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Really this is a Neutrino Portal to
the Dark

*» Experiments like LUX are ruling out large swathes of
the WIMP parameter space. Akerb, stal., PRL 112, (2014) , S

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

Feng, Kaplinghat, Huitzu, Yu, JCAP 07, (2009)
Spergel, Steinhardt, PRL 84, (2000)
Boylan-Kolchin, Bullock, Kaplinghat, MNRAS 415, (2011)

® Planck results seem to favor additional radiation energy
density, which also resolves tension with Lensing,
ClUStering, and Hp measurements. Planck Collaboration, ariv:1502.01589v2



There Is a suspicious energy scale
N the DM structure problems

O-XX

x SIDM cross sections on small scales favor 5, - 1006w Gev™
100 fm?* ~ ¢g*/m3 , with g ~ O(1) = my ~ O(MeV)
» \elocity dependent DM-DM cross sections favor

M S Deransfer = Mg S O(10MeV)

x Kinetic decoupling with a v-like species also favors

O Xy N 100 me

x |[ceCube can be thought of as a v — v collider with
vVm, x 100TeV ~ Ecyr ~ O(MeV)




Mixing Portal Prescription

Go(LH)gn(vn H") Basic seesaw type operator

L 3 Similar to M. Pospelov, Phys. Rev. D 84, 085008 (2011)

A N Ve, O (Weltle -y =0

(Goldstone Boson associated
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¢ ; @ with v, acquires mass when
H’ symmetry Is broken
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We can put our differences behind us. For Science.

We
You monster. N y‘,ﬁ



A cartoon example

Fraction of IceCube events from
within a given redshift




ANnother cartoon example

Resonant cross section comparison
M, =10.0 MeV, T, =0.1697 meV
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| et US NOt be cavalier

® [he Planck 2015 data places strong constraints the
relic abundance of new neutrinos.

Neg < 3.7
95% C'I
m&l 7 < 0.52eV

v,sterile

® 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. Ao

eff

mu,sterile
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Relic Sterile Abundance

B. Dasgupta and J. Kopp, PRL 112, 031803 (2014)
S. Hannestad, R. S. Hansen, and T. Tram, PRL 112, 031802 (2014)

g2 [ d'p
Y bubble LK =r=nas *PriS kY~ 1D,
bubble (K) L3 (QW)Lﬂ LS (p+ k) vy iD,, (p)

Secluded v Adibaticity,
g, =.1,m, =10.0 MeV, ém* =1 eV, 4, =0.1

0,

— 7g§7T2E,/ T;L D. Notzold, G. Raffelt, Nucl. Phys.
Vbubble 3 { 45m§) for TS’ Lys << Mg  B307, 924 (1988)
g-Tr: H. A. Weldon, Phys. Rev. D26, 2789

fOI' TS) ES >> m¢ (1982)



Size of the mixing angle Is
critical
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The N eftective limit

® [he dark sector decouples at some high temperature
scale and dilution from freeze out of SM degrees of
freedom reduces the dark sector temperature:

g BBN it
Tdark oze ( s ) T’Y

9x . dark freezout
= At sufficiently low temperature, the mixing angle

suppression will cease and the dark sector v’ s will
recouple to the SM /s .

» This must happen after e" +e < v+ goes out
of equiliorium to avoid re-population of the v, radiation.



Mixing Portal Recoupling

Co-moving Entropy is not conserved!

. 39
“ Recoupling ‘ ‘
o

@0 " 600
“ Decoupling “

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

& ime




Mixing Portal Recoupling

® \\Ve should compute the rate for scattering with the
secluded interaction and compare it to the Hubble rate.

1.66/9.17

mpl
= [here are three distinct recoupling regimes.

x The Weldon regime: T}, > my Asymptotically
small mixing

. 2
['s =sin“O,(cv)ns Ty =

» [he Notzold-Raffelt regime: T,, < my,

» [he Resonant regime: 1, ~ my
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Resonant Recoupling

x Also MSW resonance = SM neutrinos acquire some
extra probabillity to be in the secluded state via level

Crossing. sin 20y 0m* /AE, -
/yzl_Pcrosswzﬂ-( V‘V/‘/ )

» |V’|can be be estimated parametrically
dV dil’
By e ~ (asmgy) (mé/mpl)

