Title: Particle/Astro Observations
Speakers:

Collection: TRISEP 2023

Date: June 30, 2023 - 11:00 AM
URL.: https://pirsa.org/23060087

Pirsa: 23060087 Page 1/72



Particle Astrophysics
High Energy Neutrinos

TRISEP - June 2023

Pirsa: 23060087 Page 2/72



aring materials online!
I; Francis Halzen - UW-Madison; Jérg R. Horandel - BU Njj an, Mikhef, VU Brusseal: Athina

Meli - Uiniv. Athens; Elisa Rescon

Many thanks to the broad particle astrophysics community for sh

1ant Iram. Joraan Goodman

Pirsa: 23060087 Page 3/72



Cosmic particle production
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Cosmic ray “standard” scenario (hadronic and leptonic processes)
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Cosmic ray ‘standard’ scenario: the secondary
products from hadronic mechanisms

Raferance:
pp Interaction (5 .R. Kelner, F. A, Aharonian V. Bugayov, Phys. Rev.D74:034018 2008)
py Interaction [S.R. Kelner, F.A. Aharonian, Phys Rev.D78:034013.2008)

A Reimer ef al., SOPHIA MenteCarla, hitpiebl stanford edu/
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M. Markov B. Pontecorvo
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« lattice of photomultipliers

Pirsa: 23060087

charged secondary
particles produced
as the neutrino
disappears

Charged Current

nuclear

interaction
..

neutrino
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« muon travels from 50 m ~
to 50 km through the
water at the speed of light
emitting blue light along
its track
speed of light in water
~3/4 c <> shockwave

interaction

» lattice of photomultipliers neutrino
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10,000 times too small to do
neutrino astronomy...
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ice 1.4 kilometers below geographic South Pole

find an optically clear rgedium shielded from cosmic rays I

map its optical properties

fill with photomultipliers with spacings ~ absorption length

add data acquisition and computers
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« 3 km deep South Pole glacier
« ultra-transparent ice below 1.35 km
» absorption length: 100 ~ 250+ m
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High-energy neutrinos - background considerations

downwards (L)

air showers, muons,
neutrinos

horizontal (=

air showers, muons, 1 H T J
neutrinos L lceCube Herizon
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upwards (|
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local zenith ~45
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Fanal Sam

through-going
(tracks)
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IceCube high energy starting events search

» |dentify starting events in the detector .

by applying an active veto to remove L1\ /Veto

the down-going backgrounds: M\

= atmospheric muons identified by \
using part of the detector in anti- In X
coincidence; can estimate potential & ‘5.
contamination by using subsequent \
detector regions to measure \
number of muons that evade the | |
other veto layer ]

* atmospheric neutrinos: starting _
outside the detector see above, .
starting inside the detector tag with A\
a parent atmospheric muon =
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electron showers ...

F Y A,
PeV v, and v,
showers: il - Pl
* 10 mlong rpl
+ yolume ~5m? e
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25~50 m
v
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size = energy color = time = direction
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size = energy color = time = direction
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Distance to source (vertical) [m]

Best cascade fit Reversed orientation + + Exp. data
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IceCube high energy starting events search
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...and then there p\ Veto

were 26 more... o\”
Data (Trigger Level) | @
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data: 86 strings one year
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IceCube high energy starting events search

Starting Event Spactrum

B Background Aem =
T ———
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2 year HESE

\"/f /’/G alactic

[T
0 -2log(L/LO) 12.3923
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93 TeV muon: light ~ anergy”
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— Astrophysical
Number of Events per Bin

Muon-Template

Sum
10° = o= Exp. Data

muon neutrino flux

filtered by the Earth:
atmospheric vs
cosmic —

Data/MC 10 ....-..............._....++++++H.

I
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Muon Energy Proxy / GeV

- (Conventional Atm.
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50m per PeV

tau decay length:

yct

tau neutrino production and decay
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2014 Event

event found in 3 different analyses

tau decay length:

50m per PeV

\

(E1-E2W(ET1+E2) = -0.80

il Py
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a cosmic tau neutrino with 17m lifetime

light from nutau interaction and tau decay
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oscillations of PeV neutrinos over
cosmic distances to 1:1:1

Perimeter-A

i

=
o

Fraction of v,

oscillating PeV neutrinos (7.5 years starting events)
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rFirst observation of a Glashow Resonance Event

partlally contained event with energy 6.3 PeV

. resonant production of a weak
o, £ I intermediate boson by an anti-
| / electron neutrino interacting with
4 an atomic electron

. X By H f
y Yy ;
X L | 4
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/e q

Pirsa: 23060087

Page 34/72



== =
First observation of a Glashow Resonance Event

Glashow resonance: anti-vg + atomic electron 2 real W

partially-contained PeV search
deposited energy: 5.9+0.18 PeV
visible energy is 93%

L

- resonance: E1~blr = 6.3 PeV

work on-going

Pirsa: 23060087 Page 35/72



Pirsa: 23060087

ceCube Preliminary Vo RV ER

nuebar:nue=1:1 The new event

~ starting events

o

upgoing muons Glashow

| |
— =]

HESE Differential | {

10°
Neutrino Energy [GeV]

Page 36/72



—4— Starting Tracks 10.3 year, This work

Northern Sky Tracks 9.5 year, ApJ 926 (2022) 50
Cascade & year, PRL 125 (2020) 121104
Inelastic ty 5 year PRD o9 |__?I'l]_"-_-j: 032004

HESE 7.5 year, PRD 104 (2021) 022002

Confidence Intervals
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September 22, 2017
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The story of a neutrino...
lceCube-170922A and TXS 0506+056

Side vidw

i
'
ph s eesnal

TITLE: GCN CIRCULAR

NUMEER: 21916

SUBJECT: IceCube-179922A - IceCube observation of a high-energy
neutrine candidate event

-]

On 22 Sep, hﬂl?’ IceCube detected a trock-like, very-high-energy
event with a high probaobility of being of astrophysical origin. The
event was identified by the Extremely High Energy (EHE) track event
selection. The IceCube detector was in a normal operating state.[_]

Page 39/72

Pirsa: 23060087



lceCube 170922
290 TeV

Fermi
detects a flaring
blazdr within 0.06°

-
&

Daclination

Farmi Counls

Raght Ascension
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Declination

7 e 76.8
Faght Ascension

MAGIC Sgs Blid:
detects emissian of . .

> 100 GeV gammas

MAGIC ssgniticance [«]

Declination
. -

lceCube 170922
290 TeV

Fermi
detects a flaring
blazar within 0.06°

orignal GCX Motios Fri 22 Sap 17 205513 UT
rediresd beest- St direction 101708224
— IC1TOSZIA 50% - rea: 0,15 squan dogrees
— IC1TOREIA SO% - s 007 squise digrees

Right Ascension

1 GoV

Farmi Counls
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The story of a neutrino...and a blazer

Siche viéw
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Right Ascension [*]
Following the direction of this neutrino 4 billion light years back
into the distant sky we found an active supermassive black hole
(blazar); the first compelling source for high energy neutrinos,

and hence cosmic rays!

= 3 major press conferance (US, Germany, Japan)

= morm than 2,000 articles, videos and radio/podcasts to
date, including major news (BBC, CNN, FoxMNews,
Frankfurt Allgemaine, NYtimas, Washington Post,...). el
specialized, and children's programming lf};‘,

10 seience stories in 2018 |
that made us go, “Whoa,
that's seeesome™
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The story of a neutrino...and a blazer
Spectral Energy Distribution — Sept/Oct 2017

'.-
%
k L L

Energy [eV]
Extensive broad-band follow-up measurements
errad ~300 TeV neutring emission has v of same order as

MNB: cbservations not strictly contemporansous

¥

VHE gamma rays
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global robotic network of

optical telescopes
connects TXS 0506+056 1 [ 4 _
to IC170922A in the time l IV A ot

domain ¥

“MASTER found the blazar in the off-state affer one minute
and then switched to on-state two hours after the event.
The effect is observed at a 50-sigma significance level”

