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Most	  of	  our	  knowledge	  of	  the	  universe	  comes	  from	  observing	  photons	  
…	  but	  above	  ~10	  TeV they	  are	  aFenuated	  through	  γγ → e+e- on	  the	  CIB	  

Using	  cosmic	  rays	  we	  can	  ‘see’	  (if	  there	  are	  no	  magneNc	  fields)	  up	  to	  
~6	  x	  1010	  GeV (before	  they	  are	  aFenuated	  pγ → Δ+ → n π+ on	  the	  CMB)	  

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



Extraordinary	  cosmic	  parNcle	  
accelerators	  somewhere,	  but	  sNll	  
poorly	  iden1fied	  a	  century	  aTer	  
the	  discovery	  of	  cosmic	  rays!	  
•  Supernova	  remnants	  ✓ 


•  AcNve	  galacNc	  nuclei	  ?	  
•  Gamma	  ray	  bursts	  ?	  
•  Radio	  galaxy	  jets	  ?	  
•  Starburst	  galaxies	  ?	  
•  …	  	  

GalacNc	  

Cosmic	  ray	  interacNons	  with	  maFer	  
and	  photons,	  near	  source	  or	  during	  
propagaNon,	  produce	  neutrinos:	   (W
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The Origin of Cosmic Rays 

Atmospheric	  	  
ν	  flux:	  IceCube	  

Expected	  
GalacNc	  ν	  flux	  

Waxman	  –Bahcall	  upper	  bound	  

Extraterrestrial	  ν	  flux:	  IceCube	  

OscillaNons	  en-‐route	  to	  Earth	  can	  
equlibrate	  flavours	  so:	  νe: νµ : ντ ::	  1	  :	  1	  :	  1	  

Expected	  
cosmogenic	  ν	  flux	  



So by detecting extraterrestrial neutrinos, we can study quantum 
mechanical oscillations over very long baselines … unaffected by 

intervening dust, gas or magnetic fields è new probe of space-time



Bronshtein’s ‘cube of theories’

�P ⇥
�

�GN
c3 ⇤ 1.6� 10�35m⌅ 1.2� 1019GeV

“A&er	  the	  rela+vis+c	  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	  rela+vity	  (with	  
constant	  c),	  and	  the	  theory	  of	  gravita+on	  (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	  modificaNons	  of	  space-‐Nme	  structure	  on	  the	  quantum	  gravity	  scale	  	  
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~250	  scien1sts	  
40	  ins1tu1ons	  	  
11	  countries	  



IceCube Neutrino Observatory
86	  strings	  

60	  OpNcal	  Modules	  per	  string	  

5160	  Op1cal	  Modules	  in	  Ice	  

1	  km3	  =	  Gton	  instrumented	  volume	  

Completed,	  began	  full	  opera1ons	  May	  2011	  
	  
	  
	  
	  
	  	   	   	   	  	  

DeepCore	  

	  IceTop:	  	  1	  km2	  surface	  array	  

2.5	  km	  



ν	


µ	


Ø  A ν interacts with a nucleus 
    … produces a µ (e or τ)  
       and/or a ‘cascade’ 

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

Ø  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 ν ➟ astronomy! 

High Energy Neutrino Detection Principle

νµ µ 

N X 

W 



LiPhotons produced by Neutrino Interactions
Track	  	  
topology	  
(induced	  by	  νµ )	  
	  
Good	  poinNng	  	  
(~0.2°	  -‐	  1°)	  but	  only	  
lower	  bound	  on	  
neutrino	  energy	  

Cascade	  
topology	  
(induced	  by	  e.g.	  νe )	  
	  
Good	  energy	  
resoluNon	  (~15%)	  
but	  poor	  poinNng	  	  
(~10°	  -‐	  15°)	  



Neutrino signatures in IceCube

Charged	  Current	  (W+/-‐)	   Neutral	  Current	  (Z0)	  

νe	  
	   νe	  +	  N	  →	  e-‐	  +	  X	  

	  
νe	  +	  N	  →νe	  +	  X	  

	  

