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Observed neutrinos from beyond the solar system

• Ultra-high energy (up to 2 PeV) 

• IceCube

• Neutrinos from stellar core collapse (~107 eV) 

• SN1987a (Kamiokande, IMB) 

• Relic neutrinos (~ eV at CMB decoupling)

• Planck + other cosmological data 
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Self-interacting dark matter

• To get rid of cold cores, bring them in contact with hotter components of the 
halo. (Spergel & Steinhardt, PRL 2000 + hundreds more)

• DM-DM scattering. Required cross section is

• Obtained by requiring several collisions for each DM particle in the central 
region (“core”) over the lifetime of a galaxy

• Huge cross section! 102 fm2 ⇒(107 eV)-2 . Not achievable with weak scale

• The mediator particle(s) should be in the <10 MeV range

� ⇠ 1 cm2(mX/g) ⇠ 10�24 cm2(mX/GeV)
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Secluded sector

• Obviously, such a light mediator must be well isolated from the Standard 
Model fields -> Secluded sector

• Search strategies depend on the form of the “portal” between the secluded 
and SM sectors

• Known portals: kinetic mixing (dark photon searches), Higgs mixing

•  Another important possibility: through neutrino mixing 

• Suppose the secluded sector contains a light fermion, which couples to 
the mediator ɸ. This fermion can mix with SM neutrinos. 

• “Neutrino Portal”
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Neutrino Portal Framework

• The dark sector has a Higgs mechanism with a field     that gives ɸ its light 
mass

• Simple renormalizable see-saw Lagrangian. Upon integrating out the heavy 
right-handed       , one gets a light “sterile”        mixing with the usual active 
neutrinos in

•    

• cf. “Mirror world”, see Berezhiani and Mohapatra, hep-ph/9505385, and others

• Also akin to “baryonic neutrino” in Pospelov, arXiv:1103.3261, only our hidden 
gauge group does not directly couple to the SM baryon number (which could 
induce large NSI)

L ⇠ LH⌫R + ⌫D⌘⌫R +M⌫R⌫R

⌘

⌫R ⌫D
L

Leff ⇠ (LH)(⌫D⌘)

M
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Dark-matter interactions with neutrinos?

• Interestingly, coupling between dark matter and neutrinos may further help 
alleviate the small-scale structure problems

• Boehm et al, 2001, 2002, 2004; van den Aarssen, Bringmann, and 
Pfrommer, 2012

• Coupling of SM to neutrinos early would keep DM density fluctuations 
from collapsing, until kinetic decoupling

• Again, mediator masses of <10 MeV work! (see later)

M
halo

⇠ 108M�

✓
keV

T
KD

◆3
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DM-DM scattering

• Different physical regimes 

• “Classical” mXv ≫ mφ

• Born regime αX mX ≪ mφ

• See Feng, Kaplinghat, Yu, PRL 2010; Tulin, Yu, Zurek, PRD 2013.
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that self-scattering is suppressed at large velocities.
Here we shall assume that the DM is a Dirac fermion,

X charged under a new U(1)
X

gauge interaction. The
crucial ingredients for ⌫DM are comprised of two pieces,
L

⌫DM = �L
�

+ �L
M

, where the first term specifies
the nature of the DM and neutrino coupling to the new
gauge boson,

�L
�
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⌫

⌫̄�
µ
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X

X̄�
µ

X�µ, (1)

while the second term
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↵

H)(h
X

⌫)

⇤
, (2)

allows the new ⌫ to mass-mix with the active SM neutri-
nos in a gauge-invariant way via a U(1)

X

charged Higgs
h
X

which acquires a VEV. This Higgs is also responsible
for giving mass to the vector, m

�

= g
h

hh
X

i, where g
h

is the gauge charge of the Higgs and hh
X

i is its VEV.
Note that the active neutrinos are contained in their EW

doublets, L
↵

=

✓
⌫
↵

`
↵

◆
, where ↵ = e, µ, ⌧ .

The baryonic neutrino model of Pospelov [16–18] em-
ploys similar features in order to endow neutrinos with
new BSM interactions.

III. THERMAL RELIC ABUNDANCE

The relic abundance of ⌫DM can be accommodated
in the thermal freeze-out scenario. To find the requisite
annihilation cross section at a given DM mass we solve
the coupled Boltzmann equations,

dn
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+ 3Hn
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where the indices run over i, j = X, X, H is the Hubble
expansion rate, n

eq

(T ) is the equilibrium number density,
and h�

ann

v
rel

i is the thermal average of the total annihi-
lation cross section. Despite not arising from weak-scale
physics, the essential features of the WIMP miracle re-
main in tact here, where we find that the cross section
h�

ann

v
rel

i ' 4.5⇥ 10�26 cm3s�1 yields the correct abun-
dance for DM masses & 10 GeV [19, 20].

If instead a non-zero asymmetry exists between X and
X (for reviews see [21, 22]), the relic abundance compu-
tation is modified. In this case, for the combination of
the asymmetric and symmetric components not to over-
close the Universe the annihilation cross section must be
& 4.5⇥10�26 cm3 s�1 [23]. In what follows we will allow
for nonzero asymmetry between X and X̄. Since our fo-
cus will be at relatively low-energy processes, we do not
specify the UV details leading to the generation of this
asymmetry, though see [21, 22] for a number of examples.

