| PrO b,’ng {indamenta/ Phy5)5;5

--  with lceCube

Saturation

In 1/x region

~
e}
a
<
c
S
=
1
'
(7]
|
[2]
(%]
o
2
o
=
<]
k]
o
3>
=z
|
o
c
=
S
3
o
z

Neutrino Energy (GeV)
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Most of our knowledge of the universe comes from observing photons
... but above ~10 TeV they are attenuated through yy — e"e  on the CIB

1 sr-l)

-1

Sec €rg

-2

cm

log(Flux/erg

-
=

|Il

SN » 00

|
[V

l[l]l‘lll|t|

[ R S B |
b bh ba o o |
O ¢ » N O OO M

o ~
T IrrrITTrd
1

|
N
=

log(E/eV)
-8 -6 -4 -2 0 2 4 6 8 10 12 14 16 18 20
SELENN DL L (LU LU L LA LA L LA BNLE BN LD B B I

%!r
7

>
O

&

-

A

/

Radio
Infrared

‘messengers from the
exireme universe’

Optical

Ultraviolet

|||||1|1|1|1|_1_I1!1l1

>
@
0
X

B Cherenkov
te|escope S ...
' T T TR B e AN . .

-2 -4 -6 -8 -10 —12 -14 —-16 —-18 -20 —22 —24
log(A/cm)

[ 2

1 1

S .
4 2 o

Using cosmic rays we can ‘see’ (if there are no magnetic fields) up to
~6 x 1019 GeV (before they are attenuated py — A* — n 7 on the CMB)

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



The Origjn of Cosmic Rays

. . . Energies and rates of the cosmic-ray particles
Extraordinary cosmic particle
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50 bﬂ detecting extraterrestrial neutrinos, we can stucl? quantum
mechanical oscillations over very lor;lg baselines ... unaffected }39
S

intervening dust, gas or magnetic fields =2 new robe of space-time
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Classical mechanics

Bronshtein’s ‘cube of theories’

Special relativity, ¢ [--

General relativity, cG

A
G
Newtonian Non-relativistic
Quantum mechanics, h Gravity Quantum
Gravity

E General I'heory of

; Relativity Everything
: ------------- P L L L L ﬂ. -
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e oo e mmmmmmmmmm oo am s :

i
jmeemssmmmsse- L “““““““““““““““““““ 9
t . 1

----— Fusion of quantum theory, theory of !

 the electromagnetic field, and theory of |
' . . 1
 gravitation, cGh i i
"""""""" - Classical Quantum

E Mechanics Mechanics
[ :' """"""" A l /
: : l /C /" Special Quantum
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“After the relativistic quantum theory is created, the task will be to develop the next part of
our scheme, that is to unify quantum theory (with its constant h), special relativity (with

constant c), and the theory of gravitation (with its G) into a single theory”.

Matvei Petrovich Bronshtein (1906-38)
For an update see: Duff, Okun & Veneziano [arXiv:physics/0110060]

May lead to modifications of space-time structure on the quantum gravity scale

KPE

PON ~ 1.6 X 107%°m = 1.2 x 1019GeV
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Temperature
-70.6 °C -95.1 °F
Windchill
-91.56°C-132.7 °F
Wind
8.2 kts Grid 102
Barometer
682.7 mb (3,208 m/10,527 )
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The IceCube Collaboration
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Stockholm University
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lccCube Neutrino Obscrvatorg IceTop: 1 km? surface array

86 strings
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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High E:nergg Neutrino Detection Principlc

> A v interacts with a nucleus
... produces a u (e or 1)
and/or a ‘cascade’

> A charged particle moving at
superluminal speed gives rise to
Cherenkov radiation (cone 2 40°)

» This radiation is detected by
3D array of optical sensors

Position, time and amplitude of hits
allows reconstruction of tracks
using likelihood optimisation

The lepton direction is aligned
with the incoming v = astronomy!




