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sterile neutrino 
Noun, plural “sterile neutrinos” 

1. Gauge singlet fermions which mass 
mix with one or more of the active 
neutrinos. 



sterile neutrino 
Noun, plural “sterile neutrinos” 

1. [Archaic] Gauge singlet fermions 
which mass mix with one or more of 
the active neutrinos.  

2. [Modern] A dark sector fermion with 
a “neutrino portal” interaction.
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The possible violations of leptonic charge conservation, which are compatible with experimental data, 
are large. This paper analyses various experimental setups whi.ch would be capable of detecting such 
hypothetical violations. It is shown that the most sensitive expeJriments are the search for the process 
J.1.- e + y and especially a search for oscillations of the type v = i1 and ve :;:::!: vJ.l.. A nonvanishing 
neutrino mass could be related to CP-nonconservation and to an electric (and magnetic) dipole moment 
of the neutrino. Astronomical implications of the oscillation v = v are discussed. 

INTRODUCTION 

DATA on lepton conservation have been obtained by 
different methods for the el-neutrino ( ve) and for the 
mu-neutrino ( vJ.l.). A review of the theoretical and ex-
perimental data can be found in [lJ and l2J respectively. 

The conclusion that ve f vJ.l. follows from the re-
sults of [3J, from experiments involving the transition 
Cl37 - Ar37 l 4J, and particularly from the recent inves-
tigations of double beta decay in Ca48 [ 5 - 7J. The rate of 
the process Ca48 - 22Ti48 + e- + e- turns out to be 
smaller than 10-20 yr-\ and the calculated probability 
of this process for a Majorana neutrino is 10-16±2 yr-1 • 

Taking into account the theoretical difficulties in 
evaluating the nuclear matrix elements, as well as the 
experimental which are discussed in [2J, I 
would describe the situation in the following manner: 
the el-neutrino and the el-antineutrino are different 
particles; the coupling constant F of the interaction 
which violates the corresponding leptonic charge con-
servation is smaller than one tenth of the weak inter-
action constant G( F/G < 0.1, with G = 10-5/Mp, where 
Mp is the proton mass). 

As regards the muonic leptonic charge, the most 
reliable information about the distinct character of the 
v J.1. and the v J.1. follows from the classical experiment of 
G. Bernardini et al. (cf., e. g.,caJ), where it was shown 
that in complex nuclei the reaction v J.1. + p - J.l.+ + n is 
at least one hundred times less likely than the reaction 
vJ.l.+n-J.l.-+p. 

The conclusion that ve and vJ.l. are distinct particles 
follows from the pioneering work of the Brookhaven 
group [sJ. Here also essential quantitative results have 
been obtained by G. Bernardini et al. (cf. [aJ). The 
cross section for the reaction vJ.l. + n- e- + p is not 
larger than a few percent of the cross section for the 
reaction vJ.l. + n- J.l.- + p. 

Thus, in high-energy neutrino experiments the upper 
limit on the hypothetical interaction which violates 
lepton conservation is also of the order F 0.1 G. In 
experiments searching for the decay J.l.+- e + + y (cf. 
below), the upper limit is better by one order of mag-
nitude ( F/ G:::::: 10-2 ). 

These results and the totality of the available in-
formation on weak interactions put us in front of sev-
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eral possibilities, which can be summarized in the 
following manner in terms of conservation of leptonic 
charge. 

1. There are two different additive leptonic charges, 
muonic and electronic. 

2. There is only one additive leptonic charge, the 
signs of which are opposite for the J.1.- and e- [IOJ. 

There exists only one (four-component) neutrino, the 
left-handed components of which are associated with 
the electron, and the right-handed ones belong to the 
muon [uJ. 

3. There is only one additive leptonic charge 
(equalling +1 for ve, vJ.l., e-, and J.l.-, and -1 for ile, 
v J.1.> e +, J.l.+) and one multiplicative lepton number [12J 
(equalling +1 for ve, e-, lie, e+, and -1 for vJ.l., J.l.-, 
vJ.l., J.l.+). 

4. There exists one additive leptonic charge, but 
with different magnitudes for the pairs e-, ve, and 
J.l.-, vJ.l. (e.g., +1 for e-, Ve and +2 for J.l.-, vJ.l.). 

In this scheme the leptonic charge reminds us of 
other well-known quantum numbers, such as strange-
ness. 

The possibilities 1 and 2 cannot be distinguished if 
the neutrino mass vanishes. If the neutrino mass is 
finite the possibility 2 is the most economical (there 
is only one leptonic charge). As regards the possibil-
ity 3, it is the least restrictive, since it allows, in 
principle, transitions muonium :;:::!: antimuonium l 13J, but 
in my opinion it is rather artificial. 

Within the framework of the schemes 1, 2, and 3 the 
additive leptonic charge remains unchanged (processes 
of the type n- p + e- T ve, J.l.+- e+ + lle + VJ.l. etc.) or 
changes by two units (e.g., in the hypothetical process 
n - p + e- + ve, in the oscillations v :;:::!: v discussed 
below, etc.). It is hard to imagine a process within this 
framework such that the leptonic charge changes only 
by one unit. 

According to possibility 4, the leptonic charge does 
not change in all observed weak processes, whereas in 
the process J.l.+- e + + y it changes by one unit, and in 
the other hypothetical processes which are discussed 
in the present paper the leptonic charge changes by 
more than one unit. A determination of the character-
istic times for the transitions J.l.+ - e + + y and for the 
oscillations v = i1 (cf. below) will allow in principle to 
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FIG. 2. A possible diagram for "double muon-
electron process" 

which implies that F'/G ::s 5 x 10-\ An improvement 
of this result would be of interest. 

THE POSSIBILITY OF VACUUM OSCILLATIONS 
z;;;::!: 17, z;Jl ZJe 

If leptonic charge is not an exactly conserved quan-
tum number (and in this case the neutrino mass would 
be different from zero), then oscillations of the type 
( 17;;::!: z;, z; Jl;;::!: ZJe), which are similar to oscillations in 
a beam of K0 mesons, become possible for neutrino 
beamsC•9J. 

We first consider the transitions i7;;::!: v. If such 
transitions exist then there exist diagonal states z; 1, 

ZJ2 (Majorana neutrinos) which are related to z; and v 
in the same manner as the and Kg states are re-
lated to the K0 and Jrl mesons. The situation is how-
ever quite different in the two cases. The "transition 
mass ll" for the process z; ;;::!: 17 ( Jl = I mv1 - mv2 I) 
could be comparable to the mass m of the neutrino, 
whereas the K0 - K 0 "transition mass" ( mK1 - mK2) 
is negligibly small compared to the mass of the K0 

meson. We are in fact dealing with a theoretical prob-
lem in formulating the theory of neutrino oscillations 
which, in the author's opinion, could be of interest for 
theoretical physicists. One could get an idea about the 
difficulties by analyzing some Feynman diagrams which 
are possibly related to the new interaction F, and by 
roughly estimating their contributions to the various 
masses (Fig. 3). 

In the formulas in Fig. 3, me is the electron mass, 
the appearance of which in the contributions of the 
diagrams is more or less arbitrary, and A is a cutoff 
parameter [20], which shall tentatively be set equal to 
100 GeV in all cases where the interaction occurs only 
between leptons, and equal to the nucleon mass when-
ever hadrons participate in the interaction (e.g., dia-
gram f in Fig. 3). Despite the fact that what we have 
just said is at best very roughly true, at worst com-
pletely false, I shall continue to speculate about neu-
trino oscillations. It should be added here that the 
method of detecting violations of lepton charge conser-
vation based on 17 = v oscillations is, in principle, 
more sensitive than the other methods. The reason for 
this is the fact that the period of the oscillations is in-
versely proportional to the first power of the transi-
tion matrix element, whereas reaction and decay rates 
are proportional to the square of this matrix element. 

FIG. 3. Several possible diagrams and their contributions. 
G = I ()""5 /MJ is the weak interaction constant, Mp is the proton mass, 
F is the constant of the new interaction, m is the contribution of the 
given diagram to the neutrino mass, Jl = I ffiut - mu 2 1 is the v:?: v 
transition mass, me is the electron mass, and A is the cutoff paremeter 

REMARKS ON METHODS OF DETECTION FOR 
NEUTRINO OSCILLATIONS 

The possibility of detecting the oscillations (to say 
nothing of the many things that will be discussed below) 
depends on the selection rules which operate in Nature 
(cf. the Introduction for the different versions of selec-
tion rules for the leptonic charge). 

If there are two leptonic charges, the transitions 
ve = i7e and vJl 17/l convert potentially active parti-
cles into particle that are, from the point of view of the 
ordinary weak interactions, sterile, i.e. practically un-
observable, since they have the "incorrect" helicity. 
In this case the only method of observing the effect 
under consideration consists in measuring the intensity 
(and its temporal variation) of the original particles 
(e.g., neutrinos), but not of their antiparticles (say, 
antineutrinos). The situation is different if there is 
only one additive leptonic charge, with different signs 
for e- and Jl-. In this case the correct notation for 
the four .objects is 17left, ZJright,_17right· 
Then the trans1t10ns Vleft - z;lefb vright - llright 
produce nonsterile particles. There will occur oscilla-
tions el-neutrino mu-neutrino, which can in principle 
be observed not only by means of measurements of the 
intensity and the "time-variation" of the original par-
ticles far from their source, but also by means of de-
tection of new particles. It is true that one cannot ob-
serve the transformation of a reactor neutrino 
into a mu-neutrino, since low energy mu-neutrinos 
( E smaller than the muon mass) cannot be registered. 
On the other hand high energy mu-neutrinos can con-
vert into normally active el-neutrinos. 

We note that the formulation of the neutrino-oscilla-
tion problem in vacuum is complicated by the existence 
of a large number of possibilities. 

THE TIME AND LENGTH OF THE OSCILLATIONS 

The oscUlations z; ;;::!: z;, v Jl ZJe are characterized 
by a period or length t = l = E/Jlm (here E is the 
neutrino energy, li = c = 1). The quantity Jl is smaller 
than m, since v., ZJ2 must have positive masses, but 
we do not know whether Jl ::s m (cf. the diagrams b and 
c in fig. 3) or J.1. « m. 

We consider typical neutrino experiments on reac-
torsC21J and accelerators [8 • 9J, and assume, for pur-
poses of estimation, that m ;::j Jl. We first assume for 
the magnitude of the neutrino mass the experimentally 
determined upper bounds (for ve, m = 200 eV and 
E = 1 MeV, for z;Jl the mass is m = 2 MeV, and 
E = 1 Ge V).. Then the characteristic oscillation 
lengths would respectively be equal to l = 10-3 em and 
l = 10- 8 em. Of course, there is not the slightest rea-
son to believe that the neutrino mass is equal to the 
experimental upper bound for that mass (both for the 
el-neutrino and for the mu-neutrino). 

In the spirit of the present paper, one could obtain 
a less arbitrary estimate on the basis of the contribu-
tions of the diagrams in Fig. 3, e.g. the diagrams b and 
c. If one assumes F/G = 10-3 and A= 100 GeV, these 
diagrams yi.eld for m a value of eV. To such a 
mass·value there corresponds a length of 10 em for 
megavolt-neutrinos (from reactors), and 100 m for 
gigavolt-neutrinos (from accelerators). 

Neutrino oscillations can:

…

History
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Outline
• Part 1: Truly sterile neutrinos:

• Terrestrial tests: Oscillations, production/decay. 

• Extra-terrestrial tests: Sterile Nu as a DM 
candidate. 

• Part 2: New but not sterile neutrinos: 

• Terrestrial: IceCube, direct detection, SHiP,…

• DM connections and the “neutrino portal.”



Sterile Neutrinos

Alexander Kusenko (UCLA/IPMU) MPIK 2012

Neutrino masses and light sterile neutrinos

Discovery of neutrino masses implies a plausible existence of right-handed (sterile) neutrinos.
Most models of neutrino masses introduce sterile states

{νe, νµ, ντ ,νs,1, νs,2, ..., νs,N}

and consider the following Lagrangian:

L = LSM + ν̄s,a

!

i∂µγ
µ" νs,a − yαaH L̄ανs,a −

Mab

2
ν̄c
s,aνs,b + h.c. ,

where H is the Higgs boson and Lα (α = e, µ, τ ) are the lepton doublets. The mass
matrix:

M =

#

0 D3×N

DT
N×3 MN×N

$

What is the natural scale of M?

6

SM gauge singlets
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SM gauge singlets

How can we find them? 
1) Modified oscillations 

2) Up-scattering production
3) Meson decay production

…



Truly Sterile Neutrinos

Part 1

-Dark Matter
-Detecting non-DM sterile: 

up-scattering production @Icecube
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DM from Neutrino Scattering
Dodelson, Widrow (1993)

for the neutrinos are then10:

L = µ

!

φ

v

"

ν̄LνR + MνRνR + h.c. (1)

where φ is the standard model Higgs field with ⟨φ⟩ = v. The usual HDM case,

wherein the active neutrinos constitute the dark matter, corresponds to
#

µ = 92h2eV, M ≪ µ
$

or
#

µ2/M = 92h2eV, M ≫ µ
$

. When sterile neutrinos are the dark matter, the

relevant mass is M . At tree-level, νR couples only to νL and therefore the most

efficient way to produce sterile neutrinos11,12,13 is via oscillations νL → νR. The

probability of observing a right-handed neutrino after a time t given that one starts

with a pure monoenergetic left-handed neutrino is sin2 2θM sin2 vt/L where θM is

the ‘mixing angle’, L is the oscillation length, and v is the velocity of the neutrinos.

In vacuum, and with µ ≪ M (see-saw model) θM = µ/M and L = 4E/
%

M2 − µ2
&

where E is the energy of the neutrinos. In the early Universe, the observation

time t is replaced by the interaction time for the left-handed neutrinos. Recent

work14,15,16 has fine-tuned this picture taking into account the effect of finite den-

sity and temperature on the mixing angle.

Here we are interested in the case where the right-handed neutrinos are pro-

duced at temperatures of order 100 MeV though the production rate is never so

fast that they equilibrate. We begin with the Boltzmann equation for the sterile

neutrinos:
!

∂

∂t
− HE

∂

∂E

"

fS(E, t) =

'

1

2
sin2(2θM (E, t)) Γ(E, t)

(

fA(E, t) (2)

where fS and fA are the distribution functions of the sterile and active neutrinos.

In the epoch under consideration (T ≫ 1 MeV) the left-handed neutrinos are in

thermal equilibrium so that fA =
)

eE/T + 1
*−1

≃
)

ep/T + 1
*−1

. The quantity

in square brackets is the probability per time of an active neutrino converting

into a sterile one16 where we have used the fact that for parameters of interest,

the collision time is always much greater than the oscillation time (i.e. sin2 vt/L

averages to 1/2). The mixing angle and the collision rate are17

sin2(2θM ) =
µ2

µ2 + [(cΓE/M) + (M/2)]2
; Γ ≃

7π

24
G2

FermiT
4E (3)

where c ≃ 4 sin2(2θW )/15α ≃ 26.

4

Oscillations + Collisions in expanding Universe:
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Oscillations + Collisions in expanding Universe:

⌫ Phase Transitions and Dodelson-Widrow Production
(Dated: today)

Some notes on how to achieve phase transition with a temperature dependent mixing angle.

CHECK: (1) colder than normal DW since mass increases!, and (2) that Higgs portal NC isn’t

larger than GF?

PACS numbers:

MODEL SETUP

The seesaw mechanism is an elegant way to explain the
smallness of neutrino masses. In simplified 2⇥2 setup,
the mass matrix takes the form

M =

✓
0 mD

mD mM

◆
, (1)

where mD and mM are the Dirac and Majorana masses.
In the limit that mM � mD, the eigenvalues are mM

and m
2
D
/mM . Thus the heavy state with mass mM can

exist at some large scale, while the second state can be
naturally small since it is suppressed by the largeness of
mM . One can also find that the mixing angle in this
setup is approximately ✓ ' mD/mM .