Two processes contribute to the total annihilation
cross section: XX ! ⌫⌫ and XX ! ��. When the DM
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while the cross section for the s-channel annihilation to
a pair of neutrinos is
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Thus whenever in the light mediator regime, m
X

> m
�

,
the XX ! �� channel dominates so long as g

X

>
g
⌫

p
N

⌫

.
With the assumption that the XX ! �� mode domi-

nates, this e↵ectively fixes the value of g
X

in the symmet-
ric DM limit or serves as a lower limit on g

X

when there
exists a nonzero particle asymmetry. Therefore using
Eq. (4) and imposing that the annihilation cross section
be & 4.5⇥ 10�26 cm3 s�1 , we find that an (a)symmetric
thermal relic roughly requires that the DM coupling is,
g
X

' 0.02
p

m
X

/GeV.

IV. DM SELF-SCATTERING: TURNING CUSPS
INTO CORES

The tension between the observation and simulation
of the density profile of the most dark matter dominated
objects remains one of the longest-standing problems for
collisionless cold DM [1–3]. The fact that simulations im-
ply much cuspier density profiles than the cored profiles
favored by observations could be an indication that DM
has non negligible self-scattering [9].

DM with sizeable couplings with a light force car-
rier can induce large self-interactions. The strongest
constraints on DM self-interactions come from Milky
Way ellipticity and Cluster collisions, roughly requiring
�
XX

/m
X

. (0.1 � 1) cm2s�1 [24–26]. Note that these
constraints are obtained from DM populations where the
velocity dispersion is O(100 km/s) for Milky Way con-
straints and O(1000 km/s) for cluster constraints. This
therefore implies that the O(1 cm2 g�1) cross sections
at dwarf scales (O(10 km/s)) identified by Spergel and
Steinhardt [9] to address the cusp-verus-core problem
may in fact be allowed as long as the self-scattering ex-
hibits strong velocity dependence. Long-range interac-
tions mediated by an O(MeV) force carrier have pre-
cisely this feature and may thus solve the cusp-versus-
core problem while remaining consistent with the con-
straints from galactic and cluster scales [10–13].
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FIG. 1. The relevant Feynman diagrams for (1) the relic abundance, (2) DM-DM self-scattering, and (3) ⌫-DM scattering
relevant for addressing the missing satellites problem.

In the non-perturbative regime, analytic results have
been obtained in the classical limit (m

X

v/m
�

> 1),
where repulsive scattering proceeds as [13, 27],
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where � ⌘ 2↵
X

m
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/(m
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v2rel).
Outside the realm of applicability for either of these

analytic results, we solve the Schrödinger equation using
the numerical recipe outlined in [13].

V. LATE KINETIC DECOUPLING: WHERE
THE MISSING SATELLITES WENT

Even after the number-changing annihilation reactions
cease being in equilibrium, kinetic equilibrium between
DM and the steriles can persist via elastic scattering,
X⌫

s

$ X⌫
s

. This late kinetic decoupling delays the
formation of the smallest protohalos and may o↵er a so-
lution to the missing satellites problem [12, 15, 28–30].

The momentum relaxation rate from this process can
be roughly estimated from, �

mom

⇠ �
X⌫

n
s

(T
s

/m
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),
where the factor in parentheses accounts for the fact
that many sterile scatterings are required to appreciably
change the DM momentum. Then using n

s

= 3
2
⇣(3)
⇡

2 T 3
s

,
one can estimate the temperature of kinetic decoupling
by equating the momentum relaxation rate to the Hubble
rate, �

mom

= H.
Though the above sketch is qualitatively correct, we

employ a method along the lines of [31] which incorpo-
rates the e↵ects of Fermi-Dirac statistics and Pauli block-
ing. With this method we find the temperature of DM-
sterile neutrino kinetic decoupling to be (see Appendix
for details):
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where g⇤ is the e↵ective energy degrees of freedom pa-
rameter.

The final ingredient to make contact with the missing
satellites problem is to relate the temperature of kinetic
decoupling to the mass of the smallest DM protohalos.
It has been observed that for small kinetic decoupling

the e↵ects of acoustic oscillations dominate over those
coming from free-streaming. Thus the concomitant sup-
pression in the halo mass function is simply estimated
from the amount of DM in the horizon at temperature
T
KD

,

M
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where M� = 1.1⇥1057 GeV is a solar mass. For halo cut-
o↵s addressing the missing satellites problem, 109�10M�,
this requires temperatures T

KD

' 0.1 � 0.5 keV.

VI. STERILE NEUTRINO ABUNDANCE AND
TEMPERATURE

After the Dark sector decouples from the Standard
Model, the temperature ratio between radiation in the
two sectors is easily estimated from the conservation of
entropy under the assumption that the two sectors shared
a common temperature in the past, T

d

. This is found to
be

T
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) g⇤,SM
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(10)

Thus taking T
d

= 1 TeV and assuming both the scalar
and vector were in equilibrium at early times but not at
kinetic decoupling, we find T

s

/T
�

' 0.47.
Models of sterile neutrinos with dark sector interac-

tions have previously shown that immediately after de-
coupling the finite temperature self-energy contribution
to the sterile neutrino e↵ective mass strongly suppresses
the mixing angle between the active and sterile neutri-
nos [15, 32]. This has the e↵ect of isolating the dark
sector from the standard model sector by reducing the
rate of ⌫active � ⌫sterile scattering, to the extent that it
is much less than the expansion rate of the universe.
This prevents that Dark sector from thermalizing with
the Standard Model sector through neutrino scattering
at temperatures above 15 MeV.

We have discovered that this is not the end of the evo-
lution of the relic sterile neutrino population, however.
Once the temperature of the relic sterile neutrinos has
dropped to a su�ciently low level, the thermal contribu-
tion to the neutrino self energy will become small enough
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FIG. 1. The relevant Feynman diagrams for (1) the relic abundance, (2) DM-DM self-scattering, and (3) ⌫-DM scattering
relevant for addressing the missing satellites problem.
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decoupling to the mass of the smallest DM protohalos.
It has been observed that for small kinetic decoupling
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from the amount of DM in the horizon at temperature
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this requires temperatures T
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Models of sterile neutrinos with dark sector interac-

tions have previously shown that immediately after de-
coupling the finite temperature self-energy contribution
to the sterile neutrino e↵ective mass strongly suppresses
the mixing angle between the active and sterile neutri-
nos [15, 32]. This has the e↵ect of isolating the dark
sector from the standard model sector by reducing the
rate of ⌫active � ⌫sterile scattering, to the extent that it
is much less than the expansion rate of the universe.
This prevents that Dark sector from thermalizing with
the Standard Model sector through neutrino scattering
at temperatures above 15 MeV.

We have discovered that this is not the end of the evo-
lution of the relic sterile neutrino population, however.
Once the temperature of the relic sterile neutrinos has
dropped to a su�ciently low level, the thermal contribu-
tion to the neutrino self energy will become small enough
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Relic DM abundance

• We don’t want DM to overclose 
the universe -> the annihilation 
cross section has to be large 
enough

• The excludes small couplings

• Larger couplings are allowed if 
DM is asymmetric
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FIG. 1. The relevant Feynman diagrams for (1) the relic abundance, (2) DM-DM self-scattering, and (3) ⌫-DM scattering
relevant for addressing the missing satellites problem.

In the non-perturbative regime, analytic results have
been obtained in the classical limit (m

X

v/m
�

> 1),
where repulsive scattering proceeds as [13, 27],

�
T

⇡
( 2⇡

m

2
�

�2 ln(1 + ��2), � < 1,

⇡

m

2
�

(ln 2� � ln ln 2�)2 , � > 1,
(7)

where � ⌘ 2↵
X

m
�

/(m
�

v2rel).
Outside the realm of applicability for either of these

analytic results, we solve the Schrödinger equation using
the numerical recipe outlined in [13].

V. LATE KINETIC DECOUPLING: WHERE
THE MISSING SATELLITES WENT

Even after the number-changing annihilation reactions
cease being in equilibrium, kinetic equilibrium between
DM and the steriles can persist via elastic scattering,
X⌫

s

$ X⌫
s

. This late kinetic decoupling delays the
formation of the smallest protohalos and may o↵er a so-
lution to the missing satellites problem [12, 15, 28–30].

The momentum relaxation rate from this process can
be roughly estimated from, �

mom

⇠ �
X⌫

n
s

(T
s

/m
X

),
where the factor in parentheses accounts for the fact
that many sterile scatterings are required to appreciably
change the DM momentum. Then using n

s

= 3
2
⇣(3)
⇡

2 T 3
s

,
one can estimate the temperature of kinetic decoupling
by equating the momentum relaxation rate to the Hubble
rate, �

mom

= H.
Though the above sketch is qualitatively correct, we

employ a method along the lines of [31] which incorpo-
rates the e↵ects of Fermi-Dirac statistics and Pauli block-
ing. With this method we find the temperature of DM-
sterile neutrino kinetic decoupling to be (see Appendix
for details):

T
KD

=

✓
104.58

31⇡3N
⌫

◆1/4
m

�

g
1/8
⇤p

g
X

g
⌫

✓
m

X

M
Pl

◆1/4 ✓
T
�

T
s

◆3/2

KD

.(8)

where g⇤ is the e↵ective energy degrees of freedom pa-
rameter.

The final ingredient to make contact with the missing
satellites problem is to relate the temperature of kinetic
decoupling to the mass of the smallest DM protohalos.
It has been observed that for small kinetic decoupling

the e↵ects of acoustic oscillations dominate over those
coming from free-streaming. Thus the concomitant sup-
pression in the halo mass function is simply estimated
from the amount of DM in the horizon at temperature
T
KD

,

M
halo

= 1.7 ⇥ 108 M�

✓
keV

T
KD

◆3

(9)

where M� = 1.1⇥1057 GeV is a solar mass. For halo cut-
o↵s addressing the missing satellites problem, 109�10M�,
this requires temperatures T

KD

' 0.1 � 0.5 keV.

VI. STERILE NEUTRINO ABUNDANCE AND
TEMPERATURE

After the Dark sector decouples from the Standard
Model, the temperature ratio between radiation in the
two sectors is easily estimated from the conservation of
entropy under the assumption that the two sectors shared
a common temperature in the past, T

d

. This is found to
be

T
s

T
�

����
TKD

=


g⇤,s(Td

) g⇤,SM

(T
KD

)

g⇤,SM

(T
d

) g⇤,s(TKD

)

�1/3
(10)

Thus taking T
d

= 1 TeV and assuming both the scalar
and vector were in equilibrium at early times but not at
kinetic decoupling, we find T

s

/T
�

' 0.47.
Models of sterile neutrinos with dark sector interac-

tions have previously shown that immediately after de-
coupling the finite temperature self-energy contribution
to the sterile neutrino e↵ective mass strongly suppresses
the mixing angle between the active and sterile neutri-
nos [15, 32]. This has the e↵ect of isolating the dark
sector from the standard model sector by reducing the
rate of ⌫active � ⌫sterile scattering, to the extent that it
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Testing neutrino-neutrino interactions?  