νµ	  
	  

νµ	  +	  N	  →µ-+	  X	  
	


νµ	  +	  N	  →νµ+	  X	  
	  

ντ	  
	  

ντ	  +	  N	  →	  τ-	  +	  X	  
	  

ντ	  +	  N	  →	  ντ	  +	  X	  
	  

data 

data 

data 

simulation 



Reach of IceCube Observatory

MeV	  (MICA):	  
GalacNc	  
supernovae	  	  

TeV-‐EeV	  (IceCube)	  
SNR,	  micro-‐quasars,	  
AGN,	  GRB,	  GZK	  …	  
neutrino	  astronomy!	  

10	  GeV-‐TeV	  (DeepCore)	  	  
Indirect	  DM	  searches	  
(Neutrino	  oscillaNons)	  

3–30	  GeV	  (PINGU)	  
Neutrino	  oscillaNons	  

⧠	  Ongoing/done	  

⧠	  Planned	  
⧠	  Ongoing	  ✓	  

✓	  
✓	  

✓	  

✓	  

✓	  
✓	  



IceCube: Recent Highlights 

2010	  Dec:	  	  	  	  ConstrucNon	  completed	  

2011	  May:	  	  	  IceCube	  begins	  full	  operaNons	  

Recent	  Highlights:	  

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

•  Neutrino	  oscilla1ons 	   	   	   	  PRL	  111:081801,2013	  
Detected	  at	  5σ	  ➩PINGU	  and	  the	  ‘Neutrino	  Mass	  Hierarchy’	  

•  Flavour	  separa1on 	   	   	   	   	  PRL	  110:151105,2013	  
First	  measurements	  of	  atmospheric	  νe	  	  above	  100	  GeV	  

•  PeV	  neutrinos 	   	   	   	   	   	  PRL	  111:021103,2013	  
Highest	  energy	  neutrinos	  yet	  observed	  

•  High	  energy	  neutrino	  excess	  	  	  	  
>	  5σ	  Evidence	  of	  extraterrestrial	  origin	  Science	  	  342:1242856,2013,	  

arXiv:1405.5303	  



Measurement of Atmospheric Neutrino Oscillations with IceCube
Mena, Mocioiu & Razzaque, Phys. Rev. D78, 093003

1st2nd

20-‐100	  GeV	  
DeepCore	  	  

Atmospheric	  	  νμ	  from	  Northern	  hemisphere	  oscillaNng	  
over	  the	  Earth’s	  diameter	  have	  the	  oscillaNon	  minimum	  
at	  ~25	  GeV	  (detect	  with	  DeepCore	  infill	  array	  of	  IceCube)	  
⇒	  distorted	  zenith	  angle	  distribuNon	  wrt	  no	  oscillaNons	  
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Darren R. Grant - University of AlbertaSeptember, 2011 IceCube Collaboration Meeting - Uppsala Sweden

Neutrino mass hierarchy - PINGU

We investigate the possibility of this measurement with a 20 string 
infill.    

Why?

At 10 GeV the neutrino/anti-
neutrino probabilities are flipped in 
their hierarchies and add = 
reduces the effective size of 
measured CC events

At 5 GeV there is a clear flip and 
shift in the probabilities which we 
may be able to exploit...
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Inverted/Normal	   hierarchy	   has	   up	   to	   ~20%	  
difference	   in	   νμ	   oscillaNon	   probability	   for	   specific	  
energies	   and	   zenith	   angles	   (baselines),	   so	   can	  
determine	   hierarchy	   without	   δCP	   dependence,	  
exploiNng	   huge	   staNsNcal	   power	   afforded	   by	   a	  
megaton	  scale	  detector	  

Lower	  energy	  threshold	  	  ➙3	  GeV	  in	  Precision	  In-‐Ice	  Next	  GeneraNon	  Upgrade	  	  