Here we will explore the implications of a modified
setup in which there are two contributions to the Ma-
jorana mass which are relevant at di↵erent epochs in the
early Universe. To this end, we will restrict our attention
to the following simplified Lagrangian

L � �mDN⌫L �mM N̄
c
N � y�N̄

c
N, (2)

where N is a right handed neutrino, ⌫L is the neutral
component of the lepton doublet, and � is a new SM
singlet scalar. The strength of the interaction between �

and N is controlled by the Yukawa coupling y.
We further assume that the scalar potential of � is such

that at high-temperatures, h�i = 0 and at some critical
temperature TC , the vacuum prefers a nonzero value for
the expectation value of the field, h�i 6= 0. We will refer
to the low-T VEV as �0 ⌘ h�i|T=0.

Then as long as the seesaw relations are obeyed
(CHECK THIS!), the temperature dependent masses and
mixing angle are:

ma ' mD

mM + y�(T )
, (3)

ms ' mM + y�(T ), (4)

✓ ' mD

mM + y�(T )
. (5)

When y�0 is large compared to mM this predicts a sup-
pression of the mixing angle in the aftermath of the phase
transition. This can be helpful for sterile neutrino dark
matter since large mixing angles in the early universe do
not then imply equally large mixing angles at the present-
day.

NOTE: The above is highly simplified since in re-
ality we need minimally 3 RH neutrinos for ster-
ile neutrino dark matter + neutrino masses. See:
https://arxiv.org/pdf/hep-ph/0503065.pdf

DODELSON WIDROW ORIGINAL

CALCULATION

Main assumption seems to be that g⇤ is con-
stant. Eq. (9) of DW is (https://arxiv.org/pdf/hep-
ph/9303287.pdf)
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DM from Neutrino Scattering
Dodelson, Widrow (1993)

for the neutrinos are then10:
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$
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where E is the energy of the neutrinos. In the early Universe, the observation

time t is replaced by the interaction time for the left-handed neutrinos. Recent

work14,15,16 has fine-tuned this picture taking into account the effect of finite den-

sity and temperature on the mixing angle.

Here we are interested in the case where the right-handed neutrinos are pro-

duced at temperatures of order 100 MeV though the production rate is never so
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where fS and fA are the distribution functions of the sterile and active neutrinos.

In the epoch under consideration (T ≫ 1 MeV) the left-handed neutrinos are in

thermal equilibrium so that fA =
)

eE/T + 1
*−1

≃
)

ep/T + 1
*−1

. The quantity

in square brackets is the probability per time of an active neutrino converting

into a sterile one16 where we have used the fact that for parameters of interest,

the collision time is always much greater than the oscillation time (i.e. sin2 vt/L

averages to 1/2). The mixing angle and the collision rate are17

sin2(2θM ) =
µ2

µ2 + [(cΓE/M) + (M/2)]2
; Γ ≃

7π

24
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where c ≃ 4 sin2(2θW )/15α ≃ 26.
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Oscillations + Collisions in expanding Universe:

⌫ Phase Transitions and Dodelson-Widrow Production
(Dated: today)

Some notes on how to achieve phase transition with a temperature dependent mixing angle.

CHECK: (1) colder than normal DW since mass increases!, and (2) that Higgs portal NC isn’t

larger than GF?

PACS numbers:

MODEL SETUP

The seesaw mechanism is an elegant way to explain the
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We further assume that the scalar potential of � is such

that at high-temperatures, h�i = 0 and at some critical
temperature TC , the vacuum prefers a nonzero value for
the expectation value of the field, h�i 6= 0. We will refer
to the low-T VEV as �0 ⌘ h�i|T=0.
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When y�0 is large compared to mM this predicts a sup-
pression of the mixing angle in the aftermath of the phase
transition. This can be helpful for sterile neutrino dark
matter since large mixing angles in the early universe do
not then imply equally large mixing angles at the present-
day.

NOTE: The above is highly simplified since in re-
ality we need minimally 3 RH neutrinos for ster-
ile neutrino dark matter + neutrino masses. See:
https://arxiv.org/pdf/hep-ph/0503065.pdf
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Peak production occurs when “collision rate” = “oscillation rate”:
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FIG. 4. Decay channels for a sterile neutrino, ⌫s, through (A) a two-body radiative process

(⌫s ! ⌫↵�) and (B) charge- and neutral-current contributions to a three-body final state.

• ms - the sterile neutrino mass

• sin ✓↵ - the mixing angle between ⌫s and active neutrinos of flavor ↵; in what follows,

we will only consider ⌫s � ⌫e mixing.

The mixing above can be induced, for example, in supersymmetric theories with a superpo-

tential, W = XLLE
c. The two-body decay rate for a Majorana neutrino is given by [89]
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while the three-body decay rate is [90]
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Here the neutrino flavor ↵ = e, c↵ = 1+4 sin2 ✓W+8 sin4 ✓W
4 ' 0.59 [90], and we are only consid-

ering decays to e
+
e

� pairs. The resulting gamma-ray fluxes from both channels contribute

at roughly similar levels once the splitting function is introduced.

The relic abundance of sterile neutrinos is model dependent and varies according to the

specific production mechanism and dynamics in the early Universe. An irreducible and
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we will only consider ⌫s � ⌫e mixing.
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we will only consider ⌫s � ⌫e mixing.

The mixing above can be induced, for example, in supersymmetric theories with a superpo-
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X-ray limits are strong
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FIG. 5. Constraints on the sum of sterile-neutrino decay to �⌫ and ⌫e+e� using the decay widths in

Eqs. (11) and (12). The constraints from the di↵use gamma- and X-ray data are HEAO-1 (orange),

INTEGRAL (green), COMPTEL (blue), and EGRET (red). Within the solid black region, the

neutrino energy density must be greater than the observed DM density. Above (below) the black

solid line, the neutrino lifetime is shorter (longer) than the age of the Universe. Within the green

boundaries, the sterile neutrino is ruled out by Ly-↵ forest data [48, 49]. Two cases for the sterile-

neutrino energy density are assumed. In the left plot, the density is assumed to precisely equal

the DM energy density everywhere below the dark and light gray regions. In the right plot, the

density is determined by the (irreducible) DW mechanism.

UV-insensitive contribution to the abundance of sterile neutrinos arises from the so-called

Dodelson-Widrow (DW) mechanism [91] in which the neutrinos are produced via oscillations.

Thus, in the absence of new dynamics at low temperature, one finds [48]
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Additional contributions may arise from, e.g., non-thermal production [8] or due to an

extended Higgs sector [92, 93].

In order to place model-independent bounds on the parameter space of sterile neutrinos,

we consider two di↵erent possibilities for the size of the sterile-neutrino relic abundance.

First, we consider an unspecified UV mechanism that contributes to the DM density in those

regions where the DM is under-abundant, setting ⌦⌫s = ⌦DM. Next, we assume the relic
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Roach et al, [1908.09037]
Essig et al, [1309.4091]

Strongly excludes minimal DM production mode.

⌫ Phase Transitions and Dodelson-Widrow Production
(Dated: today)

Some notes on how to achieve phase transition with a temperature dependent mixing angle.

CHECK: (1) colder than normal DW since mass increases!, and (2) that Higgs portal NC isn’t

larger than GF?

PACS numbers:

MODEL SETUP

The seesaw mechanism is an elegant way to explain the
smallness of neutrino masses. In simplified 2⇥2 setup,
the mass matrix takes the form

M =

✓
0 mD

mD mM

◆
, (1)

where mD and mM are the Dirac and Majorana masses.
In the limit that mM � mD, the eigenvalues are mM

and m
2
D
/mM . Thus the heavy state with mass mM can

exist at some large scale, while the second state can be
naturally small since it is suppressed by the largeness of
mM . One can also find that the mixing angle in this
setup is approximately ✓ ' mD/mM .

Here we will explore the implications of a modified
setup in which there are two contributions to the Ma-
jorana mass which are relevant at di↵erent epochs in the
early Universe. To this end, we will restrict our attention
to the following simplified Lagrangian

L � �mDN⌫L �mM N̄
c
N � y�N̄

c
N, (2)

where N is a right handed neutrino, ⌫L is the neutral
component of the lepton doublet, and � is a new SM
singlet scalar. The strength of the interaction between �

and N is controlled by the Yukawa coupling y.
We further assume that the scalar potential of � is such

that at high-temperatures, h�i = 0 and at some critical
temperature TC , the vacuum prefers a nonzero value for
the expectation value of the field, h�i 6= 0. We will refer
to the low-T VEV as �0 ⌘ h�i|T=0.

Then as long as the seesaw relations are obeyed
(CHECK THIS!), the temperature dependent masses and
mixing angle are:

ma ' mD

mM + y�(T )
, (3)

ms ' mM + y�(T ), (4)

✓ ' mD

mM + y�(T )
. (5)

When y�0 is large compared to mM this predicts a sup-
pression of the mixing angle in the aftermath of the phase
transition. This can be helpful for sterile neutrino dark
matter since large mixing angles in the early universe do
not then imply equally large mixing angles at the present-
day.

NOTE: The above is highly simplified since in re-
ality we need minimally 3 RH neutrinos for ster-
ile neutrino dark matter + neutrino masses. See:
https://arxiv.org/pdf/hep-ph/0503065.pdf

DODELSON WIDROW ORIGINAL

CALCULATION

Main assumption seems to be that g⇤ is con-
stant. Eq. (9) of DW is (https://arxiv.org/pdf/hep-
ph/9303287.pdf)

ns

na

=
1.5⇥ 1012 sin2(2✓)

p
g⇤

⇣
mS

GeV

⌘
(6)

= 1.5⇥ 106
⇣
mS

keV

⌘ ✓
sin2(2✓)
p
g⇤

◆
(7)

(CORRECT THE ABOVE) correct expression for DM
density

mX

nX

s0
=

⌦CDM⇢c

s0
(8)

using s0 ' 2891.2 cm�3, ⌦CDMh
2 = 0.1186 and ⇢c =

1.05371 h
2 ⇥ 104 eV cm�3. This implies

mX⌘X ' 4.32⇥ 10�10 GeV (9)

Since ms⌘s = 5mp⌘B ' 10�9 GeV, and ⌘s ' ns/s0.
Moreover n0

a
' 100 cm�3 and s0 ' 2900 cm�3. Therefore

the LHS of the above is

ns

na

= 30

✓
10�3 keV

ms

◆
(10)

We then find for ⌦sh
2 ' 0.1 we need

1 = 5⇥ 107
⇣
ms

keV

⌘2 sin2 2✓
p
g⇤

(11)

! sin2(2✓) ' 2⇥ 10�10 p
g⇤

✓
10 keV

ms

◆2

(12)

! sin2(2✓) ' 9⇥ 10�10

✓
g⇤(T = 100 MeV)
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NuSTAR Tests of Sterile-Neutrino Dark Matter:

New Galactic Bulge Observations and Combined Impact
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We analyze two dedicated NuSTAR observations with exposure ⇠190 ks located ⇠10� from the
Galactic plane, one above and the other below, to search for x-ray lines from the radiative decay of
sterile-neutrino dark matter. These fields were chosen to minimize astrophysical x-ray backgrounds
while remaining near the densest region of the dark matter halo. We find no evidence of anomalous
x-ray lines in the energy range 5–20 keV, corresponding to sterile neutrino masses 10–40 keV.
Interpreted in the context of sterile neutrinos produced via neutrino mixing, these observations
provide the leading constraints in the mass range 10–12 keV, improving upon previous constraints
in this range by a factor ⇠2. We also compare our results to Monte Carlo simulations, showing that
the fluctuations in our derived limit are not dominated by systematic e↵ects. An updated model
of the instrumental background, which is currently under development, will improve NuSTAR’s
sensitivity to anomalous x-ray lines, particularly for energies 3–5 keV.

I. INTRODUCTION

Multiple lines of cosmological evidence indicate that
⇠80% of the matter density of the Universe, and ⇠25%
of its energy density, is non-baryonic and non-luminous,
hence its name, dark matter (DM) [1]. At present, the
e↵ects of DM are only measurable via its gravitational
e↵ects on astronomical scales, ranging from the motions
of galaxies and galaxy clusters to the power spectrum
of the Cosmic Microwave Background [2–7]. The lack
of a viable Standard Model candidate for particle DM
(hereafter symbolized �) has led to a plethora of theo-
retical models, many of which are also motivated by a
desire to account for other phenomena not explained by
the Standard Model (e.g., baryogenesis, neutrino masses,
the hierarchy problem, etc).

The techniques of indirect detection use astronomi-
cal observations to search for the decay and/or anni-
hilation of DM into Standard Model particles such as
electrons/positrons, (anti)protons/nuclei, neutrinos, and
photons [12]. Because photons are not deflected by as-
trophysical magnetic fields, it is possible to determine
their arrival direction within the angular resolution of
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FIG. 1. The impact of NuSTAR on the ⌫MSM parameter
space, with details shown in the left frame of Fig. 5. The
tentative signal at E ' 3.5 keV [8–10] is indicated by the red
point. For a more detailed view of the non-NuSTAR con-
straints, see Fig. 6 of Ref. [11].
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Variations
• Change production:

• Lepton asymmetry [Shi, Fuller (1998)]

• Singlet Higgs Decay [Kusenko (2006); Kusenko, Petraki 
(2007)]

• Time-dependent VEVs [Bezrukov, Chudaykin, Gorubnov 
(2018)]. 

• Gauged B-L [Shuve, Yavin (2014)]. 

• Neutrino self-interactions [See Johns and Sen talks].



Too heavy to be DM? 



New Physics Signatures at IceCube
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“Double-bangs” from Sterile Neutrinos

Introduction: Double Bang for new physics

Double bang signals to look for new physics

Two bangs inside the detector

I 1st shower ⌫ interaction

I 2nd shower N decay

I No cherenkov radiation in between

What kind of new physics?

Iván Jesús Mart́ınez Soler (IFT) Double Bang signals in IceCube WIN2017 4 / 16

⌫↵

Z

N

n, p “bang” 1

Step 1: produce N

⌫↵

N “bang” 2

Step 2: N decays 

No extra radiation between steps 1 and 2. 

incoming 
neutrino

heavy sterile 
neutrino

Low 
background!

Coloma, Machado, Martinez-Soler, Shoemaker 2017, Phys. Rev. Lett. 119, 201804 
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Existing Constraints

2

FIG. 1: Schematic illustration of a DB event in IceCube. An incom-
ing active neutrino ⌫ up-scatters into a heavy neutrino N , which then
propagates and decays into SM particles. The small circles represent
the DOMs while the large circles indicate the positions where energy
was deposited.

let us focus on a scenario where there is sizable mixing with
only one heavy neutrino while the others are effectively de-
coupled. We may write the flavor states ⌫↵ as a superposition
of the mass eigenstates as

⌫↵L =
3X

i=1

U↵i⌫iL + U↵4N
c
4R , (1)

where U is the 4 ⇥ 4 unitary mixing matrix that changes
between the mass and the flavor bases. For a sterile neu-
trino with a mass mN ⇠ O(0.1 � 10) GeV, its mixing
with ⌫e,µ is severely constrained as |U↵4|

2 . 10�5
� 10�8

(↵ = e, µ) [14]. Conversely, the mixing with ⌫⌧ is much more
difficult to probe, given the technical challenges of producing
and detecting tau neutrinos. For mN ⇠ O(0.1 � 10) GeV
the most stringent bounds are derived from the DELPHI [17]
and CHARM [18] experiments. However, a mixing as large
as |U⌧4|

2
⇠ 10�2 is still allowed for masses around mN ⇠

O(400) MeV [14].
At IceCube, the atmospheric neutrino flux can be used to

constrain the values of U↵4 directly. Atmospheric neutrinos
are produced as a result of the cosmic rays impacting the at-
mosphere. At the production point, this flux is primarily com-
posed of ⌫µ and ⌫e. However, for neutrinos crossing the Earth
a large fraction of the initial ⌫µ flux will have oscillated into
⌫⌧ by the time the neutrinos reach the detector. Therefore,
here we focus on probing the mixing with ⌫⌧ since this one is
much harder to constrain by other means.