• We have discussed DM-DM and DM-neutrino interactions. 

• How about neutrino-neutrino interactions?

• This may be the hardest interaction among the SM particles to constrain!

• A classic problem!

• Bounds of the order of 103-105 GF have been quoted

• For 10 MeV mediator, this is a nontrivial restriction! 
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• Bardin, Bilenky, Pontecorvo (1970)

• Barger, Keung, Pakvasa (1982)

• Bilenky, Bilenky, Santamaria (1993)

• ...

V o l u m e  32B.  n u m b e r  2 P H Y S I C S  L E T T E R S  8 J u n e  1970 

O N  T H E  v - v I N T E R A C T I O N  

Do Yu. BARDIN,  S. M. B I L E N K Y ,  B. P O N T E C O R V O  
Joint Institute for Nuclear Research, Dubna, USSR 

Received 28 April  1970 

A n e w  h y p o t h e t i c a l  i n t e r a c t i o n  b e t w e e n  n e u t r i n o s  is  c o n s i d e r e d .  It  is  s h o w n  tha t  e v e n  r e l a t i v e l y  
s t r o n g  v e - v e ,  vtz - v/. t and  Pe - v t l  i n t e r a c t i o n s  a r e  not  in c o n t r a d i c t i o n  wi th  e x i s t i n g  d a t a  and  u p p e r  l i m -  
i t s  f o r  the  c o r r e s p o n d i n g  i n t e r a c t i o n  c o n s t a n t  a r e  o b t a i n e d .  New e x p e r i m e n t s  a r e  s u g g e s t e d  w h i c h  m i g h t  
g i v e  i n f o r m a t i o n  on ~, - v i n t e r a c t i o n s .  

I t  i s  t a k e n  f o r  g r a n t e d  t h a t  the  on ly  i n t e r a c -  
t i o n  w h i c h  n e u t r i n o s  u n d e r g o  i s  the  c l a s s i c a l  
w e a k  i n t e r a c t i o n .  N e v e r t h e l e s s ,  t he  q u e s t i o n  
c a n  be  pu t  a s  to w h e t h e r  the  n e u t r i n o  m a y  u n d e r -  
go a d d i t i o n a l  i n t e r a c t i o n s .  Our  w o r k  i s  c o n -  
c e r n e d  w i th  a p o s s i b l e  i n t e r a c t i o n  b e t w e e n  n e u -  
t r i n o s .  Of c o u r s e ,  t h e r e  i s  a n  i n t e r a c t i o n  b e -  
t w e e n  n e u t r i n o s  a r i s i n g  in  the  s e c o n d  o r d e r  of 
the  u s u a l  w e a k  i n t e r a c t i o n ,  bu t  h e r e  we s h a l l  
c o n s i d e r  a new ( h y p o t h e t i c a l )  v - v i n t e r a c t i o n .  
As  i t  t u r n s  out ,  e v e n  a r e l a t i v e l y  s t r o n g  v - v 
i n t e r a c t i o n  i s  not  in  c o n t r a d i c t i o n  w i t h  e x i s t i n g  
da ta .  We s u g g e s t  t h e n  new e x p e r i m e n t s  w h i c h  
m i g h t  g ive  i n f o r m a t i o n  on the  v - v i n t e r a c t i o n .  

In the  p r e s e n c e  of n o n - w e a k  v - v  i n t e r a c -  
t i o n s  w i l l  a p p e a r  m a n y  p h e n o m e n a ,  a m o n g  w h i c h  
we s h a l l  c o n s i d e r  i) s o m e  new t y p e s  of d e c a y s  
( s ee ,  f o r  e x a m p l e ,  fig.  l a ) ,  i i)  s o m e  new t y p e s  
of n e u t r i n o - i n d u c e d  p r o c e s s e s  a t  h i g h  e n e r g y  
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( s ee ,  f o r  e x a m p l e ,  fig.  l b ) ,  i i i )  n e u t r i n o  " f o r m  
f a c t o r s "  ( see  f ig.  l c ) .  

In a d d i t i o n  to the  u s u a l  w e a k  d e c a y s  wi th  
e m i s s i o n  of l e p t o n s ,  a v - v i n t e r a c t i o n  c l e a r l y  
i m p l i e s  d e c a y s  w i th  the  e m i s s i o n  of a n  a d d i -  
t i o n a l  v - ~ p a i r .  L e t  us  f i r s t  c o n s i d e r  the  d e c a y  

~ + - e + +  r e +  Ve + ~e " (1) 

In a po l e  a p p r o x i m a t i o n  we o b t a i n  f o r  the  e l e c -  
t r o n  s p e c t r u m  in  p r o c e s s  (1) the  e x p r e s s i o n  

dW 1 G2F2 if~l mTr × 
~ e 3 v  - 27~ 5 VeVe 

× ( l + r  2 - 2 x ) ( x 2 - r 2 )  1/2 [ ( 1 - 2 x ) x + r  2] , (2) 

w h e r e  G ~ 10 -5 mp 2 i s  the  w e a k  i n t e r a c t i o n  
c o n s t a n t .  If~l ~ 0.92 rnTr i s  the  F - d e c a y  c o n s t a n t ,  
r = rne/m~,  x E / m ~  (E i s  the  e l e c t r o n  e n e r g y ) ,  
a n d  FVeVe i s  the  v e - v e i n t e r a c t i o n  c o n s t a n t .  

