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We can see the high energy universe directly with photons up to a few TeV
Beyond this energy they are attenuated through yy — €*e on the infrared bkgd
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But using cosmic rays we should be able to ‘see’ up to ~ 6 x 101°GeV (before
they get attenuated through py — A* — nz* ... on the CMB)

... and the universe is transparent to neutrinos at nearly all energies



The Origin of Cosmic Rags

Extraordinary cosmic particle ° T sl
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e Gamma ray bursts?

e Radio galaxy jets?
e .7

Cosmic ray interactions with matter
and photons, near source or during
propagation, produce neutrinos:

p+N =X+ {nt,77,n°}
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How does Nature manage to accelerate Particles to ~7Z&V energies’?

Need accelerator of size of Mercury’s orbit
78 to reach 102 eV with LHC technology

Hillas plot (1984)
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The sources of cosmic rays must also be neutrino sources

Waxman-Bahcall Bound :

* 1/ E* injection spectrum (Fermi shock). COSMIC BEAM DUMP : SCHEMATIC
¢ Neutrinos from photo-meson interactions in
the source.

* Energy in V's related to energy in CR's :

dNcr
[E2D,]we =~ (3/8)&ze€xty 4—ECR TEom

= accelerator
e.g. black hole

'Z V
From rate of UHE

Fraction of CR primary CR's (10°-10% &V) target
energy converted to neutrinos ¥ e.g. radiation
Hubble time

~ 23x 10 %€, €7GeVem s tsr™!

+ . directional

p,e
magnetic

fields

beam
®» Making a reasonable estimate for €_ etc allows

this to be converted into a flux prediction



Natural Sources of Neutrinos
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T Ty —y ey
. back-of-the-envelope (E, ~ 10 eV):

o flux of neutrinos : &Ny 1
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lccCube Neutrino Obscrvatorg IceTop: 1 km? surface array

86 strings ——  mi s o =
60 Optical Modules per string

5160 Optical Modules in Ice

1 km3 = Gton instrumented volume

Completed, began full operations May 2011
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Digital Optical Modules

10" Hamamatsu Photomultiplier tubes (PMT) Lo bal || [ [—famd T ]
3.5 W Power <IN . % NN S T A
Internal digitization and timestamping: icé’o.ms
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High f:nergg Neutrino Detection Principlc
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Neutrino signaturcs in lceCube
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First Observation of PeV—-energg Neutrinos

ue Aug 9 07:23:18 2011

1050 £ 140 TeV

... discovered in search for GZK neutrinos
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First Observation of Pe\ﬁ-Energg Neutrinos

Combined analysis of
79-string data (1 year)
and first analysis of 86-
string data (1 year)

2 PeV events found in
a search targeting
much higher energy
neutrinos (related to
GZK cutoff)

Expected background:
0.08 £ 0.05 events

= 2.80 excess
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cosmic ray Atmospheric Neutrino SPec’trum

T 10 = Frejusv,
v - P* O Frejusv
air shower w"’ 10°E 1?{4;« Superkv,
S & RN
o _ [ NSe— ", AMANDA v,
S 107 ) %, . o unfoldln?
8 = ) forward folding
— 10% ;_ IceCube v,
= = o unfoldln?
o P 5: forward tolding
10" E
muons 10°® =
10’ =
- - IceCube limit
105 COSMIC V.Y \WB bound
atmospheric 10-9_I L1 1 | I | I | I I | I | L1 1 1 | I\l I |

neutrinos -1 0 1 2 3 4 5 6 !
Iogm (EV [GeV])



e Below -
- There is an enormous
10 E .
= background of cosmic
10" - Mis-reconstructed atms. muons ray MUONS gOin g dOWﬂ
»M.......‘... SR .
10° " (only misreconstructed
L 10%] muons apparently going
= = ,
- P 4 _ % | upsince muons are all
o ' HMOSNEUC I ~._ absorbed in the Earth)
10°

Atmospheric neutrinos
come from the same
showers (1 in 10° events)

T e

1l all{ | IIHH“ I~ 1Egl

TeV astrophysical neutrinos
1

-1 -0.5 ; 0 0.5 '.
cos 0
North Pole South Pole

Using a veto for downgoing events, we remove the atmospheric neutrinos
... by removing the muons coming from the same cosmic ray air shower

i

What's left is: PeV-EeV astrophysical neutrinos coming from above

NB: Doesn’t work for upgoing, since the Earth absorbed the muons ...
so southern sky (downgoing events) becomes the best channel.

1

cosmic ray
3 [

‘# Mmuons

heutrinos

vV



‘High Energg Starting Events’ analgsis

Follow-up based on PeV events

1. Lower energy threshold, from
~PeV down to ~40 TeV

(Still very bright events ... require > 6000
photo-electrons for trigger)

2. Use outer-most layer of IceCube
as a veto

Removes atmospheric background
(muon + neutrino) from above
Earth filters muon background from below

(NB: track-events will be suppressed when
using veto so expect mainly shower-events)

IceTop surface array

DJQood

1.5 km V

Inlce detector
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Track events can have much higher true energies than deposited energies

Showers —e—
Tracks +-——><-—-

Declination (degrees)

10° 10°
Deposited EM-equivalent energy in detector (TeV)



The arrival directions of shower-like events can be determined from the waveforms

Best cascade fit

Reversed orientation -+ -+~ Exp. data
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High Encrgg Starting Event Analgsis: Results

26 new events

Expected background:
10.6 £ 4 atm. events

=> 4.10 combining
both analyses

Cutoff beyond ~1 PeV?
Gap at ~0.5-1 TeV?

