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#5: The First Neutrinos Trom-Outside-thie-Sotar System

For the first time this year astronomers caught neutrinos
originating in distant galaxies, an advance that heralds

the start of a new era in astronomy—theera0tseting-
» - o <toht.

Scientists have been studying neutrinos for decades, but almost all of the neutrinos here on
Earth come from nearby sources—either our own sun or from high-energy cosmic rays hitting
the atmosphere. This year astronomers using the IceCube detector at the South Pole reported

the discovery of 28 neutrinos that were so energetic they could not have possibly originated in
these local sources. (Researchers named the two most powerful neutrinos “Ernie” and “Bert”
after the beloved Sesame Street characters.)

/7{9/7&55 enerﬁy nelllrinos oA\Ser\/ea/——-e\/er.

As for what spawned these ultrapowerful neutrinos, speculation abounds—the particles didn’t
all arrive in a single spurt and appear to come from random directions on the sky. Once
scientists can correlate the location of a neutrino burst to an optical counterpart—possibly
coming from an energetic, short-lived object like a supernova—the era of neutrino
astrophysics will begin in earnest. —Michael Moyer
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Cosmic rays

We still don’t know:

* the source
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Neutrinos

low-energy Y -ray
hoton

- —4~
/ electron *

p»

Accelerated electrons can produce gamma rays, but

neutrinos are a unique signature of hadronic (proton/
ion) acceleration. (And neutrinos point back...)
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Astrophysical v's: Sources, energies and fluxes
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Sources or vs

“conventional atmospheric” pion and
kaons- steeper than cosmic ray spectrum
since higher energy particles will
reinteract before decay- primarily v,

10—°

—6
“astrophysical”- steep (~E2?) due to Fermi 10

acceleration. Long baseline implies
equal parts v, v, v, 10—7
“prompt atmospheric” component from
charm decay-less steep than
conventional- equal parts vy, and v,. Not
yet observed.

10—8

E2®, [GeVecm™2sr—1s71]

10—9
102 103 104 10° 106 107

Enberg, Reno, Sarcevic E, [GeV]
arXiv: 0806.0418

Phys.Rev. D78:043005 (2008)



Cable for Anatqmy of a}{Neutrlno Detector

power, YSREW. 4 Al | digital optical

communication | @ _ & o & @ T & o modules (phototubes

and suppor{*4 ) \ | - 7 % " and data acquisition)
& VA J

Water or clear ice
serves as both a
target medium and a
Cerenkov radiator




ANTARES

* Mediterranean Sea * 885 photomultiplier tubes
* 0.01km3 * Sea floor ~2400m
* 12 strings, 70 m spacing * near Toulon, France

40 km to
shore

1
Junction
Box

Anchor/line socket

© F. Montanet



Penetrator

N

DOM
Mainboard

HV Divider

= JCECUBE

_— 86 strings

/g”" 5160 photomultiplier fubes
‘ 1 cubic kilometer of instrumented area

PMT

(|2

Glass Pressure Housing

IceCube Lab

IceTo

81 Stations, each with
2 IceTop Cherenkov detector tanks
2 optical sensors per tank

324 optical sensors

RTV
gel

IceCube Array

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

5160 optical sensors

December, 2010: Project completed, 86 strings

1450m|p____

DeepCore
/8 strings-spacing optimized for lower energies
480 optical sensors

_—I Eiffel Tower

324 m

2450 m

2820 m



IceCube Events
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Neutrino Event Signatures

Signatures of signal events

Neutral Current /Electron

CC Muon Neutrino )
Neutrino

‘;'n?{?,
¢

vy + N = p+ X
Vs + N = v+ X

track (data) cascade (data)

factor of = 2 energy resolution
< 1° angular resolution

=~ £15% deposited energy resolution
=~ 10° angular resolution
(at energies £ 100 TeV)

—_—

CC Tau Neutrino

ARk
o

v+ N —-17+ X

“double-bang” and other signatures

(stimulation)

(not observed yet)

Over a very long baseline flavor ratios of 1:1:1
are expected due to oscillations







Atmospheric muons

AtMOSpheriC come from above

Backgrounds
(or beams”’dcm/e\

Atmospheric
neutrinos are
iIsotropic
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Neutrino sky @@W/@Eﬁ@g@

L 10°
- —— ANTARES sensitivity (1338 days)
* IceCube has a larger N e ot (1390 oy
- B  1aes ANTARES E, <100 TeV sensitivity
effective area, and a S [ S O loeCube3years
shielded view of the = FR loeCube 3 years £ < 100 TeV sensitivity
o .
Northern hemisphere, 3 o7l .
Southern hemisphere A e I
sensitivity mostly due to D et

high energy events.

Antares’ Northern
hemisphere location means
a lower threshold for
Southern Hemisphere
events. Superior angular
resolution due to higher
instrument density.
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arXiv:1402.6182
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IceCube and ANTARES are complementary



Cosmic or terrestrial?

Veto

* suppress atmospheric
muons by looking for
events that start in the
detector

» discard any events
whose earliest energy
deposits are in the outer
layer of the detector
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atmospheric
neutrinos produced in
air showers will have
accompanying
muons




53 events found in 4 years

Opening the Do%...

6.5 o discovery

Declination (degrees)

80
60
40
20

-20
-40
-60
-80

Estimated backgrounds:
9.0*89 ,, atm. neutrinos
12.6+/-5.1 atm. muons
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The Highest Cascade Event Ever Observed




Angular distribution

Southern Sky (downgoing) Northern Sky (upgoing)

(23 Background Atmospheric Muon Flux

102 RS =3 Bkg. Atmospheric Neutrinos (n/K) 5
7271 Background Uncertainties

Atmospheric Neutrinos (90% CL Charm Limit)

— Bkg.+Signal Best-Fit Astrophysical (best-fit slope E-2%)
- - Bkg.+Signal Best-Fit Astrophysical (fixed slope E %)
e®e Data

101 i - ..........................

Events per 1347 Days with deposited E > 60 TeV

-1.0 -0.5 0.0 0.5 1.0
sin(Declination)



ENergy Spectrum

2 : 3 Background Atmospherlc Muon Flux
10 b =3 Bkg. Atmospheric Neutrinos (n/K)
: Background Uncertainties
= Atmospheric Neutrinos (30% CL Charm Limit)
(7)) —— Bkg.+Signal Best-Fit Astrophysical (best-fit slope E-2%)
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4 years

best-fit per-flavor astrophysical (E2) flux
E2h(E) =0.84 £ 0.3 x 108GeV cm2s1gr!
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e ¢ Differential Spectrum (best-fit, charm component floats to zero)
Differential Spectrum (fit with charm fixed at IC59 90% C.L.)

IceCube Preliminary
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Events

An Incependent analysis

‘Conventional atmbspheric ——
Promgt atmospheric ——
E “© astrophysical =
Sum of predictions
Experimental data

104 10°
Muon Energy Proxy (GeV)

10°

Look at all muons
from the northern
hemisphere (no
veto)

Look only at the
northern sky so
atmospheric
muons are
removed

You are left with
atmospheric plus
astrophysical
neutrinos

See if the spectrum
of atmospheric
neutrinos alone
can explain what
you see
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Veto Approachs extending to lower enhergies

fo further study astrophysical flux, and constrain charm
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Meecium Energy Event Veto

B 1.01 x atmospheric 7/K v 283 cascades
B -+ 1.47 x penetrating u
b\ 249 105 tracks
. t224 (m)
x10~18 GeV—lcecm—2sr— 151
2 Steeper spectral index
Southern sky favored (if no break in the
10! —10<sm6< —0.2
power law).
wm
10~1 Astrophysical excess
3 4 7 .
1029 0 extends down to 10 TeV in

Northern sky
—-0.2 <sind < 1.0

101 Southern sky.
Upper limit on charmed
103 104 10° 106 w7 mesons: 1.4 ERS

Deposited energy [GeV] ( PRD78:43005 )

Events in 641 days Events in 641 days



Why elo we think this fusx
is astrophysical?

Neutrinos produced in the atmosphere in

the Southern hemisphere would be

accompanied by muons

* The Earth is neutrino absorbing at high
energies, and there are slightly more
events in the South

* Neutrinos produced in atmospheric
interactions are preferentially v, and we
see mostly cascades (fromv,, v_?)

 The rate/energy is too high

* The flux is what we expected it to be
(that’s why we built a km? detector)

* We have corroborating evidence in an

independent analysis

Air shower (background)




Astrophysical normalization

Fits: Normalization & Spectral lneaesx
What is the flux?

Recently published (1507.04005) New starting event analysis
HESE—4yr | | 'IceCube Preliminary

Muon Best Fit ©

Muon Best Fit E? @ HESE—2
Starting Events (HE) ¢ 3.0 Le-fitw

Starting Events (LE 1) v ...

)
Starting Events (LE 2) A

N
o
|

—
9]
|
X

|

S 1. S R | | |
16 18 2 22 24 26 28 3 9.8 20 2.2 24 26 2.8 3.0 3.2
Power law index Yastro



Wh@ﬁ we (eon’t) know:

Observed events have a hard spectrum.

* At energies just above the end of our spectrum (E,,=6.3 PeV), we expect an
increased rate due to the Glashow resonance

* The lack of observation of events at the Glashow resonance implies that
either the spectrum ends at a few PeV, or the spectrum is steeper than E=...

10% Har s all-sky | e s ;

Neutrino Effective Area [m?® ]
=
OO

IceCube Prellmlnary —

10 102 10° 10*
Neutrino Energy [TeV]
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Candidate accelerators

gauss)

log (Magnetic field,

Fe (100 EeV)

HILLAS
PLOT

Protons
(100 EeV)

Protons
(1 ZeV)

Colliding
galaxies
B SNR O\
Galactic‘ .
| I | |
3 6 9 12 T 15 y 18 w 21
1 au l pc 1kpec 1 Mpc

log(size, km)

Requirements:
large radivs




Where do they come from?

ICECUBE PRELIMINARY“'__,_.,, |.,,,.4__,

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

Galactic

0 TS=2log(L/LO) 13.1

We need more statistics and/or a multimessenger approach



PP PP
R T eansese
cecetececersscscssstoscrsansossnses
et et secceesrseesesrsrDOOBOBNND . : .
o Y
-Q\.\~\19\sa~11\s> a0 n - .
P " . o
® © ¢ Q\Qﬁﬁ’ﬁ\i11\,\,,\71)’,,)) "(
e a6 6 Y OO0 > » * 2
T . 6 6 6 6000606606060 060606600000606O00 . AAINAIAL A 4

sansnAaAR N B . o B - sasra
R L N I e B L LSpE ~ L3 ° 1 F I

PP, . - 290 *» »

co s e OO Ottt ODOOOTSINIOOOSEGNS . . X
. D920

. -
. r'o...o
-

S99 -0 - »

SO XAO0D > > > 2

a

D > 3 2

e e i T

..,....o...oooooeov.o
. . : g e - & &L :

- S i PRS2 00

Wt Ot B O Pt % o . S Mg g - PO SUSSORS

ey AR -+ . > o 00
TR O © WO © VOO O CI0EG O © SOROND €00 O : . O.».,\-’dab mm..’ce

0000 |"“".lah?..‘ -~ F
. o o 0 " T T T 131313330 v°.-
g

oo Cts

-
-~
)
m
~
-n
o b
Py -
P
» 20
»
® .4
s 4
M s
’ . A

-
-~
~
"

-
-
-
-
-
'
~
“
')
'y
5
0

.. DD 92 9: Q20> 290 >
0 200 O 4O @ B0 0000000 s e s’e o EXe EEEEERE
“\l .- an .

t o0 e o000 e06o068 00000 A0 0:-:0° 900 -

¢ 020202

at

C ¢ ¢ T ¢ C o O ol O O +0 06 O +O O O vO O .v.rv.;v,,‘.v..v o vu.- 2 93 2 92 %2 922
. v .. > 2 2 > 2 09 9
< c coe oo« + Q- 8~€ %
¢ déd e 0Ot OGO OCOCOCTOCT QO PO PO . L R ........v. \N.v-v >0

2AQeHBI PRI 2220

CCE e G ElsESRA LS BS ALK S

ls

(3

~
~

fofn'— M (/».’M <

¢ © © ¢ v e e

¢ <
€ € <

©

CEOCE OO s OCECO S

CeCOoCeCOCOCOCOCEC OO OUES

L

»
R
] 29990

P
"
N

€ € € € ¢ £ € 0 0 O OO e

o

..~ \-
-VC.&.C.&.\C.»-» ..°w wuwuws
P LSS PP IPIPIBIBIIIPIIYEIP

¢ 9 P 222292200920

$9 0099 9
OO,\O(.& ....L°.~.u V'Y V*F OO0 32090
ve v e v eww

R E R

..
L Jo

.. ¢

v
v
.
.
.
.
°
.
-
L
°
°
o
o
.
.
3
I3
.
3
¢
«
‘
«
e
@
¢
¢

-
i
A
P ®
’
L f"
. o .
L ® 9o o
. .
e e °
e .
Py °
. © .
. s ©
e °© ¢
L3 > 9 o
‘e,
¢ °
€ o
L ‘. -
Q o
e « S
o ©
. ¢ *
s e
e
e %
p o
P
o' l('
e ¢ T ©
QP ¢ ¢
L3 ¢ @ o
¢ K S,
t (@]
¢
< & ¢
€ L
®
¢
¢

it points

Most similar events have
an angular error of less

than 1 degree
There’s “a lot of stars in

de the detector
the sky”...sigh

2.6+/-0.3 PeV deposited
insi
A muon event so




Multimessenger astronomy

M. Ahlers, ICRC 2015

Messengers:
« Cosmic rays absorption &
* Gamma-rays EM cascades

e Neutrinos
e Gravitational waves

Pion production in CR
interactions with “gas” (pp) or
“radiation” (py)

Neutrinos carry ~ 5% of the CR
nucleon energy

COSMIC ray

1 PeV neutrinos correspond to e Ve _
20 PeV CR nucleons and AN absorption &
2 PeV y-rays - - deflection




Supernova 19874

After Before  Occurred in the Large Magellanic
S e e N Cloud 170,000 ly away

* Low energy (~15 MeV) neutrinos
* Proper time: lhour

40

- Energy (MeV)
3" _ .‘
20 - °
[ )XwIISOUEF e
10 4= Background * e
‘"'.".""'o;"";’.'; """ ety o IR R 't ]
* Confirmed models of the core collapse of I \
. : 1 3 : 1 ; L ! 1 ! i 1 ] I ! Il
a massive star o 20 P "0 2
* Yielded upper limits on neutrino mass and Time (second
lifetime.

Origin of neutrinos determined due to correlated observations with

optical telescopes!
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KIMISNe@t

Successor to ANTARES in the
Mediterranean

2 components:
Astroparticle &
Oscillations Research with Cosmics in the Abyss

« KM3Net ‘detection unit’
* Line anchored to the sea floor
* 18 equally spaced modules
2 ARCA blocks
e 115lines
* 90m horizontal
 36m vertical
* 1 ORCA block
e 115lines
e 20 horizontal spacing
* 6m vertical spacing




Baikal GVD (Gigaton Volume Detector)

* Planned for a deep Siberian lake which
was the site of one of the pioneering
neutrino telescopes

* First “cluster” installed in early April surface om “Dubna’

* Phase I: 10-12 clusters covering 0.4 km3
by 2020

* Phase Il: 25 clusters covering 1.5 km3

topmost floats 25 m

cluster top 931 m

cluster bottom 1276 m

lake floor 1366 m

First cluster of Baikal GVD 2015
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* |nstall a similar amount of
instrumentation as is in IceCube, but
more sparsely spaced

* Extend IceCube by 1 order of magnitude

Here: 120 strings at 300 m spacing

A Next Generation lceCulpe

We need to increase statistics at high

g energies
§ * Higher energy events are larger ->
a lower density of instrumentation
'§ needed
Q
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o
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Artist conception



Greisen, Zatsepin, and Kuzmin (GZK) observed in

Th@ @ZK @i ﬁ ﬁ@@ﬁ the 1960’s that the propagation of UHE protons
with energies above the threshold for pion

p+yYomB — P+ e"’ + e 9 photproduction on the CMB would be limited.
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Charged pion decay produces neutrinos!!




* ->0.03 Vs per cubleRLlomeeter per year

!
* Earth is neutrino-aPspkbing so see only
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’ ’>\ ~
above the lorizon ™ ~
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We need >100 km? scale detector to see GZK neutrinos
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d,écz Zhe ’ 45%62@/&/7 effect ’

charge asymmetry in particle shower
development- combined effects of
positron annihilation and Compton
scattering on atomic electrons result
in a 20% excess of electrons over
positrons in a particle shower

ITOIN ClIcCll omagne L1C

cascaac
moves as a wavelengths shorter than the
compact bunch, a bunch length suffer from
few cm wide and destructive interference
~lcm thick

electric field strength
proportional to the square
of the shower energy

> A << Rwmoliere
Add coherently!



Wiy racdio?

g 10™
Power emitted in radio B s
. : o 10 io: 0.1-1 GHz, T =300K
overtakes the optical at high ’ FRCAaEich L= i ™
energies > 10" dipole antennao
-.% 1011 Lyray = 500m §
Spacing of detector T 10 %
components is dictated by the E . o
s 10
attenuation length in cold ice i 108
(~100m for optical, ~1km for - Ovtical
radio) a 107 K 'pt.lca
& e regime
E 10
A large area RF array can be a 105
built at lower cost 5 .08 — | [T Noise floar
g 10°]
Power density increases with g 1000 4
frequency, but the thickness of E 100
the Cherenkov cone decreases § 10
with frequency A

1012 1013 10 105 1016 107 108 109

. . cascade energy (eV)
..but will it work?



END STATION A side view

= | Seelng is believing?

Approximately to scale




Confirm Askaryan effect in sand, salt, and ice.

Beam tests

It’s impulsive.... It’s coherence 1L -
o B increases with |
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It’s polarized....as expected from Cerenkov radiation
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Two Approaches

In-situ S 3 ntoptw

Smaller area

Longer observation time

Lower energy threshold

Vertex may be reconstructed in the
medium (Superior background
discrimination)

Larger area

Higher energy threshold

Limited by viewing time in most
approaches

Viewing angle limited by total internal
reflection

Surface roughness a concern



ANITA

cascade produces
UHF-microwave EMP antenna array
on payload
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balloon at ~37km altitude
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refracted RF .
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ice I
casca%;:} . 1-3km observed area:
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Y-~ Cherenkov cone

Antarctic Impulse Transient Antenna

* Views a volume of 1.5 x 10°
km?3 of ice

e 37 km altitude

Ice sheet thickness (m)
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A 100 km® Neutrine Observatory

The Askaryan Radio Array

e Large spacing chosen to
maximize the exploit the
O O O O O long attenuation length of
10 radio and maximize the
covered area

@) O O O 9.._____8..____7_b South Pole
N\ IceCube O
TestBed () [ .
O O O O 3 1 outhPole o Energy threshold is ~an

./ order of magnitude larger
than “Big Bird”

Skiway

PY Stations installed in 2011-2012 and  Each cluster is
2012-2013 (MRI support) autonomous with little

overlap in events to
maximize the area
covered at a fixed cost.




ARA Station Design

Power and
communications
to ICL

Central Station
Electronics

antennas Antenna
clusters

Calibration
Calibration antennas

“Mam

™~

Depth: 200 m

*surface antennas are not shown

Downhole
instrumentation

FO Transmitter

See talk by Carl
Pfendner, Thursday
am

* Each station
contains multiple
strings and can

ool independently
reconstruct an
event

* Cherenkov cone is
polarized, need
both Hpol and Vpol

* Antennas
engineered to fit

Vool down a narrow
enienna hole to save drilling
costs



Proposed: 31 x 31
array [30 km x 30 km]

A nine station
hexagonal prototype
array has been
installed

Advantages:

Direct Ray

 Wind and solar powered

e Hardware is installed near

the surface lce shelf

Barwick, astro-ph/0610631 Reflected Ray



Wihhat can Askaryan arrays
say about the %@M[@@Sﬁ@@&% N

Ahlers & Halzen 2012
Arxiv 1208.4181

“Best fit” is to the
HiRes spectrum

Dashed and dotted
lines show different
assumptions about
the star formation
rate.
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Limnits ane sensitivities

The current generation of
Askaryan arrays under
development will either
discover or rule out more
optimistic scenarios.

|[-— ANITA 11 2010 limit

¢—¢ Rice 2011 (12 yr) limit
@@ Auger (9 yr) limit x3

= |cecube (2 yr) limit

| | M=l TestBed 2014 (1.5 yr) limit
== ARA2 (10 m) trig.

Yesk ARA2 (10 m) limit
== ARA37 (3 yr) projected sens.
------ Kotera 2010
------ Ahlers 2010 best fit

- IceCube 2013 meas.




astronomv with GZK neutrinos?

ecosmic acceleration mechanisms
esource evolution (neutrinos are the ultimate

time machine!)
'need larger array (1000 km?) with better 3

angular resolution than ARA \
\

v N
V-\ f/%‘ —h

® .. h \l

.- ~1 Gpc \\\\\ \

/\

90 ~ 10Mpc/1000Mpc ~ 30 arcminutes

UHE sourcd
|

g’

a— 1+ Z) RO,GZK

Y where Ry ~ 50 W

Larmor radius of 10%° eV proton in 10 Gauss intergalactic magnetic field ~100 Mpc



The Future

. The first kilometer scale neutrino teIescope is operatlng, and has

‘a?e-, ”m'ﬁ‘s’tmemenswe path tﬁ’>

.,mrka

o -

detectors_' aﬂd S ’.cosmogehm




A guaranteed source of ultrahigh-
energy neutrinos?

“GZK” effect:

Greisen, Zatsepin, Kuzmin 1966: the universe is not transparent to cosmic rays!

Aongus O Murchadha, ICRC 2015
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