To  be  c o n c r e t e ,  we s e l e c t e d  fo r  the  v e - v e e f -  
f e c t i v e  H a m i l t o n i a n  the  v e c t o r  f o r m  ~VeVe  = 

= F½  ~e (PeVa Ve)(~eVa re)" N e g l e c t i n g  the  e l e c -  

t r o n  m a s s  we o b t a i n  f o r  the  t o t a l  p r o b a b i l i t y  of 
p r o c e s s  (1) 

1 G2F 2 If~12m 7 o (3) 
Wn ~ e 3 v  - 157T5211 ~eVe 

F o r  c o m p a r i s o n  we g ive  a l s o  the  w e l l - k n o w n  
e x p r e s s i o n  of W~ ~ lv (l i s  a c h a r g e d  l ep ton) :  

_ 1  2 m2m (1 m2 2 
Wrr_.g v 23~G Ifzr[ 2 - ~ - )  o (4) 
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Most of these constraints are complete avoided 

• The neutrino portal framework is distinct 
from hard 4-fermi interactions:

• Neutrinos in laboratory are produced as 
flavor states, don’t have the νS 
component until they oscillate.

• Spectra measured in the laboratory 
detector are from 2-body final states

4

V

�̄µ

µ�

as

as

fK W �
ū
sK�

�

FIG. 3. Feynman diagram for K�(ūs) decay to a muon where
a V is radiated from the final state antineutrino. We also take
into account another diagram where the V is also radiated
from the muon. The hadronic matrix element h0|u�↵(1 �
�5)s|K�i = fK p↵K is denoted by the shaded circle.

C. Kaon decay

An even stronger constraint can be obtained from
kaon decay, again assuming that V couples to both the
neutrinos and charged leptons. The basic idea is the same
as above, but instead of the decay width, we look at the
distortion of the charged lepton spectrum due to excess
missing energy in kaon decays. Kaons dominantly decay
(branching ratio ⇠ 65%) via the 2-body leptonic channel
K� ! µ� ⌫µ, for which the muon energy spectrum
is a delta function in the kaon rest frame. If a new
vector boson couples to leptons as assumed, then there
can be V -boson emission from the final states if mV .
mK �mµ ⇡ 388MeV; the 3-body decay K� ! µ� ⌫µV ,
has a dramatically di↵erent muon spectrum.

We consider the 3-body decay K� ! µ� ⌫µ V , as
shown in Fig. 3. Much of the calculation is similar
to that for a related limit on parity-violating muonic
forces [18]. In Fig. 4, we show the muon spectrum from
kaon decay in two cases: when V emission is forbidden
(K� ! µ�⌫̄µ) and when it is allowed (K� ! µ�⌫̄µV ).
In both cases, we plot d�/dEµ normalized by the total
(all modes) decay width �

tot

. For the 2-body decay,
the muons have a monoenergetic spectrum with Eµ =
258MeV; we show the measured result (including energy
resolution) [106]. For the 3-body decay, the muons have
a continuum spectrum; we show this for g⌫ = 10�2 and
mV = 0.5MeV. This produces events at energies where
no excess events above the Standard Model background
were observed (shaded region) [107]. We also show the
approximate upper limit that we derive (in the energy
range used for the search) from the upper limit presented
in Ref. [107].

To obtain our constraint, we use the results
from a search for missing-energy events in kaon
decays with muons having kinetic energies between
60MeV to 100MeV (Eµ between 165.5MeV and
205.5MeV). We integrate our calculated di↵erential
decay rate, d�/dEµ, over this range of Eµ to
obtain the partial decay width �(K� ! µ� ⌫µ V ).
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FIG. 4. Muon spectra from kaon decay for the standard 2-
body decay K� ! µ� ⌫µ (solid blue) measured in [106] along
with the hypothetical 3-body decay K� ! µ� ⌫µ V (dashed
red) with g⌫ = 10�2 and mV = 0.5MeV. The shaded region
shows the search region of Ref. [107], where no excess events
were found. From this we derive an upper bound on the 3-
body di↵erential decay rate that is ⇠104 times lower than the
dashed red line.

The measured constraint on the branching ratio
�(K�! µ� + inv.)/�(K�! µ� ⌫µ)  3.5 ⇥ 10�6 [107]
leads to the limit on g⌫ shown in Fig. 1. If the V boson
were to couple only to the neutrino, then the limit on g⌫
would naively be a factor of ⇠ 3 stronger than what is
presented here.
The constraints from W and kaon decays do not apply

directly to purely neutrinophilic models, e.g., Ref. [8],
because no gauge-invariant implementation of the basic
idea is available. An important issue that must be noted
is that the longitudinal mode of V couples to the anomaly
in the fermion current, and results in a contribution
proportional to the charged lepton mass-squared to the
decay rate. These lepton masses cannot be written down
using renormalizable gauge-invariant operators unless
one makes modifications to the Higgs sector or couples
the right-handed leptons to V . The lepton masses may
also be generated by nonrenormalizable operators, as in
Ref. [108], which would then provide a natural UV cuto↵
to the calculations. Since in this e↵ective model, the
V -boson mass, mV , is proportional to the UV cuto↵ of
the theory, it is not possible to take to take the limit of
mV ! 0 in this model.