Akhmedov,	  Razzaque,	  Smirnov,	  arXiv:1205.7071	  



Precision In-Ice Next Generation Upgrade:  PINGU

Includes:	  esNmated	  energy	  and	  angular	  resoluNon	  	  

Hierarchy	  signature	  is	  a	  disNncNve	  
structure	  in	  energy-‐angle	  plane	  

Neutrino	  Mass	  Hierarchy	  measurement	  	  
(independently	  of	  δCP)	  is	  primary	  goal	  
	  
Also	  sensiNve	  to	  possible	  sterile	  neutrinos	  
	  
40	  string	  in-‐fill	  array	  
SensiNvity	  down	  to	  ~3	  GeV	  



First Observation of PeV-energy Neutrinos

1050	  ±	  140	  	  TeV	  


1150	  ±	  140	  	  TeV	  

…	  discovered	  in	  search	  for	  GZK	  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	  targeNng	  	  
much	  higher	  energy	  
neutrinos	  (related	  to	  
GZK	  cutoff)	  
	  
Expected	  background:	  
0.08	  ±	  0.05	  events	  
	  
2.8	  σ	  excess	  

Sum	  of	  expected	  
background	  

Data	  

First Observation of PeV-Energy Neutrinos

(GZK)	  cosmogenic	  
neutrino	  predic1on	  
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cosmic	  ray	  

air	  	  	  	  	  shower	  

muons	  

neutrinos	  

cos(θ)

10
2

10
3

10
4

10
5

10
6

10
7

10
8

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

Atm	  Neutrino	  Bkg	  

	  Muon	  Bkg	
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X

X!

There	  is	  an	  enormous	  
background	  of	  cosmic	  
ray	  muons	  going	  down	  	  
(only	  misreconstructed	  
muons	  apparently	  going	  
up	  since	  muons	  are	  all	  
absorbed	  in	  the	  Earth)	  	  
Atmospheric	  neutrinos	  
come	  from	  the	  same	  
showers	  (1	  in	  106	  events)	  

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	  leT	  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.	  

	  	  	  Below	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Above	  



Follow-‐up	  based	  on	  PeV	  events	  

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

(SNll	  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)	  
	   µ 

1.5 km 

InIce detector 

IceTop surface array 

} 
dust layer 

ν	


‘High Energy Starting Events’ analysis



+ 26 other high-energy events!

Re-discovery of �
 Bert & Ernie 

Atmospheric	  µ background:	  6	  ±	  3.4	  
Atmospheric	  ν	  background:	  4.6+3.7-‐1.2	  



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



Waveform	  Examples	  from	  modules	  at	  various	  posi1ons	  in	  the	  detector:	  



26	  +	  11	  new	  events	  
	  	  
Expected	  background:	  
	  	  8.4	  ±	  4.2	  cr	  muons	  
	  	  6.6+5.9-‐1.6	  atm.	  νs	  
	  
➩	  >5.7σ	  	  	  
detec1on	  	  
	  
Cutoff	  beyond	  ~2	  PeV?	  

Gap	  at	  ~0.5-‐1	  TeV?	  

High Energy Starting Event Analysis: Results



ν-N	  deep	  inelasNc	  scaFering	  

Q2  é propagator ê 

Q2  é parton	  distrib.	  fns	  ê 	


Q2 ~ MW
2 and x ~

MW
2

MNEν
Most	  of	  the	  contribuNon	  to	  #-‐secn	  comes	  from:	  



The	  H1	  and	  ZEUS	  
experiments	  at	  HERA	  have	  
made	  great	  progress	  by	  
probing	  a	  much	  deeper	  
kinemaNc	  region	  

Steep	  rise	  of	  the	  gluon	  
structure	  funcNon	  at	  low	  
Bjorken	  x 	  ➩	  significant	  
impact	  on	  UHE	  ν scaFering	  
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The	  neutrino	  DIS	  cross-‐secNon	  can	  now	  be	  computed	  with	  reasonable	  (few	  %)	  accuracy	  @	  NLO	  	  

and	  there	  is	  good	  agreement	  between	  different	  PDF	  sets	  (aTer	  unphysical	  values	  are	  rejected)	  

(Mertsch,	  Cooper-‐Sarkar	  &	  Sarkar,	  JHEP	  1108:042,2011)	  
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But	  if	  there	  is	  a	  new	  phase	  of	  QCD	  at	  very	  low	  x	  (‘Colour	  Glass	  Condensate’)	  
then	  the	  ν-N #-‐secn	  would	  be	  suppressed	  below	  its	  (unscreened)	  SM	  value	  

If	  IceCube	  can	  measure	  deep	  inelasNc	  scaFering	  of	  >1010	  GeV	  
cosmogenic	  neutrinos,	  it	  would	  provide	  a	  probe	  of	  low-‐x	  QCD	  



High Energy Starting Event Analysis: Results

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

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



Point	  Source	  Search	  (likelihood	  analysis)	  

High Energy Starting Event Analysis: Results

No	  significant	  clustering	  either	  on	  the	  sky	  or	  in	  Nme	  





Very long baseline ν oscillations
Low	  energy	  neutrino	  experiments	  have	  a	  sensiNvity	  of	  at	  most:	  	  

Γ/m ~ 10-4 sec/eV …	  for	  Solar	  neutrinos	  
	  

High	  energy	  cosmic	  neutrinos	  can	  improve	  on	  this	  by	  a	  factor	  of:	  
	  	  	  	  ~ 106 (L/100 Mpc) (100 TeV/E) 

⇒	  powerful	  probe	  of	  decoherence/LI	  viola1on	  
	  

Astrophysical	  accelerators	  generate	  neutrinos	  through	  pion	  decay	  
so	  neutrinos	  produced	  in	  the	  raNo:	  νe : νµ: ντ = 1 : 2 : 0 

ATer	  flavour	  equilibra+on	  through	  oscillaNons,	  this	  becomes:	  	  
νe : νµ: ντ≈ 1 : 1 : 1 

	  
…	  but	  interac1on	  with	  e.g.	  ‘space-‐1me	  foam’	  can	  change	  this!	  



•  Violation of Lorentz invariance 
(VLI) in string theory or loop 
quantum gravity* 
 

•  Violations of the equivalence 
principle (different gravitational 
coupling)† 

•  Interaction of particles with 
space-time foam ν quantum 
decoherence of flavor states‡ 
 

*	  e.g.	  Carroll	  et	  al.,	  PRL	  87	  (2001)	  14,	  Colladay	  and	  Kostelecký,	  PRD	  58	  (1998)	  116002	  
†	  e.g.	  Gasperini,	  PRD	  39	  (1989)	  3606	  
‡	  e.g.	  Anchordoqui	  et	  al.,	  PRD	  72	  (2005)	  065019	  

c - v1	


c - v2	


New physics effects in neutrino oscillations



Quantum decoherence induced 
by ‘space-time foam’

Study	  propagaNon	  using	  density	  (“dollar”)	  matrix	  formalism:	  

Then	  solve	  equaNons	  for	  neutrinos	  to	  get	  oscillaNon	  probability:	  

dissipaNve	  term	  
(modelled	  a	  la‘ Lindblad)	  

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



Energy	  dependence	  depends	  on	  phenomenology:	  

n	  =	  0	  
simplest	  

n	  =	  2	  
recoiling	  	  
D-‐branes	  

n	  =	  3	  
Planck-‐suppressed	  

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

characterisNc	  exponenNal	  behavior	  

1:1:1	  raNo	  aTer	  
decoherence	  

Barenboim	  et	  al.	  [hep-‐ph/0603028]	  

… extend to 3-flavour neutrino oscillations 

IceCube	  is	  sensiNve	  to	  a	  dim-‐6	  (~E3/MP
2)	  violaNon	  of	  Lorentz	  invariance/decoherence!	  	  





First	  analyses	  of	  data	  from	  completed	  IceCube	  detector	  consistent	  with	  
detec1on	  of	  extraterrestrial	  neutrino	  flux	  (at	  >	  5σ	  confidence)	  

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