To this end, we propose to conduct a search for low-
energy DB events. In each event the first cascade is produced
from a neutral-current (NC) interaction with a nucleon n, as
⌫ n ! N n. This process is mediated by a Z boson and
takes place via mixing between the light and heavy states. Ne-
glecting corrections due to the mass of the heavy neutrino, the
up-scattering cross section goes as �⌫⌧N ' �NC

⌫ ⇥ |U⌧4|
2

where �NC
⌫ is the NC neutrino-nucleon cross section in the

SM. Unless the process is quasi-elastic, it will generally lead
to a hadronic shower in the detector. Here we compute the
neutrino-nucleon deep-inelastic scattering (DIS) cross section
using the parton model, imposing a lower cut on the hadronic
shower of 5 GeV so it is observable [19]. In fact, through-

out our whole analysis we will assume perfect detection ef-
ficiencies above threshold. Although this may be simplistic,
we find it adequate to demonstrate the potential of IceCube
to search for new physics with low energy DB events. Once
the heavy state has been produced, its decay is controlled by
kinematics and the SM interactions inherited from the mix-
ing with the active neutrinos. The partial decay widths of a
heavy neutrino can be found in Refs. [14, 20] and were re-
computed here. The decay channels include two-body decays
into a charged lepton (active neutrino) and a charged (neutral)
meson, and three body decays into charged leptons and light
neutrinos. The deposited energy in the second shower is also
required to be above 5 GeV. It should be noted that if the N
decays into three light neutrinos the second shower will be in-
visible: those events do not contribute to our signal. As an
example, for mN = 1 GeV and |U⌧4|

2 = 10�3, the boosted
decay length (for an energy of 10 GeV) is Llab ⇠ 20m.

The number of DB events from ⌫⌧ mixing with a heavy
neutrino, for two cascades taking place within a distance L, is
proportional to
Z

dE⌫dc✓B
d�⌫µ

dE⌫dc✓
Pµ⌧ (c✓, E⌫)

d�⌫⌧N

dE⌫
Pd(L) V (L, c✓),

(2)
where E⌫ is the incident neutrino energy and c✓ ⌘ cos ✓ is
the cosine of its zenith angle. The atmospheric ⌫µ flux [21]
is given by �⌫µ while Pµ⌧ is the oscillation probability in the
⌫µ ! ⌫⌧ channel, which depends on the length of the baseline
traveled (inferred from the zenith angle) and the energy. Here,
Pd(L) = e�L/Llab/Llab is the probability for the heavy state
to decay after traveling a distance L, while B is its branch-
ing ratio into visible final states (i.e., excluding the decay into
three light neutrinos). Antineutrino events will give a simi-
lar contribution to the total number of events, replacing �⌫µ ,
�⌫⌧N and Pµ⌧ in Eq. (2) by their analogous expressions for
antineutrinos.

In Eq. (2) we have omitted a normalization constant which
depends on the number of target nuclei and the data taking pe-
riod, but we explicitly include an effective volume V (L, c✓).
In this work, this was computed using Monte Carlo integra-
tion. First, for triggering purposes we require that at least
three (four) DOMs detect the first shower simultaneously, if it
takes place inside (outside) DeepCore [22]. Once the trigger
goes off, all the information in the detector is recorded, and
we thus assume that the second shower is always observed as
long as it is close enough to a DOM. Eventually, the energy
of a cascade determines the distance from which it can be de-
tected by a DOM: the longer the distance, the more energetic
the cascade should be so the light can reach the DOM without
being absorbed by the ice first. Here we assume that a cascade
is seen by a DOM if it takes place within a distance of 36 m,
since this is roughly the maximum distance between an event
and a DOM inside DeepCore [22]. This is conservative, since
showers with energies much above 5 GeV will typically reach
a DOM from longer distances. Finally, a minimum separation
is required between the two showers so they can be resolved.
This ultimately depends on the time resolution of the DOMs.
Following Ref. [16], IceCube can distinguish pulses separated
by T ⇠ 66 ns. Thus, we require a minimum distance between

• Assume sizable mixing with only one heavy neutrino

tau-flavor

weak!

A. Atre, T. Han, S. Pascoli, and B. Zhang, JHEP 05, 030 (2009), arXiv:0901.3589 [hep-ph] .



Boosted decay lengthSterile neutrino via the Neutral Current

The double bang signal comes from

⌫⌧ +N ! N4 +W

N4 ! visible+ invible

For the decay length contribute the processes

I N4 ! ⌫lP 0 (Pseudoscalar mesons)
I N4 ! ⌫lV 0 (Neutral vector mesons)
I N4 ! l�P+ (Charged pseudoscalar mesons)
I N4 ! l�V + (Charged vector mesons)
I N4 ! ⌧⌫ll+ ⌧
I N4 ! ⌫l1 l

+
2 l�2I N4 ! ⌫⌫⌫̄

The decay length depens on M4 and on |U⌧4|2

Cross section calculated with GENIE (Coherence + Resonance + DIS)

I Proportional to mixing parameter |U⌧4|2
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FIG. 1: Schematic illustration of a DB event in IceCube. An incom-
ing active neutrino ⌫ up-scatters into a heavy neutrino N , which then
propagates and decays into SM particles. The small circles represent
the DOMs while the large circles indicate the positions where energy
was deposited.

let us focus on a scenario where there is sizable mixing with
only one heavy neutrino while the others are effectively de-
coupled. We may write the flavor states ⌫↵ as a superposition
of the mass eigenstates as

⌫↵L =
3X

i=1

U↵i⌫iL + U↵4N
c
4R , (1)

where U is the 4 ⇥ 4 unitary mixing matrix that changes
between the mass and the flavor bases. For a sterile neu-
trino with a mass mN ⇠ O(0.1 � 10) GeV, its mixing
with ⌫e,µ is severely constrained as |U↵4|

2 . 10�5
� 10�8

(↵ = e, µ) [14]. Conversely, the mixing with ⌫⌧ is much more
difficult to probe, given the technical challenges of producing
and detecting tau neutrinos. For mN ⇠ O(0.1 � 10) GeV
the most stringent bounds are derived from the DELPHI [17]
and CHARM [18] experiments. However, a mixing as large
as |U⌧4|

2
⇠ 10�2 is still allowed for masses around mN ⇠

O(400) MeV [14].
At IceCube, the atmospheric neutrino flux can be used to

constrain the values of U↵4 directly. Atmospheric neutrinos
are produced as a result of the cosmic rays impacting the at-
mosphere. At the production point, this flux is primarily com-
posed of ⌫µ and ⌫e. However, for neutrinos crossing the Earth
a large fraction of the initial ⌫µ flux will have oscillated into
⌫⌧ by the time the neutrinos reach the detector. Therefore,
here we focus on probing the mixing with ⌫⌧ since this one is
much harder to constrain by other means.

To this end, we propose to conduct a search for low-
energy DB events. In each event the first cascade is produced
from a neutral-current (NC) interaction with a nucleon n, as
⌫ n ! N n. This process is mediated by a Z boson and
takes place via mixing between the light and heavy states. Ne-
glecting corrections due to the mass of the heavy neutrino, the
up-scattering cross section goes as �⌫⌧N ' �NC

⌫ ⇥ |U⌧4|
2

where �NC
⌫ is the NC neutrino-nucleon cross section in the

SM. Unless the process is quasi-elastic, it will generally lead
to a hadronic shower in the detector. Here we compute the
neutrino-nucleon deep-inelastic scattering (DIS) cross section
using the parton model, imposing a lower cut on the hadronic
shower of 5 GeV so it is observable [19]. In fact, through-

out our whole analysis we will assume perfect detection ef-
ficiencies above threshold. Although this may be simplistic,
we find it adequate to demonstrate the potential of IceCube
to search for new physics with low energy DB events. Once
the heavy state has been produced, its decay is controlled by
kinematics and the SM interactions inherited from the mix-
ing with the active neutrinos. The partial decay widths of a
heavy neutrino can be found in Refs. [14, 20] and were re-
computed here. The decay channels include two-body decays
into a charged lepton (active neutrino) and a charged (neutral)
meson, and three body decays into charged leptons and light
neutrinos. The deposited energy in the second shower is also
required to be above 5 GeV. It should be noted that if the N
decays into three light neutrinos the second shower will be in-
visible: those events do not contribute to our signal. As an
example, for mN = 1 GeV and |U⌧4|

2 = 10�3, the boosted
decay length (for an energy of 10 GeV) is Llab ⇠ 20m.

The number of DB events from ⌫⌧ mixing with a heavy
neutrino, for two cascades taking place within a distance L, is
proportional to
Z

dE⌫dc✓B
d�⌫µ

dE⌫dc✓
Pµ⌧ (c✓, E⌫)

d�⌫⌧N

dE⌫
Pd(L) V (L, c✓),

(2)
where E⌫ is the incident neutrino energy and c✓ ⌘ cos ✓ is
the cosine of its zenith angle. The atmospheric ⌫µ flux [21]
is given by �⌫µ while Pµ⌧ is the oscillation probability in the
⌫µ ! ⌫⌧ channel, which depends on the length of the baseline
traveled (inferred from the zenith angle) and the energy. Here,
Pd(L) = e�L/Llab/Llab is the probability for the heavy state
to decay after traveling a distance L, while B is its branch-
ing ratio into visible final states (i.e., excluding the decay into
three light neutrinos). Antineutrino events will give a simi-
lar contribution to the total number of events, replacing �⌫µ ,
�⌫⌧N and Pµ⌧ in Eq. (2) by their analogous expressions for
antineutrinos.

In Eq. (2) we have omitted a normalization constant which
depends on the number of target nuclei and the data taking pe-
riod, but we explicitly include an effective volume V (L, c✓).
In this work, this was computed using Monte Carlo integra-
tion. First, for triggering purposes we require that at least
three (four) DOMs detect the first shower simultaneously, if it
takes place inside (outside) DeepCore [22]. Once the trigger
goes off, all the information in the detector is recorded, and
we thus assume that the second shower is always observed as
long as it is close enough to a DOM. Eventually, the energy
of a cascade determines the distance from which it can be de-
tected by a DOM: the longer the distance, the more energetic
the cascade should be so the light can reach the DOM without
being absorbed by the ice first. Here we assume that a cascade
is seen by a DOM if it takes place within a distance of 36 m,
since this is roughly the maximum distance between an event
and a DOM inside DeepCore [22]. This is conservative, since
showers with energies much above 5 GeV will typically reach
a DOM from longer distances. Finally, a minimum separation
is required between the two showers so they can be resolved.
This ultimately depends on the time resolution of the DOMs.
Following Ref. [16], IceCube can distinguish pulses separated
by T ⇠ 66 ns. Thus, we require a minimum distance between

Example

and 10 GeV boost ) Llab ⇠ 20 m
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Assumes only existing data.  
Worst case: new ~GeV constraints.  

Best case: Sterile neutrino discovery.

Heavy Neutrinos from 
the Atmosphere

Coloma, Machado, Martinez-Soler, Shoemaker 2017, Phys. Rev. Lett. 119, 201804 



Part 2

-Higher-dim operators
-New gauge interactions
-Dark Matter Connections

New but not Sterile : 
νs + new interactions



Why? 
• We like Occam. Nature doesn’t always seem to. 

• Dark Matter may suggest an entirely new sector of particles/
forces. 

• New theory ideas often: 

• Incite new experimental strategies.

• Interpret existing data in a new way.

• Novel synergistic complementarity of experiments. 



Neutrino Portal DM
• New fermion singlets are DM = sterile neutrino DM [Dodelson-Widrow (1993)]. 

• New fermion singlets are not DM, but act as messenger between SM and dark 
sector. 

• Small-scale structure modifications from late DM kinetic decoupling.  
[Dasgupta, Kopp (2015); Cherry, Friedland, IMS (2014); Ipek, McKeen, 
Nelson (2015); Batell, Han, McKeen, Haghi (2017)].

• Neutrino scattering @ IceCube [Cherry, Friedland, IMS (2014,2016)]. 

• Modified neutrino oscillations from ambient DM [Capozzi, IMS, 
Vecchi (2017); Brdar, Kopp, Liu, Prass, Wang (2017); Krnjaic, Machado, 
Necib (2017); Capozzi, IMS, Vecchi (2018)].

• …
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-Don’t know dominant Sterile Neutrino -SM “portal”
-Could be higher-dim. operator. 
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New Physics Scenario

2. Neutrino magnetic moment

We are interested in a transition magnetic moment

Weak constraints

L � �µ⌫N̄4�µ⌫PL⌫↵F
µ⌫

Iván Jesús Mart́ınez Soler (IFT) Double Bang signals in IceCube WIN2017 12 / 16
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Results: Magnetic moment

⌫⌧ �N transition
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FIG. 3: Expected potential to constrain magnetic moments leading to the transitions ⌫⌧ �N (left panel) and ⌫µ �N (right panel) at IceCube.
In the region enclosed by the solid contours, at least one DB event would be expected at IceCube, for a data taking period of six years. The
shaded regions are disfavored by previous experiments, see text for details.

the NTMM cross section in Eq. (6) to be below the reported
precision on the measurement of the neutrino–electron cross
section1, assuming hE⌫i ⇠ 24 GeV and hEri ⇠ 5 GeV.

The ALEPH constraint on the branching ratio BR(Z !

⌫N ! ⌫⌫�) < 2.7 ⇥ 10�5 [32] translates into the bound
|U↵4|

2(µtr/µB)2 < 1.9⇥10�16 [33], ↵ ⌘ e, µ, ⌧ . Saturating
the bound from direct searches on the mixing |U⌧4|

2 gives
the strongest possible constraint from ALEPH data, which is
competitive in the mass region mN & 5� 10 GeV.

Additional bounds on µtr can also be derived from cosmol-
ogy. In the SM, neutrino decoupling takes places at temper-
atures T ⇠ 2 MeV. However, the additional interaction be-
tween photons and neutrinos induced by a magnetic moment
may lead to a delayed neutrino decoupling. This imposes an
upper bound on µtr (see e.g. [34] for analogous active limits).

Our results for the NTMM scenario are shown in Fig. 3.
The shaded regions are disfavored by past experiments as out-
lined above. These, however, fade away for heavy neutrino
masses above the maximum value allowed by kinematics in
each case, given by Eq. (5).2 The solid contours, on the other
hand, indicate the regions where more than one DB event
would be expected at IceCube, for six years of data taking.
The left panel shows the results for a NTMM between N and
⌫⌧ . Our results indicate that IceCube has the potential to im-
prove more than two orders of magnitude over current con-
straints for NTMM, for mN ⇠ 1 MeV � 1 GeV. The right
panel, on the other hand, shows the results for a NTMM be-
tween N and ⌫µ. In this case, the computation of the number
of events is identical as for ⌫⌧ � N transitions, replacing the
oscillation probability Pµ⌧ by Pµµ in Eq. (2). Even though

1 Bounds on NTMM from neutrino–nucleus scattering are less competitive.
For example, using NuTeV data [31] we find an approximate bound µtr .
10�4µB .

2 To derive mN,max for Borexino, DONUT and CHARM-II, we have used
the following typical values of (hE⌫i, hEri): (420 keV, 230 keV),
(100 GeV, 20 GeV), and (24 GeV, 5 GeV), respectively.

current constraints are stronger for ⌫µ, we also find that Ice-
Cube could significantly improve over present bounds.