= [Nis gives the additional secluded state probabillity as:
3
TO
5
Js Mg,

M\




Resonant Recoupling cont’

® After the SM neutrinos acquire some additional
probablility to occupy secluded interaction states, their
Cross section are quite large: 2

(o) &

= Again we compare:

b= mtanin
= \Vhich gives a upper bound:

5 2 1/3 in 20 1/3
m¢<(mpzT§’)1/6:1GeV< - ) (Sm V)

i3 1eV? 0.1



Secluded v recoupling temperature,
om* =1eV*, 0, =0.1

Resonant Recoupling| ‘¢

Weldon limit
nn NR limit

N, ;; limit

Partial repopulation
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lceCube Observability Window,
dm* =1eV*, 0, =0.1

N, limit

Partial repopulation

BN IceCube resonant absorption
lceCube z horizon <10

Bl IceCube horizon <50 Mp
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How does all of this
fit with SIDM? '

LD gxd" Xy, X + g 0" vy, s

IceCube
Symmetric Thermal Relic
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Fascinating new wrinkle:

Mon. Not. L Astros. Soc. 000, 113 (2014 Prisstod 11 Ju

2014

(MN 1ATEX

Are both BL Lacs and pulsar wind nebulae the
astrophysical counterparts of IceCube neutrino events?

P. Padovani' and E. Resc

Burvpeon Southern Observalory, X

* Tochnusche Ussverntdt Minchen, Jemes- Frask-Sir
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Projecting over all m.

my Projection, g, =g,

B DM, IceCube Isotropic Sources
v—DM, IceCube 30 correlation
v—DM, BL Lac Source Correlation

Il - DM, MFP <50 Mpc

m CuB Optically Thin

10

DM coupling, gy

10

DM coupling, gy

Nearby source correlation is significant at the 3o level
Nearby (z<.212) event correlation is consistent with
the original predictions for AGN!




Conclusions:

® [ceCube Is the perfect experiment to prolbe neutrino
portals to the dark sector!

» [f 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.

® [he secluded interaction also reconciles . SND/
Miniboone or reactor sterile neutrino anomalies with
Precision Cosmology data.




1 hank you very much!



eff
mu, sterile

Planck Collaboration, arXiv:1502.01589v2




Neutrino Mixing
A

2 2 9 2 9 2
(52mEeff> = (5272‘/ cos 20y + A) -+ (527;‘/ Sin 29v>

—ffective mass term

2

omy, .
5E. Sil 20

Sm?=2 2 dm?2 . 2
( 2Er cos 20y + A) et ( 2EZ sin 29\/)

Sin 2(9€ﬁ‘ ==

Asymptotic , o
. . Sin O.g¢ ~ sin 260y,
approximation E




More Evidence!

£

Right Handéd
Helicity Fragtufe!




Projecting over all m.

my Projection, g, =g,

B DM, IceCube Isotropic Sources
v—DM, IceCube 30 correlation
5 v—DM, BL Lac Source Correlation
Il - DM, MFP <50 Mpc

B CuB Optically Thin

| ‘1‘0'1
DM coupling, gy

10*

DM coupling, gy

Nearby source correlation is significant at the 3o level
Nearby (z<.212) event correlation is consistent with
the original predictions for AGN!




my=10 MeV, gs =0.1




More ordinary decoupling

scenario;: 1, = 1TeV

1
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lesting the presence of g




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).

x Use most recent best fit ACDM parameters including
Planck data: H (z)° = H? [QA + Qo (L 2)" + Qo (1 + Z)ﬂ

® Use FRW scaling of relevant guantities:
MRL e s 2)°
T (z2)=T)o(l+ 2) dry (2) =
Tt st R S B

cdz
(1+2)H(2)




This defines the optical depth

e /Orp Ny, (2) 0w (2) dry = /OZi Cny(sl(i)j)l}ggi -

We'll take a moment to define of a few scattering
regimes:

"MFEFP < 50Mpc”, 7 > 1 for r, = 50 Mpc

“IceCube isotropic sources”, 7 > 1 for r, > 50 Mpc

“C'vB optically thin”, 7 > 1 for z; = 10



Optical Depth

7(2) = (o) ()05 (2) drrp (2)

x Scattering probability:  Pdz =1 —¢e "

