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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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Dark Matter Self Interaction
The lack of cold cores in observed dark matter halos 
can be explained by brining them into contact with 
hotter DM particles in the halo. (Spergel, Steinhardt, 
PRL 84, (2000)) 

Need ~1 interaction per Hubble time: 

!

This picks out a natural energy scale:

100 fm2 ⇠ g4/m2
� , with g ⇠ O(1) =) m� ⇠ O(MeV)

�XX

mX
⇠ 100 fm2 GeV�1



Secluded Sector
Whatever this MeV scale mediator is, it must be well 
isolated from the SM. 

A number of possibilities have been proposed for 
finding a “portal” which would allow us to observe this 
new interaction, e.g. kinetic mixing (dark photons) or 
Higgs mixing. 

We are going to investigate a Neutrino mixing portal.  
We will suppose that the secluded sector contains a 
fermion which couples to the SIDM mediator.  Further, 
this fermion will mix with SM neutrinos.



Mixing Portal Prescription

Basic seesaw type operator

h⌫s|⌫e,µ,⌧ i ⌘ 0⌫s, ✓s

Similar to M. Pospelov, Phys. Rev. D 84, 085008 (2011)L � (LH)(⌫sH 0)

⇤

L � gs�
µ⌫̄s�µ⌫s

{
Goldstone Boson associated 
with     acquires mass when 

 H’ symmetry is broken
�µ, m� ⌫s

L � LH⌫R + ⌫sH
0⌫R + ⇤⌫R⌫R



Missing Satellites? 
Dark Matter will couple to the secluded neutrinos 
through 

Kinetic decoupling of dark matter and neutrinos sets 
the cutoff mass for small scale structure:

Mcut = 1.7⇥ 108 (Tkd/keV)�3 M�

Tkd =
0.062 keV

N1/4
⌫ (gXg⌫)

1/2

✓
T
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◆1/2

kd

⇣ mX

TeV

⌘1/4 ⇣ m�

MeV

⌘

Mcut = 107 � 109 M�

�µ

�X⌫ ⇠ 100 fm2=)



Unified SIDM solutions exist
Possible SIDM schemes break down into different 
analytic limits 

The classical limit, where  

!

The Born Approximation, where 

!

Tied together by the “quantum” regime,

Tulin, Yu, Zurek,  

PRD 87, 116007 2013

mXv � m�

↵XmX ⌧ m�



Dark Matter Annihilation
DM can annihilate 
through the new 
interaction. 

Coupling must be large 
enough not to over-
close the Universe. 

Coupling can also be 
quite strong if DM is 
asymmetric.



SIDM Parameter Space
L � gX�µX�µX̄ + gs�

µ⌫s�µ⌫̄s
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Historically venerated 
test of          interactions.  
(Bardin, Bilenky, 
Pontecorvo (1970); 
Barger, Keung, Pakvasa 
(1982)) 

The mixing portal will not 
produce 4-fermion 
decays inside detectors.

How do we test the        
portion of this idea?

⌫ � ⌫

⌫

⌫̄

⌫ � ⌫



Core Collapse SNe?
Hidden neutrino interactions 
may play havoc in the PNS 
core of a supernova.  
(Manojar (1987); Kolb, 
Turner (1987); Fuller, Mayle, 
Wilson (1988)) 

Matter effects for SM 
neutrinos suppress the 
mixing angle, preventing 

�m2
eff ⇠ O(keV2)



             Collider?
We could test for secluded 
interactions if we could 
collide neutrino mass Eigen 
states.

⌫ � ⌫

⌫ � ⌫

Nature has furnished a 
better alternative. 

Icecube can be thought of 
as the detector element of 
an astrophysical          
collider, where the          is 
the beam target.

C⌫B



Same basic idea as the Z-
burst

T. Weiler, PRL (1982): A very high energy neutrino might 
meet a         neutrino and produce a Z boson on 
resonance. 

Simply requires the Cosmogenic neutrino to have an 
energy of                .

C⌫B

ECM ⇠
p
(100meV)(1023 eV) ⇠ 100GeV ⇠ mZ

⇠ 1023 eV



Rather than a burst, 
IceCube misses neutrinos

The same basic physics as the Z-burst, but the end 
state “burst” is predominantly invisible secluded sector 
particles. 