Optical Observations Reveal Strong Evidence for High Eneray Neutrino Progenitor

V 1 Lipunov'=, V.G. Komilov ", K Zhirkov', E. Gorbovskoy™. N.M Buodnev®, DA H.Buckley'. R
Rebolo . M. Sema-Ricant”. R. Podesta N . Tvunna ), (iress’ “:"l:“--.':-;|-:||k.l' V. Yurkov". A
P Balanutsa®, [ Gorbunov™, D Viasenko =, F Balakm —, V_Topolev’', A Pordnyakow’
o, V. Viadimirov™, A. Chasovmikov', D. Kuvshinov™ =, V.Grmshpun ™=, E Minkina
V_B Petkov ', S.15vertilov C. Lopez', F. Podesta’, H Levato™. A. Tlatov™"
B. Van Soelen . 5. Razzaque . M. Boticher
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gamma rays in 2017 at the time the neutrino is produced ?
consistent with an obscured source, not a blazar

b TXS 0506+056 (IC-1709224)

35
s 0.0 .
-3 Lir]
W (3]
il £ 6.0
; 5 )
i = 30 1‘
g 2 by
= % 0.0
w 1.0 G, o4
3 - g
2 =

0.5 Ja L)

L g |
STEQ 5785 ST SIWSD  SA000 SEOS0  SAIDD  SELSD  SB200 r T
T [M]D] &

-0 5 0 5 10 15 20
Time (MJD-58018.87)

* MAGIC, HESS and VERITAS: TeV flux is highly variable and there is no TeV
gamma ray emission at the time the neutrino is produced

* MAGIC: onset of the TeV flux 5 days after IC170922

+ confirmed by MASTER: the blazar switches from the “off” to "on" state 2 hours
after the neutrino
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The story of a number of neutrinos and a blazar...
lceCube-170922A and TXS 0506+056
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TXS 0506+056

multimessenger observations in the time domain
change of flux 2 hours after 170922 neutrino
source is quiet 10 previous and 3 following years
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vy SUREN merging
', massive

[r star?

core | -
galaxy? i Jet |

- warped jet?

Bearitr wt wiois o4 daBr el ¢ b 5
of KR 1 500 fod
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r
Sources of high-energy astrophysical neutrinos...

- 0
leag
3
i | « NGC 1068
-
2 -
i o+ i
} ST R
2 41 4 Ioas
t Ascension [d

LDQ 10{Ploca 1)

evidence for non-uniform sky map in 10 years of lcaeCube data :
mostly resulting from 4 extragalactic source candidates
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Example of non-jetted AGN; NGC 1068

Seyfert 2 type AGN
Star burst activity
Outflow

A

vy -
Outflows regulating star fmn‘mﬂon-n?gd:q q:.ﬁr'mhlng. can drive active star formation, accreti
galactic nuclei, AGNs),
Cold gas outflows contain the raw material from which stars are formed.

CrOET; NASALIPY, -Catec
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The AGN component in NGC1068

radiatively inefficient accration fiows:
acceleration of elecirons and protons
in the high field regions associated
with the accretion disk and the oplically
thick corona (0.1 pc) emitting most of thie X-rays

Black hot corona: ultrahot gas

the core is ihe target for neutrino production
and gamma-ray obscurad

Complanized X mrys
CR-nduosd cascade

k:
accrelinn 5 L :"' Black hoke 4
dink L ;
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r
Sources of high-energy astrophysical neutrinos... coming next?

Observation of high-energy neutrinos coincident with gravitational wave events
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r
Sources of high-energy astrophysical neutrinos... coming next?

LIGO run O4 commenced May 2023
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ke

August 17, 2017 neutron star merger did not
have the jet aligned with Earth

high-energy neutrinos:
from collimation (TeV) and
internal shocks (PeV):

protons photoproduce neutrinos
on photons from leakage of
the collimated jet
on synchrotron photons from
electrons (internal shock)
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Grand unified neutrino spectrum (integrated over direction and flavour)
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The Askaryan effect vs radio

- In a shower: many particles « Mumber of particles is a function of
« Charge separation produces a haight above ground
current
I ™
| b— ]
] i |
2 s
!
DT I L
/ e

Esitance rivelled = dEmossbere [gem* )

The current changes as function of time/height
A changing current causes electromagnetic emission
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The Askaryan effect vs radio

w.org pal

Ultra-High Energy (UHE) cosmic rays
and neutrinos:

coherent radio pulse from the axcess of
alastrons in & shower devaloping in a
dense dielectrc and non-absorplive
mediurm. The signal is the radiation due to
the: charge excess of a shower In a lnear
dielectrc medium such as loe, salt, or
Sillca sand

Emitted power goes with the square of the
particle energy (experimantally confirmed
in accelerators): promising idea for the
detection of UHE particles,

Radic power is absorbed quickly by a
small admixture of ligusd water, 5o the
natural medium should be dry, such as salt
domes, or bettar yet, frozen to a solid
state.

Geometry of Askaryan Radiation
Longitudinal Observer at (r,§.2)
view .

U{E'_'I-_ Azt
! % 'Shﬂu'ﬂ_—:r axis
bt e
b =
B4, Lateral spread
Lateral Observer at (r.¢=0,2)
view
3 = -
N
I \\.'
) \ i .
f ir é'.2) Sho.‘.rer axis
I points out
1
I'-. fir') J of the page
...\'. r..
Y .

Gpn'“r'rry of a high anergy parﬁcle shower,
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The Askaryan effect vs radio: detection via
in the shallow ice (South Pole, Greenland)

antennas
httpsiariv. o pdf/2208,. 048
Array of antennas in shallow ice
acd
----- =3 E
* firn | 2
"'fi ice
nx—é ,..""'#
'\2’_:" Lol
..n. '\.;II‘
E e g
— _'-I-I- -~ ’." .
(L e
r -~
U
. T
Xi nt =
-
- 8c05 ERCl r
vEkary it
bedrock
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The Askaryan effect vs radio: detection via
antennas in the shallow ice (South Pole, Greenland)

SUMMIT STATION

TR, 3LATW, 325 FELERFTR,

Radio Neutrino Observatory

L:} 10 km

RN Ea
T

'1'1},

&
+  After lots of proof-of ; g"
principle 4 ¢ -
; experiments: first y _ ﬁ’.
Statioa® scale-up to large & ;
el ; : array e =
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The Askaryan effect vs radio: detection via
antennas in the shallow ice (South Pole, Greenland)
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The Askaryan effect vs radio:
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r
High-Energy Neutrinos ... lceCube Upgrade

.
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IceCube jrac ME0m  J4EDm  2435m
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r
High-Energy Neutrinos ... lceCube Upgrade

Science drivers:

- Enhanced capability for GeV atmospheric -
neutrino detection at ~few GeV; world- :
leading measurement of tau neutrino = "
normalization for direct text of unitarity of "
the PMNS mixing matrix ¢ .o )
| | .l. '.. . Be
- Advanced calibration devices to reduce ice = .
systematic uncertainties -> recalibration of 1 ?
the full array. ) 1 1
- Re-analyze more than 15 years of 1 a
lceCube data with substantially 4 '
mproved angular and energy resolutions .- .-~ 4 1
~factor 2 improvement) tiibe sk om g 2

- Enhanced neutrino event pointing
(source discovery)
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High-Energy Neutrinos ... Global View

~
i
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High-Energy Neutrinos ... KM3NeT
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High-Energy Neutrinos ... KM3NeT
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High-Energy Neutrinos ... GVD

3
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P-ONE

High-Energy Neutrinos ...
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High-Energy Neutrinos ... Gen2

= W .
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: - :
= B J Fom
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High-Energy Neutrinos ... Gen2

m-m _Im.e-(}ent
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NE 10 i
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High-Energy Neutrinos ... Global view
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High-Energy Neutrinos ... Global view
® IceCube

GVD, Russia
KM3NeT, Sicily

ONC, Canada
Galactic center/plane
TXS 0506+056
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