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Motivation

* Cosmic ray sources:
Nature's particle

accelerators (up to
10290 eV

 Sources unknown

* Probes of both
astrophysics and
fundamental particle
physics
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Cosmic Ray Acceleration and Neutrino Production

Fermi shock acceleration: dN/dE ~ E-2

p+y—=p+a .n+m’
+ +
nt = ut + v,

+ + —
uw —=e +v,+v,

1:2:0 flavor ratio at source

Similar processes (incl. p+p) happening in: astrophysical source
* cosmic ray sources (ambient light, gas) neutrinos
* outer space (cosmic microwave background)  cosmogenic neutrinos

* Earth's atmosphere (N, O, etc. nucleus) atmospheric neutrinos
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Neutrinos as Quantum Gravity Probes

e Non-standard neutrino oscillations from Lorentz
Invariance Violation

— AMANDA-II and lceCube limits with atmospheric
neutrinos®

* Propagation effects (more later)
— dissipative effects in an emergent spacetime
— superluminal vacuum e™e” pair production
— quantum decoherence

* A distant, high-energy source of neutrinos Is ideal
— simpler than UHE cosmic rays (unknown nucleons)
— complicated by astrophysics

*PRD 79 102005 (2009), PRD 82 112003 (2010)



lceCube from the Air
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The lceCube Detector

digital optical module (DOM)
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IceTop

= = _—"81 Stations, each with

glcoTop mmw«m
optical sensors per

324 optical sensors

IceCube Array

86 strings including 8 DeepCore strings
60 optical sensors on each string

5160 optical sensors

December, 2010: Project completed, 86 strings

AMANDA-II Array
|_—" (precursor to IceCube)

DeepCore _
|__—"8 strings-spacing optimized for lower energies
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Detection Principle
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Cosmic-ray muons: ~3000 / second!
Atmospheric neutrinos: ~ 1 / 10 minutes
Astrophysical neutrinos: {??

cosmic ray
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Fvent Topologies

Positions, times, and amplitudes of Cherenkov light deposition: neutrino direction + energy

Ve+ N e +X

track (data) cascade / shower (data) "double-bang” (210 PeV)
and other signatures
factor of = 2 energy resolution ~ +15% deposited energy (simulation)
< |° angular resolution at high resolution
energies ~ |0° angular resolution (not observed yet)

(at energies £ 100 TeV)
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Cascade Directional Reconstruction
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Energy Reconstruction

Aartsen et al,, JINST 9 (2014), PO3009

Interaction Signature E.is/E,; E, =1TeV | E, =10 TeV | E, = 100 TeV
Ve + N = e + had. Cascade 94% 95% 97%
vy + N = p+ had. Track (+ Cascade) 94% 95% 97%
vr + N — 7+ had. — had. Cascade/Double Bang < 94% < 95% < 97%
vy + N — 7+ had. — p + had. Cascade + Track < 94% < 95% < 9%
v+ N — v + had. Cascade 33% 30% 23%

e ~[5% resolution on
deposited (visible) energy

* NC interactions have large
fraction of invisible energy

* Visible energy may leave
detector (muons,
uncontained cascades)
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Neutrino Energy Spectra at Earth
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First Two High-energy Neutrinos Observed

Two cascade events in extremely high-energy data sample
(background estimation: 0.14 events; 2.8 0, P = 0.29%)

7 Aug. 201 1: 70k PE, 354 DOMs 3 Jan 2012: 96k PE, 312 DOMs

Run 118316 Event 38556705 | 10000ns, 10462ns

“Bert” ~1 100 TeV “Ernie” ~1300 TeV

Phys. Rev. Lett. | 11,021103 (2013)



How to find more?!

* High-energy starting
event ("HESE™) search
— May 2010 to May 2013

* Veto layer excludes
atmospheric muons and
some atmospheric
neutrinos

e Sensitive to all flavors, all
directions

courtesy C. Kopper
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Muon Background Estimation From Data

* Add one layer of DOMs to Tagging Region
“tag” known background events

— use these to evaluate veto
efficiency

e (Can be checked at lower
energies where background
dominates

* Estimated muon background:
— 2.8 £ |4 events / year

* Remaining background is
atmospheric neutrinos

— 2.2 720 . events / year
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Results: 2 years of data (2010-2012)

28 events in 662 days

sof - 'ér%bwéis .
. aCKS
Estimated backgrounds: 60
— 46", atm.neutrinos & [ . ;
| 20 ¥
— 6.0£3.4 atm. muons S R 3
c 0F D
g rYy ¢ S8 :
' ' g -20 b ﬁ 4>-.'. T .
Significance over g 40 3 -
. .
background-only 2O R 5
hypothesis: 4.1 0 i PR
10° 10°

Deposited EM-Equivalent Energy in Detector (TeV)
First evidence for a high-

energy astrophysical
neutrino flux
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Results: 3 years of data (2010-2013)
3/ events in 988 days

— 8 tracks, 28 showers, | Phys. Rev. Lett. 113, 101101 (2014)
double track (two air e o |
ShOWGFS) 80 o IceCube Preliminary Sf_ﬁ\gﬁ{: |:>o<:| .

60 |- i
, § 40 %+ }_}4 >< _
Estimated backgrounds: & 4L _
. ©
— 6.6™>7 | atm. neutrinos s of %% _
— 8.414.2 atm. muons B 20 p- iﬁL -
S -40 | -
a + %

S 60 | i

Significance over ol t % f t

background-only . —
hypothesis: 4.80 10° 10°

Deposited EM-Equivalent Energy in Detector (TeV)

Full likelihood fit: 5.70
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A Few Events

declination: -13.2° declination: -0.4° declination: 40.3°
deposited energy: 82TeV deposited energy: /| TeV deposited energy: 253TeV
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Highest-energy Event
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Angular Distribution

Southern Sky (downgoing) Northern Sky (upgoing)
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Angular Distribution (higher energy)

Southern Sky (downgoing) Northern Sky (upgoing)
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Skymap (3 years)

.. .
.....
.

ICECUBE PRELIMINAR

............................................................................................

shower events
1 p-value: 7%

all events
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b 2

0 TS=2log(L/LO) 11.2917
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Events with E g oaeq = | PEV

ICECUBE PRELIMINARY ___—

s R s s gl isssssmiasassngtiasasesfiesasaslesssssassnsnsasNhssssnsdrassnsnliicirssdlmicrininaiaiaa?

...............................................................................................................

Equatorial

0 TS=2log(L/LO) 11.2917
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Deposited Energy Spectrum

Harder than any expected
atmospheric background

2 - Background Atmospheric Mucr'\ Flux
. 10° ¢ @ Bkg. Atmospheric Neutrinos (7/K)
Merges well into background at e entomes o e o
|OW energles :. ;i:tr;aHBkg. Best-Fit Astrophysical E~* Spectrum
. % 10t == IceCube Preliminary |
Potential cutoff at ~2-5 PeV! o —
g .h g_ " A
— 0O events / 3 expected ] o g ——
)]
— or simply a softer spectrum 3
wl
Best-fit per-flavor E-2 flux: 1
o
(095 + 03) x10% E2 GeV cm2 s s
102 10°

Deposited EM-Equivalent Energy in Detector (TeV)
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Neutrino Effective Area [m? ]

Glashow Resonance

HESE Analysis Effective Area

10° Har / all-sky
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Neutrino Energy [TeV]

Enhancement in cross section at 6.3 PeV

can eventually constrain cutoff / spectral slope
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Unfolded Neutrino Energy Spectrum
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Unfold deposited
energy to true
neutrino energy,

fitting for
backgrounds
Assumes |:]:1 flavor
ratio, |:1 nu/anti-nu

Best-fit power law: E2¢ (E) = 1.5 x 1078 (E/100TeV) %3 GeV cm2s7! sr™!

Spectral determination depends on unknown charm atmospheric neutrino flux
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Lorentz-violating Particle Interactions

Energy-loss mechanisms during propagation:

vacuum Cherenkov

5 Sept. 2014

v o— vy
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Coleman and Glashow,
Phys. Lett. B 405, 249

(1997)
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Log Eg dNV/dEV[IO_8 GeVem 2 s tsr!)

Constraints from lceCube Bvents

Existence of HE neutrinos leads to limits on superluminal velocity
F. Stecker & S. Scully, arXiv:1404.7025

N .
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Maximum velocity difference upper limit:

Spe = 0, — e < 5.2x 1072
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Cutoff can be modeled as vacuum pair emission (or astrophysics!)
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Constraints on Planck-Scale Dissipative Effects

S. Liberati and L. Maccione, PRL 112, 51301 (2014)

* Modified dispersion relationship in generic LV scenario also
induces dissipative effects

* Use Analogue Gravity formalism to model spacetime “fluid”

kS
w? = ?k? —iogc® ——
Mpy

dissipative term

k3
goc? —— = 2wl
Pl

LV parameter energy-loss rate



Limits on Dissipation

S. Liberati and L. Maccione, PRL 112, 151301 (2014)

For lceCube (conservatively):
E, ~ 100 TeV, D ~ 8 kpc (if galactic)
upper limit on dissipative LV parameter: 09 5 2 X 10_27

factor of ~6 better than limit using gamma rays from Crab nebula

Limits can be dramatically improved if we
can demonstrate extragalactic nature!
(D ~ 10 to 100 Mpc)
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Quantum Decoherence

* Heuristic picture: foamy structure of space-time (interactions with virtual
black holes) may not preserve certain quantum numbers (like v flavor)

— Pure states interact with environment and decohere to mixed states

see e.g. Morgan et al., astro-ph/04 12628

p=—ilH p|+§Hp. §Hp=—> [Dy,[Dy,p]

n

* Observable effect on neutrino oscillations with characteristic exponential

behavior:
1

—~d
Pﬁeﬁﬁu — Pﬁu—>7€ — Pue—wu — Puu—n/e — § + fl/e—>VMe 7 )
Pve_)vr — PUT_)UG — PV6—>VT — PVT_”/e — § —l_ fVe_)VTe Y
1

. _ _ _ —~d
PUM—>77- — PUT—>UN — PI/H—>V7- — PI/T—H/M — § + fl/u—ﬂjq-e v 9

1

* Limits using atmospheric neutrinos with AMANDA-II (PRD 79 102005 (2009))
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QD from Galactic Neutron Source

e Standard hadronic

source: |:2:0 oscillates to
111 regardless of QD

e But a source of anti-
electron neutrinos could
provide strong limits

— 0.56:0.24:0.20 expected

Cygnus OB2 region
courtesy of J. Knoedlseder — ||| after QD

5 Sept. 2014 el 5014 Anchordoqui et al., Phys. Rev. D 72 065019 {2005)



Some Open Questions

e |sthere a‘'cutoff’”?

ICECUBE PRELIMINARY ___———"

e What is the flavor ratio?

* Are the events
isotropic, Le. likely
suatorial exctragalactic!

B |
0 TS=2log(L/LO) 11.2917

 What are the sources!?
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Extending to Lower Energies

Outer-layer veto =% Energy-dependent veto

Neutrino-dominated for Eqep > 60 TeV  Neutrino-dominated for Eqep > 1 TeV

108 Passed veto 108 Vertex in fiducial volume
6 6
10 L l 10
104 104 Neutrinos
1%
102 . 102 } %
1+ ~ S e+
109 109 — o ans
10! 102 103 104 10! 102 103 104
Number of collected photons Number of collected photons
Thicker veto at Iowlenerg|es uil oo
suppresses penetrating muons ™ s e |
without sacrificing high-energy £ o oo b T
neutrino acceptance 02 0.2
—-0.4 —-0.4
—-0.6 —-04 -—-0.2 0.0 0.2 0.4 0.6 —-0.6 —-04 —-0.2 0.0 0.2° 0.4 0.6
x [km)] x [km]
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Deposited Energy Spectrum

B 1.01 x atmospheric /K v

283 ShOWGFS, |05 B + 1.47 X penetrating p

. —2.49
tracks observed in 2 _ + 224 ()
years of data x10718 GeV—cm—2sr—1s~!