IceCube has observed neutrinos in  TeV-PeV range, 
which naturally makes its observations sensitive to 
particle resonances in the mass range:

p
m⌫ ⇥ 100TeV ⇠ ECM ⇠ O(MeV)



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
� , with g ⇠ O(1) =) m� ⇠ O(MeV)

�X⌫ ⇠ 100 fm2

⌫

m� . ptransfer =) m� . O(10MeV)

⌫ � ⌫
p

m⌫ ⇥ 100TeV ⇠ ECM ⇠ O(MeV)

�XX

mX
⇠ 100 fm2 GeV�1



Scattering = Measurement

⌫s

⌫s ⌫1,2,3,4

⌫

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

�
� resonance

⇠ m�2
�

⇠ 10�24 cm2

�min ⇠ �mfp ⇥ nC⌫B ⇠ (1Gpc)⇥ (103 cm�3) ⇠ 10�31 cm2



GZK-like horizon
Continuum limit 
scattering will also 
produce apparent 
absorption of SM 
neutrinos. 

This could be detected 
through correlation of 
low redshift sources 
with IC events.



More types of absorption

Contact interaction limit 
 shifts the observed 
spectral index by -1

Resonant absorption 
creates gaps



LSND/MiniBooNE sterile  
The Planck 2015 data places strong constraints the 
relic abundance of new neutrinos. 

!

!

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

⌫



Sterile Interactions Suppress Mixing

�f,b (p) = 2⇡�
�
p2 �m2

�
ff,b (p)
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Neutrino Mixing
✓
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Size of the mixing angle is 
critical
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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, Jan. 2015  -> 
These models agree with Planck, but only marginally. 

Archidiacono, Hannestad, Hansen, and Tram, Phys. Rev. D 91, March 
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. 



Even More Controversial

We think they’ve all made some important physics 
errors.



Mixing Portal Recoupling

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

�H =
1.66

p
g⇤T 2

�

mpl

�s = Pash�vins







Mass squared splitting
E2

CM = m2
� = 2m⌫Eres

�m2 = m2
⌫,i �m2

⌫,j =
m4

�

4

 
1

E2
res,i

� 1

E2
res,j

!

�m2
atm



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!



The IceCube best fit combined 
with correlation data

)

Ooooooh!



Now we can see how IceCube constraints 
and observations fit with SIDM
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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!



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



Planck Collaboration, arXiv:1502.01589v2



Conclusions:
Hidden neutrino interactions provide a novel model of 
the high energy neutrino signal in IceCube. 

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 or 
reactor sterile neutrino anomalies with Precision 
Cosmology data. 

IceCube is taking data right now, and will eventually 
make a definitive statement on this model!



Thank you very much!



More Evidence!

Right Handed 
 Helicity Fracture!

Sterile Neutrino: CONFIRMED



Hub
ble

scattering

0.01 0.10 1 10 100
10-40

10-35

10-30

10-25

Ts [MeV]

ra
te

m�=10 MeV, gs =0.1



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)

Pdz = 1� e�⌧

gs ✓s

Resonant ⌧ / Pis
˜Pas

36⇡g2
s

m2
�

Continuum ⌧ / Pis
˜Pas

3g4
s

4⇡m2
�



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

h�⌫⌫i =
R
dp3�⌫⌫ (E⌫ ,p,m⌫) f⌫ (p,m⌫ , T⌫)R

dp3f⌫ (p,m⌫ , T⌫)

f⌫ (p, T⌫) =
1

ep/T⌫ + 1



Thermal Broadening
Non-relativistic: 

Relativistic:

s ⇡ 2m⌫E⌫

s ⇡ 2E⌫

⇣p
p2⌫ +m2

⌫ � p⌫ cos ✓
⌘

� (⌫̄⌫ ! ⌫̄⌫) /
Z 1

�1

g4⌫
16⇡s

2

64
t2 + u2

⇣
s�m2

�

⌘2
+ (m���)

2

3

75 d cos ✓ + . . .



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 canonical AGN 
neutrino flux prediction 
from 1997 - 2009:




