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* Introduction on high energy neutrino
detection



highest energy “radiation” from the Universe: cosmic rays, mostly protons
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the Extreme Universe is opaque to gamma rays beyond our Galaxy



energy in the Universe as a function of the color of light

Thermal Nuclear fusion Accretion, acceleration, decay
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in the extreme universe neutrinos are unique astronomical messengers




neutrinos: .perfect messengers

- electrically neutral . - e ST
« massless (in this talk) EENERERSER . SR
 like a photon but weakly mteractlng : ,
 track cosmic ray sources S

..-but difficult to detect




origin of cosmic rays: oldest problem in astronomy

Cosmic Ray Spectra of Various Experiments

S

LEAP - satellite

Proton - satellite

Yakustk - ground array

Haverah Park - ground array

Akeno - ground array

AGASA - ground array

Fly's Eye - air fluorescence

HiRes1 mono - air fluorescence

Flux (m? sr GeV sec)"
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HiRes2 mono - air fluorescence

HiRes Stereo - air fluorescence

Auger - hybrid
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cosmic ray challenge

both the energy of the
particles and the total
luminosity of the

accelerators are large

gravitational energy from
matter accreting on black
holes is converted into
particle acceleration?

gamma ray bursts, active
galaxies, galaxy clusters,
or...?




accelerator is powered by
v and y beams : heaven and earth large gravitational energy
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 |ceCube



» speed of light in water
~ 3/4 ¢ = shockwave

« |attice of photomultipliers

muon travels from 50 m
to 50 km through the
water at the speed of light
emitting blue light along
its track

nuclear
interaction

charged secondary
particles produced
as the neutrino
disappears

Charged Current
V|




ice 1.4 kilometers below geographic South Pole

find an optically clear medium shielded frdm cosmlc rays

map its optical properties

fill with photomultipliers with spacings ~ absorption length

add data acquisition and computers




« ultra-transparent ice below 1.35 km
« absorption length: 100 ~ 250+ m



IceCube:
5160 photomultipliers
instrument one km3 of
Antarctic ice between
1.4 and 2.4 km depth
as a Cherenkov detector
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lceCube Array at 60 MHz ground-penetrating radar

4000 from airplane

3000 South Pole surface

1450 m

1000

2450 m
bedrock
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digitized light signals
(waveforms)

each Digital Optical
Module independently
collects light signals like
this, digitizes them and

time stamps them with 2
nanoseconds precision,
and sends them to a
computer that sorts
them in events...
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WHAT DOES ICE-CUBE REVEAL?

cosmic ray

1 & i‘\ R —a "‘.
B, 7 S T astrophysical
neutrino

atmospheric
neutrino

atmospheric
muon
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energy measurement

Y
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convert the amount of Cherenkov
light emitted and its stochasticity
to a measurement of the energy
muon track
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neutrinos interacting
inside the detector

superior total energy
measurement
to 10%, all flavors, all sky

muon neutrinos
filtered by the Earth

date: June 11, 2014
most probable energy: 9 PeV |

topology: track | | | I IceCuee
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superior angular resolution 0.3°
including systematics




muon produced by
neutrino near |ceCube

comes through the
Earth

2,600 TeV inside
detector

not atmospheric




Number of Events per Bin

muon neutrino flux
filtered by the Earth:
atmospheric vs
cosmic
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E2x ®[GeVslsr-lcm™?]

_6 4 IceCube tracks, Aartsen et al., Ap), 2022

107 5 HH IceCube showers, Aartsen et al., PRL, 2020
“+ lceCube Glashow, Aartsen et al., Nature, 2021
+
107 4 ® = dN/dE ~ E-25 v
1078 E I :
electron and tau —:— < Glashow |
1072 5 : ‘&‘ event
] neutrinos (showers)
muon neutrinos through
10717 5 Earth (tracks)
103 104 10° 106 10’ 108

E [GeV]

23




electron showers versus muon tracks

PeV v, and v,
showers:

« 10 mlong

e volume ~5 m3

* isotropic after
25~50 m
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Glashow resonance event with energy 6.3 PeV

q resonant production of a weak
intermediate boson by an anti-
electron neutrino interacting with
an atomic electron

Er = M3, /[2m,]
= 0.32 PeV




CROSS SECTION WITH EARTH AS THE TARGET

Vertical

Core-mantle
boundary

IceCube

Horizontal

Extending x-section
measurements to energies
beyond Earth-based
accelerators

Neutrino-nucleon cross section, UEI\(,: [10738 cm?]