® \\Which channels albbsorb neutrinos depends on our
choice of gs and 6.:

Absorption Regimes with

107 —

5 367g° o°
Resonant 7 & PisPys—=*
¢ |
. - 39 107
Continuum 7 & PjsPys 75

g || — i
10 Both




Scattering on a Thermal
Background

x The CvB has an effective temperature: T, = (4/11)"/° T,

® \\hich retains the Fermi-Dirac shape:
1
lulp,1y) = ep/Ty 1 ]
® SO our cross sections must be convolved with the
thermal motion of the C'v B :

G J dp’avy (Ey,pomw) fu (P, 1))
i | ap?f, (p.mu, T,)




Thermal Broadening

= Non-relativistic: s~ 2m,E,

x Relativistic: s ~2F, (\/}93 + m?2 — p, €cos (9)

32t £+

(s <3 m?b)2 + (mals)

dcost + ...

0(DV—>DI/)O</

1 167s

Resonant cross section comparison
M, =10.0 MeV, T, =0.1697 meV




Some results, fitting the gaps In
the IceCube data:

High energy v spectra, m, =1 eV

g, 2007 ) sin 93 :Ol ’ m¢ :100 MeV
g, =2.0  sin 6, =0.015, mg =400.0 MeV

WB Limit + GZK
IceCube Atm Bkg
IceCube Best Fit




How does this fit with the
observed lceCube data’’

Lo? High energy v events, lightest m, =0.01 meV Very High energy v events, lightest m, =0.01 meV

Absorbed, m, =10 MeV Absorbed, my 10 MeV
Absorbed, m, =400 MeV

Absorbed, mg =400 MeV
= WB limit + GZK + Bkg

—— |ceCube Atm Bkg - WB limit + GZK + Bkg

IceCube Flat Spectrum + Bkg IceCube Flat Spectrum + Bkg
A A |ceCube data

-
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Some results, fitting the
overabundance of low zZ SOUrces:

g, =0.15 ,sin 6, =0.1 ,md,:l0.0 MeV i g,=0.15 ,sin §, =0.1 , m, =10.0 MeV
E;*% + GZK | 9 E;? + GZK
g5 =0.15 ,sin §, =0.1 , m;, =10.0 MeV g,=0.15 ,sin §, =0.1 , m, =10.0 MeV
E;7*% 4+ AGN ] ! E? + AGN

IceCube Atm Bkg IceCube Atm Bkg
IceCube Best Fit IceCube Best Fit
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High energy v events, lightest m , =0.01 meV Very High energy v events, lightest m , =0.01 meV
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The lceCube best fit combined
with correlation data

=1eV

High energy v spectra, m

[

m+ Projection,

A

v—DM, IceCube Isotropic Sources
v—DM, IceCube 30 correlation
v—DM, BL Lac Source Correlation
v—DM, MFP <50 Mpc

CuvB Optically Thin

1+ IceCube Atm Bkg
' IceCube Best Fit

10’ 108 10° 10%° 10!
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Side bonus: We might be
able to measure the ¥ mass

|
scale! 72 .




Some things need more
investigation

x N effective is unchanged in our minimal model, but TeV
- GeV decoupling temperatures for the dark sector will
impact N effective. For IeV decoupling, .12 < AN.,r < .3

x | ate time re-coupling creates a good deal of neutrino
rest mass. Does this violate the bounds on the sum of

ight neutrino masses’? (Hint: prolbably not)

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



The canonical AGN

neutrino flux prediction

Tom 1997 - 2009:
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NEUTRINO FLUXES FROM ACTIVE GALAXIES: A MODEL-INDEPENDENT ESTIMATE
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ABSTRACT

There are tantakizing hints that jets, powered by supermassive black holes at the center of active gal-
axies, are true cosmic prolon accelerstors. They produce photons of TeV energy, possibly higher, and
may be the cnigmatic source of the highest encrgy cosmic rays. Photoproduction of mcutral ploas by
accelerated protons on UV light may be the source of the highest encrgy photons in which most of the
bolomeltric luminosity of some galaxies is emitted. The case that prolon beams power active galaxies is,
bowever, far from conclusive. Neutrinos from the decay of charged pions represent an incontrovertible
signaturc for the proton-induced cascades. We show that their flux can be cstimated by modedl-
independent methods, based on dimensional amalysis and textbook particle physics, Our calculations
also demonstrate why different models for the protoa blazar yield very similar results for the seutrmo
Bux that are consistent with the ones oblained here. As regards astrophysics, they illusirate that proton
beams are required 10 generate TeV photons without lne-luming.