IceCube preliminary

> 102
. 2]
Astrophysical excess SE Southernsky
' 10 —1.0 < si —0.
continues to lower 3; - 1. I
energies (~ 10 TeV) n 100 +
E
A 10~1 . ' .
' 3 4 5 6 7
No atmospheric charm g 1023 10 10 10 10
component observed, T~ . Ngr;hzm sl§y< o
. . —U. S1n .
upper limit set Z =
=
w100
E
Best-fit spectrum is G 107! = S

£-2.49 103 104 10° 106 107
Deposited energy [GeV]
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Astrophysical normalization

Prompt normalization

Unfolded Energy Spectrum

IceCube Preliminary

1.8 2.0

2.2 24 2.6

Powerlaw index

IceCube preliminary

1.8 2.0
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Powerlaw index

28

14 4

Test statistic: —

E?d® /dE [GeVem™?sr~1s™1]
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Test statistic: —2A
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Unfolded neutrino spectrum from 2-year

energy-dependent veto analysis

107

Grey points: HESE 3-year spectrum
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Northern Hemisphere Muon Neutrinos

events

— Earth as a filter for
COSMIC-ray Muons

— sensitive to muon
neutrinos only

Conventional analysis
of up-going track-like

80

~

0

60

50

Events
N
o

’Burns'ample’ Exp;erimental Data
Conventional atmospheric prediction

[ IceCube preliminary

Events

e ~35000 neutrinos In

two years of data

(mostly atmospheric)
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Events

v, Diffuse Flux

°
. oo ° ‘Conventional atméspheric I
%% Prompt atmospheric
y E™ astrophysical M |
° Sum of predictions
L Experimental data e
°
°
IceCube Preliminary
10° 10* 10° 106
Muon Energy Proxy (GeV)
°
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Best-fit E2 flux; 0.96 x |08
GeV cm2 5! s

Atmospheric-only hypothesis
disfavored at 3.90

Supporting evidence for
isotropy and |:1:1 flavor ratio

With free spectral index:
best-fit power law is E22
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Looking Forward: ARA

@ Deployed ARA (O O @) O ARA37

Station
ARA STATION

\ Trigger processor_ 14 paQ/power hub |
50-80 m e :
=77 DAQ housing f

T
£ | 1
10—5Q m [ Vpol i
' N antenna |f South
‘ | — H;;Jol O O Pole o
antenna
200 m l | 10-50 {" Test Bgd !SQQHQQ. q\
Calibration 1 Sout
antenna y I_tower . Pole
antenna pair .
Station
Downhole configuration

Antenna cluster

Ok,m©O O O

——————
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Looking Forward: lceCube HEX

HE layout for s =183.30 m, N=120 + (17 downwind, 1 edge, 1 hazard)
in lceCube (X,Y) coordinates ,

1 Dark Sector

__1 Downwind-left Sector

1 Downwind-right Sector |-
I Clean Air Sector

* |ceCube High-energy
extension

] Quiet Sector
== Old SPS Hazard Area
2 IceCube

— high-statistics energy
spectrum

— high-energy track

events to pinpoint
sources

e Extended surface
veto el
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What We've Seen

e |ceCube has observed a diffuse flux
of high-energy astrophysical neutrinos

* Favor ratio consistent with |:1:1
— quantitative analysis underway

* No evidence of anisotropy
— at least partially extragalactic?

* Astrophysical component measured
at lower energies, and in muon

LU neutrino sample

BEMEERE [ — some tension In energy spectrum

— reality more complicated than simple
hypothesis!
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Implications for QG Phenomenology

* Observation of O(PeV) neutrinos can constrain:
— superluminal propagation
— dissipative effects from underlying spacetime
structure

* Expect limits to improve...
— as we observe higher-energy events
— If events are extragalactic

* Ongoing analyses will help us understand the
astrophysics
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dE/dX (GeV /15 m)

Deposited vs. Neutrino Energy

et - -—

Unfolding of dE/dx along muon track

Differential Energy Reconstruction of 5 PeV Muon in 1C-86

Aartsen et al,, JINST 9 (2014), PO3009

Muon dE/dx vs. neutrino energy
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