Center-of-mass energy /s [GeV]
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10721 extragalactic neutrino flux
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eutrino candidates in one year
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UUIUU 110V 1 vuouive

PKS B1130+008 BLL 17320 058 158 4.0 0.96 14

Name Class  «afdeg] d[deg] 7 v -logyo(procat) g)go% -

PRS 2R TSR0 A a3 Mol BLL a1z daal 2l e 03 3

3C 454.3 SR 243.50 wl5 5. 0.6% wr 40 45

rsearchiin the d;fe@hqps of 1 1@ preselected source: cﬁaﬁdiuafes

RGB J224 340.99 20.36 05 8.8

CTA 102 FSRQ 33815 11.73 . . A(, 11, 2 0 zl 0 /o 3.9

BL Lac BLL  330.60 42.28 0 0 ths Re V. ﬂei"t, 12 (2(@26) BIL 1871 2012 00 26 0.32 3.5

0OX 169 FSRQ 325.89 17.73 5.1 KS 0829-+046 BLL 127.97 449 00 29 0.28 2.1

B2 2114433 BLL 319.06 33.66 0 0 0.3(] 3.9 S4 0814442 BLL 124.56 42.38 0.0 2.3 0.30 4.9

PKS 2032+107 FSRQ 30885 1094 0.0 2.4 0.33 3.2 OJ 014 BLL 12287 178 16140 0.99 44

9JHWC J20314415  GAL  307.93 4151 134 3.8 0.97 9.2 ﬁioggfj:g;‘ F%IEIZ; ]1?”4;‘2‘ "]2'(?_’21 83 gi 83(1 ;Z

Gamma Cygni GAL 30556 4026 7.4 3.7 0.59 6.9 PKS 0745 i BLL. 11451 17 ’71 00 2% 0'36 Py

MGRO J2019+37 GAL 30485 3680 0.0 3.1 0.33 4.0 AC +14.23 FSRQ 11133 1442 85 2.9 0.60 s

MG2 J201534+3710  FSRQ  303.92 37.19 44 4.0 0.40 5.6 S5 0716471 BLL 11049 7134 00 25 0.38 74
MG4 J200112+4352 BLL 300.30  43.89 6.1 2.3 0.67 7.8 PSR B0656+14 GAL 10495 14.24 84 4.0
1ES 1959650 BLL  300.01 65.15 126 3.3 0.77 12.3 1ES 0647+250 BLL 10270 2506 0.0 29
IRXS J194246.3+1  BLL  295.70  10.56 0.0 2.7 0.33 2.6 B3 0609+413 BLL 9322 4137 18 L7
RX J1931.140937 BLL 29278 963 0.0 29 0.29 2.8 Crab nebula GAL 8363 2201 11 22
NVSS J190836-012 UNIDB ~ 287.20 -1.53 0.0 2.9 0.22 2.3 OG +050 FSRQ 8318 755 00 32
MGRO J1908+06 GAL 287.17  6.18 42 20 1.42 5.7 TXS 05184211 BLL 8044 2121 157 3.8
TXS 1902+556 BLL  285.80 55.68 11.7 4.0 0.85 9.9 TXS 05064056~ BLL  77.35 570 123 2.1
HESS JI8574026  GAL 28430 267 74 3.1 0.53 3.5 B o A S A
GRS 1285.0 UNIDB 28315  0.69 1.7 38 0.27 2.3 PKS 0tI000  PSRG 006 000 10 30
HESS J1852-000  GAL 28300 000 33 3.7 0.38 2.6 MG2 J043337+2005  BLL 6841 2010 0.0 27
HESS J1849-000 GAL 28226 -002 00 3.0 0.28 2.2 PKS 0422400 BLL 6619 060 00 29
HESS J1843-033 GAL 280.75 -3.30 0.0 2.8 0.31 2.5 PKS 0420-01 FSRQ 65.83  -1.33 93 4.0
OT 081 BLL  267.87  9.65 122 3.2 0.73 4.8 PKS 0336-01 FSRQ 54.88 -1.77 155 4.0
S4 1749470 BLL  267.15 70.10 0.0 25 0.37 8.0 NGC 1275 AGN 4996 4151 36 3.1
1H 17204117 BLL  261.27 1188 0.0 27 0.30 3.2 NGC 1068 SBG  40.67 -0.01 50.4 3.2
PKS 17174177 BLL 259.81 17.75  19.8 3.6 1.32 7.3 PKS 0235+164 BLL  39.67  16.62 00 3.0
Mkn 501 BLL 25347 39.76 103 4.0 0.61 7.3 4C +28.07 FSRQ 3948 2880 00 28
4C +38.41 FSRQ 24882 38.14 42 23 . 7.0 B;O(Q'l%‘fm F%lf{[é S R
PG 1553+113 BLL 238.93  11.19 0.0 28 3.2 PKS 02154515 FSRQ ;;;'46 '1'"74 00 92
GB6 J15424+6129 BLL  235.75 61.50 29.7 3.0 22.0 MG1 J021114+1051 BLL 3281 1086 16 17
B2 1520431 FSRQ 23055 3174 7.1 24 7.3 TXS 0141.+968 BIL 2615 2709 00 25
PKS 1502+036 AGN 22626 344 0.0 27 2.9 B3 0133+388 BLL 2414 3910 0.0 26
PKS 1502+106 FSRQ 22610 1050 0.0 3.0 2.6 NGC 508 SBG 2352 3062 114 40
PKS 1441+25 FSRQ 22099 2503 7.5 24 7.3 S2 0109422 BLL 1803 2275 20 3.1

PKS 14244240 BLL 216.76 23.80 41.5 3.9 12.3 4C 401.02 FSRQ 17.16 159 00 3.0 0.26 2.4

NVSS J141826-023 ~ BLL  214.61 -256 0.0 3.0 2.0 M 31 SBG 1082 4124 110 40 1.09 9.6

B3 13434451 FSRQ  206.40 4488 0.0 28 5.0 PKS 0019+058 BLL  5.64 614 00 29 0.29 2.4

S4 1250453 BLL 19331 5302 22 25 0.39 5.9 PKS 2233-148 BLL 339.14 -1456 53 28 1.26 214

PG 12464586 BLL  192.08 5834 00 28 0.35 6.4 HESS J1841-055  GAL  280.23 -555 3.6 4.0 0.55 48

MG1 J1239314+0443 FSRQ  189.89  4.73 0.0 26 0.28 24 H;}z; ll 1%15376339 FGS%IE) égggf g‘fé 8‘; f?; gfll 471(1)

/ 510 28. -9. . . X .

OI}\II 2316 %(EE }ggé ;ggg g:g %? g:gg i; PKS 1329-049 FSRQ 203.02 -5.16 6.1 2.7 0.77 5.1

NGC 4945 SBG  196.36 -4947 03 26 0.31 50.2

3C 273 FSRQ 187.27 204 0.0 3.0 0.28 1.9 20 970 FSRO 10404 579 03 24 090 =

4C +21.35 FSRQ 18623 2138 0.0 26 0.32 3.5 PKS 080507  FSRQ 12207 786 00 27 0.31 47

W Comae BLL 18538 28.24 0.0 3.0 0.32 3.7 PKS 0727-11 FSRQ 11258 -11.69 1.9 35 0.59 114

PG 12184304 BLL 185.34 30.17  11.1 39 0.70 6.7 LMC SBG 80.00 -68.75 0.0 3.1 0.36 1.1

PKS 1216-010 BLL  184.64 -1.33 69 4.0 0.45 3.1 SMC SBG 1450 7275 00 24 0.37 44.1

B2 1215430 BLIL 184 48 3012 18 6 3.4 1.09 85 RIS, 0048-09 BLI 12 68 -0.49 39 33 (087 100
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pre-trial p-value for clustering of high energy neutrinos

“+ia"

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

+15° £}

24h| s
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S I Ry SERALSD St

—15° Ny

Equatorial

78.36° 77.36° 76.36
Right Ascension

* hottest spot coincident with NGC 1068
 also hottest spot in the sources list (2.9G)

statistical fluctuations or neutrino sources?
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neutrinos with probable cosmic origin:
are they correlated to astronomical sources?

Arrival directions of most energetic neutrino events (HESE 6yr (magenta) & v, + v, 8yr (red))

absorption

Galactic

-90°
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THE HIGHEST ENERGY
NEUTRINO

* Muon neutrino with contained
vertex position

* Deposited energy 4.8 PeV

* dE/dx ~ 1.125 TeV/m over
last 400m

* Resimulation: neutrino energy
11.4 +-2.5 PeV

Event 132379/15947448-2
Time 2019-03-31 06:55:43 UTC
Duration 22596.0 ns

p—

. — - .
] g ' ! = | . h
AR | E gttt bt T e & IR G S R OSSR RS o
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Event 135440/3136778-0
Time 2021-06-29 18.09:44 UTC:
Duration 22320.7 ns

from light in the ice
to astronomer in less
than one minute

®

TITLE:
NOTICE_DATE:
NOTICE_TYPE:
RUN_NUM:
EVENT_NUM:
SRC_RA:

SRC_DEC:

SRC_ERROR:
SRC_ERRORS50@:
DISCOVERY_DATE:
DISCOVERY_TIME:
REVISION:
N_EVENTS:
STREAM:
DELTA_T:
SIGMA_T:
FALSE_POS:
PVALUE:

CHARGE :

SIGNAL_TRACKNESS:

SUN_POSTN:

s

- R ——
—?—.‘—-\ »’t/’i'\§ ' /‘

GCN/AMON NOTICE

Wed 27 Apr 16 23:24:24 UT

AMON ICECUBE HESE

127853

67093193

240.5683d {+16h 02m 16s} (J2000),
240.7644d {+16h @3m 03s} (current),
239.9678d {+15h 59m 52s} (1950)

+9.3417d {+09d 20' 30"} (J2000),
+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 TJD; 118 DOY; 16/04/27 (yy/mm/dd)
21152 SOD {05:52:32.00} UT

7

[number of neutrinos]

ik

1

0.0000 [sec]

0.0000 [sec]

0.0000e+00 [sA-1 srA-1]

0.0000e+00 [dn]

18883.62 [pe]

0.92 [dn]

35.75d {+02h 23m 00s} +14.21d {+14d 12' 45"}

HIGH-ENERGY EVENTS NOW PUBLIC ALERTS!

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

Iridium

GCN notice for starting track sent Apr 27

We send rough reconstructions

first and then update them.




* KM3NET



Credits:

R. Coniglione

KM3NeT is a Mediterranean research infrastructure hosting two
neutrino detectors and instrumentations for earth and sea sciences

» KM3NeT/ARCA (Astroparticle Research with Cosmics in the Abyss)

o observation of high energy (GeV + PeV) neutrino sources ¥ a telescope offshore Capo
Passero (Sicily-Italy) is in construction at a depth of 3500m

e KM3NeT/ORCA (Oscillation Research with Cosmics in the Abyss)

o determination of the neutrino mass hierarchy *® a detector offshore Toulon (France) able
to detect neutrinos of tens of GeV is in construction at a depth of 2500m

1 collaboration 1 technology % 2 detectors




France Switzerland >4 <"

THE KM3NET DETECTORS e

osnia an

aaaaaa

Same technology for the two detectors 5

ot F S R N Optical sensor (DOM)
31 PMTs of 3 inches

ORCA

e Depth ~2500 m
e One block of 115 Detection Units
e Distance between Detection Units ~20 m ® o

e Vertical distance between DOMs ~9 m
e =8 Mton

ARCA 90m
e Depth ~3500 m o o
e Two blocks of 115 Detection Units each 36m
¢ Distance between Detection Units ~90 m

e Vertical distance between DOMs ~36 m
o Volume (0.5 x 2 ) km3

From the PMT positions and hit times is

\fpossible to reconstruct the neutrino direction

36



Romania

1 Building Block (BB) ®115 Detection Units
ARCA 2 BB (230 DUs)
ORCA 1BB (115DUs)

Difference in the spatial distance of optical
sensors

B AR
T T S i S

(Vp)
(0
O
—
O
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—
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A
—
L
Z
o™
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AV4
LL
I
—
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DETECTION PRINCIPLE

CC v + all flavours NC 5 Atmospheric muon

Lo

@ ® ¢
& @
& °
Ll &
@ LN
@ @
o

& 7

Tracks ® @Ev>100 TeV Ang. res. below 0.1° - Energy res. ~ factor 2
Shower * @E,>100 TeV Ang. res. below 2° - Energy res. ~6%
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6 The basic elements:

» Optical sensors ® DOMs (Digital Optical Module)

e Strings * DU (Detection Unit)

e Seafloor network * Electro-optical cables and JBs (Junction Boxes)

THE TECHNOLOGY

The Digital Optical Module

700 m /200 m

DOM

It is a 17” glass sphere containing:
* 31 3" PMTs (photocathode aerea
=~ 3 x 10" PMTs)
* LED and Piezo
* Front-end electronics -> FPGA

Video of the DOM integration

Video of a DU integration

The Detection Unit

18 DOMs in a DU

The Sea floor network:

e Electro-optical cables from shore to the
deep sea

e Junction boxes/nodes to distribute power
and optical fibers

¢|n ARCA Cable Termination Frames (2
already installed)

e Interlink cables for connection of DU to JB
and JB to the main cable

ARCA JB




THE KM3NET/ARCA STATUS

Current status 28 DUs deployed
+3JB 1 sea campaigns per year

ARCA PN The next one in September 2024
(Italy) N | Y ‘ To be deployed:
A } . = 2 JB + ~19DUs + Instrumentation
Unit (IU)

Main electro-optical cable

~47 DUs at the end of this year
(~40% of the first block)

« To be deployed

next September
BLOCK 1

MO01-2015 ||
MO01-2021
M02-2021
M01-2022
M02-2022
M01-2023
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THE KM3NET/ORCA STATUS

Current status 23 DUs deployed

Many sea campaigns/year

Next one foreseen before the end of the

year ® complete the DUs of node1 and
deploy the node2 & 4-5 DUs

R Almost completed the first node
P48 p4g © &

P60} 7 P6
Ny o O d P
LT P84 pgs P8 77 P29 \ 6 20% of the full detector in water

N2
O

- O
P104
P92 Q P83 O O

O Q Q

41



Supernova explosions
Single DOMs as detectors
ARCA&ORCA

From MeV ...

Transition probability

THE PHYSICS

Neutrino oscillation
Main topic of ORCA

Dark Matter
ORCA & ARCA

HE neutrinos
Multi-messenger program
Main topic of ARCA




KM3-230213°
- 10 PeV 1,000 PeV
[ 100PeV — — — KM3-230213A
The most Energetic neutrino ever detected i -
2 0.15 - : 4
2 ! |
. . () 1 1
The KM3NeT Collaboration. Observation of an : I L
. . . . 0.10 ol d
ultra-high-energy cosmic neutrino with KM3NeT. o |
o]
Nature 638, 376—382 (2025). :
) € 0.05 -
https://doi.org/10.1038/s41586-024-08543-1 g
£
E,= 120 PeV - E, =220 PeV 0 ‘
2,000 4,000 6,000
Number of triggered PMTs
107°
----- Upper limits
s KM3-230213A
10 *'.,.." + l‘a\f\e\'lo\g‘\“"“ IceCube fits
= ] et * o "-"‘i\ == NST (2022)
2 ‘ —|_'*'PJ— ANTARES (2024) it
: T eLY EPRTCAC) —}— HESE (2021)
K 10-8*: -_1“-___ | ................. i CTSEEIRTA Lrtiy —}— Glashow (2021)
;E: . SPL 68% NST (2022)
3 T 'I' SPL 68% HESE (2021)
3 1077 .
{'8‘ Models
Cosmogenic band
10710 - Sources band
10—11 - - - — v — - — — r T T — v r r — r —
10 10° 108 107 108 10° 100 10"

Neutrino energy (GeV) 43



THE HIGH ENERGY NEUTRINO DETECTORS

In China also:
L HUNT ~30km3in Lake

-~ Baikal or the South China Sea
http://hunt.ihep.ac.cn/
NEON ~1km?in the South

’ In construction )
= - * China Sea
KM3NeT visibility : . 1km3_ https://pos.sissa.it/444/1017/pd

In construction (14%) : LRI v S f

8Mton ¥¥ "0, ,, Q"&f&
3 ARCA

R&D phase ¥

R&D phase

~8 km?

IceCube visibility
up-going tracks

Northern hemisphere

Aitoff
Projection




A dedicated software is
installed at the shore stations

for Real-Time Analysis (RTA)

EM/MM external communities

Sending alerts

Send neutrino alert to external communities

Receiving alerts

Receive alert from external communities - on-line
analysis and follows ups

Receiving alert system operative * RTA platform already active from November 2022 in ARCA and in ORCA

detectors
Sending alert system on going * High-energy neutrino alerts will be sent in real-time by end of 2024.
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Pierre Auger Observatory (PAQO)
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Pierre Auger Observatory
the world’s largest cosmic ray observatory in operation since 2004

—70

L wm; ¢ SD: 1600 water Cherenkov det.
regular grid of 1.5 km, 3000 km?

Loma Amarilla

—60

 Infill: 71 water Cherenkov det.
750 m spacing over 30 km? ;

Coihueco
HEAT

 AMIGA: extension in progress
(7 muon counters in place);

............. .0000.0....0..0 ° m:4sites (Eyes) With6ﬂu0r.
telescopes (180° x30° ) f.o.v.;

 HEAT: 3 fluorescence telescop.
@ Coihueco, 30° -60° in elevatio

AERA: 124 radio sensors in MHz range over 6 km? ;

EASIER: 61 radio sensors in GHz range, 100 km? ;
AMBER: 1 imaging radio telescope in GHz range, (14° x14° ) f.0.v
ing radio telescope in GHz range, (10° x20°



Cerenkov Water Tank

Cilindric simmetry :
Solar panel and electronic

Autonomous unit box Tl Communications
antenna

Power 10 W
Duty cycle 100% (24 h)

! 3PMTs . i d '
Photonis 9” f

s GPS antenna

Battery box

Container in
Tyvek+polietilene

- v

‘;ﬂ“ I
12*103 | of ultra pure
water

.l-...b . B A .:,:s;
: tank 10 m2 x 1.2 min w,‘:"
polle'rllene
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DUTY-CICLE

FD = 13-15%
SD = 100%
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QUESTION:
Are there UHE neutrinos?

PIERRE
AUGER

OBSERVATORY

Or search for the UHE neutrinos and the evaluation
of their flux upper limit

ANSWER: no neutrinos! (?7?)

» first upper limit (95% C.L.) of the

» upper limit (90% C.L) of diffuse neutrino flux

»upper limit on flux of UHE neutrinos from point sources
» results constrain astrophysical source models

P.Auger Collaboration Advances in HEP, 2013 (2013) 708680
P.Auger Collaboration Astrophysical Journal Lett., 755 (2012) 14
P.Auger Collaboration Phys.Rev.D 84,122005(2011)
P.Auger Collaboration Phys.Rev.D 79,102001 (2009)
P.Auger Collaboration Phys.Rev.Lett. 100,211101 (2008)
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|dentification of neutrinos

SELECTION CRITERIA:

B) Down-going (DG) low angle: 60°-75°

Muonic component of the shower

A) Regular proton shower

E-M component of the shower

DG, interacting in the mountains

B) Deep DG v shower

B), D) D)
DG high angle: 75°-90°
. . Upgoing ES v_shower
C) Earth-skimming (ES): 90°-95° i
T~ Nt Electrons & Photons
%‘V N
N ® Muons Electrons & Photons
:;‘;?: ction Interaction point/
[ [ [ [
Charged Current Neutral Current
\)\e \)u \)T \)X
. high energy \ \ \
.\ electron .. L \high energy R
hadronig‘ hadroni& ~~~~~~~~~ M hadronic tau hadroni& ~~~~~~~~~~ YV,
g & S N Jet et W\ T N




Features of UHE v_-induced showers:
at source, very few v, ViV, v =1:2:0;
at Earth expected oscillations with max. mixings ve:v,:v,=1:1:1;
very inclined (80° < 6<95° ) and young showers (in early stage of
development) close to the detector;
Signatures:
- slow and broad signal in time producing a (ToT) local trigger
- speed of propagation of signal along the footprint V;; = D;/AT= c

Electrons & Photons

Tau decay

»
n
]

At~100 ns

wIIHTIHIIIITIIIIIHIHITI

N
wn
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E2 dN/dE (GeV cm™2 s71 sr71)

CURRENT NEUTRINO SEARCH STATUS IN
THE UHE REGIME

~Ultra High Energy (UHE, E > 10'7eV) neutrinos

oot raton- bencre o e e S camnes cnven o N€lp identify how and where cosmic rays are
[ Cosmogenic (mixed - best-fit to Auger spectr. & compos.) = wm Magnetars from BNS (Fang 2017)
== == == AGN (Murase 2014) prOd Uced
7 . 0o Point right back to the sources (astrophysical)
1 \ £
10753 _ A N . .
f This analysis \ 1000 Can also be produced during propagation
106+ L - 7 (cosmogenic)
. - £100 >
Pierre Auger E o
10”‘; __ ANITA I-IV (2019) - E
1 IceCube 5—10 EJ
1078 g === s ———— WaxmanBaRcal (2015) i u CURRENT STATUS
-1 2 *Pierre Auger and IceCube Observatory have
10_9 E T.IJ
o1 performed searches
10-10 i o .
single flavor [ ¢ o1 > Both have complementary limits to UHEws
10-11 0.5 decade log1oE £

R I above 10'8eV

> Searches have helped constrain the
composition of UHE cosmic rays

1018 1019

Energy (eV)
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K M 3 N eT [ Cosmogenic (proton - best-fit to Auger spectrum) ~ seessssee Low-lumin. BL Lac (Rodrigues 2021)
I Cosmogenic (mixed - best-fit to Auger spectr. & compos.) =« = Starburst Galaxies (Condorelli 2022)

eve nt == == == = AGN (Murase 2014) = = Magnetars from BNS (Fang 2017)
1l 1 [ RN e | 1 oo agal ! [ R |
|Pierre Auger
10774 (2022 KM3NeT (2025)

Assuming the estimated = ] 10 T
neutrino flux central value ) . | - %

M08 i e e o - — ¢ e ¢ e s s s — C —
~ 29 events should have ” —~= Waxman-Bahcall (2015) I s
been detected with Auger e ] Pierre Auger -1 ¢
SD1500 ; 1 integral (2022) s ~
3 10 3
~ I EJ/

w [}
(~ 1.5 events assuming S 0.1 3
. . © C S

central value minus 2 sigma ~ 10-10 i o
gma) 4,10 PRELIMINARY [

Single flavor ?0'01
10-11 0.5 decade logoE [
1017 1018 1019 1020 102t

Energy (eV)
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AugerPRIME

PIERRE
AUGER

(AL LN Extension of operation of the Pierre Auger Observatory.

(MOUs have been signed in Nov 2015)
Main improvements:

A new detector above each of the existing water-Cherenkov detectors (WCD)

A new electronics for the SD and the extension of the dynamic range (smallPMT)
Extended FD operation

Underground Muon Detector with AMIGA to have a direct muon measurement
Radio antenna on every SD station.

SRRSO Y

100% duty cycle

Complementarity of particle response used
to discriminate electromagnetic and

muonic components of air showers
$SD(3.8m?)

The New electronic has improved the resolution (x4)
The sample frequency 40 MHz -> 120 MHz
Better time resolution

FPGA based -> possibility to implement new Triggers

New Triggers would allow a better efficiency
To neutrino showers.
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Future

It’s an exciting period for neutrino Astrophysics
Ultra-high energy neutrinos

Jr« Detection of ultrahigh-energy neutrinos in ARA G D Giant Radio Array for Neutrino Detection

Cosmic ray

* Inter-antenna spacing: 1 km

s
V  Amundsen-scott o ! j,Tv‘} :
ARA station i g o/ {114 'T; |‘,?;\§i1; S g qp S8
Firn (50 m) A - /m +1r ST T 28 T3 Yo g T
S 11 ?«‘1“ H‘Y‘”\‘Tf}! 1;‘ ¥
» A 11 1% 1[1{1 1y
/ Illr}” it tiy1et
ke Interaction Vertex TJT 11 }{}ffff!’ f‘" 1‘}{1’1‘1{’1’ e
f ¢ R
ARA Instrumentation !1 ! YY[fomT 71 11 ,frf‘ffyr 1 f S
b > -
Central Station k/
Electronics h
§ Radio emission T
V‘C
- herently ¥ * Antenna optimized tor horizontal showers
i ) * Bow-tie design, 3 perpendicular arms
transmitter N
I < . ’ » Frequency range: 50-200 MHz
:

UHECRs By 0 T Neutrino - tau-decay
Down-going EAS R o -going from below limb
i Cherenkov Fluorescence signal Y S i herenkov EAS signal
particle £ 1 3 \
light
shower
T : 2




Thanks for the attention!
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* BACKUP SLIDES



First hint of W boson resonance in data
(GlaShOW resona nCE) Nature 591, 220-224 (2021)

Ve

By measuring nu/nubar -> probe source

Er = M%V/(zme) = 6.32PeV environment directly (magnetic field,
w- pp/pgamma)

Right ascension .

14 h 12 h 10h
¥ 38

c —— Cascade-+track 90% ©o i - s
Ke] ° = = : -
*g‘ —— Cascade 90% =" 5 3 H =
I & $ == E - -
3 ° = = - -
[ ] - W : -
% 55 = S
e S TER 5O
Equatorial H < = =
coordinate system -

-30° — °

Identified muonic component from the hadronic shower ‘

angular uncertainty contour shrinks by a factor of 5 with hybrid reco




oscillations of PeV neutrinos over cosmic distances to 1:1:1

VeV Ve at source
m  0:1:.0
e 1:2:0
1:0:0

Fraction of v.

fe:fy: fr at source

. 1:2:0
o
° 0.8 = 0:1:0
A 1:0:0
Best fit

*  0.34:0.35:0.31

_____

Q (o) Q Q ~y

Ve fraction (f.)

61



0.4

0.2

o
o

—
&0
)

-

—
=
=
Q

=1
-
<
-~
=
ot
plem)
O
o

|
o
)

|
<
=~

80 high-energy neutrinos
from the direction of the
active galaxy NGC 1068
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Events
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[ Signal [ Total
[ Background ¢ Data
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