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The Universe in Neutrinos
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The Universe in Neutrinos
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Observable Universe

microwave optlca X -Irays gamma-rays neutrinos cosmic rays
. m .0 O — Y
10°
10° terra incognita:
S 10? only revealed by
Q. .
=J neutrinos
)
=
g 10°
@
O 10
10?2
10
10°© 104 1072 10° 10? 104 10° 108 10 102 10 10 10%® 10%
Energy [eV]

* 20% of the Universe is opaque to the EM spectrum

« Non-thermal Universe powered by cosmic accelerators, probed by gravitational
waves, neutrinos and cosmic rays
Ali Kheirandish | CIPANP 2022 | 2021 | 3



Neutrino Astrophysics

e Soon after discovery it was realized neutrinos are ideal cosmic messengers.

Accelerated CRs 550 e

interact with gas or cosmic rays +

neutrinos

radiation in the beam = ‘
dump and produce /
charged and neutral ‘

' g cosmic rays
+ gamma-rays
e Neutrinos:
v Hardly interact = unabsorbed
v Neutral = point back to their sources
v Smoking gun of the CR sources

v Exclusive messenger for 10 TeV - 10 EeV

Low statistics and large background, main
challenges for neutrino astronomy. Ali Kheirandish | CIPANP 2022 | 2021 |



10 years of IceCube Observation

» What have we learned about the nature cosmic neutrino flux?

» What have we learned about the origin(s) of the cosmic
neutrinos?

» How we can use high-energy cosmic neutrino flux observables
to study neutrino?

»» For the highlights on the latest IceCube results,
see James DelLaunay talk tomorrow.
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High-Energy Neutrino Flux
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High-Energy Neutrino Flux
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High-Energy Neutrino Flux
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High-Energy Neutrino Flux
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oroperties.

» Fluxes are compatible in common energy range.
» Features in high-energy neutrino flux can point to different source

Ali Kheirandish | CIPANP 2022 | 20211 6




Flavor Composition

e Standard Expectation: equal proportion of each flavor
* Flavor composition compatible with equal proportion ot each flavor.

* Any deviation from the equal proportion indicate new physics!

0.0

B Standard Model (vVSM) 1.0

0.1 ® mdecay: (1:2:0)qg
New physics: .
v dec:fy-i’ike 0.9 p-damped: (0:1: O)S

0.2 And :(1:0:0
New physics: 0.8 n decay: ( )s

Lorentz violation 0.3

0.7
A 0.4

2
s
0.5 &-
)
?

0.5

N

S
.gc

Eb' 0.6 o)

> 0.4 *2

-

Y
L 07

— IceCube 8 yr (68%)

IceCube 15 yr (68%) 0.1
1.0 IceCube 15 yr + Gen2 10 yr (68%)
1 0.0
lceCube 2020 Fraction of v, e 7 7 7 7 7 7
60 01 02 03 04 05 06 07 08 09 1.0
—— HESE with ternary topology ID v, : v, : V7 at source — on Earth: Fraction of v,

%  Best fit: 0.20 : 0.39 : 0.42
Global Fit (IceCube, APJ 2015)
Inelasticity (IceCube, PRD 2019)

-------- 3v-mixing 3o allowed region

0:1:0 — 0.17 : 0.45: 0.37
1:2:0 — 0.30 : 0.36 : 0.34 IceCube—GenZ 2020

1:0:0 — 0.55 : 0.17 : 0.28
10 = 0.36 - 0.31 = 0.33 Ali Kheirandish | CIPANP 2022 | 2021 | 7

¢ » o n



Flavor Composition

e Standard Expectation: equal proportion of each flavor
* Flavor composition compatible with equal proportion ot each flavor.

* Any deviation from the equal proportion indicate new physics!
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Arrival Direction of the Most Energetic Neutrinos

absorption
>90%

Galactic

predominantly extragalactic origin

Ali Kheirandish | CIPANP 2022 120211 8



Possible Sources

Sources of TeV - PeV cosmic neutrinos should

» Accelerate Cosmic Rays to > PeV energies
»» sources of VHE & UHE CRs
» Poses beam dumps that facilitate CR interaction

o target

»»environment that can provide gas anad |
1 directional

1
1 beam

radiation with enough density -

magnetic
fields

Gammé Ray
Bursts (GRB)

.4

--."S*',upefrnova‘; emnant (—.SN'R) ' Active Galactic Nuclei :Xe\')




Neutrimo Sky-IceCube 10 yr

Northern Sky Hotspot TR
4 R ,.@. |

S

Equatorial
s
0 1 2 3 4 5 §
— loglo(plocal)

[lceCube, PRL 2020] Ali Kheirandish | CIPANP 2022 1 2021 | 10
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NGC 1068

———— IceCube v, + 7, Best Fit L S WO W MU SO
10-10 =cemee Lamastra et al. 2016:~
_lc—- ...... Lamastra et al. 2016:, 1.70° 6.0
R - - = H.ES.S. upper limit (4hr)
l: @ Fermi-LAT (7.5yrs) =
: 10714 JK  MAGIC upper limit (125hr) 5 4.5 ;86
= 5 =
< S -030° S
° 10712 +—9——@— 1 é% 3'02‘00
P s Tl o |
< i i LA D I
N ———— s - IEECEGI RS S S  NNS
. S : e | 0.0
10~ 10~ 42.87° 40.87° 38.87°

Right Ascension
lceCube, PRL2020

Hottest spot in the all-sky scan coincides with the direction of NGC 1068!
NGC 1068 is the most significant source in IceCube source list with a local
pre-trial p-value of 1.8x10->(2.90 Post trial).

* 51 signal neutrinos in the direction of NGC 1068, with a soft spectrum.

Ali Kheirandish | CIPANP 202212021 | 11



TXS 0506+056

e 290 TeV neutrino in Sep. 2107 found in coincidence with enhanced
y-ray activity
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Time-dependent search in the direction of TXS 0506+056 revealed a neutrino
tflare in December 2014 that dominates neutrino emission in 10 years.
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The emerging picture

* The neutrino sky is no longer anisotropic. Early evidences point to AGN as
the primary source of high-energy cosmic neutrinos.

PKS B1424-418 ("Big Bird") TXS 0506+056 (IC-170922A) PKS 1502+106 (IC-190730A)
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e Sources found to be in quiet mode in y-rays at the time of a neutrino alert detection.

e Efficient neutrino emission: dense target
e Neutrino-gamma ray connection more complicated than anticipated
e Canonical One zone models cannot explain the multimessneger interface

[Halzen & AK 2020, Fang+ 2022, Murase+ 2019, ...] Ali Kheirandish | CIPANP 2022 1 2021 | 13



Medium Energy Flux
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Medium Energy Flux
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NGC 1068 1n AGN-Corona Model

e Cores of the AGN, which are o __AK Murase, Kimura, ApJ 2021
optically thick for GeV-TeV y-rays, 10-6 L NGC 1068 (Lx = 10¥ergs™)
are one of the best candidates as
the source of the high-energy == 10T ]
neutrinos. C?m Stochastic j

% 108 L (high CR pressure) :

e Accretion dynamics and magnetic = '
dissipation will form a magnetized % 10-9 £/ Magnetic _
corona above the disk. T /' Heconnection

&e? 101 E
¢ The disk-corona model HE = |
: . ol 1l Stochastic ]
neutrino emission can successtully 10 (modest CR pressure) :
accommodate the flux of neutrinos ! _
at ME in the 10-100 TeV range. 102 103 ”“1'04' 105 B '1'06
[Murase+, PRL 2020] E, |GeV]
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Bright Seytert Galaxies: Prospects

. - 10"
IceCube Stacking
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» The optimum scenarios for neutrino » Neutrinos from bright Seyfert galaxies
emission from bright seyferts, could be confirmed with operation of
consistent with NGC 1068, should be next generation of neutrino telescopes.

seen with addition of data in IceCube.
Ali Kheirandish | CIPANP 2022120211 16



Neutrinos tfrom Core Collapse Supernovae

L, 4

thermal
1053 ergs™! W
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Neutrinos tfrom Core Collapse Supernovae

L, Thermal neutrino emission from
thermal

105 orgs— veyy  collapse of the core of progenitor
/\ star. MeV neutrinos extract the
gravitational binding energy.

GeV-PeV v nonthermal

i

1042 ergs™1

| ~10 sec ~0.1-1 day

Ali Kheirandish | CIPANP 2022 | 2021 | 17



Neutrinos tfrom Core Collapse Supernovae

L, Thermal neutrino emission from
thermal

105 orgs— veyy  collapse of the core of progenitor
/\ star. MeV neutrinos extract the
gravitational binding energy.

GeV-PeV v nonthermal

i

1042 ergs™1

| ~10 sec ~0.1-1 day

>

E

\%

» Observation of extragalactic SNe showed rapid significant mass loss in

SN progenitor which leads to shock interaction with dense circumstellar
material (CSM).

» Shock interaction with CSM results in production of HE neutrinos!

Ali Kheirandish | CIPANP 2022 | 2021 | 17



Neutrinos tfrom Core Collapse Supernovae

L

thermal

A Thermal neutrino emission from

star. MeV neutrinos extract the

1053 ergs! W collapse of the core of progenitor

1042 ergs™1
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gravitational binding energy.

A high-statistics
GeV-PeV v nonthermal

— (~104-109) TeV neutrino

signal is expected for an
ordinary Galactic SN.
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» Observation of extragalactic SNe showed rapid significant mass loss in
SN progenitor which leads to shock interaction with dense circumstellar

material (CSM).

» Shock interaction with CSM results in production of HE neutrinos!
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HE Neutrino Emission from CCSNe
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* Occurrence of SNe inside Milky Way would overwhelm neutrino telescopes
with > 107 neutrinos within a year.

* The horizon for observation of neutrinos from SNe extends beyond our

Galaxy.
Ali Kheirandish | CIPANP 2022120211 18



HE Neutrino emission from SN II-P

» Local Galaxies

* HE neutrinos from close by
sources (e.g. LMC & SMC)

can be identified in current
detectors.

Joint analysis of data from
upcoming neutrino
telescopes in the Northern
hemisphere will boost the
sensitivity.

Next generation of neutrino
telescopes will push the
horizon for identification of
HE neutrinos from SN [I-P to
more than 2 Mpc.
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Cosmic Neutrinos
as Probes of New Physics

Symmetry Magazine

20



New Physics Search with HE Neutrinos

They have the highest energies (TeV-10s of PeV)
~ Probe physics at new energy scales

They have long baseline (diameter of the Eath-~Gpc)
~> Tiny effects can accumulate and become observable

They are weakly interacting & have unique quantum
number (flavor)
~ Powerful tool to probe for new effects

Understanding the origin of HE neutrinos offers

unique opportunities to probe for new physics!

Ali Kheirandish | CIPANP 2022 | 2021 | 21



New Physics Search
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Non-Standard Neutrino Interactions

10 itivity (13 £ 5 excess evts.

gs.prv.A

102 \

10~
| === (Pseudo)Scalar Mediator, v — v~ === MFP = 600 Mpc, E, =1 PeV
- (Axial—)Vector Mediator, v — v === MFP = 600 Mpc, E, =1 PeV
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Multimessenger observations imply the neutrino mean free path > 1.3 Gpc.

I Limits depend on source models

Ali Kheirandish | CIPANP 2022 | 2021 | 23



Dark Matter-Nu Interaction

'DM-v interaction will result in

sCattering of neutrinos from
extragalactic sources, leading to
anisotropy and SS.



Dark matter column density* seen from Earth
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Energy & Morphology

Energy Distribution

Events per 1347 days

Angular Distribution
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Constraints on DM-Nu Interaction
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Competitive limits compared to cosmological constraints!

[Arglelles, AK, Vincent 2017, lceCube 2022]
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BSM-1nduced Time Delay

transient

vv s-channel (£, = 100 TeV,my;, = 5MeV)

v-DM t-channel (E,
vector mediator

=100 TeV, m, = MeV, myy = 5MeV)
scalar mediator [ scalar mediator vector mediator |
— 107"}
5
10—2 I.' L L. L L L . L
1073 1072 10°t 10 108 10* 10 10 1073 107! 10t 103 107 107 10°
ts t[s]
5 Eskenasy, AK, Murase, 2022

Ali Kheirandish | CIPANP 2022 |1 2021 | 28



Constraining nu interactions

Blazar flares Core Collapse SN
100 TeV neutrinos 15 MeV neutrinos
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Dark Matter Annihilation
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[Arglelles, Diaz, AK+ Rev. Mod. Phys. 2022.]
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Dark Matter Annihilation

[Arglelles, Diaz, AK+ Rev. Mod. Phys. 2022.]
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Dark Matter Decay

[Arglielles, Delgado Lopez, Friedlander, AK, Safa, White, Vincent, in prep.]
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DM Signal from Galaxy Clusters

» Virgo Cluster
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[Chianese, AK, Murase, in prep.]

In the GenZ2-era, stacking with more clusters can overcome

diffuse limits.
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DM Signal from Galaxy Clusters
» Virgo Cluster
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[Chianese, AK, Murase, in prep.]

In the GenZ2-era, stacking with more clusters can overcome

diffuse limits.
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DM Signal from Galaxy Clusters

» Virgo Cluster
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[Chianese, AK, Murase, in prep.]

In the GenZ2-era, stacking with more clusters can overcome

diffuse limits.
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UHE Regime

» Tau PeV Neutrinos
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ANITA Anomalous Event

The 3rd flight of ANITA
1010} —— Secondary v, flux -
identified an up-going tau v E (90% CL UL) x
. e 8L i
shower initiated by a tau- 0T x IEVgI’(g ’AI‘AAEM;ZQO 1
. . . . . a ceCube Astrophysica
neutrino interaction in the ice. g 10% *  (HESE 6 years :
=
L : G 10%F .
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10
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Constraints from regenerated flux at PeV energies disapproves localized
emission in the direction of the anomalous event!
[Safa, Pizzuto, Argtlielles, Halzen, Hussain, AK, Vandenbroucke 2019]
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Outlook

 After a decade of observation, signs of anisotropy
are emerging in IceCube data.

> Early indications points to active galactic nuclei
as primary source of high-energy cosmic
neutrinos.

e |dentification of the origin of HE cosmic neutrinos
will bring insight into the working of cosmic

accelerators.

e The HE neutrino beam provided by cosmic
accelerators offers unique opportunities to study
neutrinos.

e Cosmic neutrinos provide complementary tests of
physics beyond the Standard Model in the neutrino

sector.
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