Track

topology
(induced by VM)

Good pointing
(~0.2° - 1°) but only
lower bound on
neutrino energy

Cascade

topology
(induced by e.g. v, )

Good energy
resolution (~15%)

but poor pointing
(~10° - 15°)




Neutrino signaturcs in lceCube
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Reach of IceCube Observatorg
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IceCube: Recent Highligh IS

2010 Dec: Construction completed

2011 May: IceCube begins full operations

Recent Highlights:

 Dark Matter (Solar WIMP search) PRL 110:131302,2013
Best spin-dependent limits above 35 GeV

* Neutrino oscillations PRL :081801,2013
Detected at 56 =>PINGU and the ‘Neutrino Mass Hierarchy’

* Flavour separation PRL :151105,2013
First measurements of atmospheric v, above 100 GeV

e PeV neutrinos PRL :021103,2013
Highest energy neutrinos yet observed

* High energy neutrino excess

> 50 Evidence of extraterrestrial origin Science :1242856,2013,
arXiv:1405.5303



Measurement of Atmosl:)heric Neutrino Oscillations with IceCube

P(v, = v,) =1 —sin®(2693) sin*(1.27Am35 L/ E)

Atmospheric v, from Northern hemisphere oscillating
over the Earth’s diameter have the oscillation minimum

at ~25 GeV (detect with DeepCore infill array of IceCube)

= distorted zenith angle distribution wrt no oscillations
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P(v,—V,)

Earth Density (g/cmA3)

Lower energy threshold =>3 GeV in Precision In-lce Next Generation Upgrade
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Inverted/Normal hierarchy has up to ~20%
difference in v, oscillation probability for specific
energies and zenith angles (baselines), so can
determine hierarchy without 6., dependence,
exploiting huge statistical power afforded by a
megaton scale detector

L

Akhmedov, Razzaque, Smirnov, arXiv:1205.7071



Precision In-lce Next Generation UPgraclc: PINGU

A A
Neutrino Mass Hierarchy measurement cT s —
(independently of 6.p) is primary goal
Also sensitive to possible sterile neutrinos " e

40 string in-fill array

e Hierarchy signature is a distinctive
Sensitivity down to ~3 GeV

structure in energy-angle plane
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First Observation of PcV—-energg Neutrinos

... discovered in search for GZK neutrinos
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First Observation of PeV~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

2.8 0 excess

Number of events
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Events

ol Below  Above cosmic ray
S L =
108 = . I
5 There is an enormous
10" £ Mis-reconstructed atms. muons b aCkground Of cosmic
w....._.............. S ]
100 " ray muons going down
0% b (only misreconstructed
- . - shower
il - muons apparently going el
= Amosphericnettinos T 1" Up since muons are all |
107 e o e o e e R : ._ ]
3 | absorbed in the Earth)
TE " Atmospheric neutrinos
(| TeVastophysical neurinos showers (1 in 10° events)
_1i 0 1
cos O
_North Pole ‘_‘South Pole !
11 + mMuons
By using a veto for downgoing events, we remove the atmospheric
neutrinos ... because we remove the muons coming from the same
Cosmic Ray Air Shower
What's left is: PeV-EeV astrophysical neutrinos coming from above .
heutrmos
NB: Doesn’t work for upgoing, since the Earth absorbed the muons ...

so Southern Sky (downgoing events) becomes the best channel. 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 somewhat
suppressed when using veto)

lceTop surface array

DJQood

1.9 km VvV

Inlce detector




RC-CliSCOVCrg o{: Atmospheric i background: 6 + 3.4
Bert & Ernie Atmospheric v background: 4.6




... including the 2012-13 data we now have 37 events (988 day sample)
(NB: Track events can have higher true energies than deposited energies)

Declination (degrees)
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Waveform Examples from modules at various positions in the detector:
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High E:nergg Starting Event Analgsis: Results

26 + 11 new events 2 | | S I [ Ba'ckgrou'nd A'tmt;sp'he'ric' I\;Iulon Flux
10 AR . '|mmm Bkg. Atmospheric Neutrinos (7/K)
[ Background Uncertainties
EXpeCtEd baCkgrOund: [ === Atmospheric Neutrinos (90% CL Prompt Limit) ]
n ! { | === Signal+Bkg. Best-Fit Astrophysical E~* Spectrum |/
8.4 4.2 cr muons = 101 . |eee Data
A 10" B e
6.6%° . atm. Vs o
: I R /- -
N ////
s /////--
E> >5.70 Q. 100 // ________
detection £ _
Q
> :
Cutoff beyond ~2 PeV? 10* U S T & :
Gap at ~0.5-1 TeV?
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v-N deep inelastic scattering

~2 CCNC 2 A1 2
0’0, ;"¢ GELME ( M )

dxdy T QQ T ]\[72 % Iz
I7i
Q2 4 propagator ¥
L+ (11— Y ’ C,NC , ‘ Y ° ONC ‘ w+
2 - 2 |
g C“\ hadrons
- y //lT/ 9 ") ---/‘ adron
Ty (l — 5) :l?E.fC’\C(:l:, Q))] p/n
Q? A parton distrib. fns ¥
M2
Most of the contribution to #-secn comes from: Q” ~ M, and x ~ Vg
N v

At leading order (LO): F, =0, Fy,=xz(u, +d, +2s+2b+u +d + 2¢),
rF3 = z(uy +dy +25+2b— 4 —d — 2¢) = z(uy +dy + 25 + 2b — 2¢)
At NLO in «g, it gets more complicated ... but is still calculable



Q’ (GeV?)

10

ZEUS 1996-97
ZEUS 1998-99 (Prel.)

.| ZEUSBPT 1997

ZEUS SVX 1995
ZEUS ISR 1996 (Prel.)

NMC

BCDMS
CCFR
E665

10 10

Steep rise of the gluon
structure function at low

Bjorken x = significant
iImpact on UHE v scattering

The H1 and ZEUS
experiments at HERA have

made great progress by
probing a much deeper
kinematic region

H1 and ZEUS Combined PDF Fit

Q*=10 GeV?

—— HERA-I PDF (prel.)

B exp. uncert.

model uncert.

08

April 2008

A A 1 A A 1 L A L L A
HERA Structure Functions Working Group




The neutrino DIS cross-section can now be computed with reasonable (few %) accuracy @ NLO

< 5
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(Mertsch, Cooper-Sarkar & Sarkar, JHEP 1108:042,2011)

relative deviation

02+~ v CC xsec (HERAPDF1.5, w/o member 9) .
- == v CC xsec (CT10, w/o member 52)
0.1 --- v CC xsec (MSTW2008) ok
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and there is good agreement between different PDF sets (after unphysical values are rejected)



But if there is a new phase of QCD at very low x (‘Colour Glass Condensate’)
then the v-/V #-secn would be suppressed below its (unscreened) SM value

Saturation
N Q%(Y)=AY

Y=In1/xA

Dilute system

BFKL

DGLAP

e — > ool

In A? InQ2

QcoD

If IceCube can measure deep inelastic scattering of >10%° GeV
cosmogenic neutrinos, it would provide a probe of low-x QCD



High E:nergg Starting Event Analgsis: Results

More astrophysical events expected from above (South)
because of Earth absorption at high energies ....

Southern Sky (downgoing) Northern Sky (upgoing)
10° ! :
: Edep > 60 TeV |
” .
>
©
O =..
% 10° A T
o //,’m////
g -’ /
@ 777
-
> 101 7 ///
L

—-1.0 0.0 0.5 1.0
sin(Declination)

The zenith angle distribution is consistent with an isotropic flux ...
not with production in the atmosphere (e.g. by charm)



High E:ncrgg Starting Event Analgsis: Results

Point Source Search (likelihood analysis)

