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Complete™ History of Neutrino Particle Astrophysics #

o PR T o . S\ 1087
g 8 24 neutrino events
detected by Kamikande-l|,

IMB and Baksan

—Learned about

» Supernova collapse
mechanisms

* Neutrinos feel gravity (similarly
to photons)

moJ_ Kamikande-Il SN1987A citations : e Neutrino mass < 23eV from
per year from INSPIRE-HEP | : . . .
time of flight dispersion

* Neutrinos are not charged

80

! owr -  Limits on non-neutrino weakly
J— interacting particles
* Axion bounds

* Neutrino mixing and
oscillations

* Exotic neutrino disappearaﬁce
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* before 2011, excluding“solar



Cosmic Ray Riddle &

Sclentific American, (c) 1998

1 PARTICLE

PER SQUARE
METER PER SECOND

e, Sandbox Studio

. Where do the highest
energy cosmic rays come
from??

* Nearby sources should
point

» Faraway sources should

« METER PER YEAR
1 PARTICLE
PER SQUARE
KILOMETER\
PER YEAR
be attenuated by the
cosmic microwave
background A R A

1019 1012 1014 1016 1018 1020
* Could neutrinos solve the
problem?

| PARTICLE
PER SQUARE
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RELATIVE PARTICLE FLUX (LOGARITHMIC UNITS)
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Aside: The GZK Effect th

W« Greisen-Zatsepin-
_ 3% 7 AE/E=20% E Kuzmin (GZK)
R T 4 | calculated cosmic rays
L “eefjtl | above 1056V should
O S 7% 1 beslowed by CMB
;; O & Telescope Array 2011 <><> ?? _ within 50MPc.
[ O el 17 't Berezinksy and

T U Zatsepin realised this

v would produce a flux of
cosmogenic neutrinos

p+Ycve— A" - n+T1t
N UT vy -
wet+ v+ Ve

= “Guaranteed” Neutrino “Beam”! 4



Ice vs Water A

* Antarctica * Mediterranean Sea
* |t is the coldest, driest, * |t is not the coldest,
windiest place on Earth driest, windiest place on
* But... Earth
—Lots of Ice * And...
« Despite our best efforts —Lots of Water
* Over 4km thick in places —Also:
—Also: » Much better food and culture
» The only continent than Antarctica
exclusively dedicated to * The sea is literally swimming
scientific research with potential signals
* Arich history of particle * A range of oceanographic
physics and cosmology measurements unavailable

experiments In Antarctica

* Not a rich history of particle
physics and cosmology
experiments 5




world

BREAKTHROUGH
OF THE YEAR

A

\

ICECUBE Some slides from C. Kooper, Moriond 2014




lceCube

 Completed in 2010

* 1Tkm”3 of ice at the
South Pole

* 5160 PMTs
» 86 strings
* 1/m vertical spacing

e 125m horizontal
spacing

50 m

1450 m

» DeepCore

—Densely instrumenteg@on
array of 8 strings in #*"
deep good ice

lceCube Lab

“/
a

-~ IceTop

/ 81 Stations

— 324 optical sensors

IceCube Array

86 strings including 8
5160 optical sensors

Amanda |l Array
(precursor to IceCube

=

DeepCore
8 strings-spacing opti
480 optical sensors

Bedrock

Eiffel Tower
324 m



Neutrino Event Signatures

Signatures of signal events

CC Muon Neutrino

’5

! !‘iﬂ

Vy + N — p+ X

track (data)

factor of = 2 energy resolution
< 1° angular resolution at high
energies

time
—
E

CC Tau Neutrino

P

v-+ N —>17+ X

Neutral Current /
Electron Neutrino

QY ;X T

Ve + N — e +X
vy + N — v +X

cascade (data)

“double-bang” (£10PeV) and other
signatures (simulation)

~ +15% deposited energy resolution
~ 10° angular resolution

(at energies £ 100 TeV)

(not observed yet)



The Neutrino 2012 Results h

* A high energy search
found two at threshold
~PeV neutrino events

 Down-going events
« 2.80 above background

* Too low in energy to be
cosmogenic

* Too high in energy/flux to
be atmospheric

+ PRL 111, 021103 (2013)

» Clearly needed more
statistics

|

.
.

E
Rd
-

.
-

4
-
-
-
A
-
-
v
-
»

3
i

»
-
R 3
-
»
w.
5
\
-
.
-
Al
R
v

-
~ ‘I 1 XK
‘ ‘”oo ®
855 SHNNNNNRR L 2 0 000000

L L ® o
e
.“.!.'...““Mo eee
. ... o0 "
et e o

® ......
- *
o soves G809 Jooe
. o'M.'!W. » .
Jo— . ate o




Contained Vertex Search

 Contained vertex search
at high energies
(Q>6000P.E.)

* Veto atmospheric muons
and muons associated
with atmospheric
neutrinos

103 T B L e

Neutrino Effective Area [m? ]
-
o
o

10’ 10° 10° 10°
Neutrino Energy [TeV]




New Results 2011-2013 th

* Three years of data o e Prelmipany

—37 events observed 60 Tracks =>¢- |

* 35 new plus 2 PeV S 40 | + X .

events g 20 x% % _?}j _

g 0 %%1;}(% % _

. g -20 |- - - -

« Estimated s ol epr o

()

backgrounds 60| fxﬁr salies 5 -

—Atm. neutrinos 6.6 g — --";(')f E— :
(+59/'1 6) Deposited EM-Equivalent Energy in Detector (TeV)

—Atm. muons 8.4 (14.2) o
* Likelihood from background

* One of the 37 events * 4.80 for 35+2 events

is a background from * 5.70 for 36(+1) events
coincident muons from “full likelihood”

from air showers

11



New Results h

Charge Threshold

* The data fits well to the
tagged atmospheric muon

data (red) below threshold ;-
» Hatched region indicates
uncertainties in g
conventional and charm 7, M
atmospheric neutrinos . B

10* 10°

PY Clear excess Of events at Total Collected PMT Charge (Photoelectrons)
high energy that merges el = S
into the atmospheric o
background o —

» Best-fit per-flavour flux
—0.95+ 0.3 x10%E2 GeVcm?s!sr

10° B B [

Events per 988 Days
|
L : - ! tlj‘ E;I_
i5

10-1 77 1 DU SRR

10° 10°
Deposited EM-Equivalent Energy in Detector (TeV)
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Skymap / Clustering

No significant clustering observed (three years)

ICECUBE PRELIMINARY ___

Equatorial

TS=2log(L/LO) LL.298%

(all p-values are post-trial)




Other IceCube Highlights

» Searches for point
sources and anisotropy
 Various WIMP searches
—Solar
—Galactic centre
—Galactic Halo
—Dwarf spheroids
—Galaxy Clusters

» See C. Kooper Moriond 2014 and references
therein

* Neutrinos from gamma
ray bursts

* Monopole searches
* First neutrino oscillation

Neutrinos

Neutrinos

measurements y



Other IceCube Highlights

n -38 v T T T T ‘ T T T ' : T T ' T .
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El
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* Various WIMP searches %«
—Solar £

—Galactic centre i ,
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—es— [ceCube 2012 (W'W)°
¢ (t't for m «m,, « 80.4GeV/cY)

—Dwarf spheroids T L T H —

log10 (m_/ GeV ¢*)

—Galaxy Clusters AL —
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therein A
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* Monopole searches
* First neutrino oscillation

—e— [ceCube 2012 (W'W)*

Spin
s memy -s0400u Dependent’
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Radio Cherenkov -- The Askaryan Effect 2

* In 1962 Gurgen Askaryan hypothesised coherent
radio transmission from EM cascades in a dielectric:

’ e
.
| 5
)
|
|
-\
-'

Typical Dimensions:
L=10m
RMoliere = 10 cm

—20% Negative charge excess:

« Compton Scattering:

e Positron Annihilation:

—EXxcess travelling with, v > c¢/n

* Cherenkov Radiation: dP « v d V
—For A > R emission is coherent, so P « E2shower

17



ANITA N

N

« A balloon borne experiment
—40 dual polarisation antennas
—Altitude of 37km (120,000 ft)
—Horizon at 700km
—Qver 1 million km? of ice visible
« Sensitive to ultra-high energy neutrinos
interacting in the ice and cosmic ray air
showers
« Third flight schedule for December 2014

A neutrino induced cascade Cosmic ray geo-synchrotron a|5t?_r‘
produces a coherent radio observed {HPOL) /
Cherenkov pulse.

~680km to horizon -> H \

1.5x10%m? interaction v ~37km

volume - \
tarctic ice sheet {~4km

-------- Refracted RF

(VPOL)
Incident neutrinos Cherenkov Cone at 56
With energies above ~0.5. | .- / In ice
EeV Particle
Cascadi - . |




ANITA Electronics and Trigger

* Need a low power (only solar energy), 90 channel,
GHz bandwidth oscilloscope.

f‘ ' Cherenkoy

/Y cone ‘
Y Trngger
g 2l — = 10 Global Trigger
{“ R homn s T
. 4 P D i e : ~ Frog (GHz) — hol =
UHE PA | o 3 IGHz BW — i
1| > 3 ”' /_,-"" ,_,.-"". '__. ll “ "_I'.'“,.
N gL > 0.2-1.2 GHz) "
interaction ™ 4 o R e .
s ,’/ ! RF antenna High \Pccd low power -
‘trol notic 1> by - >~ s — i
v’ ' ElectroMagnetic Sampling ADC
shower S
~(Sa’s ~MSa’s

» Split trigger and waveform paths

* Trigger based on 3-bit digitisation and correlation

» Buffer waveform data in switched capacitor array

* Only digitise when we have a trigger

* A GPU-based high-level software trigger 19



ANITA 1&2 o

» Over 65 days of flight over « Over 35 million triggered
Antarctica (noise) events

Avg correlation coefficient

20




Analysis -- Cross Correlation

Elevation angle (degress)

Elevation angle (degrees)

waveform cross-correlatiol
gives baseline delays

Elevation angle (degrees)

100 150 200 250 300
Payload azimuth angle (degrees)

from A. Romero Wolf, Neutrino 2008



ANITA Neutrino Limits h

* ANITA-2 Results

Isolated v-pol 1 — 12 [P
eventS B Yuksel & Kistler '07 ]
-§. — — - ESS '01 stron .
EXpeCted O 97 ¥ O 42 N NN - Kj‘zraet aI.’1go max |
background events ' - SR N A _ 55 01 aseine
z IR U N P (ceCube PeV 2013
D i \.\‘\\ owg\;i—tlha\r/\{;1 gg(tee?w];ions 1
« Combine with efficiency p :
; c —16 — T~ —
to extract world’'s best S :
limit on UHE neutrino = I
flux above 101gev \Lli B Kotera et al. ’10 mid j
« Many improvements for 8 [ -~ aeas mrem

] . - ©——O ANITA-II (2010), 35d \

AN'TA-3, |nCIud|ng new —20 [~ B |ceCube-80 HE (2013) \
GPU high level trigger BRI IR U

105 106 10'7 108 10'® 1020 102
log,,(energy, eV)

—UK responsibility

22



ANITA Cosmic Ray Results o

PRL 105, 151101 (2010) * A combination of vxB

- os and Fresnel coefficients

. 9 . resultin air shower
*. IR emission being
5o 1 horizontally polarised at

the payload

* ANITA-I detected 16
Isolated H-pol candidate

UHECR events
| * ANITA-II did not trigger
ik on the H-pol channels
« . t —Doh!!

e Still detected 5 UHECR
candidate events

23



Askaryan Radio Array

Radio array in Antarctica, /. "
proposed in the 1980s

Cascad——e =~/
- /4
/)’

ice / mass

! km

Neutrino and muon detection from the radio-emission of
cascades created by them in natural dielectric media

G. A. Gusev and |. M. Zheleznykh
Institute of Nuclear Research, Academy of Sciences of the USSR

(Submitted 27 September 1983)
Pis’ma Zh. Eksp. Teor. Fiz. 38, No. 10, 505-507 (25 November 1983)
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LL ]
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T \ lceCube O
est B.ed
south

O O O O 3 1 Pole

Station
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ver2- 9 0 O @ °?2
ARA10
5 4 Skiway
O 2 km O O O
————
Power and
Central Station communications
Electronics tolCL
Downhole
S instrumentation
B g Hpol
S T antenna
u .
% FO Transmitter
i
!‘1 Top Hpol
H}f
l — Top Vpol I
I I TL( 5m " |
Calibration E{ I Bottom Hpol X Vpol
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antennas Antenna T < antenna
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\14 m |

*surface antennas are not shown \



Askaryan Radio Array
* Three deep stations deployed

Test Station ~25m deep

E 20’%?‘ ’é 20
g 0 2 8 O -
S -500 PE § 500 4515
1% R :
Q- -1000 10.5 Q- -1000 3 10
8-1500 T S-1500F 3
5. 5 & 5 20000 :
2 -2000} S 2-2000F

:. gy ey ey O & - TR BEPTMIN N

0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500

Horizontal Distance (m) Horizontal Distance&2¥m)



Neutrino

Oscillations

South Pole Surface

A
v
-1500m
Q,
o]
(3]
0
3]
-
0
-
o
o
5 Downwards
g muon bundle
®w
-2500m

, -1
Muon Intensity, m? y

10

107

10°

10

|J||.|J|

-1
& 6 7 B8

Muon flux vs overburden

T TTTIT

-

WIPP
HH Soudan |

IceCube \ Kamioka [

\ (Gran Sasso

lceCube/
DeepCore veto

T L] L] :. I
f

. , ; —
S 2 3 4 5 B8 7 p
107 10

Depth, meters water equivalent



Current Results and Projections
* [ceCube and Antares e

* MINOS 2012, 90%

h ave bOth m eaS u red 4.5} --.--- Super-K 2012, zenith 2v, 90%
""" T2K 2013, 695 >7/4, 90%

atmospheric muon sof NS o
neutrino disappearance

. —— lceCube-79, LLH zenith+ener ay, 90%, prel.
e
» Current limits are not EpS
5
4

competitive with Super- e
K, T2K and MINOS

* More statistics and
anaIySIS Improvements 860 065 070 075 080 085 090 095 1.00

sin? (20,3)

-

-y

"""
-

to come T TINOS 0T
DeepCore (6 years) T2K prel.
° O n e yea r Of P I N G U d ata 2:8— | PIll\(T'iGl\[IIH """"""" I;r'el'inlli'n;;r? """
would have comparable R
sensitivity to current R ———
Nécg S
results =




Mass Hierarchy Sensitivity

* Matter effects introduce
differences in the muon
neutrino survival
probability between the
two hierarchies

30 0.20
25} Preliminary | #os=
N {0.10 ZZ
v 20 0.05
O] 1 g
> {000 HE
o =
T 1-0.05
c | 4 T
w 10 1 -0.10 ZN
N J ~0.15
~0.20

-10 -08 -06 -04 -0.2 0.0
cos(v)

(a) Track-like events.

30
: : 0.24
25} Preliminary | I
-1 0.16 iz
— ZZ
>
o 20 )
2 0.08 <
> 15 {000 E
o =
o | {-0.08 |m
LLl ~
<)

10 .
1-0.16
5 y I—o.24

-10 -08 -0.6 -0.4 -0.2 0.0
cos(v)

(b) Cascade-like events.

P(v,—V,) - Inverted Hierarchy

-1 -09 -08 -07 -06 -05 -04 -03 -02 -01 O -1 -09 -08 -07 -06 -05 -04 -03 -02 -01 O
Cos(Zenith Angle) Cos(Zenith Angle)

Preliminary LBNE

Sensitivity [o]
=Y
IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII




* In 2013, lceCube announced evidence for the first
detection of high energy extraterrestrial neutrinos

—These may be the first neutrinos from outside our solar
system since SN1987A

—It is not yet clear where these neutrinos come from
—The adolescence of neutrino astronomy?
* ANITA & ARA are utilising the Askaryan effect to

search for the cosmogenic neutrinos from the GZK
effect

* PINGU, a low energy lceCube infill, could help
disentangle the mass hierarchy before the next
generation of long-baseline oscillation experiments
are up and running

29
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High Energy Neutrinos h

* All neutrinos above 1TeV are interesting neutrinos

'._'_‘ 10.2 Ejr LB "' 1 TTYII'TI L B BA "I 1 TTITI'TI L ] YYYY-"] | T777I‘1‘[ ITT‘IT"] 1 YITI'JI ITTIT"] | 1
T = Honda 2006 Atmos. v,
o 10 Sarcevic Prompt Atmos. v_
‘}‘E 104 - —— Waxman Bahcall 1998 x 3/
O = GZK Neutrinos
% 107 k- s IC40 Atmos. v, Unfolding
(D -
ui 10°F
O -
~ 7 .
r4ALN 3
© m
i 107
107 |-
0 1 LJlllJl A lLLUlll 1 AJlllLll | lLLlJlll LA LLLLL

107" . e
10° 10* 10° 10° 10" 10° 10° 10" 10" 10"

E, [GeV]



Directional Resolution for Showers

Shower directions reconstructed from timing profile

'y

.
R gy [ ] time delay
1 | e 1 { [ ] vs. direct light

“on time’g)delayed



Why High Energy Neutrinos?

For Astronomers:
The Pretty Pictures Argument

Infrared

Optical Neutrinos!?
For Particle Physicists:
The 300 TeV (CoM) Neutrino Beam Argument
type L/E [ toroper ™ (L/c)(my/E)
CERN SpS/WANF | 500 m/25 GeV 3 attoseconds
Stopped 1 (LAMPF) ' 30 m/ 40 MeV 130 attoseconds
NUMI 735 km/ 4 GeV 30 femtoseconds
Reactor (KamLAND) | 150 km/5 MeV 800 femtoseconds
Atmospheric 10,000 km/1 GeV 2 picoseconds
Sun 150,000,000 km/5 MeV | 800 nanoseconds
GZK 1 Gpc/100 PeV 50 milliseconds 34
SN-19873a 50 kpc/15 MeV 1 hour




Why Antarctica? e

Satellite

* It Is the coldest, driest,
windiest place on Earth

 But...

—Lots of Ice
» Despite our best efforts
* Over 4km thick in places

—Also:

* The only continent
exclusively dedicated to
scientific research

* No indigenous (human)
population

—So relatively free of
manmade noise

ice

1

o

epth (km)

- N W

Ice depth data from BEDMAP consortium



A Problem of Size h

 Some Numbers:
~1 GZK neutrinos/km?4/year

@ 10'8 eV the v-N interaction length ~ 300km
.". 0.003 neutrino interactions/km3/year

* Need a huge detector volume (>>100 km?3) to
ensure detection

e Use naturally occurring medium
— Transparent (to some signal)
— Possibilities
e Air, Ice, Salt, Water, The Moon

36



Are they really cosmic ray signals?

Correlation os measured
polarisation with local
geomagnetic field angle

Direct vs Reflected flip polarity

| L L L L ! ! ! | ! ! ! | ! ! ! |
; ! l l 40 - ——— ¢ =0, - T —
ot i 2 _
I ‘, . 2 = 10.4 (16 DOF
c 1 reflected l( o X ( ) -
-+ . O'} /
c%ﬂ i \ /,; g u % -
(- = | }‘\ | / |
£ ‘ \ A\ 5 20 o |4
;'0_—) ‘;‘l‘\‘:»’““"l" ”,.\/y""‘ / \“\/‘\m’" //»':\v,«\ "éA lh‘\,&"ﬁ"""\’ g - /6 i
ks «/\1,"\\/‘ ﬂ' ‘\" \\ (f'\\'z’ J’"\m ! /I'\ Y w“v“hw IS} i *7}/ _
o ‘,o . \ ‘ \
%1 i ' " w'i / h %w { V’ ' "'r 8 0 _
- i / O - O .
o / % i o, 1 _
c - / '4, - 3 // 0
_1 Ldirect |/ —~ c - / l
B ‘J | —20 / _
| | 1 1 1 | 1 1 1 | L1 1 1 | 1 1 1 | ] ] ] | ] ] ] | | | | |
35 40 45 50 55 60 80 100 120
time, ns projected geomagnetic field angle, @,

More data needed to fully understand energy scale. ANITA 1l will fly in 2014 and should
collect 500-1000 UHECR air shower events during its flight. 37
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86 oscillation results

' n *Normalization has been fixed at the horizon

300 p=———m

. ues US|ng 250_5— MC wifh Déc. ll-;a-'l___l
200} == MCnNoosC. | = wfufe==

unscattered il e | P

photons

* Good angular
resolution at
lowest energies

3 ..... g

* Highest event
~ rates at ~10 GeV

... IceCube Preliminary . . . . Y]

10! 102 10°
LI‘DCD/EI‘DCD (kn]/(}e\"?)