Conclusions. In this letter, we have studied the potential
of the IceCube detector to look for new physics using low-
energy DB events. The collaboration has already performed
searches for events with this topology at ultra-high energies,
which are expected in the SM from the CC interactions of PeV
tau neutrinos. In this work we have shown how very simple
new physics scenarios with GeV-scale right-handed neutrinos
would lead to a similar topology, with two low-energy cas-
cades that could be spatially resolved in the detector. We find
that IceCube may be able to improve by orders of magnitude
the current constraints on the two scenarios considered here.
A DB search may also be sensitive to non-minimal dark mat-
ter models, such as the one proposed in Ref. [35].
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FIG. 1. Overview of projected sensitivities (95% CL) and constraints obtained from SHiP, LHC, LEP, Supernova 1987A and
experiments at the Short-Baseline Neutrino facility at Fermilab. We also show previously calculated favored regions of interest
(ROI) in parameter space for MiniBooNE and LSND, and constraints from NOMAD. Limits are shown for the dimension 5 (�
mediator) and dimension 6 (�+Z mediators) extensions. See Table II for an explanation of the labels. Each curve is discussed
and presented in the paper.

at high and medium energies.
Previously dipole interactions of neutrinos have been

studied in several specific contexts (that we are aware of).
If the SM neutrinos have a large flavor off-diagonal EM
dipole moment, the interaction of solar and reactor neu-
trinos may get enhanced. This provides stringent limits
on dipole moments of SM neutrinos [10]. Some theo-
retical and phenomenological aspects of the Dirac HNL
dipole operator were discussed in Refs. [11, 12] (see also
a more recent general discussion of dimension 5 effective
operators in the neutrino sector [13]). Another promi-
nent place where the transitional ⌫�N dipole appears is
the literature on searches of sterile neutrino dark matter
via a dipole-induced decay N ! ⌫� ([14] and references
therein). A more closely related case to the topic of our
study has arisen as a consequence of trying to accom-
modate MiniBoone and LSND anomalies, that we would
like to discuss now in more detail.

While there is an overall theoretical/experimental con-
sistency for the three-neutrino oscillation picture, there
are several experimental results that do not fit in. Two
notable exceptions are the anomalies observed at the
intensity frontier experiments LSND and MiniBooNE
[15, 16]. In these experiments, an excess of low energy
electron (anti-)neutrinos have been observed, the source

of which is currently unknown. Conceivably, there are
two possibilities: new physics or some unaccounted SM
processes. Thus, for example, single photons produced
via poorly understood SM neutrino interactions with nu-
clei [17] might lead to some partial explanation of the
anomalies. (At the signal level, a single photon can-
not be distinguished from charged-current quasi-elastic
events by MiniBooNE’s Cherenkov detector.)

The most popular proposal is the existence of a light
(m ⇠ eV) sterile neutrino ([18] and references therein),
which mediates the anomalous oscillation required to
explain the observed excess signal. A possibility of eV
sterile neutrinos being at the origin of the MiniBooNE
and LSND oscillation results is strongly challenged by
cosmological data. Indeed, the required parameters for
mass splitting and mixing angle will lead to a complete
thermalization of a new sterile species via oscillation
mechanism. This stands in sharp disagreement with
cosmological data (in particular, cosmic microwave
background (CMB), Big Bang Nucleosynthesis (BBN)
and late-time cosmology) that constrain not only the
total number of thermally populated relativistic degrees
of freedom in the early Universe, but also limits the
total neutrino mass

P
m⌫  0.17 eV at 95%CL [19].

Consequently, a single eV sterile neutrino is not con-
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We consider generic neutrino dipole portals between left-handed neutrinos, photons, and right-
handed heavy neutral leptons (HNL) with Dirac masses. The dominance of this portal significantly
alters the conventional phenomenology of HNLs. We derive a comprehensive set of constraints
on the dipole portal to HNLs by utilizing data from LEP, LHC, MiniBooNE, LSND as well as
observations of Supernova 1987A and consistency of the standard Big Bang Nucleosynthesis. We
calculate projected sensitivities from the proposed high-intensity SHiP beam dump experiment,
and the ongoing experiments at the Short-Baseline Neutrino facility at Fermilab. Dipole mediated
Primakoff neutrino upscattering and Dalitz-like meson decays are found to be the main production
mechanisms in most of the parametric regime under consideration. Proposed explanations of LSND
and MiniBooNE anomalies based on HNLs with dipole-induced decays are found to be severely
constrained, or to be tested in the future experiments.

I. INTRODUCTION

The Standard Model of particles and fields (SM) shows
remarkable resilience under the scrutiny of numerous par-
ticle physics experiments. In particular, the LHC exper-
iments have put significant constraints on new hypothet-
ical colored states, pushing their masses to a TeV scale
and beyond. At the same time, owing to its smaller pro-
duction cross sections, the electroweak extensions of the
SM are far less constrained, and a plethora of new mod-
els may be hiding at energies of a few hundred GeV and
beyond. If such sectors are considered to be heavy, their
impact on the SM physics can be encoded in the higher-
dimensional extensions of the SM. Moreover, the elec-
troweak singlet components of such sectors can be light,
and still coupled to the SM states. In the last few years,
significant attention has been paid to the models con-
taining new singlet fermionic states N (often referred to
as heavy neutral leptons) that can couple to the SM lep-
tons L and Higgs field H via the so-called neutrino portal
coupling, NLH (see e.g. [1, 2]). Owing to the neutrality
of N , its mass mN is a free parameter with a wide range
of possibilities from the sub-eV scale and up, all the way
to the Planck scale. This range is somewhat narrower
if N is indeed taking part in generating masses for the
light active neutrino species. A great deal of experimen-
tal activity is devoted to searches of N particles, that
may show up in cosmological data, in neutrino oscillation
experiments, in meson decays, beam dump experiments
and at high energy colliders. (For a recent overview of
neutrino portal see e.g. [3].)

⇤
gmagill@perimeterinstitute.ca

†
plestird@mcmaster.ca
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Given large interests in searches of heavy neutral lep-
tons, in this work we will analyze a less conventional case
of N particles coupled to the SM via the so-called dipole
portal encoded in the following effective Lagrangian,

L � N̄(i/@ �mN )N + (d⌫̄L�µ⌫F
µ⌫N + h.c). (1)

Here Fµ⌫ is the electromagnetic field strength tensor, and
⌫L is a SM neutrino field. This is an effective Lagrangian
that needs to be UV completed at energy scales not much
larger than ⇤ ⇠ d�1. We are going to stay on the effective
field theory grounds, noting that since our results show
the sensitivity to d to be much better than TeV�1, the
UV completion scale can be raised above the electroweak
scale. For now, Eq. (1) is also applicable only at energies
below the weak scale, as it does not respect the full SM
gauge invariance. Indeed, Fµ⌫ should be a part of the
U(1) and/or SU(2) field strength, and the insertion of the
Higgs field H is also required, so that d / hHi⇤�2. For
most of our analyses we will be interested in values of mN

in the interval from 1 MeV to 100GeV, and at relatively
small energies, so that a treatment using Eq. (1) is indeed
sufficient.

The main assumption made in Eq. (1) is the absence,
or subdominance, of the mass mixing operator NLH.
When the mass mixing operator is dominant, the pro-
duction and decay of N particles is mostly governed by
its interaction with the SM particles via weak bosons.
The phenomenological consequences of these minimally
coupled particles N is well understood. In contrast, if the
leading order operator is suppressed, the dipole operator
offers novel signatures and features in the production and
decay of N , such as a much enhanced role of electromag-
netic interactions in the production and decay of N . This
case has so far being addressed only in a handful of works
[4–9], and here we would like to present a comprehensive
analysis of the dipole N portal, and derive constrains on
d that result from a variety of different experiments, both
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• Systematically examine production mechanisms: up-scattering, off-
shell photon, meson decays. 

• Astrophysics-terrestrial experiment complementarity. 

high-intensity SHiP beam dump experiment
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XENON1T comes close to the floor
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FIG. 5: 90% confidence level upper limit on �SI from this
work (thick black line) with the 1� (green) and 2� (yel-
low) sensitivity bands. Previous results from LUX [6] and
PandaX-II [7] are shown for comparison. The inset shows
these limits and corresponding ±1� bands normalized to the
median of this work’s sensitivity band. The normalized me-
dian of the PandaX-II sensitivity band is shown as a dotted
line.

model to correctly describe events with enlarged S1s due
to additional scatters in the charge-insensitive region be-
low the cathode. These events comprise 13% of the to-
tal neutron rate in Table I. Third, we implemented the
core mass segmentation to better reflect our knowledge
of the neutron background’s Z distribution, motivated
again by the neutron-like event. This shifts the prob-
ability of a neutron (50 GeV/c2 WIMP) interpretation
for this event in the best-fit model from 35% (49%) to
75% (7%) and improves the limit (median sensitivity)
by 13% (4%). Fourth, the estimated signal e�ciency
decreased relative to the pre-unblinding model due to
further matching of the simulated S1 waveform shape
to 220Rn data, smaller uncertainties from improved un-
derstanding and treatment of detector systematics, and
correction of an error in the S1 detection e�ciency nui-
sance parameter. This latter set of improvements was
not influenced by unblinded DM search data.

In addition to blinding, the data were also “salted” by
injecting an undisclosed number and class of events in
order to protect against fine-tuning of models or selec-
tion conditions in the post-unblinding phase. After the
post-unblinding modifications described above, the num-
ber of injected salt and their properties were revealed to
be two randomly selected 241AmBe events, which had
not motivated any post-unblinding scrutiny. The num-
ber of events in the NR reference region in Table I is con-
sistent with background expectations. The profile like-
lihood analysis indicates no significant excesses in the
1.3 t fiducial mass at any WIMP mass. A p-value calcu-
lation based on the likelihood ratio of the best-fit includ-

ing signal to that of background-only gives p = 0.28, 0.41,
and 0.22 at 6, 50, and 200 GeV/c2 WIMP masses, respec-
tively. Figure 5 shows the resulting 90% confidence level
upper limit on �SI , which falls within the predicted sen-
sitivity range across all masses. The 2� sensitivity band
spans an order of magnitude, indicating the large random
variation in upper limits due to statistical fluctuations of
the background (common to all rare-event searches). The
sensitivity itself is una↵ected by such fluctuations, and is
thus the appropriate measure of the capabilities of an ex-
periment [44]. The inset in Fig. 5 shows that the median
sensitivity of this search is ⇠7.0 times better than previ-
ous experiments [6, 7] at WIMP masses > 50 GeV/c2.

Table I shows an excess in the data compared to the to-
tal background expectation in the reference region of the
1.3 t fiducial mass. The background-only local p-value
(based on Poisson statistics including a Gaussian uncer-
tainty) is 0.03, which is not significant enough, including
also an unknown trial factor, to trigger changes in the
background model, fiducial boundary, or consideration
of alternate signal models. This choice is conservative as
it results in a weaker limit.

In summary, we performed a DM search using an ex-
posure of 278.8 days ⇥ 1.3 t = 1.0 t⇥yr, with an ER
background rate of (82+5

�3 (sys) ± 3 (stat)) events/(t ⇥
yr ⇥ keVee), the lowest ever achieved in a DM search
experiment. We found no significant excess above back-
ground and set an upper limit on the WIMP-nucleon
spin-independent elastic scattering cross-section �SI at
4.1⇥10�47 cm2 for a mass of 30 GeV/c2, the most strin-
gent limit to date for WIMP masses above 6 GeV/c2. An
imminent detector upgrade, XENONnT, will increase the
target mass to 5.9 t. The sensitivity will improve upon
this result by more than an order of magnitude.
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FIG. 4: Background and 200 GeV/c2 WIMP signal best-fit
predictions, assuming �SI = 4.7⇥10�47 cm2, compared to DM
search data in the 0.9 t (solid lines and markers) and 1.3 t
(dotted lines and hollow markers) masses. The horizontal
axis is the projection along the ER mean (µER), shown in
Fig. 3, normalized to the ER 1� quantile (�ER). Shaded bands
indicate the 68% Poisson probability region for the total BG
expectations.

yr ⇥ keVee) after correcting for e�ciency, which is the
lowest background achieved in a dark matter detector to
date.

The NR background includes contributions from ra-
diogenic neutrons originating from detector materials,
coherent elastic neutrino nucleus scattering (CE⌫NS)
mainly from 8B solar neutrinos, and cosmogenic neutrons
from secondary particles produced by muon showers out-
side the TPC (negligible due to the muon veto [11]). The
CE⌫NS rate is constrained by 8B solar neutrino flux [26]
and cross-section [27] measurements. The rate of radio-
genic neutrons is modeled with Geant4 MC [28, 29]
using the measured radioactivity of materials [30], as-
suming a normalization uncertainty of 50% based on the
uncertainty in the Sources 4A [31] code and the di↵er-
ence between the Geant4 and MCNP particle propa-
gation simulation codes [32]. Fast neutrons have a mean
free path of ⇠15 cm in LXe and produce ⇠5 times more
multiple-scatter than single-scatter events in the detec-
tor, allowing for background suppression. A dedicated
search for multiple-scatter events finds 9 neutron candi-
dates, consistent with the expectation of (6.4 ± 3.2) de-
rived from the Geant4 and detector response simulation
described below, which is used to further constrain the
expected single-scatter neutron event rate in DM search
data.

The detector response to ERs and NRs is modeled sim-
ilarly to the method described in Refs. [5, 33]. All 220Rn,
241AmBe, and neutron generator calibration data from
both science runs are simultaneously fitted to account for
correlations of model parameters across di↵erent sources
and runs. To fit the 220Rn data, the parameterization

of the ER recombination model is improved from [5] by
modifying the Thomas-Imel model [34]. These modifica-
tions include a power law field-dependence similar to [35]
to account for the di↵erent drift fields in each science
run, an exponential energy dependence to extend the
applicability to high-energy (up to ⇠20 keVee), and an
empirical energy-dependent Fermi-Dirac suppression of
the recombination at low-energy (. 2 keVee). The re-
sulting light and charge yields after fitting are consistent
with measurements [33, 36–38]. The fit posterior is used
to predict the ER and NR distributions in the analysis
space of the DM search data, achieving an ER rejection of
99.7% in the signal reference region, as shown in Table I.
ER uncertainties in (cS1, cS2b) are propagated for sta-
tistical inference via variation of the recombination and
its fluctuation, as these show the most dominant e↵ect
on sensitivity (here defined as the median of an ensem-
ble of confidence intervals derived under the background-
only hypothesis [39, 40]). For WIMP signals, the uncer-
tainties from all modeled processes are propagated into
an uncertainty of 15% (3%) on the total e�ciency for
6 (200) GeV/c2 WIMPs.

TABLE I: Best-fit, including a 200 GeV/c2 WIMP signal plus
background, expected event counts with 278.8 days livetime
in the 1.3 t fiducial mass, 0.9 t reference mass, and 0.65 t
core mass, for the full (cS1, cS2b) ROI and, for illustration,
in the NR signal reference region. The table lists each back-
ground (BG) component separately and in total, as well as
the expectation for the WIMP signal assuming the best-fit
�SI = 4.7 ⇥ 10�47 cm2. The observed events from data are
also shown for comparison. Although the number of events in
the reference region in the 1.3 t fiducial mass indicate an ex-
cess compared to the background expectation, the likelihood
analysis, which considers both the full parameter space and
the event distribution finds no significant WIMP-like contri-
bution.

