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Really this is a Neutrino Portal to	


 the Dark Sector

Experiments like LUX are ruling out large swathes of 
the WIMP parameter space. 

A number of dark matter structure problems 
persistently appear in observations. 

!

!

Planck results seem to favor additional radiation energy 
density, which also resolves tension with Lensing, 
Clustering, and      measurements.
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There is a suspicious energy scale 
in the DM structure problems

SIDM cross sections on small scales favor  

!

Velocity dependent DM-DM cross sections favor 

!

Kinetic decoupling with a   -like species also favors 

!

IceCube can be thought of as a          collider with 

100 fm2 ⇠ g4/m2
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Mixing Portal Prescription
Basic seesaw type operator

h⌫s|⌫e,µ,⌧ i ⌘ 0⌫s, ✓s

L � gs�
µ⌫̄s�µ⌫s

L � ga(LH)gh(⌫hH 0)

⇤
Similar to M. Pospelov, Phys. Rev. D 84, 085008 (2011){

Goldstone Boson associated 
with     acquires mass when 

 H’ symmetry is broken
�µ, m� ⌫h



Scattering = Measurement

⌫s

⌫s ⌫1,2,3,4

h⌫s|⌫e, µ, ⌧ i ⌘ 0

⌫

We can put our differences behind us.  For Science. 
You monster.



A cartoon example



Another cartoon example

Contact interaction limit 
 shifts the observed 
spectral index by -1

Resonant absorption 
creates gaps



Let us not be cavalier
The Planck 2015 data places strong constraints the 
relic abundance of new neutrinos. 

!
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Hamann, J. and Hasenkamp, J. , JCAP 10, 044 
(2013) : These limits rule out plain vanilla sterile neutrino 
models which have large mixing angles and ~eV 
masses. 

Ne↵ < 3.7

meff
⌫,sterile < 0.52eV} 95%CI

meff
⌫,sterile = �Ne↵ ⇥m⌫,sterile ⇠ 1 eV

�Ne↵ = 1



Relic Sterile Abundance
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Size of the mixing angle is 
critical

⌫ ⌫

⌫̄ ⌫̄

�µ

�⌫⌫ / ✓2e↵ , ✓
4
e↵ , ✓

6
e↵

⌫a $ ⌫s

⌫ ⌫

⌫̄ ⌫̄

�µ

⌫ ⌫

⌫̄ ⌫̄

�µ

s

s

s

ss

s

a

a

�⌫⌫ / ✓2eff

In the Early 
Universe =)



The N effective limit
The dark sector decouples at some high temperature 
scale and dilution from freeze out of SM degrees of 
freedom reduces the dark sector temperature: 

!

At sufficiently low temperature, the mixing angle 
suppression will cease and the dark sector      will 
recouple to the SM       .   

This must happen after                                 goes out 
of equilibrium to avoid re-population of the      radiation.

T
dark
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✓
g⇤,pre�BBN
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◆
1/3
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⌫0s
⌫0s
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Mixing Portal Recoupling
Co-moving Entropy is not conserved!

Time

Recoupling

Time

Decoupling

6=

This process is irreversible, therefore only 
 Co-moving energy density is conserved.



Mixing Portal Recoupling
We should compute the rate for scattering with the 
secluded interaction and compare it to the Hubble rate. 

!

There are three distinct recoupling regimes. 

The Weldon regime: 

The Notzold-Raffelt regime: 

The Resonant regime:

T⌫ � m�

T⌫ ⌧ m�

T⌫ ⇠ m�

}Asymptotically 
small mixing

�H =
1.66

p
g⇤T 2
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mpl

�s = sin2 ✓mh�vins



Asymptotic  
Recoupling sin ✓m =

�m2 sin 2✓V
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Resonant Recoupling
Also MSW resonance       SM neutrinos acquire some 
extra probability to be in the secluded state via level 
crossing. 

!

       can be be estimated parametrically 

!

This gives the additional secluded state probability as: 
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Resonant Recoupling cont’
After the SM neutrinos acquire some additional 
probability to occupy secluded interaction states, their 
cross section are quite large: 

!

Again we compare: 

!

Which gives a upper bound:
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How does all of this 
fit with SIDM?