Subject headings: acccleration of particles — galaxics: active — galaxics: jots —

radiation mochanisms: thermal

L. INTRODUCTION

In recent years, cosmic-ray experiments have revealed the
existence of cosmic particles with energies in excess of 10°°
eV. Incredibly, we have no clue as to where they come from
and how they have been accelerated to this energy (Auger
1997). The highest cnergy cosmic rays are almost certainly
of cxtragalactic origin. Scarching the sky beyond our
Galaxy, the nuclei of active galaxies (AGNs) stand out as
the most Hkely sites of magnetic fields that are sulficiently
strong and cxpansive for the acccleration of particles to
joules of encrgy. The idca is rather compelling, because
AGNs are also the source of the highest energy photons,
detected with air Cerenkov telescopes (Punch et al. 1992;
Quinn et al. 1995; Schubnell et al 1997).

AGNs arc the brightest sources in the universe. Their
cngincs must be not only powcrful but also extremcly
compact, because their high-energy luminositics are
observed 1o flare by over an order of magnitude over time
periods as short as | day (Jang & Miller 1995). Only sites in
the vicinity of black holes, a billion times more massive than
our Sen, can possibly satisfy the constraiots of the problem.
Highly relativistic and confined jets of particdes are a
common feature of these objects. It is anticipated that
beams, accclerated ncar a black hole, are dumped on the
radiation in the galaxy, which consists mostly of thermal
photons with dewsities of order 10** cm~?, The multi-
wavelength spectrum from redio waves 10 TeV prays is
produced in the intcractions of the accclerated particics
with the magnetic fickls and the ambicnt light in the galaxy.
In the more conventional electron models, the highest
energy photons are produced by Complon scatlering of
sccelerated electrons on thermal UV photons, which are
scattered from 10 ¢V up to TeV cnergy (Sikora, Begelman,
& Rees 1994 and references therein). The energetic y-rays
will subsequently lose energy by electron pair production in
photon-photon interactions with the radiation Geld of the

Jet or the galactic disk. An clectromagnetic cascade is thus
initiated, which, via pair production on the magnetic ficld
and photon-photon interactions, determines the emerging
y-ray spectrum at lower energies. The lower energy photoas,
observed by conventional astronomical techniques, are, as a
result of the cascade process, several generations removed
from the primary high-encrgy beams.

The EGRET instrument on the Compton Gamma Ray
Observatory has detected high-emergy 7-ray emission in the
range 20 MeV-30 GeV from over 100 sources (Thompsoa
ct al. 1995a, 1995b). Of these sources, 16 have been tentati-
vely and 42 solidly identified with radio counterparts. All
belong 1o the “blazar ™ subclass, mostly being flat spectrum
radio quasars, while the rest are BL Lacertac objects
(Mattox ct al. 1997). In a unified scheme of AGNs, they
correspond to radio-loud AGNs, vicwed from a position
lluminated by the cone of a relativistic &t (Padovani &
Urry 1995). Moreover, of the five TeV y-ray emitters identi-
fied by the air Cerenkov technique, three are extragalactic
and arc also ncarby BL Laccrtac objects (Punch ct al. 1992;
Quinn et al 1995; Schuboell et al. 1997). The data therefore
strongly suggest that the highest energy photons originate
in jets that are beamed 1o the observer. Several of the
sources obscrved by EGRET have shown strong variability,
a factor of ~2 over a timescale of scveral days (Jang &
Miller 1995). Time vanability is more spectacular at higher
epergies, On 1996 May 7, the Whipple telescope observed
an increase of the TeV cmission from the blarar Markarian
421 by a factor 2 in | hr, which reached, cventually, & value
S0 times larger than the steady Bux. Al this poinl, the tele-
scope registered 6 times more photons from the Markarian
blazar, which is more distant by a factor of 10%, than from
the Crab supemova remnant (Macomb ¢t al. 1995).

Does pion photoproduction by accekrated protons play
& central role in blazar jets? This question has been exten-
sively debated in recent years (Stecker & Salamon 1996). If