Mass 1.3 t 1.3 t 0.9 t 0.65 t

(cS1, cS2b) Full Reference Reference Reference

ER 627±18 1.62±0.30 1.12±0.21 0.60±0.13

neutron 1.43±0.66 0.77±0.35 0.41±0.19 0.14±0.07

CE⌫NS 0.05±0.01 0.03±0.01 0.02 0.01

AC 0.47+0.27
�0.00 0.10+0.06

�0.00 0.06+0.03
�0.00 0.04+0.02

�0.00

Surface 106±8 4.84±0.40 0.02 0.01

Total BG 735±20 7.36±0.61 1.62±0.28 0.80±0.14

WIMPbest-fit 3.56 1.70 1.16 0.83

Data 739 14 2 2

Energy deposits in charge- or light-insensitive regions
produce lone S1s or S2s, respectively, that may acciden-
tally coincide and mimic a real interaction. The lone-S1
spectrum is derived from S1s occurring before the main
S1 in high energy events and has a rate of [0.7, 1.1] Hz.
The uncertainty range is determined from di↵ering rates
of single electron S2s and dark counts in the time win-
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FIG. 5: 90% confidence level upper limit on �SI from this
work (thick black line) with the 1� (green) and 2� (yel-
low) sensitivity bands. Previous results from LUX [6] and
PandaX-II [7] are shown for comparison. The inset shows
these limits and corresponding ±1� bands normalized to the
median of this work’s sensitivity band. The normalized me-
dian of the PandaX-II sensitivity band is shown as a dotted
line.

model to correctly describe events with enlarged S1s due
to additional scatters in the charge-insensitive region be-
low the cathode. These events comprise 13% of the to-
tal neutron rate in Table I. Third, we implemented the
core mass segmentation to better reflect our knowledge
of the neutron background’s Z distribution, motivated
again by the neutron-like event. This shifts the prob-
ability of a neutron (50 GeV/c2 WIMP) interpretation
for this event in the best-fit model from 35% (49%) to
75% (7%) and improves the limit (median sensitivity)
by 13% (4%). Fourth, the estimated signal e�ciency
decreased relative to the pre-unblinding model due to
further matching of the simulated S1 waveform shape
to 220Rn data, smaller uncertainties from improved un-
derstanding and treatment of detector systematics, and
correction of an error in the S1 detection e�ciency nui-
sance parameter. This latter set of improvements was
not influenced by unblinded DM search data.

In addition to blinding, the data were also “salted” by
injecting an undisclosed number and class of events in
order to protect against fine-tuning of models or selec-
tion conditions in the post-unblinding phase. After the
post-unblinding modifications described above, the num-
ber of injected salt and their properties were revealed to
be two randomly selected 241AmBe events, which had
not motivated any post-unblinding scrutiny. The num-
ber of events in the NR reference region in Table I is con-
sistent with background expectations. The profile like-
lihood analysis indicates no significant excesses in the
1.3 t fiducial mass at any WIMP mass. A p-value calcu-
lation based on the likelihood ratio of the best-fit includ-

ing signal to that of background-only gives p = 0.28, 0.41,
and 0.22 at 6, 50, and 200 GeV/c2 WIMP masses, respec-
tively. Figure 5 shows the resulting 90% confidence level
upper limit on �SI , which falls within the predicted sen-
sitivity range across all masses. The 2� sensitivity band
spans an order of magnitude, indicating the large random
variation in upper limits due to statistical fluctuations of
the background (common to all rare-event searches). The
sensitivity itself is una↵ected by such fluctuations, and is
thus the appropriate measure of the capabilities of an ex-
periment [44]. The inset in Fig. 5 shows that the median
sensitivity of this search is ⇠7.0 times better than previ-
ous experiments [6, 7] at WIMP masses > 50 GeV/c2.

Table I shows an excess in the data compared to the to-
tal background expectation in the reference region of the
1.3 t fiducial mass. The background-only local p-value
(based on Poisson statistics including a Gaussian uncer-
tainty) is 0.03, which is not significant enough, including
also an unknown trial factor, to trigger changes in the
background model, fiducial boundary, or consideration
of alternate signal models. This choice is conservative as
it results in a weaker limit.

In summary, we performed a DM search using an ex-
posure of 278.8 days ⇥ 1.3 t = 1.0 t⇥yr, with an ER
background rate of (82+5

�3 (sys) ± 3 (stat)) events/(t ⇥
yr ⇥ keVee), the lowest ever achieved in a DM search
experiment. We found no significant excess above back-
ground and set an upper limit on the WIMP-nucleon
spin-independent elastic scattering cross-section �SI at
4.1⇥10�47 cm2 for a mass of 30 GeV/c2, the most strin-
gent limit to date for WIMP masses above 6 GeV/c2. An
imminent detector upgrade, XENONnT, will increase the
target mass to 5.9 t. The sensitivity will improve upon
this result by more than an order of magnitude.
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FIG. 4: Background and 200 GeV/c2 WIMP signal best-fit
predictions, assuming �SI = 4.7⇥10�47 cm2, compared to DM
search data in the 0.9 t (solid lines and markers) and 1.3 t
(dotted lines and hollow markers) masses. The horizontal
axis is the projection along the ER mean (µER), shown in
Fig. 3, normalized to the ER 1� quantile (�ER). Shaded bands
indicate the 68% Poisson probability region for the total BG
expectations.

yr ⇥ keVee) after correcting for e�ciency, which is the
lowest background achieved in a dark matter detector to
date.

The NR background includes contributions from ra-
diogenic neutrons originating from detector materials,
coherent elastic neutrino nucleus scattering (CE⌫NS)
mainly from 8B solar neutrinos, and cosmogenic neutrons
from secondary particles produced by muon showers out-
side the TPC (negligible due to the muon veto [11]). The
CE⌫NS rate is constrained by 8B solar neutrino flux [26]
and cross-section [27] measurements. The rate of radio-
genic neutrons is modeled with Geant4 MC [28, 29]
using the measured radioactivity of materials [30], as-
suming a normalization uncertainty of 50% based on the
uncertainty in the Sources 4A [31] code and the di↵er-
ence between the Geant4 and MCNP particle propa-
gation simulation codes [32]. Fast neutrons have a mean
free path of ⇠15 cm in LXe and produce ⇠5 times more
multiple-scatter than single-scatter events in the detec-
tor, allowing for background suppression. A dedicated
search for multiple-scatter events finds 9 neutron candi-
dates, consistent with the expectation of (6.4 ± 3.2) de-
rived from the Geant4 and detector response simulation
described below, which is used to further constrain the
expected single-scatter neutron event rate in DM search
data.

The detector response to ERs and NRs is modeled sim-
ilarly to the method described in Refs. [5, 33]. All 220Rn,
241AmBe, and neutron generator calibration data from
both science runs are simultaneously fitted to account for
correlations of model parameters across di↵erent sources
and runs. To fit the 220Rn data, the parameterization

of the ER recombination model is improved from [5] by
modifying the Thomas-Imel model [34]. These modifica-
tions include a power law field-dependence similar to [35]
to account for the di↵erent drift fields in each science
run, an exponential energy dependence to extend the
applicability to high-energy (up to ⇠20 keVee), and an
empirical energy-dependent Fermi-Dirac suppression of
the recombination at low-energy (. 2 keVee). The re-
sulting light and charge yields after fitting are consistent
with measurements [33, 36–38]. The fit posterior is used
to predict the ER and NR distributions in the analysis
space of the DM search data, achieving an ER rejection of
99.7% in the signal reference region, as shown in Table I.
ER uncertainties in (cS1, cS2b) are propagated for sta-
tistical inference via variation of the recombination and
its fluctuation, as these show the most dominant e↵ect
on sensitivity (here defined as the median of an ensem-
ble of confidence intervals derived under the background-
only hypothesis [39, 40]). For WIMP signals, the uncer-
tainties from all modeled processes are propagated into
an uncertainty of 15% (3%) on the total e�ciency for
6 (200) GeV/c2 WIMPs.

TABLE I: Best-fit, including a 200 GeV/c2 WIMP signal plus
background, expected event counts with 278.8 days livetime
in the 1.3 t fiducial mass, 0.9 t reference mass, and 0.65 t
core mass, for the full (cS1, cS2b) ROI and, for illustration,
in the NR signal reference region. The table lists each back-
ground (BG) component separately and in total, as well as
the expectation for the WIMP signal assuming the best-fit
�SI = 4.7 ⇥ 10�47 cm2. The observed events from data are
also shown for comparison. Although the number of events in
the reference region in the 1.3 t fiducial mass indicate an ex-
cess compared to the background expectation, the likelihood
analysis, which considers both the full parameter space and
the event distribution finds no significant WIMP-like contri-
bution.

Mass 1.3 t 1.3 t 0.9 t 0.65 t

(cS1, cS2b) Full Reference Reference Reference

ER 627±18 1.62±0.30 1.12±0.21 0.60±0.13

neutron 1.43±0.66 0.77±0.35 0.41±0.19 0.14±0.07

CE⌫NS 0.05±0.01 0.03±0.01 0.02 0.01

AC 0.47+0.27
�0.00 0.10+0.06

�0.00 0.06+0.03
�0.00 0.04+0.02

�0.00

Surface 106±8 4.84±0.40 0.02 0.01

Total BG 735±20 7.36±0.61 1.62±0.28 0.80±0.14

WIMPbest-fit 3.56 1.70 1.16 0.83

Data 739 14 2 2

Energy deposits in charge- or light-insensitive regions
produce lone S1s or S2s, respectively, that may acciden-
tally coincide and mimic a real interaction. The lone-S1
spectrum is derived from S1s occurring before the main
S1 in high energy events and has a rate of [0.7, 1.1] Hz.
The uncertainty range is determined from di↵ering rates
of single electron S2s and dark counts in the time win-
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Heavy sterile neutrinos are typically invoked to accommodate the observed neutrino masses, by positing a
new Yukawa term connecting these new states to the neutrinos in the electroweak doublet. However, given our
ignorance of the neutrino sector, we should explore additional interactions such sterile neutrinos may have with
the SM. In this paper, we study the dimension-5 operator which couples the heavy state to a light neutrino and
the photon. We find that the recent XENON1T direct detection data can improve the limits on this “Neutrino
Dipole Portal” by up to an order of magnitude over previous bounds. Future direct detection experiments may
be able to extend these bounds down to the level probed by SN1987A.

I. INTRODUCTION

The fact that neutrinos are massive is one of the key obser-
vational facts indicating that the Standard Model (SM) of par-
ticle physics is incomplete. Most models of neutrino masses
posit new right-handed states which are singlets under the SM
gauge groups. These neutral fermion singlets have been pre-
dominantly studied in connection with neutrino masses via
the Neutrino Portal interaction, L � NHL, where N is the
singlet fermion, L is the SM lepton doublet, and H is the
Higgs doublet. For this reason, singlet fermions can play the
role of a “sterile” neutrino (i.e. uncharged under the elec-
troweak symmetry), and they mix with the left-handed neu-
trinos after the Higgs acquires a vacuum expectation value.

However, the standard neutrino portal interaction may not
be the predominant interaction these states have with the SM.
They may also interact via a “Neutrino Dipole Portal” inter-
action, which after electroweak symmetry breaking can be
written as

LNDP � d (⌫̄L�µ⌫F
µ⌫

N) + h.c., (1)

where Fµ⌫ is the electromagnetic field strength, �⇢� =
i
2 [�⇢, ��], ⌫L is the SM neutrino, and the coefficient d with
units of (mass)�1 controls the strength of the interaction.
Despite its simplicity and the wide interest in a “sterile” neu-
trino, this interaction has not received much attention. It has,
however, been considered in the context of the MiniBooNE
events [1–7], and has also been been studied in the context of
IceCube data [8] and at the upcoming SHiP experiment [9].

In this paper we will study the neutrino dipole portal (NDP)
at the XENON1T direct detection experiment using their ' 1
ton-year exposure [10]. Despite not finding evidence of DM
scattering, XENON1T is nearly at the level where they can
start seeing events from solar neutrinos. Many prior works
have used neutrinos at direction detection experiments to
study various beyond SM neutrino interactions [11–22]. At
the few keV recoil energies of XENON1T, the Boron-8 (B8)
neutrinos make the largest contribution, comprising ⇠ 0.02
background events in the 1 ton-year sample [10]. However, if
neutrinos have additional interactions beyond EW forces, this
rate could be larger and already detectable. To get an approx-
imate idea of the sensitivity to the NDP we can compare the
SM cross section, d�/dER ' G

2
F Q

2
wmN/4⇡, with the NDP

cross section, d�/dER ' d
2
↵Z

2
/ER.

Thus to achieve ⇠ 1 event at XENON1T we would very
roughly expect

d '
r

50
G

2
F Q2

wmNER

4⇡↵Z2
⇠ 10�6 GeV�1

r
ER

keV
, (2)

where the factor of 50 comes from needing a 50-fold in-
crease in the SM cross section for the “neutrino floor” to
presently be detectable. We expect the estimate in Eq. 2 to
be valid up to singlet fermion masses of order Boron-8 en-
ergies, m4 ⇠ E⌫ ⇠ 10 MeV. Although the above estimates
are simplistic, they provide us with ample motivation to carry
out a more complete analysis. Indeed, a dipole strength at
the d ' 10�6 GeV�1 level is competitive with a variety of
known constraints on the NDP [6, 8, 9]. We summarize our
main findings in Fig. 1 which demonstrate that XENON1T al-
ready provides the leading constraints up to 10 MeV masses,
and future high-exposure/low-threshold direct detection can
improve the bounds down to the SN1987A region.

SN-1987A

SuperCDMS

Xenon 1T (this work)

IceCube

DONUT

1 5 10 50 100 500 1000

10-11

10-9

10-7

10-5

0.001

0.100

m4 [MeV]

d
[G

eV
-

1 ]

FIG. 1: These are the expected sensitivity curves for the tau-flavored
NDP based on the XENON1T data [10] and a future SuperCDMS
exposure. The relevant previously published exclusion limits of
SN1987A [9], IceCube [8] and DONUT [8, 23] are also shown.
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• Current XENON1T data improves bounds more than order of magnitude 
at low masses in tau case. 

• Future data can close gap down to the SN1987A limit (Magill, Plestid, 
Pospelov, Tsai, [1803.03262]) for both muon/tau. 
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main findings in Fig. 1 which demonstrate that XENON1T al-
ready provides the leading constraints up to 10 MeV masses,
and future high-exposure/low-threshold direct detection can
improve the bounds down to the SN1987A region.

FIG. 1: These are the expected sensitivity curves for the tau-flavored
NDP based on the XENON1T data [10] and a future SuperCDMS
exposure. The relevant previously published exclusion limits of
SN1987A [9], IceCube [8] and DONUT [8, 23] are also shown.
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p
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↵
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, (8)

with the 0.5 factor coming from the uncertainty of the 1 PE
bin size.

C. Exclusion Curves

The result of the XENON1T experiment excludes a portion
of the m4, d NTMM parameter space. Following a Bayesian
approach, with a signal s and background b an upper limit on
s can be determined as:

sup =
1

2
F

�1
�2 [p, 2(n + 1)] � b, (9)

where F
�1
�2 is the inverse cumulative �

2 distribution, and n

is the number of observed events such that 2(n + 1) is the
number of degrees of freedom. The p factor is given by the
expression:

p = 1 � ↵
�
F�2 [2b, 2(n + 1)]

�
, (10)

where ↵ is 1�CL, and CL is the confident limit [39]. An al-
ternative statistical analysis may employ the Likelihood Pro-
file method [40] incorporating the binned energy data. A
check of the calculated exclusion curve for d for several val-
ues of m4 showed nearly identical results between a rudimen-
tary likelihood profile method and the �

2 approach employed
here.

For the XENON1T data, with 2 observed events and an
expected background of 1.34 events, sup = 6.53. Figure
1 shows the 90% confidence exclusion in the (m4, d) plane.
Also shown are excluded regions from previously published
results (see caption for details). For reference we also show
the current and future direct detection sensitivity to the muon-
flavored NDP in Fig. 4.

FIG. 3: Event rates of nuclear scattering via a NDP in the Xenon
1T detector with d = 10�6 GeV�1 for masses m4 = 1 MeV (red),
m4 = 5 MeV (green), and m4 = 10 MeV (blue). Also shown is the
standard model ⌫-nucleus scattering rate (black curve).
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FIG. 4: Expected sensitivity to muon-flavored NDP at XENON1T
and a future SuperCDMS exposure. Included are bounds from NO-
MAD [8, 41], CHARM [8, 42], MiniBooNE [9, 43], IceCube [8],
and SN1987A [9].

D. Up-scattering and Decay Considerations

Notice that in principle the dipole interaction admits the
possibility of ⌫ ! N upscattering prior to the neutrino flux
arriving at the detector. At minimum a neutrino traverses ⇠ 1
km to reach the underground detector. We will find that the
process of up-scattering in the Earth is irrelevant for the pa-
rameters of interest. The total cross section for up-scattering
is roughly estimated as [9]

�⌫!N ' ↵Z
2|d|2 ⇥ log

✓
4E

2
⌫

m
4
4R

2
nuc

◆
(11)

For an incoming solar neutrino with Boron-8 energies E⌫ '
10 MeV while traversing a distance of 1 km through the
Earth, we find that d would need to be,

d '
vuut

1

(1km) n�↵Z2 log
⇣

4E2
⌫

m4
4R2

nuc

⌘ (12)

' 0.14 GeV�1

where we assumed that the dominant contribution to the ter-
restrial density is silicon. Dipole strengths this strong are al-
ready excluded by a number of independent probes including
DONUT and IceCube (⌫⌧ transitions) [8], and by CHARM-
II, MiniBooNE and LSND [9] (⌫µ transitions).

Shortly after being produced through up-scattering in the
detector the ⌫4 state will eventually decay. If this decay,
⌫4 ! ⌫+�, happens inside the detector volume, the resultant
photon could potentially cause the signal to be thrown away
as background. Of course if the initial nuclear energy depo-
sition in the up-scattering ⌫+Xe ! ⌫4+Xe is sufficiently far

mu-flavored tau-flavored
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The scale of m⌫ is not measured directly, as neu-
trino oscillation experiments probe only the squared mass
splittings, �m

2
⌫ . The actual values of m⌫ can vary from

massless (which is a viable option only for the lightest
mass eigenstate) to the upper bounds supplied by cos-
mology (m⌫ . 0.23 eV) [12] and direct neutrino mass
searches, (m⌫e . 2 eV) [13]. For the heavier mass eigen-
states, a lower bound is given by the experimentally de-
termined squared mass splittings. For both the normal
and inverted hierarchy at least one mass eigenstate must
be heavier than

p
�(m2

⌫)atm ' 0.05 eV, giving a lower
bound on the mixing angle. From the see-saw relation in
Eq. (4), the expected value of the mixing angle is:

✓
2

s�s
⇠ 5 ⇥ 10�11

⇥

✓
1 GeV

MN

◆
. (5)

This represents a well-motivated target for experimen-
tal searches for right-handed neutrinos. It must be em-
phasized, however, that more complicated mass genera-
tion schemes could produce significantly larger or smaller
✓s�s [14]2.

The mass of the heavy, sterile state MN is essentially
a free parameter of the model. Of particular interest to
us are masses that are kinematically accessible to cur-
rent experiments, MN . TeV; the RH neutrino can be
directly produced in SM interactions, but the production
rate scales like |✓|

2. In this mass range, Eq. (5) suggests
that the RH neutrinos are produced in SM interactions
only very rarely, making the see-saw mechanism very dif-
ficult to test in direct experiments. Current sensitivity to
✓s�s only exists in the window of 1 MeV to a few hundred
MeV, in which ✓s�s is strongly disfavored by the combi-
nation of Big Bang Nucleosynthesis (BBN) and cosmic
microwave background (CMB) data [18].

The prospects for discovering RHNs satisfying Eq. (5)
are significantly improved if they can be produced
through interactions other than the mixing angle ✓. For
example, if the RHN and SM fields are both charged un-
der a new “dark force”, then N pairs can be produced
via this gauge interaction independently of the value of
✓ [19–25], as shown in Fig. 13. Indeed, this coupling of
N to the dark force is mandatory in the simplest gauge
extension of the SM, in which the SM is supplemented by
a new U(1)B�L local symmetry [28] with coupling g

0 and
vector boson V ; anomaly cancelation requires the exten-
sion of the SM with three additional RHNs. Because g

02

can exceed |✓|
2 by many orders of magnitude, the new

2
In particular, MD and therefore ✓ are in fact complex matrices,

and a cancellation between real and imaginary parts can result

in ✓T✓ ⌧ ✓†✓; in other words, the mixing angles can be much

larger than näıvely expected by Eq. (5). This occurs in models

with approximate lepton number conservation [15, 16] such as

the inverse see-saw [17].
3
In other models, RHN can also be pair produced via a new scalar

[26] or singly produced via a new right-handed W boson [27].

V

q

q̄

N

1

N

FIG. 1: Production of right-handed neutrinos, N , via a new
gauge interaction at hadron colliders or proton beam dumps.

N

⇡
±

µ
⌥

N

⌫µ/µ

Z/W

FIG. 2: (Left): Right-handed neutrinos (N) decay via the
electroweak interactions due to mixing with LH neutrinos;
they also decay to the Higgs via Yukawa couplings (not
shown). (Right): At low masses, MN . GeV, the exclusive
hadronic decays of N , such as N ! ⇡±µ⌥, are relevant.

gauge interaction allows for the discovery of N even for
the tiny mixing angles predicted by Eq. (5).

Although N can be pair produced through new gauge
interactions at colliders and beam-dump experiments,
the RHNs can only decay through its tiny mixing with
SM neutrinos (see Fig. 2); consequently, the N width is
expected to be very small. For RHN masses within range
of current colliders, MN . 200 GeV, the decays of N oc-
cur on macroscopic distance scales for mixing angles con-
sistent with Eq. (5) [21, 23]. This gives rise to spectacular
signatures at accelerator experiments, such as displaced
vertices at the Large Hadron Collider (LHC) and visible
decays of N at the new planned SHiP facility [14, 29]. We
perform here a quantitative study of the possible long-
lived particle searches that have sensitivity to RHNs with
a new dark force4. In addition to enhancing the detection
prospects for RHN that would otherwise be out of reach
of direct experimental probes, the sensitivity of the LHC
and SHiP to long-lived particle signatures is su�ciently
good that the process pp ! V ! NN can serve as the
primary discovery mode of the new U(1) gauge interac-
tion. For concreteness, we focus on the well-motivated
case of a B � L gauge symmetry, but many of our con-
clusions can be carried over to other examples.

4
Displaced vertex searches have also been found to be useful in

discovering RHNs produced via mixing with LH neutrinos at the

LHC [30, 31] and future colliders [32, 33].
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Although N can be pair produced through new gauge
interactions at colliders and beam-dump experiments,
the RHNs can only decay through its tiny mixing with
SM neutrinos (see Fig. 2); consequently, the N width is
expected to be very small. For RHN masses within range
of current colliders, MN . 200 GeV, the decays of N oc-
cur on macroscopic distance scales for mixing angles con-
sistent with Eq. (5) [21, 23]. This gives rise to spectacular
signatures at accelerator experiments, such as displaced
vertices at the Large Hadron Collider (LHC) and visible
decays of N at the new planned SHiP facility [14, 29]. We
perform here a quantitative study of the possible long-
lived particle searches that have sensitivity to RHNs with
a new dark force4. In addition to enhancing the detection
prospects for RHN that would otherwise be out of reach
of direct experimental probes, the sensitivity of the LHC
and SHiP to long-lived particle signatures is su�ciently
good that the process pp ! V ! NN can serve as the
primary discovery mode of the new U(1) gauge interac-
tion. For concreteness, we focus on the well-motivated
case of a B � L gauge symmetry, but many of our con-
clusions can be carried over to other examples.
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Seesaw Tests at SHiP

3

FIG. 3: Current constraints and future sensitivity to the
U(1)B�L model with MV /MN = 3. The shaded regions are
excluded by the indicated experiment. The projected reach
of our proposed searches for VB�L ! NN are shown in thick
curves from SHiP (left, dark blue) and the high-luminosity
LHC (3 ab�1): inner-detector displaced vertex search (light
blue) and muon spectrometer displaced vertex search (pur-
ple; solid for high background scenario, dashed for low back-
ground). The RH neutrino mixing angle is fixed using Eq. (5).
The thin black curves show the projected sensitivity of direct
searches for VB�L ! `+`� from Belle II (dotted), LHC Run
1 (dashed), and the high-luminosity LHC (dot-dashed).

Jumping ahead to the results of our study, we show
current constraints and projected future sensitivity from
the high-luminosity LHC and SHiP to the B � L model
with RHNs in Figures 3, 4 and 5. These figures show that
sensitivity to both a new B � L force and RHN mixing
parameters are poised to significantly improve in coming
years. In particular, both the high-luminosity LHC and
SHiP searches will be able to directly explore parts of the
parameter space motivated by the see-saw mechanism.

This paper is organized as follows: in the next section
we introduce scenarios with a new gauge force and discuss
its broad impact on the phenomenology of N . In section
3, we consider the pair production of N at the LHC and
estimate the sensitivity to the doubly-displaced decays
of N , comparing our results to the constraints on V that
can be derived from its direct decays into SM particles.
In section 4, we deduce the sensitivity to N at SHiP
via the production of V in proton collisions at a beam
dump, followed by the visible decays of N in a detector
far downstream from the beam dump. We reach our
conclusions in section 5.

II. RIGHT-HANDED NEUTRINOS AND NEW
GAUGE FORCES

The SM admits several possibilities for an additional
U(1)0 gauge force and its associated gauge boson, V ; this
is often called the “vector portal” or a “dark force”. The
most discussed SM extension in this category is the “ki-
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FIG. 4: Current constraints and future sensitivity to right-
handed neutrinos in the U(1)B�L model with MV /MN = 3
and g0 = 10�4. The shaded regions are excluded by the indi-
cated experiment. The thick blue curve shows the projected
reach of a SHiP search for N production in VB�L ! NN ,
while the thin dashed line shows the SHiP sensitivity to di-
rect N production through its mixing with LH neutrinos. The
thin dot-dashed curve shows the sensitivity for a near detec-
tor at DUNE to direct N production [34]. The shaded grey
band is the region preferred by the see-saw mechanism; see
Fig. 6 for more details.

FIG. 5: Current constraints and future sensitivity to right-
handed neutrinos in the U(1)B�L model with MV /MN = 3
and g0 = 10�3. The shaded regions are excluded by the in-
dicated experiment. The thick light blue curve shows the
projected reach at the high-luminosity LHC (3 ab�1) of our
proposed searches for displaced vertices in the inner detector
from VB�L ! NN , while the purple curves show sensitivity
for a search for displaced vertices in the muon spectrome-
ter (solid for high background scenario, dashed for low back-
ground). The shaded grey band is the region preferred by the
see-saw mechanism; see Fig. 6 for more details.

netic mixing” coupling, ✏Vµ⌫B
µ⌫

/2 [35], where Vµ⌫ and
Bµ⌫ are the field strengths of the new vector particle V

and the SM hypercharge, respectively. After diagonaliz-
ing the kinetic term, V acquires a small charge to fields
carrying hypercharge. Since the RHNs, N , do not carry
hypercharge, V only couples to N via their mixing with

SHiP

Fix gauge boson coupling/mass

N
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Heavy right-handed neutrinos, N , provide the simplest explanation for the origin of light neutrino
masses and mixings. IfMN is at or below the weak scale, direct experimental discovery of these states
is possible at accelerator experiments such as the LHC or new dedicated beam dump experiments;
in these experiments, N decays after traversing a macroscopic distance from the collision point.
The experimental sensitivity to right-handed neutrinos is significantly enhanced if there is a new
“dark” gauge force connecting them to the Standard Model (SM), and detection of N can be the
primary discovery mode for the new dark force itself. We take the well-motivated example of a B�L
gauge symmetry and analyze the sensitivity to displaced decays of N produced via the new gauge
interaction in two experiments: the LHC and the proposed SHiP beam dump experiment. In the most
favorable case in which the mediator can be produced on-shell and decays to right handed neutrinos
(pp ! X + VB�L ! X +NN), the sensitivity reach is controlled by the square of the B � L gauge
coupling. We demonstrate that these experiments could access neutrino parameters responsible for
the observed SM neutrino masses and mixings in the most straightforward implementation of the
see-saw mechanism.

I. INTRODUCTION

Since the first discovery of neutrino oscillations over
fifteen years ago [1–5], neutrino masses and mixings have
been hailed as the first definitive evidence from parti-
cle physics experiments of physics beyond the Standard
Model (SM). Understanding the physics of SM neutrino
masses may therefore shed light on other unsolved prob-
lems in fundamental physics, such as dark matter or the
baryon asymmetry. From the perspective of e↵ective field
theory, neutrino masses can be incorporated in the SM
via the dimension-5 Weinberg operator, c(LH)2/⇤ [6],
where the cuto↵ ⇤ could range anywhere from 10�9

�1016

GeV depending on the coupling c. It is evident that the
new fields responsible for neutrino masses could appear
at a wide range of scales, and it is imperative that mod-
els of neutrino mass generation are tested in as broad a
manner as possible by available experiments.

In the SM, all left-handed (LH) charged fermions ac-
quire a Dirac mass by coupling to the Higgs and a cor-
responding right-handed (RH) field. If the LH neutri-
nos acquire Dirac masses MD through the same mecha-
nism, the SM must be supplemented with RH neutrinos
(RHNs), N , which in the simplest case of a type-I seesaw
are singlets with respect to the SM gauge interactions.
As singlets, the N fields can have arbitrary Majorana
masses, MN ; in the limit MN � MD, this scenario pro-
vides the most natural ultraviolet (UV) completion of the
Weinberg operator above. After electroweak symmetry
breaking, the neutrino mass matrix is not diagonal; in
the simplified case of one LH and one RH neutrino, the

mass eigenstates are

m⌫ ⇡
M

2

D

MN
, (1)

M ⇡ MN , (2)

where m⌫ is the observed SM neutrino mass and M is
the mass of a new heavy state. The SM neutrino masses
are suppressed by the heavy Majorana scale, and this is
the most straightforward implementation of the see-saw
mechanism [7–11]1.

The neutrino mass eigenstates are not completely
aligned with the lepton doublet and singlet fields; the
light SM-like neutrino mass eigenstate acquires a small
component of the singlet, and the heavy singlet-like state
acquires a small coupling under the weak interactions.
The mixing angle, ✓, between the neutrino states is (in
the see-saw limit)

✓ ⇡
MD

MN
, (3)

and ✓ determines how strongly the sterile RH neutrino
N couples to the SM. Indeed, the matrix element for any
process coupling N to SM fields is the same as the corre-
sponding coupling of LH neutrinos to the SM, multiplied
by a factor of ✓. Using Eq. (1), one finds

✓
2
⇡

m⌫

MN
; (4)

the larger the N mass, the more weakly coupled it is to
the SM to explain the observed LH neutrino masses.

