cascades
via two-photon annihilation, inverse-Compton scattering,
and synchrotron radiation processes can prevent direct γ-
ray escape [28]. To see their importance, we temporarily
assume that the sources are γ-ray transparent. We will
see in the following that this hypothesis leads to strong
tensions with the IGRB, disfavored by the Fermi data.
In pp scenarios, neutrino and generated γ-ray spectra

follow the CR spectrum, assumed to be a power law. In
CR reservoirs such as galaxies and clusters, a spectral
break due to CR diffusion is naturally expected [14, 15].
Thus, the neutrino spectrum is approximately given by

ενQεν ∝

{

ε2−s
ν (εν ≤ εbν)

ε2−s′
ν (εbν < εν)

(pp) , (4)

where εbν is the break energy and the softening of the
spectrum, δ ≡ s′ − s, is expected from the energy depen-
dence of the diffusion tensor [99]. In pp scenarios, the
corresponding generated γ-ray spectrum is also a power
law ε−s

γ into the sub-TeV region [see Eq. (3)], where it
directly contributes to the IGRB [100] and Ref. [12] ob-
tained a limit s ! 2.1–2.2 for generic pp scenarios that
explain the " 100 TeV neutrino data. The limit is tighter
(s ∼ 2.0) if one relaxes this condition by shifting εbν to
! 30 TeV to account for the lower-energy data [29].
Motivated by results of Ref. [5], we calculate the dif-

fuse neutrino spectrum using Eq. (4) with s = 2 and
s′ = 2.5 and the corresponding γ-ray spectrum using

Eq. (3). Following Ref. [25], we numerically solve Boltz-
mann equations to calculate intergalactic cascades, in-
cluding two-photon annihilation, inverse-Compton scat-
tering, and adiabatic losses. In the left panel of Fig. 1 we
show the resulting all-flavor neutrino and γ-ray fluxes as
thick blue and thin red lines, respectively, in comparison
to the Fermi IGRB and IceCube neutrino data [5]. To
explain the ! 100 TeV neutrino data, the contribution to
the IGRB should be at the level of 100% in the 3 GeV to
1 TeV range and softer fluxes with s " 2.0 clearly over-
shoot the data. As pointed out by Ref. [12], this argu-
ment is conservative: the total extragalactic γ-ray back-
ground is dominated by a subclass of AGN, blazars (e.g.,
Refs. [30, 31]), and their main emission is typically vari-
able and unlikely to be of pp origin [32, 33]. Most of the
high-energy IGRB is believed to be accounted for by un-
resolved blazars [34–36]. Although the IGRB should be
decomposed with caution, if this blazar interpretation is
correct, there is little room for CR reservoirs [12].
In pγ scenarios, neutrino and γ-ray spectra depend on

a target photon spectrum. The effective optical depth
to photomeson production (fpγ) typically increases with
CR energy, so that the neutrino spectrum is harder than
the CR spectrum. However, it cannot be too hard since
the decay kinematics of pions gives ενQεν ∝ ε2ν as a low-
energy neutrino spectrum [37]. In minimal pγ scenarios,
where neutrinos with εν ! εbν ! 25 TeV are produced
by CRs at the pion production threshold, the neutrino
spectrum is approximately given by

ενQεν ∝

{

ε2ν (εν ≤ εbν)

ε2−s′
ν (εbν < εν)

(minimal pγ) . (5)

In the left panel of Fig. 1, we show the resulting neu-