107 }
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N - o - N

-
©
w
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3 Bkg. Atmospheric Neutrinos (#/K)
Bkg. Uncertainties (All Atm. Neutrinos)

1 Bkg. Atmospheric Muon Flux (Tagged Data)
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Atmospheric Neutrinos (90% CL Charm Limit)
—— Signal+Bkg. Best-Fit Astrophysical E~2 Spectrum 1
— All Events (Trigger Level) '
e®e¢ Data
'_I:‘—|——. 1 N _
1
4 5
10 10

Total Collected PMT Charge (Photoelectrons)



'BREAKTHROUGH'
\ OF THE YEAR |

e
G|

)

s

e




High E:ncrgg Starting Cvent Analgsis: Results

Southern Sky (downgoing) Northern Sky (upgoing)
More astrophysical ' _ '
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Arrival Directions & Clustering

Distribution of point-source likelihoods in equatorial and galactic coordinates

0 -2loall 10} 12.3923

5 (shower) events observed in 30°x30° region, 2 more nearby (#12, #15), while
0.6 events are expected ... in a randomized map, the chance of having such a
cluster anywhere in the sky is ~ 8% (NB: no clustering in time either)




| Title [4] | Author(s) [ | Journal reference [ | ArXiv [«] | Category [
|IceCube PeV cascade events initiated by eilectron-antineutrinos at Glashow resonance |Barger, Learned, Pakvasa IF'F{D 87, 037302 (2013 |1 207.4571 &2 |Glashow resonance
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|PeV neutrinos observed by lceCube from cores of active galactic nuclei |;:'RD 88, 047301 (2013) & |1 305.7404 & IExlragalactic {AGN)
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|TeV—PeV Neutrinos from Low-Power Gamma-Ray Burst Jets inside Stars I.DRL 111, 121102 (2013) & |1 306.2274 & IExtragalactic {(GRB)
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|The Galactic Pevatron |Neronov. Semikoz, Tchernin |—-- |1 307.2158 & IGalactic
|Photohadronic Origin of the TeV-PeV Neutrinos Observed in IceCube IWinter |PRD 88, 083007 (2013) & |1307 2793 & |Extragalactic
IPseudo-Dirac neutrinos via mirror-world and depletion of UHE neutrinos IJoshipura. Mohanty. Pakvasa |--- |1 307.5712 & |
ILong—Iived PeV-EeV Neutrinos from GRB Blastwave |Razzaque |——- |1 307.7596 &2 |Extragalactic {GRB)
|Are lceCube neutrinos unveiling PeV-scale decaying dark matter? |Esmaili. Sercipo |--- |1 308.1105 & |Exotic (dark matter decay)
IEslainshing the astrophysical origin of a signal in a neutrino telescope |Lipari |—-— |1 308.2086 & |
ITesting Relativity with High-Energy Astrophysical Neutrinos |Diaz. Kostelecky., Mewes |-—- |1 308.6344 & |Lorentz invariance
le Simple Explanation of the Ultra-high Energy Neutrino Events at lceCube |Chen. Bhupal Dev. Soni |—-- |1 309.1764 & |
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leiffuse Neutrino Flux from Cosmic Ray Interactions in the Milky Way lJoshi. Winter, Gupta |—-- |1 310.5123 7 |CR interactions
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To calculate the flux given the event rate requires the v-N scattering cross-section
... We have computed this with few % accuracy @ next-to-leading order in QCD

= == v CC xsec (HERAPDFL1.5) 3
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with reduced cross-section

or = [Y, Fy(z, Q%) — y*F{ (=, Q%) £ Y_aFy (z, Q%]




As the gluon density rises at low x, non-perturbative effects become
important, and a new phase of QCD — Colour Glass Condensate — may form
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Anchordoqui et al, PR D74 (2006) 043008

The observed zenith angle dependence of the neutrino flux can provide a
measure of the DIS cross-section at ultra high energies where theoretical
predictions are uncertain ... and thus discriminate between theoretical models



The IceCube physics program e
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| Neutrino oscillations
Optical follow-up programs

Cosmic ray physics
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Indirect Dark Matter Searches

Neutrinos are typical end products of
XTX 2WH+W2v+y dark matter annihilation

High energy neutrinos from the Sun:

Dark matter particles scatter and get
trapped in the Sun
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As trapped density grows, annihilation rate
reaches equilibrium with capture rate
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limits to date above 35 GeV/c? for most 10 100 1000 10000
WIMP models.” PRL 110:131302,2013 I )



Probing Planck scale Phgsics in neutrino oscillations

Astrophysical accelerators generate neutrinos through pion decay
so neutrinos produced in the ratio: v, :v,:v,=1:2:0

After flavour equilibration through oscillations, this becomes:
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... any deviation in the measured ratios at Earth probes new physics:

e Lorentz invariance violation (LIV) in QG SRS B

* Violations of the equivalence principle
(different gravitational coupling)

* |nteraction of particles with ‘space-time
foam’ (quantum decoherence of flavor states)




Questions:

What is energy spectrum? Is there a cut-off? A gap (two source populations)?

Is there evidence’sources? Or is flux completely isotropic?

2x more High Energy Starting Event sample by spring
First analyses with upgoing muon neutrino tracks —is flux seen all-sky?

Significant improvement in reach for shower reconstruction

This is likelg the beginning of a new astronomy and a
new Probe of Phgsics begoncl the Standard Model