III. CONSTRAINT FROM SCATTERING

A very strong constraint can be obtained by
considering neutrino-electron scattering at very low
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Astrophysical bounds

• Manohar (1987)

• Kolb & Turner (1987)

• Fuller, Mayle, Wilson (1988)

• These are more tricky!

• In dense environments such as supernova, large matter potential reduces the 
admixture of the “sterile” state --> Manohar (1987) does not apply. 

• Detailed analysis warranted! 
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IceCube neutrinos as probes of new physics
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Neutrino-neutrino collider?

• We need to collide neutrino mass eigenstates, which have admixture of the 
“sterile” component that endows them with new interactions

• Not feasible in a terrestrial lab, but we can use the universe as the lab

• Icecube has observed neutrinos in the PeV energy range, that likely originate 
from cosmological distances

• These neutrinos on their way to us travel through the relic neutrino 
background. Both the beam and the background had enough time to oscillate 
and separate into mass eigenstates.
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Standard model: Z-bursts

• It is well known that in the SM the 
universe is transparent to 
neutrinos with energies below 
~1022 eV

• At those ~1022 eV, the neutrinos 
finally get scattered/absorbed 
because of the s-channel Z-boson 
resonance

• T. Weiler, PRL 1982

116 P. Gondolo, G. Ge/mini / Cosmic neutrinos
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Fig. 1. The absorption redshift Za (line 1) for cosmic neutrinos as a function of the neutrino energy at
emission E, taking 120h

2 = 1. The other lines indicate: (2) the boundary between the two regions where
absorption due to annihilation and scattering dominate; (3) the present epoch; (4) the Z-boson pole; (5)

the epoch ofmatter-radiation equality; (6) the epoch of light—neutrino decoupling.

Approximate expressions for the absorption redshift Za(Ee) can be obtained for
1 ~Z Ze <Zeq and Ze >> Zeq• In these cases, the result of the integration simplifies to

3.5 x 1017(fl
0h2)’/

2(1 +ze)5~2(Ee/TeV), for 1 ~Ze <Zeq,
(2.20)

0.81 x 10’~(1+ze)2(Ee/TeV), for Ze >>Zeq•

The absorption redshift Za(Ee) is then obtained by setting s~= 1:

1 +Za(Ee)

= 3.8 x 106(12t
1h2)l/S(Ee/TeV)_

2/S, Ec  5.2 X i0~TeV(fl
0h2)

2, (2.21)

1.1 x 10~(Ee/TeV)~’~2, Ee~5.2X i0~TeV(fl
0h2)

2.

3. Neutrino spectrum

We now determine the present energy spectrum of neutrinos originating from
the decay of an unstable heavy particle x with decay lifetime i-s. The number of

Gondolo, Gelmini, 1993

Ec.m. ⇠
p

(10�1 eV)(1023 eV) ⇠ 102 GeV ⇠ mZ
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Light mediator

• The standard transparency conclusion is based on standard physics 
only

• We now have a light mediator particle 

• resonant condition

• The same mass scale as for the dark matter self-interactions! 

• After scattering, neutrinos are mostly converted into the “sterile” 
state, disappear from the observed flux 

m2
� = s ⇡ 2m⌫E⌫

=) m� ⇠
p
(10�1 eV)(1015 eV) ⇠ 107 eV
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Some rough estimates

• Resonant cross section is bigger than SM on the Z pole, since ɸ is lighter

• Given relic neutrino number density ~ 103 (we assume astrophysical sources 
at z of several), we can (first very roughly) estimate that 

• Therefore, there is plenty of room for the numerical coefficient in the cross 
section formula to be small (due to small coupling and/or small mixing)

• Also, there is room for the redshift effects to work (see later)

�res ⇠ (#)m�2
� ⇠ (#)10�24 cm2

�intersting ⇠ (l ⇥ n)�1 ⇠ (Gpc⇥ 103 cm�3)�1 ⇠ 10�31cm2
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Example calculation
Sources are GBRs (Waxman-
Bahcall) + AGNs at high E
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More interesting implications: source correlations

• Too much absorption would be 
mean no isotropy of sources

• Intermediate range could mean 
absorption from far sources 

• GZK-type horizon for neutrinos

• Look for source correlations!
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GZK-type horizon for neutrinos

• With putative absorption, UHE 
neutrinos are detected only 
from close sources, which 
could potentially be correlated 
with known objects

• In future high-statistics data, 
look for anisotropies, especially 
correlated with the local 
structure

• Absence of 1018 GeV neutrinos 
from AGNs, GZK neutrinos?

This could be detected 
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Numerous physical scenarios

• In general, one can vary:

• Mixing angles and couplings

• Overall mass scale of light neutrinos

• Mass hierarchy

• Cosmological abundance of “sterile” neutrinos (model-dependent)

• It could be a theorist’s dream 

• ...and an experimentalist’s nightmare!
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Secluded neutrinos and cosmological data

Is MiniBooNE ruled out by Planck?
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Sterile neutrinos: Short-baseline oscillations vs 
cosmological data

• Aim: to conclusively test the 
anomalies of LSND/MiniBooNE as 
oscillations 

• Hints for Δm2 ~ 1 eV2

• Not one of the standard 
splittings between the known 
flavors

• Additional neutrino states 
required

• Two-step conversion: νµ→νs→νe

sin2(2e)
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Sterile neutrino production in the early universe

• Oscillations + collisions!