Galactic

O TS=2log(L/LO) 11.3

No significant clustering either on the sky or in time



| Title |4 | Author(s) [ | Journal reference 4 | ArXiv [a] | Category [
|IceCube PeV cascade events initiated by electron-antineutrinos at Glashow resonance |Barger, Learned, Pakvasa |PRD 87. 037302 (2013) & |1 207.4571 & |Glashow resonance
Neutrino decays over cosmological distances and the implications for neutrino Baerwald. Bustamante. Winter JCAP10(2012)020 & 1208.4600 & Neutrino decay: track
s » I ( ) L
telescopes ' deficit
Bhattacharya., Gandhi,
On the interpretation of lceCube cascade events in terms of the Glashow resonance Rodeioh Y Wata ab’ - 1209.2422 & Glashow resonance
johann, Watanabe
IPeV neutrinos from the propagation of ultra-high energy cosmic rays IRoulet, Sigl. van Viiet, Mollerach IJCAPO1 (2013)028 & |1 209.4033 = |GZK
Neutrino decay: track
Explanation for the Low Flux of High-Energy Astrophysical Muon Neutrinos Pakvasa. Joshipura., Mohanty PRL 110, 171802 (2013) &2 1209.5630 &2 deficit Yy
ici
IOn the origin of lceCube's PeV neutrinos |Cho|is. Hooper IJCAPOG(201 3)030 & |1 211.1974 & |Extragalactic (GRB)
IDiffuse PeV Neutrinos from Gamma-ray Bursts |Liu. Wang |ApJ 766, 73 (2013) & |1 212.1260 & |Exuagalactic (GRB)
|Cosmic PeV Neutrinos and the Sources of Ultrahigh Energy Protons |Kistler, Stanev, Yuksel |--- |1 301.1703 & |Extragalactic
PeV Neutrinos from Intergalactic Interactions of Cosmic Rays Emitted by Active Galactic . )
Nuclei Kalashev, Kusenko, Essey PRL 111, 041103 (2013) & 1303.0300 & Extragalactic (AGN)
) . o . X i A ) ) B Extragalactic (Infrared
Diffuse PeV neutrino emission from ultraluminous infrared galaxies He, Wang., Fan. Liu, Wei PRD 87, 063011 (2013) & 1303.1253 & -
n galaxies)
Stringent constraint on neutrino Lorentz invariance viclation from the two IlceCube PeV Borriello, Chakraborty. Mirizzi, ) v ‘ B . .
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Very long baseline v oscillations
yiong

Low energy neutrino experiments have a sensitivity of at most:
['/m ~ 10 sec/eV ... for Solar neutrinos

High energy cosmic neutrinos can improve on this by a factor of:
~10° (L/100 Mpc) (100 TeV/E)
= powerful probe of decoherence/Ll violation

Astrophysical accelerators generate neutrinos through pion decay

so neutrinos produced in the ratio: vt v v, =1:2:0

After flavour equilibration through osci

VervivElold

lations, this becomes:

... but interaction with e.g. ‘space-time foam' can change this!



New Phgsics effects in neutrino oscillations

* Violation of Lorentz invariance c-v;
(VLI) in string theory or loop o
quantum gravity* —_—

* Violations of the equivalence
principle (different gravitational
coupling)t

* |nteraction of particles with
space-time foam v quantum
decoherence of flavor states*

* e.g. Carroll et al., PRL 87 (2001) 14, Colladay and Kostelecky, PRD 58 (1998) 116002
"e.g. Gasperini, PRD 39 (1989) 3606

te.g. Anchordoqui et al., PRD 72 (2005) 065019



Quantum decoherence induced
bﬂ ‘space~time foam’

Study propagation using density (“dollar”) matrix formalism:
__ dissipative term

/) — —'ZT[H, /)] SXH/) (modelled a la * Lindblad)

Then solve equations for neutrinos to get oscillation probability:

1
Py, — vs] =5 {1 — cos?(20) Mss(E, L) — sin®(26) My, (E, L)

pra—

|
/ a b Am? ([\

1E
M(E,L)=exp|[—2H(E)L] H(E)=| b+ 2%

AR v 15

e.g. Morgan et al [astro-ph/0412628]



... extend to §~ﬂavour neutrino oscillations

characteristic exponential behavior

1
Py, — v, = 3 + 5 e 3L cos? O3 + ﬁe_ 8L(1 — 3 cos 2643)*

11(‘/

/ Y6 tYT . L Am2 2
1:1:1 ratio after +4e” 2z Fcos? 023 sin’ 623 (COS 5\ (76 — ’77)2 — ( E23>

decoherence _
Am?2 2 e

i \ \/ Am?.

N | B

(s =) - (45)°

Barenboim et al. [hep-ph/0603028]

Energy dependence depends on phenomenology: v; = v, E™, n € {-1,0,2,3}

n=0 n=2 n=3
simplest recoiling Planck-suppressed
D-branes operators

Ellis et al. [hep-th/9704169] Anchordoqui et al. [hep-ph/0506168]

IceCube is sensitive to a dim-6 (~£°/M,?) violation of Lorentz invariance/decoherence!



The IceCube physics program) e =
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First analyses of data from completed IceCube detector consistent with
detection of extraterrestrial neutrino flux (at > 50 confidence)

world

BREAKTHROUGH
~ | OF THE YEAR

The real voyage of discovery consists not in seeking new lands
... but in seeing the world with new eyes. Marcel Proust