1
In the see-saw limit, M and MN can be used interchangeably,

and from now on we use only MN .
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Seesaw 
relations: 

2

The scale of m⌫ is not measured directly, as neu-
trino oscillation experiments probe only the squared mass
splittings, �m

2
⌫ . The actual values of m⌫ can vary from

massless (which is a viable option only for the lightest
mass eigenstate) to the upper bounds supplied by cos-
mology (m⌫ . 0.23 eV) [12] and direct neutrino mass
searches, (m⌫e . 2 eV) [13]. For the heavier mass eigen-
states, a lower bound is given by the experimentally de-
termined squared mass splittings. For both the normal
and inverted hierarchy at least one mass eigenstate must
be heavier than

p
�(m2

⌫)atm ' 0.05 eV, giving a lower
bound on the mixing angle. From the see-saw relation in
Eq. (4), the expected value of the mixing angle is:

✓
2

s�s
⇠ 5 ⇥ 10�11

⇥

✓
1 GeV

MN

◆
. (5)

This represents a well-motivated target for experimen-
tal searches for right-handed neutrinos. It must be em-
phasized, however, that more complicated mass genera-
tion schemes could produce significantly larger or smaller
✓s�s [14]2.

The mass of the heavy, sterile state MN is essentially
a free parameter of the model. Of particular interest to
us are masses that are kinematically accessible to cur-
rent experiments, MN . TeV; the RH neutrino can be
directly produced in SM interactions, but the production
rate scales like |✓|

2. In this mass range, Eq. (5) suggests
that the RH neutrinos are produced in SM interactions
only very rarely, making the see-saw mechanism very dif-
ficult to test in direct experiments. Current sensitivity to
✓s�s only exists in the window of 1 MeV to a few hundred
MeV, in which ✓s�s is strongly disfavored by the combi-
nation of Big Bang Nucleosynthesis (BBN) and cosmic
microwave background (CMB) data [18].

The prospects for discovering RHNs satisfying Eq. (5)
are significantly improved if they can be produced
through interactions other than the mixing angle ✓. For
example, if the RHN and SM fields are both charged un-
der a new “dark force”, then N pairs can be produced
via this gauge interaction independently of the value of
✓ [19–25], as shown in Fig. 13. Indeed, this coupling of
N to the dark force is mandatory in the simplest gauge
extension of the SM, in which the SM is supplemented by
a new U(1)B�L local symmetry [28] with coupling g

0 and
vector boson V ; anomaly cancelation requires the exten-
sion of the SM with three additional RHNs. Because g

02

can exceed |✓|
2 by many orders of magnitude, the new

2
In particular, MD and therefore ✓ are in fact complex matrices,

and a cancellation between real and imaginary parts can result

in ✓T✓ ⌧ ✓†✓; in other words, the mixing angles can be much

larger than näıvely expected by Eq. (5). This occurs in models

with approximate lepton number conservation [15, 16] such as

the inverse see-saw [17].
3
In other models, RHN can also be pair produced via a new scalar

[26] or singly produced via a new right-handed W boson [27].

V

q

q̄

N

1

N

FIG. 1: Production of right-handed neutrinos, N , via a new
gauge interaction at hadron colliders or proton beam dumps.

N

⇡
±

µ
⌥

N

⌫µ/µ

Z/W

FIG. 2: (Left): Right-handed neutrinos (N) decay via the
electroweak interactions due to mixing with LH neutrinos;
they also decay to the Higgs via Yukawa couplings (not
shown). (Right): At low masses, MN . GeV, the exclusive
hadronic decays of N , such as N ! ⇡±µ⌥, are relevant.

gauge interaction allows for the discovery of N even for
the tiny mixing angles predicted by Eq. (5).

Although N can be pair produced through new gauge
interactions at colliders and beam-dump experiments,
the RHNs can only decay through its tiny mixing with
SM neutrinos (see Fig. 2); consequently, the N width is
expected to be very small. For RHN masses within range
of current colliders, MN . 200 GeV, the decays of N oc-
cur on macroscopic distance scales for mixing angles con-
sistent with Eq. (5) [21, 23]. This gives rise to spectacular
signatures at accelerator experiments, such as displaced
vertices at the Large Hadron Collider (LHC) and visible
decays of N at the new planned SHiP facility [14, 29]. We
perform here a quantitative study of the possible long-
lived particle searches that have sensitivity to RHNs with
a new dark force4. In addition to enhancing the detection
prospects for RHN that would otherwise be out of reach
of direct experimental probes, the sensitivity of the LHC
and SHiP to long-lived particle signatures is su�ciently
good that the process pp ! V ! NN can serve as the
primary discovery mode of the new U(1) gauge interac-
tion. For concreteness, we focus on the well-motivated
case of a B � L gauge symmetry, but many of our con-
clusions can be carried over to other examples.

4
Displaced vertex searches have also been found to be useful in

discovering RHNs produced via mixing with LH neutrinos at the

LHC [30, 31] and future colliders [32, 33].
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• In medium mixing angle modified as:

New interactions in the hidden sector

• Can sterile neutrinos with the mixing angle required by the short-baseline 
anomaly be reconciled with cosmology?

• Suppress mixing angle with a new term in the MSW potential

• Imagine that the sterile neutrinos are not sterile, they carry a hidden gauge 
quantum number. That would generate a new potential.

• Repeating the standard arguments, one finds two regimes for the potential

•

B. Dasgupta, J. Kopp, PRL (2014);
S. Hannestad, R. S. Hansen, and T. Tram, PRL (2014);

originally Babu & Rothstein, Phys.Lett. B275 (1992) 112-118

Notzold & Raffelt (1988)

Weldon (1982)V ⇠ +
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E
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M4
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5

BBN, CMB, and large-scale structure if we allow them
to be charged under a new gauge interaction mediated
by a MeV-scale boson. In this case, sterile neutrino pro-
duction in the early Universe is suppressed due to the
thermal MSW potential generated by the mediator and
by sterile neutrinos themselves. Our proposed scenario
leads to a small fractional number of extra relativistic
degrees of freedom in the early Universe, which may be
experimentally testable in the future. If the considered
boson also couples to DM, it could simultaneously ex-
plain observed departures of small-scale structures from
the predictions of cold DM simulations.
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Appendix A: Thermal Corrections to Self-Energy

Here, we derive the dispersion relation for sterile neu-
trinos coupled to a U(1)� gauge force in the regime of
nonzero temperature and density. Our approach closely
follows [19, 20, 53, 54].

From considerations of Lorentz invariance, the sterile
neutrino self energy at one-loop can be expressed as

⌃(k) = (m � a/k � b/u)PL . (8)

Here, PL = (1 � �
5)/2 is a chirality projector, m is the

sterile neutrino mass, p is its 4-momentum and u is the
4-momentum of the heat bath. We work in the rest frame
of the heat bath, so we take u = (1, 0, 0, 0).

This thermal self-energy modifies the dispersion rela-
tion to

det(/k � ⌃(k)) = 0 , (9)

which, in the ultrarelativistic regime, k0 ⇡ |k|, gives

k
0 = |k| +

m
2

2|k|
� b (10)

to linear order in the coe�cients a and b. Note that the
usual dispersion relation for an ultrarelativistic neutrino,
k
0 = |k| + m2

2|k| , is modified by an e↵ective potential

Ve↵ ⌘ �b . (11)

The coe�cient b can then be obtained according to the
relation

b =
1

2k2

⇥
[(k0)2 � k2]tr /u⌃(k) � k

0tr /k⌃(k)
⇤
. (12)

So, the remaining job is to calculate ⌃(k).
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f
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Figure 3. Bubble and tadpole contributions to the sterile neu-
trino self-energy, which create an e↵ective “matter” potential.

We assume a Lagrangian Lint = e�f̄�
µ
PLfA

0
µ, where

e� is the U(1)� gauge coupling. At lowest order, ⌃(k)
receives contributions from the bubble and tadpole dia-
grams shown in Fig. 3. In the real time formalism, these
diagrams are calculated using the thermal propagators
for the fermion,

S(p) = (/p+m)


1

p2 � m2
+ i�f (p)

�
, (13)

and the gauge boson (in Feynman gauge)

D
µ⌫(p) = �g

µ⌫


1

p2 � M2
+ i�b(p)

�
. (14)

The thermal parts are given by

�f (p) = 2⇡�(p2 � m
2)⌘f (p) , (15)

�b(p) = 2⇡�(p2 � M
2)⌘b(p) , (16)

respectively, with the distribution functions

⌘f (p) = [e|p·u|/Ts + 1]�1
, (17)

⌘b(p) = [e|p·u|/Ts � 1]�1
. (18)

The form of S(p) and D
µ⌫(p) can be understood from

the fact that at finite temperature and density, there are
not only virtual ⌫s and A

0 in the medium, but also real
particles that have been thermally excited.

The diagrams in Fig. 3 are given by

⌃bubble(k) = �ie
2
�

Z
d
4
p

(2⇡)4
�
µ
PL iS(p+ k) �⌫

iDµ⌫(p) ,

(19)

⌃tadpole(k) = ie
2
��

µ
PL iDµ⌫(0)

Z
d
4
p

(2⇡)4
tr


�
⌫
PL iS(p)

�
.

(20)

K. Enqvist, K. Kainulainen, and J. Maalampi, Nucl.Phys. B349, 754 (1991).
C. Quimbay and S. Vargas-Castrillon, Nucl.Phys. B451, 265 (1995), hep-ph/9504410.
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• Strong suppression when 
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2E

2

The in-medium mixing angle is

sin 2✓M =
sin 2✓Vq�

cos 2✓V + 2EsVeff
�m2

�2
+ (sin 2✓V )

2
(8)

'
✓

�m
2

2E↵|Ve↵ |

◆
sin 2✓V , for Ve↵ � �m

2

2Es

, (9)

where in the second line we have taken the large effective potential limit which, compared to the vacuum case, suppresses the
mixing angle by the small coefficient in parentheses.

In the absence of a particle-antparticle asymmetry the contributions to Ve↵ come dominantly from the bubble diagram self-
energy of the sterile neutrino at finite temperature. Simple analytic estimates for the bubble diagram at the extremes of low and
high mediator masses are

Ve↵ '

8
<

:
� 7⇡2

g
2
sEsT

4
s

45m4
�

, if Es, Ts ⌧ m�

g
2
sT

2
s

8Es
, if Es, Ts � m�.

(10)

Therefore using these in Eq. (13) we have

sin 2✓M '

8
<

:

45
14⇡2

�m
2 sin 2✓V m

4
�

g2
sE

2
sT

4
s

, if Es, Ts ⌧ m� (contact)
4�m

2 sin 2✓V
g2
sT

2
s

, if Es, Ts � m� (Weldon)
(11)

We will employ these to estimate the rate of active-sterile scattering in the next section.

A. Weldon Regime: m� ⌧
p
s

First consider the light mediator regime, m� ⌧
p
s.

In this regime, it’s very easy to produce two �’s in the annihilation of two steriles since their thermal energy is large compared
to the mediator rest mass. In principle then, ⌫↵⌫̄s $ �� competes with active-sterile annihilation, ⌫↵⌫̄s $ ⌫s⌫̄s, and active-
sterile scattering ⌫↵⌫s $ ⌫s⌫s. We find however that ⌫↵⌫̄s $ �� is sub-dominant compared to the latter two, and therefore
ignore it.

Thus the total cross section is

�↵S,TOT = sin2 ✓M

 
g
4
s

2⇡m2
�

+
g
4
s

4⇡m2
�

!
(12)

= sin2 ✓M
3g4

s

4⇡m2
�

(13)

where in the first line we have added the neutrino scattering and annihilation contributions respectively.
Thus combining Eqs. (7), (11) and (13), the scattering rate is

�↵s =
9⇣(3)

4⇡3Ts

�
�m

2 sin 2✓V
�2

m
2
�

(14)

where �⌫↵+⌫s!X represents the total cross section for active-sterile scattering to any final state, X . The factor of 2 comes from
assuming there are equal numbers of particles and antiparticles for the steriles.

Equating this to the Hubble rate and solving for the recoupling temperature yields

Ts,rec '
"
9⇣(3)r2MPl

4⇡31.66
p
g⇤

�
�m

2 sin 2✓V
�2

m
2
�

#1/3
, m� ⌧ Ts,rec (15)

Notzold 
Raffelt (1988)

Weldon 
(1982)

• Basic estimates done >25 years ago:
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NOTES OF RECOUPING

ALEX

1. 2 ! 2 Recoupling

The goal of this part is to derive the allowed range of the mediator mass M in our model.
The argument is based on having the recoupling for the neutrino conversion safely after the
SM neutrinos decouple from the ordinary matter. Early recoupling will lead to Neff = 4,
or even more (if the secluded gauge field is still present at recoupling), which we would like
to avoid. For definiteness, let’s require the recoupling temperature to be < 5 MeV. The
results can be adjusted in a straightforward matter.

Following the literature, let us assume we have some nonzero population in the secluded
sector that formed at a much earlier temperature. This secluded sector is initially well-
thermalized with itself, with temperature Ts(a), thanks to 2 ! 2 and 2 ! 4 reactions
that are not suppressed by neutrino mixing. We will next consider the 2 ! 2 reaction, in
which an active neutrino scatters on a secluded one. The final state is almost always two
secluded neutrinos, hence the neutrino number is converted from a to s. We will see that
the ⌫a⌫s ! 2⌫s reaction recouples, while the ⌫s⌫s ! 4⌫s reaction decouples. The order of
these two processes is nontrivial and depends on the mediator mass M and the coupling
constant g, as discussed below in Sect. 2.

Compared to the pure secluded sector reactions, the cross section for the ⌫a⌫s ! 2⌫s
reaction is suppressed by two powers of the e↵ective mixing angle (on the initial leg). Now,
the mixing angle, when the diagonal splitting is large and dominated by the medium-
induced potential Vm, is simply given by the ratio of the o↵-diagonal and diagonal terms:

(1) sin 2✓m '
�m2 sin 2✓v

E|Vm|
.

The quantity ✓v is the usual active-secluded vacuum mixing angle. Notice the factor of 1/2
is omitted here. All subsequent similar numerical factors are likewise deliberately dropped,
for clarity. They can be restored if the result warrants it, i. e., when the exact numerical
answer matters.

Let us consider two regimes:

(1) recoupling occurs well below the mediator mass; and
(2) recoupling occurs well above the mediator mass.

Date: April 3, 2015.

1

H(Trec) ⇠ �(Trec)

Cherry, Friedland, IMS [1605.06506]

•Numerical evolution 
following Stodolsky (red 
curve).  

•Good agreement with 
analytic estimates. 

•A few windows with sub-
MeV recoupling, in line with 
CMB constraints. 

•Works down to coupling  

below which, mixing angle 
suppression turns off.
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Example spectrum
4 absorption features, but sterile feature behind bkg.

Cherry, Friedland, IMS 
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4

model is obtained by requiring T
s�ch
rec < T

e⌫
dec:

g
2
h � M

2
T

5
0 /(T

e⌫
dec)

7
. (12)

The result applies so long as T
s�ch
rec > M . The power

law Eq. (11) intersects T = M at

M ⇠ T0g
�2/5
h . (13)

For higher mediator masses, numerical treatment is re-
quired. However, as seen in Fig. 4, the decoupling tem-
perature quickly transitions to the NR regime of Eq. (8).
Eqs. (12) and (13) provide a good description of the tri-
angular feature seen in Fig. 1 at 10 keV . M . 100 MeV
and 10�6 . gh . 10�2.

Since Vm changes sign at T ⇠ M , there is a narrow
range of temperatures where ✓m ⇠ ⇡/4. One might worry
appreciable production of ⌫h occurs in this regime. How-
ever, as will be shown elsewhere [27], this is not the case.

12. losc > lcol. – Lastly, we consider the over-damped
regime, which is responsible for low Trec on the left of
Fig. 4. We assume T � M , which will be justified a pos-
teriori. The flavor conversion rate is P (⌫a ! ⌫h)�fc ⇠

sin2 2✓(�m
2
/E)2/�fc ⇠ sin2 2✓(�m

2
/T )2M2

g
�4

T
�3.

The equilibration condition, �fc ⇠ T
2
/Mpl, becomes

T
damped
rec ⇠ T

5/7
0 M

2/7
g
�4/7
h . (14)

Thus, for light mediator masses M < T0 and su�-
ciently large coupling gh, equilibration could in fact oc-
cur below T0. Yet, this is not a viable option, as it runs
afoul of another cosmological constraint: Planck requires
[26] that most neutrinos have to be free-streaming by
the epoch of CMB formation, T ⇠ 1 eV. The criterion
for free-streaming, assuming the mediator is heavier than
1 eV, is �n ⇠ sin2 ✓g4hT

5
/M

4
< T

2
/Mpl (cf. [26])), or

T
FS

⇠ M(sin2 ✓g4hMpl/M)�1/3
. (15)

It is easy to verify that T
FS

> 1 eV and T
damped
rec < 1

MeV cannot be simultaneously fulfilled.
This argument reveals the physical reason why the neu-

trino portal framework is constrained to a window of pa-
rameters. The hidden interactions must delay recoupling
of flavors at T ⇠ 1 MeV, but at the same time, they
should not couple neutrinos at T ⇠ 1 eV.

13. IceCube. – The next obvious step is to test
neutrino-neutrino scattering in today’s universe. The
PeV astrophysical neutrinos recently detected at IceCube
furnish a nearly perfect setup. These neutrinos travel
to us from sources at cosmological distances, passing
through the background of relic neutrinos. In the SM,
these two populations do not see each other. In the pres-
ence of the hidden force, this conclusion is not automatic.
The PeV neutrinos can scatter on the SM-like mass eigen-
states, which contain an admixture of ⌫h, as well as on
the mostly-⌫h component, which is also present thanks
to the late-time ⌫a ! ⌫h conversion.

FIG. 2: Illustration of the absorption features in the spectrum
in the UHE astrophysical neutrinos [28].

For a relic neutrino with the mass matm ⇠ 0.1 eV,
the CM energy of the interaction with a PeV neutrino is
p
2Ematm ⇠ 10 MeV, which falls right into our allowed

window. This highly serendipitous fact makes for some
unique observational signatures, as seen in Fig. 2. The
dips occur at several energies, corresponding to the reso-
nant conditions for each of the neutrino mass eigenstates.
With present statistics, it is not possible to conclusively
confirm or rule out the existence of such features, though
the hints in the data of a gap in the 0.4�1 PeV range and
a cuto↵ at 2 PeV are intriguing. The future 10 km3 up-
grade [29] should furnish a conclusive test [27, 30]. The
sensitivity reach of this future measurement is shown in
Fig. 1 by the red triangles, as will be explained in [27].

Already with the present data, it is possible to exclude
parameter values that predict so much absorption as to
create a local horizon for neutrinos [9]. The part of this
constraint that does not overlap with the free-streaming
limit from Planck is indicated by IC horizon in Fig 1.

14. Outlook. – We have shown that the neutrino
portal explanation to the oscillation anomalies is con-
strained by the current data to a specific parameter win-
dow. Importantly, this window is testable in the near
future. For example, Fermilab is presently developing a
program aimed at conclusively testing these anomalies
in the next 5-10 years [31]. Further tests will be carried
out by reactor experiments, such as PROSPECT [32]. It
is timely to ask what implications a positive result from
these experiments would have for astrophysical and cos-
mological neutrinos. A deviation of Neff from its canon-
ical value of 3.04, cosmological signatures of neutrinos
with eV mass, and absorption features in the upgraded
IceCube detector could open a portal to a new sector of
particle physics.
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FIG. 1: s� and t�channel Feynman processes contributing to the depletion of UHE neutrino flux via ⌫s⌫↵ ! ⌫s⌫s scattering,

where the sterile neutrino is in the C⌫B. Recall that only the sterile neutrinos are charged under the secluded U(1), such that

the ordinary neutrinos can only participate via a mixing angle insertion. An analogous process occurs for ⌫↵⌫↵ ! ⌫s⌫s.

where n⌫j (z) = n⌫,0 (1 + z)
3
, �ij(E

0
, z) is the cross section for mass eigenstates ij scattering to non-interacting states,

and H(z) = H0
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⌦⇤ + (1 + z)3⌦m. The quantity Ji(E

0
, z) = �iE

0��
f(z) is the source distribution function where

we take the redshift distribution f(z) to follow the star formation rate [3, 4]. Lastly the thermal average in the above

is defined as
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, z)i =
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�ij(E0, z, p)

ep/T0(z+1) + 1
. (5)

Qualitatively one of the most striking impacts on the spectrum is the absorption features it generates via s-channel

resonance scattering. An absorption dip from scattering on the C⌫B mass eigenstate i occurs at the UHE neutrino

energy

E⌫ =
m

2

�

2m⌫i

. (6)

Thus one needs multiple absorption features in order to break the m� � m⌫ degeneracy. However the dependence on

the neutrino mass gives access to both the mass hierarchy and the absolute scale of neutrino masses. We shall return

to this question in Sec. III.

A. Generic Expectations from the Secluded Neutrino Portal

Results summarized in Fig. 2.

III. IMPLICATIONS FOR PARTICLE PHYSICS PROPERTIES OF NEUTRINOS

A. The mass hierarchy and the scale of neutrino masses

See Fig. 3

B. Sterile Neutrinos Beyond the eV scale

Show an example in which �m
2

6= 1 eV
2
.

IV. IMPLICATIONS FOR ASTROPHYSICAL SOURCES OF UHE NEUTRINOS

See for example Fig. 4.
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For higher mediator masses, numerical treatment is re-
quired. However, as seen in Fig. 4, the decoupling tem-
perature quickly transitions to the NR regime of Eq. (8).
Eqs. (12) and (13) provide a good description of the tri-
angular feature seen in Fig. 1 at 10 keV . M . 100 MeV
and 10�6 . gh . 10�2.

Since Vm changes sign at T ⇠ M , there is a narrow
range of temperatures where ✓m ⇠ ⇡/4. One might worry
appreciable production of ⌫h occurs in this regime. How-
ever, as will be shown elsewhere [27], this is not the case.

12. losc > lcol. – Lastly, we consider the over-damped
regime, which is responsible for low Trec on the left of
Fig. 4. We assume T � M , which will be justified a pos-
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Thus, for light mediator masses M < T0 and su�-
ciently large coupling gh, equilibration could in fact oc-
cur below T0. Yet, this is not a viable option, as it runs
afoul of another cosmological constraint: Planck requires
[26] that most neutrinos have to be free-streaming by
the epoch of CMB formation, T ⇠ 1 eV. The criterion
for free-streaming, assuming the mediator is heavier than
1 eV, is �n ⇠ sin2 ✓g4hT

5
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< T

2
/Mpl (cf. [26])), or
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. (15)

It is easy to verify that T
FS

> 1 eV and T
damped
rec < 1

MeV cannot be simultaneously fulfilled.
This argument reveals the physical reason why the neu-

trino portal framework is constrained to a window of pa-
rameters. The hidden interactions must delay recoupling
of flavors at T ⇠ 1 MeV, but at the same time, they
should not couple neutrinos at T ⇠ 1 eV.

13. IceCube. – The next obvious step is to test
neutrino-neutrino scattering in today’s universe. The
PeV astrophysical neutrinos recently detected at IceCube
furnish a nearly perfect setup. These neutrinos travel
to us from sources at cosmological distances, passing
through the background of relic neutrinos. In the SM,
these two populations do not see each other. In the pres-
ence of the hidden force, this conclusion is not automatic.
The PeV neutrinos can scatter on the SM-like mass eigen-
states, which contain an admixture of ⌫h, as well as on
the mostly-⌫h component, which is also present thanks
to the late-time ⌫a ! ⌫h conversion.

FIG. 2: Illustration of the absorption features in the spectrum
in the UHE astrophysical neutrinos [28].

For a relic neutrino with the mass matm ⇠ 0.1 eV,
the CM energy of the interaction with a PeV neutrino is
p
2Ematm ⇠ 10 MeV, which falls right into our allowed

window. This highly serendipitous fact makes for some
unique observational signatures, as seen in Fig. 2. The
dips occur at several energies, corresponding to the reso-
nant conditions for each of the neutrino mass eigenstates.
With present statistics, it is not possible to conclusively
confirm or rule out the existence of such features, though
the hints in the data of a gap in the 0.4�1 PeV range and
a cuto↵ at 2 PeV are intriguing. The future 10 km3 up-
grade [29] should furnish a conclusive test [27, 30]. The
sensitivity reach of this future measurement is shown in
Fig. 1 by the red triangles, as will be explained in [27].

Already with the present data, it is possible to exclude
parameter values that predict so much absorption as to
create a local horizon for neutrinos [9]. The part of this
constraint that does not overlap with the free-streaming
limit from Planck is indicated by IC horizon in Fig 1.

14. Outlook. – We have shown that the neutrino
portal explanation to the oscillation anomalies is con-
strained by the current data to a specific parameter win-
dow. Importantly, this window is testable in the near
future. For example, Fermilab is presently developing a
program aimed at conclusively testing these anomalies
in the next 5-10 years [31]. Further tests will be carried
out by reactor experiments, such as PROSPECT [32]. It
is timely to ask what implications a positive result from
these experiments would have for astrophysical and cos-
mological neutrinos. A deviation of Neff from its canon-
ical value of 3.04, cosmological signatures of neutrinos
with eV mass, and absorption features in the upgraded
IceCube detector could open a portal to a new sector of
particle physics.
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where the sterile neutrino is in the C⌫B. Recall that only the sterile neutrinos are charged under the secluded U(1), such that

the ordinary neutrinos can only participate via a mixing angle insertion. An analogous process occurs for ⌫↵⌫↵ ! ⌫s⌫s.
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we take the redshift distribution f(z) to follow the star formation rate [3, 4]. Lastly the thermal average in the above
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Qualitatively one of the most striking impacts on the spectrum is the absorption features it generates via s-channel

resonance scattering. An absorption dip from scattering on the C⌫B mass eigenstate i occurs at the UHE neutrino

energy
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Thus one needs multiple absorption features in order to break the m� � m⌫ degeneracy. However the dependence on

the neutrino mass gives access to both the mass hierarchy and the absolute scale of neutrino masses. We shall return

to this question in Sec. III.

A. Generic Expectations from the Secluded Neutrino Portal

Results summarized in Fig. 2.

III. IMPLICATIONS FOR PARTICLE PHYSICS PROPERTIES OF NEUTRINOS

A. The mass hierarchy and the scale of neutrino masses
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The result applies so long as T
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For higher mediator masses, numerical treatment is re-
quired. However, as seen in Fig. 4, the decoupling tem-
perature quickly transitions to the NR regime of Eq. (8).
Eqs. (12) and (13) provide a good description of the tri-
angular feature seen in Fig. 1 at 10 keV . M . 100 MeV
and 10�6 . gh . 10�2.

Since Vm changes sign at T ⇠ M , there is a narrow
range of temperatures where ✓m ⇠ ⇡/4. One might worry
appreciable production of ⌫h occurs in this regime. How-
ever, as will be shown elsewhere [27], this is not the case.

12. losc > lcol. – Lastly, we consider the over-damped
regime, which is responsible for low Trec on the left of
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Thus, for light mediator masses M < T0 and su�-
ciently large coupling gh, equilibration could in fact oc-
cur below T0. Yet, this is not a viable option, as it runs
afoul of another cosmological constraint: Planck requires
[26] that most neutrinos have to be free-streaming by
the epoch of CMB formation, T ⇠ 1 eV. The criterion
for free-streaming, assuming the mediator is heavier than
1 eV, is �n ⇠ sin2 ✓g4hT
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/Mpl (cf. [26])), or
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. (15)

It is easy to verify that T
FS

> 1 eV and T
damped
rec < 1

MeV cannot be simultaneously fulfilled.
This argument reveals the physical reason why the neu-

trino portal framework is constrained to a window of pa-
rameters. The hidden interactions must delay recoupling
of flavors at T ⇠ 1 MeV, but at the same time, they
should not couple neutrinos at T ⇠ 1 eV.

13. IceCube. – The next obvious step is to test
neutrino-neutrino scattering in today’s universe. The
PeV astrophysical neutrinos recently detected at IceCube
furnish a nearly perfect setup. These neutrinos travel
to us from sources at cosmological distances, passing
through the background of relic neutrinos. In the SM,
these two populations do not see each other. In the pres-
ence of the hidden force, this conclusion is not automatic.
The PeV neutrinos can scatter on the SM-like mass eigen-
states, which contain an admixture of ⌫h, as well as on
the mostly-⌫h component, which is also present thanks
to the late-time ⌫a ! ⌫h conversion.

FIG. 2: Illustration of the absorption features in the spectrum
in the UHE astrophysical neutrinos [28].

For a relic neutrino with the mass matm ⇠ 0.1 eV,
the CM energy of the interaction with a PeV neutrino is
p
2Ematm ⇠ 10 MeV, which falls right into our allowed

window. This highly serendipitous fact makes for some
unique observational signatures, as seen in Fig. 2. The
dips occur at several energies, corresponding to the reso-
nant conditions for each of the neutrino mass eigenstates.
With present statistics, it is not possible to conclusively
confirm or rule out the existence of such features, though
the hints in the data of a gap in the 0.4�1 PeV range and
a cuto↵ at 2 PeV are intriguing. The future 10 km3 up-
grade [29] should furnish a conclusive test [27, 30]. The
sensitivity reach of this future measurement is shown in
Fig. 1 by the red triangles, as will be explained in [27].

Already with the present data, it is possible to exclude
parameter values that predict so much absorption as to
create a local horizon for neutrinos [9]. The part of this
constraint that does not overlap with the free-streaming
limit from Planck is indicated by IC horizon in Fig 1.

14. Outlook. – We have shown that the neutrino
portal explanation to the oscillation anomalies is con-
strained by the current data to a specific parameter win-
dow. Importantly, this window is testable in the near
future. For example, Fermilab is presently developing a
program aimed at conclusively testing these anomalies
in the next 5-10 years [31]. Further tests will be carried
out by reactor experiments, such as PROSPECT [32]. It
is timely to ask what implications a positive result from
these experiments would have for astrophysical and cos-
mological neutrinos. A deviation of Neff from its canon-
ical value of 3.04, cosmological signatures of neutrinos
with eV mass, and absorption features in the upgraded
IceCube detector could open a portal to a new sector of
particle physics.
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where the sterile neutrino is in the C⌫B. Recall that only the sterile neutrinos are charged under the secluded U(1), such that

the ordinary neutrinos can only participate via a mixing angle insertion. An analogous process occurs for ⌫↵⌫↵ ! ⌫s⌫s.
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Qualitatively one of the most striking impacts on the spectrum is the absorption features it generates via s-channel

resonance scattering. An absorption dip from scattering on the C⌫B mass eigenstate i occurs at the UHE neutrino
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Thus one needs multiple absorption features in order to break the m� � m⌫ degeneracy. However the dependence on

the neutrino mass gives access to both the mass hierarchy and the absolute scale of neutrino masses. We shall return

to this question in Sec. III.

A. Generic Expectations from the Secluded Neutrino Portal

Results summarized in Fig. 2.
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Conclusions
• Sterile neutrinos are totally reasonable ingredients of BSM theories. 

• But we don’t know how many, how heavy, or if they connect to a larger sector. 

• Wide ranging phenomenology: 

• Truly sterile neutrinos: 

• Can play the role of Dark Matter if at keV scale. 

• Produce novel double-bang events at IceCube at GeV scale. 

• New but not-sterile neutrinos:

• MeV states at direct detection experiments & double bang events for 
GeV states.

• eV scale self-interacting neutrinos can be consistent with cosmology, while 
producing novel “dips” in flux at IceCube. 

• Impacts of sterile neutrino DM + new interactions → See upcoming talks 
by Sen and Johns. 