• SM neutrino decoupling from electron-positron plasma: σ n ~ expansion rate

• If sterile neutrinos are brought into equilibrium with active earlier, dangerous!

• Oscillations alone:  

• Collisions are flavor-sensitive; project the state on the |e>, |s> flavor basis 
state, allows oscillations to restart. Rate of flavor change: 

• Equilibration:  

G2
FT

2T 3 ⇠ T 2/Mpl ! TSM
dec ⇠ (G2

FMpl)
�1/3 ⇠ 2 MeV

P (⌫a ! ⌫s) = sin2 2✓as sin
2(�m2/4Et) ! (1/2) sin2 2✓as for t> 4E/Δm2

G2
FT

2T 3(1/2) sin2 2✓as

G2
FT

2T 3 sin2 2✓as ⇠ T 2/Mpl ! TSM
eq ⇠ (G2

FMpl sin
2 2✓as)

�1/3 ⇠ 10 MeV

Dolgov & Barbieri (1990) + hundreds more since
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Active-sterile conversion: earlier times

• We saw that

• The situation changes when 

• The active-sterile system was again not in equilibrium earlier!

• When collisions are more frequent than the oscillation length, the 
oscillations are reset too soon (the Quantum Zero effect)

• The (CP-symmetric) medium creates an MSW potential, ~ GF2 T5, that 
suppresses oscillations [Notzold and Raffelt (1988)]

• For sufficiently small mixing angles, the νs production is never equilibrated; in 
the scenario of νs DM, this allows making just enough νs, without overclosing 
the universe  [Dodelson and Widrow (1994)]

G2
FT

2T 3 & �m2/T ! T & (�m2/G2
F )

1/6 ⇠ 50 MeV

TSM
eq ⇠ (G2

FMpl sin
2 2✓as)

�1/3 ⇠ 10 MeV
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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 ⇠ +
g2T 2

E
, T,E � M

V ⇠ �g4ET 4

M4
, T, E ⌧ M

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

k0 = |k| + m2

2|k| � b (10)

to linear order in the coe�cients a and b. Note that the
usual dispersion relation for an ultrarelativistic neutrino,
k0 = |k| + m2

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

V
e↵

⌘ �b . (11)

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

b =
1

2k2

⇥
[(k0)2 � k2]tr /u⌃(k) � k0tr /k⌃(k)

⇤
. (12)

So, the remaining job is to calculate ⌃(k).

�s �s

A�

A�

�s �s

f

�s

Figure 3. Bubble and tadpole contributions to the sterile neu-
trino self-energy, which create an e↵ective “matter” potential.

We assume a Lagrangian L
int

= e�f̄�
µPLfA

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)

Dµ⌫(p) = �gµ⌫


1

p2 � M2

+ i�b(p)

�
. (14)

The thermal parts are given by

�f (p) = 2⇡�(p2 � m2)⌘f (p) , (15)

�b(p) = 2⇡�(p2 � M2)⌘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 Dµ⌫(p) can be understood from
the fact that at finite temperature and density, there are
not only virtual ⌫s and A0 in the medium, but also real
particles that have been thermally excited.

The diagrams in Fig. 3 are given by

⌃
bubble

(k) = �ie2�

Z
d4p

(2⇡)4
�µ PL iS(p+ k) �⌫ iDµ⌫(p) ,

(19)

⌃
tadpole

(k) = ie2��
µ PL iDµ⌫(0)

Z
d4p

(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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Mixing suppression

• From Dasgupta & Kopp, 1310.6337v4 [PRL 2014]

2

ditional e↵ective number of fully-thermalized neutrinos
at BBN, for a single left-handed sterile neutrino (and its
right-handed antineutrino) and a relativistic A0, is

�N⌫ ⌘ ⇢⌫s + ⇢A0

⇢⌫
=

(g⌫s + gA0)T 4

s

g⌫ T 4

⌫

(1)

=

�
7

8

⇥ 2 + 3
� ⇥ �

10.75
106.7

� 4

3

�
7

8

⇥ 2
� ⇥ �

4

11

� 4

3

' 0.5 , (2)

which is easily consistent with the bound from BBN, viz.,
�N⌫ = 0.66+0.47

�0.45 [12]. Up to 3 generations of sterile
neutrinos could be accommodated within ' 1�. Note
that we have conservatively taken T⌫ at the end of BBN.

At lower temperatures, Ts . 0.1MeV, A0 becomes non-
relativistic, and decays to sterile neutrinos, heating them
up by a factor of ' 1.4. However, these neutrinos with
masses m & 1 eV, are nonrelativistic by the epoch of
matter-radiation equality (T� ' 0.7 eV) and recombina-
tion (T� ' 0.3 eV). Thus the impact of thermal abun-
dances of A0 and ⌫s on the CMB and structure formation
is negligible. See also [16–18] for alternate approaches.
We will now show that oscillations of active neutrinos into
sterile neutrinos, which are normally expected to bring
the two sectors into equilibrium again, are also strongly
suppressed due to “matter” e↵ects.

The basic idea underlying our proposal is similar to the
high-temperature counterpart of the MSW e↵ect. Let us
recall that at high temperatures, i.e., in the early Uni-
verse, an active neutrino with energy E experiences a
potential V

MSW

/ G2

FET 4

� due to their own energy den-
sity [19]. This is not zero even in a CP symmetric Uni-
verse. A similar, but much larger, potential can be gen-
erated at high-temperature for sterile neutrinos, if they
couple to a light hidden gauge boson A0. There are two
types of processes that can contribute to this potential
— the sterile neutrino can forward-scatter o↵ an A0 in
the medium, or o↵ a fermion f that couples to A0.