L � gX�µX�µX̄ + gs�
µ⌫s�µ⌫̄s
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Fascinating new wrinkle:
9 IceCube events found  
correlated with gamma ray 
point sources: 
2 from galactic pulsar wind 
nebulae 
7 from BL Lacs (AGN), 3 from 
sources less than z < 0.212 

expect only 
0.3 events!



Nearby source correlation is significant at the     level

Projecting over all m�

3�
Nearby (z<.212) event correlation is consistent with 
the original predictions for AGN!



Conclusions:

IceCube is the perfect experiment to probe neutrino 
portals to the dark sector! 

If these hidden interactions are a byproduct of a 
neutrino portal to the dark sector, an astonishing chain 
of coincidental solutions to dark matter structure 
problems issue forth. 

The secluded interaction also reconciles LSND/
Miniboone or reactor sterile neutrino anomalies with 
Precision Cosmology data.



Thank you very much!



Planck Collaboration, arXiv:1502.01589v2



Neutrino Mixing
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More Evidence!

Right Handed 
 Helicity Fracture!

Sterile Neutrino: CONFIRMED



Nearby source correlation is significant at the     level

Projecting over all m�

3�
Nearby (z<.212) event correlation is consistent with 
the original predictions for AGN!
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More ordinary decoupling 
scenario:
Ts

T�

����
TKD

=


g⇤,s(Td) g⇤,SM (TKD)

g⇤,SM (Td) g⇤,s(TKD)

�1/3

Td = 1TeV

Ts/T� ' 0.47

�Neff ' 0.27



Testing the presence of

⌫⌫s

⌫s ⌫1,2,3,4
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Propagate neutrinos over 
cosmological distances

Sources and source evolution taken from H. Yuksel, et 
al., APJ 683 (2008) and Hasinger, Miyaji, Schmidt, 
Astron. and Astrophys. 441 (2005). 

Use most recent best fit    CDM parameters including 
Planck data: 

Use FRW scaling of relevant quantities: 

⇤
H (z)2 = H2

0

h
⌦⇤ + ⌦m (1 + z)3 + ⌦rad (1 + z)4

i

T⌫ (z) = T⌫,0 (1 + z)

n⌫ (z) = n⌫,0 (1 + z)3

E⌫ (z) = E⌫,0 (1 + z)

drp (z) =
c dz

(1 + z)H (z)



This defines the optical depth

⌧ =

Z rp

0
n⌫s (z)�⌫⌫ (z) drp =

Z zi

0

cn⌫s (z)�⌫⌫ (z) dz

(1 + z)H(z)

We’ll take a moment to define of a few scattering 
regimes:
“MFP < 50Mpc”, ⌧ � 1 for rp = 50Mpc

“C⌫B optically thin”, ⌧ � 1 for zi = 10

“IceCube isotropic sources”, ⌧ � 1 for rp > 50Mpc



Optical Depth

Scattering probability: 

Which channels absorb neutrinos depends on our 
choice of      and    :

⌧ (z) = h�⌫⌫i (z)ne↵
⌫ (z) drp (z)
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Scattering on a Thermal 
Background

The           has an effective temperature: 

Which retains the Fermi-Dirac shape: 

!

So our cross sections must be convolved with the 
thermal motion of the          :

C⌫B T⌫ = (4/11)1/3 T�

C⌫B
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f⌫ (p, T⌫) =
1

ep/T⌫ + 1



Thermal Broadening
Non-relativistic: 

Relativistic:
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s ⇡ 2E⌫
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Some results, fitting the gaps in 
the IceCube data:



How does this fit with the 
observed IceCube data?



Some results, fitting the 
overabundance of low z sources:



How does this fit with the 
observed IceCube data?



The IceCube best fit combined 
with correlation data

)

Ooooooh!



Side bonus: We might be 
able to measure the    mass 
scale! E2

CM = m2
� = 2m⌫Eres
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Some things need more 
investigation

N effective is unchanged in our minimal model, but TeV 
- GeV decoupling temperatures for the dark sector will 
impact N effective.  For TeV decoupling,  

Late time re-coupling creates a good deal of neutrino 
rest mass.  Does this violate the bounds on the sum of 
light neutrino masses? (Hint: probably not) 

Neutrino self interactions with MeV scale mediators will 
do something in core collapse supernovae.

.12  �Neff  .3



The canonical AGN 
neutrino flux prediction 
from 1997 - 2009:




