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Q) COSMIC RAYS AND NEUTRINOS



v COSMIC RAYS

where (and how) are they accelerated?
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) COSMIC RAYS

where (and how) are they accelerated?
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v)  MULTI-MESSENGER ASTROPHYSIGS WITH NEUTRINOS

» Nuclei can be deflected by magnetic
flelds
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(v)  MULTI-MESSENGER ASTROPHYSICS WITH NEUTRINOS

» Nuclei can be deflected by magnetic
flelds

» Gamma rays can be absorbed

are difficult to stop ana
travel in straight lines
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© NEUTRINOS ABOVE 1 TEV

skelch of the different expected neulrino flux components
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© NEUTRINOS ABOVE 1 TEV

skelch of the different expected neulrino flux components

— Honda 2006 Atmos. v,
Sarcevic Prompt Atmos. v

ATMOSPHERIC NEUTRINOS (1T/K)
dominant < 100 TeV

i

——— Waxman Bahcall 1998 x 3/

GZK Neutrinos -
m IC40 Atmos. v, Unfolding

‘prompt” ~ 100 TeV

ASTROPHYSICAL NEUTRINOS

maybe dominant > 100 TeV
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) DETECTING NEUTRINOS

Neutrincs are detected by locking for Cherenfiovv radiation from secondary particles (muonas, particle showers)

Cherenkov cone
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NEUTRINO TELESCOPE SITES :

deep natural sites with waterlice (deep sea, lakes, glaciers)
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(o) THE WORLD'S NEUTRINO TELESCOPES

lakes, sea, glaciers
NT-200+ Antares IceCube

L ake Baikal Mediterranean Sea South Pole glacier
1/2000 km? 1/100 km? 1 km?
228 PMTs 885 PMTs 5160 PMTs

Larger, sparser = higher energies



Mediterranean Sea
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THE IGECUBE NEUTRINO OBSERVATORY

Deployed in the deep glacial ice at the South Pole

lceCube Lab
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50 M [ e 324 optical sensors

5160 PMTs —
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© NEUTRINQ EVENT SIGNATURES

Signatures of signal events
N I C / time
. eutral Current . NS
CC Muon Neutrino . CC Tau Neutrino
Electron Neutrino
o ikl
T
vy + N — p+ X Ve + N — e +X VgV g o X
Vs + N — ve+X
track (data) cascade (data) “double-bang” (210PeV) and other
factor of = 2 energy resolution =~ +15% deposited energy resolution signatures (simulation)
< 1° angular resolution at high =~ 10° angular resolution (in IceCube)  (not observed yet: T decay length is

energies (at energies = 100 TeV) 50 m/PeV)



time delay
vs. direct light
“on time” ——— delayed
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DETECTION PRINCIPLE (MUON IN IGE)

Neutrincs are detected by locting for Cherenkiovv radiation from secondary particles
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DETECTION PRINCIPLE (MUON IN IGE)

Neutrincs are detected by locting for Cherenkiovv radiation from secondary particles



DETECTION PRINGIPLE (CASGADE IN ICE)

Neutrincs are detected by locting for Cherenkiovv radiation from secondary particles
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DETECTION PRINGIPLE (CASGADE IN ICE)

Neutrincs are detected by locting for Cherenkiovv radiation from secondary particles

time delay
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“on time” ——— delayed
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© ISOLATING NEUTRINO EVENTS

two-strategies
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© ISOLATING NEUTRINO EVENTS

two-strategies

Up-going tracks

Air shower

vu-dominated

4 vonly

Atmosphere
(exaggerated)

Astrophysical source

Earth stops penetrating muons
Effective volume larger than detector
Sensitive to vy only
Sensitive to "half” the sky

Active veto
u Veto

Veto detects penetrating muons

Fffective volume s

nel

Sensitive

LO d

er tha
RiEWVe

N detector

S

Sensitive to the entire sky



(v) CALIBRATION

Variocus calibration devices/methods to-conlrol detector systematics (example: TceCube)

1000 &
LED flashers oneach DOM
-1000
-2000
-3000
-4000
-5000
-6000
-7000

0, - Oy [ded]
N W

INn-ice calibration laser

> I
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Cosmic ray energy spectrum

Moon shadow 284

3E |
] =& —-8000
Atmospheric neutrino energy spectrum Ry
(ot - 0yy) cos(d,) [ded]
Minimum-ionizing MUONS Moon Shadow in Cosmic Rays

Muons in lceCube (59 strings)



) STUDYING NEUTRINOS

Many different analyses

High-energy:

« Point-source searches looking for clustering in the sky

« Diffuse fluxes above the atmospheric neutrino background

» Gamma-ray bursts/transient searches (GRB models excluded by
lceCube: Nature 484 (2012) /ApJ 805 L5 (2015))

« Ultra-high energy "GZK" neutrinos from proton interactions on the CM

Low energy:

« Neutrino oscillations + more with PINGU/ORCA upgrades

Others:

« Dark Matter / WIMPs




U THE (VERY) HIGH-ENERGY TAIL



) “HISTORY”

fippearance of “1 Pe'V cascades as an al-threshold background

Two very interesting events in IceCube
(between May 2010 and May 2012)

2.80 excess over expected background in GZK
analysis (PRL 111,021103 (2013))

There should be more

GZK analysis is only sensitive to very specific
event topologies at these energies




© “STARTING EVENT" ANALYSIS

Specifically designed to find contained evenls.

T Veto

-xplicit contained search at high energies (cut:
Qtot>6000 p.e.)

400 Mton effective fiducial mass

Use atmospheric muon veto

Sensitive to all flavors in region apbove 60 TeV
deposited energy

‘/

-stimate background from data r
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AtMospnerc Neutrnno self-veto

22

An active muon veto
removes down-going
atmospheric neutrinos.
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astrophysical v

Primary cosmic ray

109 —

Interactions km=3 sr=! yr=! E, > 100 TeV

Schoénert, Resconi, Schulz, Phys.
Rev. D, 79:043009 (2009)
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© WHAT DID ICECUBE FIND? (4 YEARS)

54 events!

53(+1) events observed!

Showers —e—
Tracks ——>¢—

IceCube Preliminary

-stimated background:

9.0780,55 atm. neutrinos
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12.6+5.1 atm. muons

One of them is an obvious (but

Deposited EM-Equivalent Energy in Detector (TeV)
expected) backgrounc

full likelihood fit of all components:
coincident muons from two CR 6.50 for 53(+1) events

alr showers

presented at ICRC2015 / PoS(ICRC2015)1081
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© ENERGY SPEGTRUM (4 YEARS)

enerqy deposited in the detector (lower limil on neutrinc-enerqy)

Background Atmospheric Muon Flux

Somewhat compatible with Bkg. Atmospheric Neutrinos (r/K)
__ . Background Uncertainties
be nCh Ma r|< :_2 aStrO phyS 1Ca ‘ Atmospheric Neutrinos (90% CL Charm Limit)

Bkg.+Signal Best-Fit Astrophysical (best-fit slope E~*"°)
- Bkg.+Signal Best-Fit Astrophysical (fixed slope E*)

model or single power-law
model, but looks like things are
more complicatec

P

A A,

%Z - Data
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Best fit assuming E~ (not a very
oood fit anymore):
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Best fit spectral index; E 428 10
Deposited EM-Equivalent Energy in Detector (TeV)
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UNFOLDING TO NEUTRINO ENERGY

updated from PRI plot version with priors for backgrounds - 4 years

o0 ¢ Differential Spectrum (best-fit, charm component floats to zero)
Differential Spectrum (fit with charm fixed at IC59 90% C.L.)

10° 10° 10’ 10°
Neutrino Energy [GeV]

assumption: 1:1:1 flavor ratio, 1:1 neutrino:anti-neutrino



SKYMAP / GLUSTERING

No significant clustering cbserved, (four years)

ICECUBE PRELIMINARY ___

Galactic

TS=2log(L/LO)

(all p-values are post-trial)



) SKYMAP / CLUSTERING

No significant clustering cbserved

Analyzed with a variant of the standard PS method (w/o energy) (i.e.
scrambling in RA)

Most significant excess close to (but not at!) the Galactic Center

Significance: 44% (not significant)

Other searches (multi-cluster, galactic plane, time clustering, GRB
correlations) not significant either

Recent Results from lceCube Claudio Kopper, Perspectives on the Extragalactic Frontier: from Astrophysics to Fundamental Physics, ICTP, Trieste, May 2016

IIIIIIIIIIII



) WHERE ARE THE SOURCES?

There is still no-evidence for point sources of high-energy neulrinos.

ApJ Lett, 786, L5 (2014)

ANTARES 4-year up-going muon point
source search: ~2% chance probability
(post-trial)

[ceCube Preliminary

lceCube 6-year though-going muon point source
search

Northern-sky muons: 35% chance probability

S . : o 5
PeV southern-sky muons: 87% No significant clustering observed

PoS(ICRC2015)1047

Equatorial




© CONSTRAINTS ON POINT SOURGES

ANTARES can observe the - ;
5 - = |ceCube 4-year S§n5|t|V|ty (90%C..L.)~
southern sky through the Earth e lcoCube yenr Unpor Liomits (00% .
. . . .. ANTARES Sensitivity (90% C.L.)
— lower threshold, better [imits in v+ ANTARES Upper Limits (90% C.L.

the south

lceCube has a larger effective area
— more events, better limits in the

north

New: combined lceCube/ i 4
| SouthernSky  i,(5)  Northern Sky

ANTARES search
PeV - EeV TeV - PeV




© GRAVITATIONAL WAVES AND NEUTRINOS

LIGO just discovered gravitational
waves! Did we see any neutrinos

from their source? (Searchin
ANTARES and IceCube)

GW (99% CL)

GW (90% CL)
GW (50% CL)

Search within a time window of Rt X neutrino
+/-500s of GW 150914 - 3 neutrino

candidates in lceCube, none of them
compatible in direction (and rather
low N energy), joint lceCube/ANTARES/LIGO

Consistent with background. publication currently at:
https://dcc.ligo.org/LIGO-P15002/1/public



https://dcc.ligo.org/LIGO-P1500271/public

© IMPROVED VETO TECHNIQUES

PRD 91,022001

VWhat happens to the astrophysical flux below 60 TeV?

ow large Is the neutrino flux from atmospheric charm?

— Need to observe lower-energy neutrinos, especially from the southern
SKy.



© IMPROVED VETO TECHNIQUES

What happens to the astrophysical flux below 60 TeV/?

PRD 91, 022001
Outer-layer veto —> Energy-dependent veto

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

Passed veto Vertex in fiducial volume

Number of collected photons

Thicker veto at low energies

suppresses penetrating muons

without sacrificing high-energy
neutrino acceptance

—-06 —-04 —-0.2 0.0 0.2 0.4 0.6 —-06 —-04 —-0.2 0.0 0.2 0.4 0.6
x [km] x [km]




© IMPROVED VETO TECHNIQUES

What happens to the astrophysical flux below 60 TeV/?

106 events > 10 TeV, 9 events > 100 TeV (7 of = 1+011 - itrgzzzlf;fng/f .
those in high-energy starting event sample) Ty (1OOET6V)—2-49

x10~ 18 GeV—1lem2sr—1s !

Conventional atmospheric neutrino flux
observed at expected level with starting events

N Southern sky
-_= —1.0 < sino < —0.2

1 0°

Astrophysical excess continues down to 10 TeV
In the southern sky

Deviation from model at 30 TeV (statistical

r

fluctuation)

Northern sky
—0.2 < sino < 1.0
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Model-dependent upper [imit on flux from

charmed meson decay: 1.4 x ERS prediction 10° 10° 10°

Deposited energy [GeV]




O

Most of the “starting” sample
consists of showers, with a
high acceptance in the
southern sky

Deposited (i.e. measured)
energies closely related to
neutrino energies

Great for discovering a signal
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(D

PRL 115,081102 (2015)

OTHER CHANNELS

Two years of data

l[ceCube has now seen a similar flux in the muon channel (3.70in 2 years)

Highest energy: ©550 TeV
(neutrino energy:likely in PeV range]
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(7)  UPGOING MUONS - SPECTRAL COMPONENTS

Two years of data

first S|gmﬂcant Vi -based anc Conventional atmospheric

_ ' Prompt atmospheric
northern sky-dominatea D ot e

measurement of the astrophysical Séi&?ﬂﬁéﬁ?é?&%?ﬁ o

neutrino flux

for B4 spectral assumption - (best
fitis E42)

Normalization for E-4:
0.99704 53108 E?2GeVecm2stsrt

10*

PRL 115,081102 (2015) Muon Energy Proxy (GeV)




UPGOING MUONS - SPECTRAL COMPONENTS

Six years of data - (previous two years re-analyzed)

Now looking at up to 6 years of muon data (2009-2015) - good data/MC agreement

Exp. data 1] Astrophysmal v, +7, B Conv. atmospheric v, +v, Combined v, +v,

IceCube Prellmlnary 3 | § o § IceCube Prellmlnary . Q _ § o IceCube Prellmlnary

k=
@)
$—
>
@F
R
+~
=
O
>
£a

10—15 10 05 OO 05 10 1.5 20 25 3.0

log,y(muon energy loss proxy) log,ymuon energy proxy) log,,muon energy proxy)

+ o+ Exp data ] Astrophysmal v, +v, B Conv. atmospherlcV +v, Combined v, +7,

IceCube Prellmlnary IceCube Prellmlnary . IceCube Preliminary ]

Events per bin

0.0 -1.0 -08 -06 -04 -02 O 0 -08 -06 -04 -02 O 0 -08 -06 -04 -
cos(zenith) cos(zenith) cos(zenith) cos(zenith)




(7)  UPGOING MUONS - SPECTRAL COMPONENTS

Six years of data

Preliminary fit: ®(Ey) = 0.827030554 10718 GeVtcm?sris (Ev/100TeV) 208+0.13)
prompt fits to O, upper limit details under study

']

-

<
I

= = Prompt atmospheric v, +v, (1XERS)
B Conv. atmospheric v, +v, (best-fit)
@ Astrophysical v, +v, (best-fit)
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SUMMARY OF VARIQUS ICECUBE DIFFUSE RESULTS

D)
( all astrophysical fits shown are single unbrotien power-laws

90% C.L. contours of various lceCube analyses - all single unbroken power-law fits
some tension between sample and of previous results

EIC tracks (6yr)§ : : : :
e ICMESE A e = 2 SR &
IC HESE (4yr) : 5 PRD 91,022001 (2015)

(all-flavor)

>4 26 28 30 HEEASENISHOSHNIOPNPIONIS)
(Vy, Northern Sky)




COMPARISON WITH STARTING EVENT RESULTS

we start to-see that simple power laws for the whole sky are probably not encugh...

")
—/

starting events (unfolding)

. P vei
(dominated by showers) 6 year up-going vy analysis

]
P
o

Differential Spectrum (best-fit, charm component floats to zero) _ .
Differential Spectrum (fit with charm fixed at IC59 90% C.L.) =+ Prompt atmospheric v, +v, (1XERS)

3.5

I Conv. atmospheric v, +v, (best-fit)

W
=)

0 Astrophysical v, +v, (best-fit)

o Ul

IceCube Preliminary
: e ~ 10° 10° 10°
10 10 10 2 CeV
Neutrino Energy [GeV] v/ Ge

threshold order of 60 TeV threshold of about 200 TeV
softer index driven by lower energy bins compatible at higher energies
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UPGOING MUONS

an inleresling event in the svx-year sample!

(lower limit on neutrino

energy)
11.48°dec/ 110.34° RA

(i.e. not a CR muon)
deposited energy
2.6+0.3 PeV

date: June 11,2014
direction:

()
Up-g0ing



FLAVOR COMPOSITION

D)
( Flavor ratic-at Earth contains information aboul source ratio after oacillations en route to Carth

-or standard osclillations, only a small muon-suppressed
. . . _ 1on deca
region of flavor ratios is allowed at Earth T o0y

pion & muon
decay

at source —» at Earth L e

Ve Vp Vr Ve Vu Vr . ngzéz(;n

pion decay 1 y. 0 | 1 1 | ) "
muon-damped 0 1 O 0.2 0.39 0.39

neutrondecay 1 0 O 056 0.22 0.22




© GLOBAL FIT OF ICECUBE ANALYSES

interesting results such as flavor ratic

. . .-V, - V. at ,

fit for flavor ratio, spectral shape and |G B IceCube
0:1:0 Preliminary

cutoff o 1:2:0 '

muon-damped (0:1:0)

— compatible

— excluded at 3.70

ApJ 809, 98 (2015)/
PoS(ICRC2015)1066




) TAU NEUTRINOS

should see the first taus scon

should be able to identify a "double-bang”
signature above ~PeV - not observed yet!

o0 0&)%0 ° 0000
U13ua| Aedap Jo3UO| YIIM JUDAS

at lower energies identificationis more g
challenging - IceCube just set new limits! |

lower energy tau study
PRD 93,022001 (2016)

APd9E'T ‘JUDAS Pate|NWIS

Energy deposition along track
dE/dX [TeV/10m]

|
700 720 740 760 780

Distance along track [m]



) ALERTS/FOLLOW-UPS

we lry to alert other experiments as soon as we see an interesting event

¥ SN/GRBY/...

] : -
: oA P
;

PTF (optical) Swift (X-Ray)

working on extending
this effort significantly!

“The North”

Iridium

Yo

H.E.S.S./ >
MAG IC/ cos
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S

PoS(ICRC2015)1069



NO'

(D

TIT
NO'

LE:

RUN_NUM:
EVENT_NUM:
SRC_RA:

SRC_DEC:

SRC_ERROR:

SRC_ERROR5@:

DISCOVERY_DATE :
DISCOVERY_TIME:
REVISION:

N_EVENTS:
STREAM:
DELTA_T:
SIGMA_T:
FALSE_POS:
PVALUE:
CHARGE :

SIGNAL_TRACKNESS:

SUN_POSTN:

[ICE_DATE:
' ICE_TYPE:

HIGH-ENERGY EVENTS NOW PUBLIC ALERTS!

We send our high-energy events in real-time as public GCN alerts now!

GCN/AMON NOTICE

Wed 27 Apr 16 23:24:24 UT GCN notice for starting track sent Apr 27
AMON ICECUBE HESE

127853

67093193

240.5683d {+16h 0Z2m los} (J2000), o
240.7644d {+16h @3m 03s} (current), We send rough reconstructions
239.9678d {+15h 59m 52s} (1950) o

+9.3417d {+09d 20' 30"} (12000), first and then update them.

+9.2972d {+09d 17" 50"} (current),
+9.4798d {+09d 28" 47"} (1950)
35.99 [arcmin radius, stat+sys, 90% containment]
0.00 [arcmin radius, stat+sys, 50% containment]
17505 TID; 118 DOY; 16/04/27 (Cyy/mm/dd)
21152 SOD {05:52:32.00} UT
2

[number of neutrinos]

1

1
0.0000 [sec]
0.0000 [sec] I
0.0000e+00 [sA-1 srA-1] f;f.
0.0000e+00 [dn] i ;?f
18883.62 [pe] SR
0.92 [dn]

35.75d {+02h 23m @0s} +14.21d {+14d 12' 45"}
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EVENT_NUM:
SRC_RA:

SRC_DEC:

SRC_ERROR:
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DISCOVERY_TIME:
REVISION:

N_EVENTS:
STREAM:
DELTA_T:
SIGMA_T:
FALSE_POS:
PVALUE:
CHARGE :

SIGNAL_TRACKNESS:

SUN_POSTN:

[ICE_DATE:
' ICE_TYPE:

HIGH-ENERGY EVENTS NOW PUBLIC ALERTS!

We send our high-energy events in real-time as public GCN alerts now!

GCN/AMON NOTICE

Wed 27 Apr 16 23:24:24 UT GCN notice for starting track sent Apr 27
AMON ICECUBE HESE

127853

67093193

240.5683d {+16h 0Z2m los} (J2000), o
240.7644d {+16h @3m 03s} (current), We send rough reconstructions
239.9678d {+15h 59m 52s} (1950) o

+9.3417d {+09d 20' 30"} (12000), first and then update them.

+9.2972d {+09d 17" 50"} (current),
+9.4798d {+09d 28" 47"} (1950)
35.99 [arcmin radius, stat+sys, 90% containment]
0.00 [arcmin radius, stat+sys, 50% containment]
17505 TID; 118 DOY; 16/04/27 (Cyy/mm/dd)
21152 SOD {05:52:32.00} UT
2

[number of neutrinos]

1

1
0.0000 [sec]
0.0000 [sec] I
0.0000e+00 [sA-1 srA-1] f;f.
0.0000e+00 [dn] i ;?f
18883.62 [pe] SR
0.92 [dn]

35.75d {+02h 23m @0s} +14.21d {+14d 12' 45"}




© COSMOGENIC (GZK) NEUTRINOS

updated limit with even larger dala sel

_ceCube Preli

ANITA-II({2010)

ceCube searches for extremely
nigh-energy events from neutrinos
ogenerated by interactions of CR
particles on the CMB

PAO(2013) Vg 11mit X3
(2004-2013)

IceCubezZ(lZ
(2010-2012)

-
=
~

A\ IlceCube2015 sensutlwty <
(2008 201 3) ~
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108

Updated to 6 years of data
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PoS(ICRC2015)1064 E, [GeV]




CONGLUSIONS

and summary

| could only cover a very smal

We are studying the detailed
astrophysical neutrinos and a

| subset of topics...

oroperties of the flux of
e looking for Its sources

In addition we are using atmospheric neutrinos to study
neutrino physics (oscillations!)

Had to omit many other resul
for neutrinos from GRBs, ...)

ts (CR composition, searches

More data is being taken and analyses are ongoing

We are looking at future projects!



THANK YOU!



BACKUP



DARK MATTER

(High-Energy) Neutrino Signals from the
Sun, the Galactic Center, Halo and
more!




INDIRECT DARK MATTER SEARGHES

Took at cbjects where dark matter might have accumulated gravitationally cver the evolution of the Universe

Galactic Center

T CVall K

LeolV

Clusters of Galaxies

accumulate due to WIMP-proton
' elastic scattering

n (& Earth)

S::ul-ﬁmr

é} Fornax

Dwarf spheroidal galaxies

WIMP

MSSM - neutralino

WIMP



SOLAR WIMP RESULTS - IGECUBE 3 YEARS

example of one channel where TceCube sels compelitive limits

MSSM incl. LUX (2014) ATLAS + CMS (2012)

DAMA no channeling (2008)

= PICO2L 2015

SUPER-K (2015
ANTARES (2013)
IceCube Limit
== IceCube Sens

1

log, (m /| GeV ¢?)



5o [PD]

Spin dependent cross section o

SOLAR WIMP RESULTS - ANTARES

compared to- similar limits from ANTARES

ANTARES

XENON 100 (2013)

PICO (2014)

N
~
~
~
~
~§
~

------

—

SuperK low masstT (2012)

10° 10*
WIMP mass [GeV]

PoS(ICRC2015)024

10 102

41

= PICO2L 2015

SUPER-K (2015
ANTARES (2013)
wff=—=[CceCube Limit

== ICceCube Sens

— MSSM incl. LUX (2014) ATLAS +

DAMA no channeling (2008)




AAAAPPL ) ¥

Using the atmospheric neutrino
"background” to study neutrino physics




(v") NEUTRINO OSCILLATIONS WITH ATMOSPHERIC NEUTRINOS

neutrinc oscillations through Carth’s diameter are accessible by TceCube/DeepCore

First oscillation maximum at 24 GeV,
accessible with DeepCore
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0 OSCILLATIONS WITH ATMOSPHERIC NEUTRINOS

neutrinc oscillations through Carth’s diameter are accessible by TceCube/DeepCore

() NEUTRIN

-Irst oscillation maximum at 24 GeV,
accessible with DeepCore

Am;.“'l 7.5-10 % eV?

Amg, =2.32-10"eV*
0,,=33.9° 0,,=9.1

0yq =45.0

two-flavor
oscillations

I

lceCube

DeepCore




3-YEAR MUON DISAPPEARANGE STUDY

3 years of data (2011-2014, 9563 days) - compelitive with cther experiments

—— EXxpectation: best fit
| = == Expectation: no osc.
¢ Data

- |ceCube 2014 [NH] T2K 2014 [NH]
MINOS w/atm [NH] SKIV 2015 [NH]

90% CL contours

O
N
o
Qo
=
o
o
.
=
©
ae

BG
LI‘CCO/E

(km/GeV)

reco

PRD 91,072004 (2015)
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v THE KM3NET NEUTRINO TELESCOPE

Multi-site installation in the Mediterranean Sea (‘france, Ttaly), instrumented in “building blocks’; started construction

.
FERRIPRTLEE S DAY PLT £
LA TR T Ty RO PSR TR R TS PR SR PLTE PO,
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Pt . » ®.¢ " e o . -
.".".“".z.'%‘.':'l.'.';.."..‘l"‘“"l:.‘-" ‘o'..' :-“:-0“'.".

v
.
MU o’

Multi-PMT digital
optical module ("DOM”

KM3NeT “building block”

string with OMs



(v) THE KM3NET NEUTRINO TELESCOPE

Multi-site installation in the Mediterranean Sea (‘France, Ttaly), instrumented in “building blocks’; started construction

31 x 3" PMTs
Hamamatsu, ETL, HZC Percrtor —. g
Light collection ring or st
20-40% gain in PC for free
Low power
<10W/DOM
FPGA readout
sub-ns time stamping
time over threshold
Calibration
LED & acoustic piezo o
Optical fibre data transmission . RO« %iﬂli;i;‘i;:r’ff;‘;“@;‘"g
DWDM with 80 wavelengths "\ PN support

}. structure (bottom)
Gb/s readout P o
Light collection device

Pressure gauge
. -

Nanobeacon » ‘.,
\. v _1\

—

PMT SUPPOIT - )
structure (top) -

_ A Signal collection boards
Cooling system (1/3) == M (top and bottom)

Cooling system (ZV‘—_“

Power board
(and thermal sheet) ,
e ‘—a—%
Cooling system (3/3/
o / =,

Compass & tiltmeter a

N

MultiPMT optical module

Bottom hemisphere




) KM3NET: ARCA AND ORCA

two-different building blocks

ARCA: "Astrophysical Research with Cosmic in the Abyss’
Study astrophysical neutrino fluxes at E > 100 GeV

2 "blocks” at the Italian site (~10% being constructed right now!)

ORCA: Oscillations Research with Cosmics in the Abyss”
Resolve the neutrino mass hierarchy (1 GeV < E < 100 GeV)

1 "block™ at the French site (~5% being constructed right now!)

IIIIIIIIIIII

Recent Results from lceCube Claudio Kopper, Perspectives on the Extragalactic Frontier: from Astrophysics to Fundamental Physics, ICTP, Trieste, May 2016 ALBERTA



KM3NET CONSTRUCTION

first string has been deployed!




ICECUBE-GEN2: HIGH-ENERGY

lceCube has provided an
amazing sample of events, but
s still limited by the small
number of events

few 10's of astrophysical
neutrinos per year

The lceCube-GenZ High-
-nergy Array will instrument
a significantly larger volume

/ 3 Artist conception
(N ——Okm ) Here: 120 strings at 300 m spacing

Recent Results from IceCube Claudio Kopper, Perspectives on the Extragalactic Frontier: from Astrophysics to Fundamental Physics, ICTP, Trieste, May 2016 Autvﬁ'ﬁﬁ:{ﬁ&



) ICECUBE-GEN2: SURFACE VET

RED for a surface array

similar to the current “lceTop” surface array (or
alternative technology) - CR physics and veto
neutrinos from CR air showers at the ice
surface

iIncrease volume for starting tracks

R&D Is underway!

8000t 0.7
-8000 -6000 -4000 -2000 O 2000 4000 6000 8000

Distance to the center of IceCube grid east-west [m]



) ICECUBE-GEN2: PINGU

measuring the masa hierarchy using atmoapheric neutrinos

cover energies down to a few GeV

e |ceCube

add 40 strings to lceCube/DeepCore » DeepCore
|+ PINGU

22m string spacing

2m DOM spacing

use the difference in MSW effect for v
and anti-v

combine with difference in v and anti-v
Cross-section




) ICECUBE-GEN2: PINGU

measuring the masa hierarchy using atmoapheric neutrinos

cover energies down to a few GeV Noeresal Mags Missvchy (True)

add 40 strings to lceCube/DeepCore

22m string spacing

2m DOM spacing

=

Counts per bin per year

>
O

=
>
O
—
L
-

L

use the difference in MSW effect for v
and anti-v

combine with difference in v and anti-v
, . : -0.6 -0.4
CFOSS—SGCJEIOH coszenith




) ICECUBE-GEN2: PINGU

measuring the masa hierarchy using atmoapheric neutrinos

cover energies down to a few GeV nverted Mass Hierarchy.  (Thus)

add 40 strings to lceCube/DeepCore

22m string spacing

2m DOM spacing

-

=

Counts per bin per year

>
cv

-
>
o
-
)
-

LLJ

use the difference in MSW effect for v
and anti-v

combine with difference in v and anti-v - - .
cross-section | | coszenith |
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measuring the mass hierarchy using atmospheric neutrinos
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) PINGU AND ORCA

measuring the masa hierarchy using atmoapheric neutrinos
very similar concepts, ORCA in water, PINGU in ice

both claim to be able to measure the mass ordering at
3sigma after ~3-4 years of operation

PINGU

- - NH, stat. onlyg
== |H, stat. only .

ORCA

KM3NeT/ORCA PRELIMINARY

| NH,623=42° teseesaemessesennenesdaseessanneaenessannesaanlesannesanneesannees
+ IH, 6,,=42°
|« NH, 8,,=48°

Mass Hierarchy Sensitivity [o]

3 4 5
Operation time [years]

Time [yrs]



© MORE DETECTORS / METHODS

non-waler detectors and radio delectors

radio detectors for energy range
above ~10 PeV (Askaryan effect)

Mauna Loa - - L

—~
£
=
S
@
o0
-
-
E
<

10 20 30 40
Horizontal Distance (km)

earth skimming tau Cherenkov shower detection
(arXiv:1202.5656) - can be deployed on land!

For energies > 100 PeV, Radio detectors are more scalable,
® Deployed ARA  more cost effective to reach sensitivity needed
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non-waler deteclora and radio detectors

radio detectors for energy range
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