These interactions of the sterile neutrino with the
medium modify its dispersion relation through a poten-
tial V

e↵

:

E = |k| + m2

2E
+ V

e↵

, (3)

where E and |k| are the energy and momentum of the
sterile neutrino.

We calculated V
e↵

using the real time formalism in
thermal field theory (see Appendix A). Physically, this
potential is the correction to the sterile neutrino self-
energy. In the low-temperature limit, i.e., Ts, E ⌧ M , we
find V

e↵

' �28⇡3↵�ET 4

s /(45M
4) , similar to the poten-

tial for active neutrinos [19], with ↵� ⌘ e2�/(4⇡) being the
U(1)� fine-structure constant. In the high-temperature
limit, Ts, E � M , we find V

e↵

' +⇡↵�T
2

s /(2E) , similar
to the result for hot QED [20]. We have assumed that
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Figure 1. Comparison of the e↵ective matter potential Ve↵

for sterile neutrinos (black curves) to the active–sterile os-
cillation frequency �m2/(2E) (green line) at E ' T� and
�m2 = 1 eV2. As long as |Ve↵| � �m2/(2E), oscillations
are suppressed. Di↵erent black curves show |Ve↵| for di↵erent
values of the gauge boson massM , with solid lines correspond-
ing to Ve↵ > 0 and dashed lines indicating Ve↵ < 0. Thin
(Thick) lines show exact numerical (approximate analytical)
results. The hidden sector fine-structure constant is taken as
↵� ⌘ e2�/(4⇡) = 10�2/(4⇡). Red lines show the contribution
to Ve↵ from an asymmetric DM particle with m� = 1 GeV.
The QCD phase transition and active neutrino decoupling
epochs are annotated. The small kinks in the curves are due
to changes in g⇤, the e↵ective number of degrees of freedom
in the Universe.

there is no asymmetry in ⌫s, which may be interesting
to consider [16, 21]. These analytical results are plot-
ted in Fig. 1 (thick black lines). For comparison, we also
calculated the potential numerically (thin black lines),
and found excellent consistency with the analytical ap-
proximations in their region of validity. The potential is
small only in a very small range of temperatures Ts ⇡ M ,
where the potential changes sign and goes through zero.
Note that the potential is always smaller that |k| and
vanishes at zero temperature.

In the presence of a potential, it is well-known that
neutrino mixing angles are modified. In the two-flavor
approximation, the e↵ective mixing angle ✓m in matter
is given by [22]

sin2 2✓m =
sin2 2✓

0�
cos 2✓

0

+ 2E
�m2V

e↵

�
2

+ sin2 2✓
0

, (4)

where ✓
0

is the vacuum mixing angle, and �m2 = m2

s �
m2

a is the di↵erence between the squares of the mostly
sterile mass eigenstate ms and the active neutrino mass
scale ma. If the potential is much larger than the vacuum

Weldon

Notzold
Raffelt
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Controversy!

Dasgupta and Kopp, PRL 112 , 031803 (2014) -> Secret interactions 
suppress the active-sterile mixing angle in the early Universe

Hannestad, Hansen, and Tram, PRL 112, , 031802 (2014) -> Mixing + 
collisions don’t violate N_eff bounds for heavy mediators.

Mirizzi, Mangano, Pianti, and Saviano, Phys. Rev. D 91 (2015) These 
models agree with Planck, but only marginally.

Archidiacono, Hannestad, Hansen, and Tram, Phys. Rev. D 91 (2015) -> 
Everything works great for VERY low mass mediators.

Chu, Dasgupta, Kopp, arXiv:1505.02795 -> There is more allowable 
parameter space than Mirizzi et al. found.
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We do not agree with any of them!

Cherry, Friedland, Shoemaker, to appear
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Large coupling: excluded by free-streaming

• Notice that for for large 
coupling, neutrinos, even the 
ones predominantly active, 
become non-free-streaming at 
the CMB epoch

• This would be in conflict with 
PLANCK 

14

SFN

del
p
uoc

N

FIG. 8: Expected sensitivity of Planck alone to NF S , Ncoupled.

SFN

del
p
uoc

N

FIG. 9: Sensitivity of Planck plus other cosmological data. The constraints on NF S are not much changed as compared with
Planck alone, but the figure shows a factor of two potential improvement in Ncoupled.

Friedland, Zurek, Bashinsky, 
0704.3271

Here, geff is effective coupling, g sin𝜭 " "

geff < 10�7(M/1 eV)

geff < (Trec/Mpl)
1/4(M/Trec)

• Planck 2015 [arXiv:
1502.01589] reports 
Neff=3.15±0.23 and for the 
mass mν < 0.23 eV
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Summary

• Several astrophysical hints may be pointing to the existence of a light, well-secluded 
sector

• An independent set of hints is furnished by the short-baseline anomalies

• UHE neutrinos detected by Icecube may be direct probes of this type of new physics

• Valid whether of not the small-scale structure deficit stands the test of time

• A number of smoking-gun signatures, including absorption troughs and source 
correlations, due to the existence of the GZK-type horizon for neutrinos

• The cosmological part of the story is fascinating! (Whether SBN anomalies can 
survive PLANCK et al)
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