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Outline

What is HE neutrinos?
Why study HE neutrinos?

How to detect?

— Current observation result
Where are they from?

— Theoretical analysis

Open questions & prospects



Neutrino

ELEMENTARY
Standard Model of particle PARTICLES

physics
One of leptons, with spin %

Three flavor: electron, muon, and
tau neutrinos

No charge, no EM and strong
interactions, only weak interaction

Massless in standard model, but
with mass in modified model

Sources: reactor/accelerator,
sun/star, supernova, atmosphere,

=V Y, T,

o W



Nobel Prize for neutrinos

1988- Lederman, Schwartz & Steinberger
— muon neutrino (1962)
1995- Reines
— neutrino discovery (1956)
2002- Davis & Koshiba
— solar neutrino (missing,1968); SN1987A neutrino (1987)
2015- Kajita & McDonald
— neutrino oscillation (atmospheric,1998; solar, 2001)

20XX- lceCube?
— HE astrophysical neutrinos (2013)




(expected) neutrino spectrum
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Why neutrinos?

In astronomy, to look for cosmic ray sources



lon pairs/{cm?s)

0

20

10

-

Chamber 1

-

Chamber 2

2 4 6
Altitude (km)

lon pairs/(cm?3s)

oo
=
|

W

Altitude (km)

Hess, 1912




Ultra-High Energy Cosmic Ray: extragalactic
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« CR source messengers

— Cosmic ray -
deflected/delayed by B

field , apparen
— Gamma-ray — absorbed 2 | spurce

by cosmic radiation

— Neutrino — weak
interaction

\directior

Gamma
Neutymo

-



How to detect?



Cerenkov radiation

Cerenkov
radiation
cone

The Cerenkov radiation
from a muon produced

by a muon neutrino event
yields a well defined circular
ring in the photomultiplier
detector bank.

.\..,;1.

Muon

Muon

neutrino
The Cerenkov radiation
from the electron shower
produced by an electron
Ve neutrino event produces

multiple cones and
therefore a diffuse ring

Electron Electron in the detector array.

neutrino shower



Diffuse neutrino upper bound

« Neutrinos from n production CR spectrum
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IceCube neutrino telescope

+ Expected to reach ~ '®eCubetad
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sensitivity for X6 = =
cources 50m[— i T e 2 lceTop Charenkov delector lanks

2 optical sensors per tank
324 optical sensors

lceCube Array

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

5160 optical sensors

+  Completion in || Il
04/2011 | |

December, 2010: Project complated, BE strings

1450 m
- Amanda Il Arra
-__,4"'".'- '.'IIII

(precurser to lceCube)

DeepCore

-‘__,..--"'B sirings-spacing oplimized for lower energies
360 optical sensors

Eiffel Tower

324 m

CATCHING " OB 2820 m

Gosmic Clues




Mediterranean Sea

Optical
Cerenkov

e 0.1 km2
— Antares
— Nestro
— NEMO
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Track:

track-like light pattern from
heutrino-induced muons

good direction measure, <ldeg

Cascade:

Spherical light pattern by
hadronic or EM particle
showers

good energy measure



Isolating neutrino events:
two strategies

Up-going tracks Active veto

ir st i . :
Air shower Ube *u—domlnated _ Veto

Atmosphere
(exaggerated)

Air shower

#
Astrophysical source
Earth stops penetrating muons Veto detects penetrating muons
Effective volume larger than detector Effective volume smaller than detector
Sensitive to vy only Sensitive to all flavors
Sensitive to “half” the sky Sensitive to the entire sky

from Kopper ICRC talk



Current
observation results?



High energy neutrino discovery

~1.0PeV

~1.1PeV

i

HBert”

' “Ernie”

2010/5-2012/5 data:

1. EeV GZK neutrino search
found two at 1 PeV

2. Follow-up search: 28 evts
Lower E
Interaction vertices within
detector volume

— |
0 TS=2log(L/LO) 12.4
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TeV-PeV neutrinos at IceCube

E?®d~1e-8 GeV/cm2s sr @100TeV

starting evts (southern) consistent w/

2.6PeV track event

upgoing track evts (northern)

10~ :

1079

10-8

1077

108

1079 4

B Conv. atmospheric v, + 7, (best-fit)
B Prompt atmospheric v, + #, (flux limit)
mm Astrophysical v, + 7, (best-fit)

+++ HESE unfolding: PoS(ICRC2015)1081

[IC 16, ApT]

-
— \,\ 1L} Hard spectrum at >200 TeV: s~-2
10° 10° 107 Cutoff at few PeV



Neutrino arrival directions

Arrival directions of most energetic neutrino events (HESE 6yr (magenta) & v, + v, 8yr (red))
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’:\‘/

absorption

.-9()(-’. -
no significant spot, no clustering in time
no correlation with GRBs



Declination [°]

Neutrino-BL Lac association(?)

Neutrino burst/flare in archive
data, 3.5sigma signal [IC18b]
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Where are they from?

-- theoretical analysis



lceCube neutrino origin?

- Galactic origin e
— Diffuse emission (CR propagation)?
— Galactic point sources?

« Extragalactic origin
— Gamma ray bursts?
— Blazars?
— Star forming/starburst galaxies?

© -
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# o / Region
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Disk
L J




Markarion 421
e}
o) O]

4C +55.17

O]

o
2 o o
o @ Markarian 501

550716+71

4C =411

g

4C +21.35

PKS 1502+106

©
PG 1553+113

PKS 1510-08

o)
(e}

S

©

ac a7y

o}
o]

o)
o]

PKS B1424.418

4C +01.28

©

PKS 1124-1846

o

PKS 0537-441

. ©
©
PKS 0454-234

o]

Whether various candidate sources can produce

the all-sky IceCube flux?

12 —T T -2 — .
EpJuic =~ 1.2 x 107 'GeVem™ s~ (single flavor)




Photon — neutrino connection

( N+rt
T
p+7(p) =< e VetV tVy —= ik
et > syn/I

\_ N+7Z'O \
2 7 +7 |

e (p) — synch/ICGdiation ) — | .

Connections:
|. neutrino — secondary electron/gamma-ray
Il. neutrino — primary electron/proton




Diffuse Galactic emission

Connection |
i at=1:1:1
E =1E
2 2
EJ(E) =], (E,)

Extrapolation, 100GeV to PeV
— Neutrinos follow CR spectrum

DGE accounts for <1% IC flux

E?J) [GeVem™?s™)

107°

- Fermi-LAT

—= —2.75
= -2.6
....... Atmos. "

-==|C2014 1

[Wang, Zhao, ZL 14]



Note on extended Galactic halo

|IC events require a total Galactic halo neutrino luminosity

L~R, .2 E?J~10°L ,; R, ,~100kpc

Local galaxy number density
Nye~102Mpc

All-sky neutrino flux from all galaxies is
1=¢,(c/4m)Ln g, tpuppe=3.107GeVem2s'sr
(€,~3 accounts for z-evolution)

Overproduce: 10X IC flux

[Wang, Zhao, ZL 14]



Blazars

33 bright FSRQs, selected based on gamma flux
FSRQs can only account for <10% IC neutrinos

IC upper limits to
PP IC detection

individuals \ /

v flux (stacked) LY flux (all — sky)
y flux (stacked)  y flux (all - sky)

/ \ [Wang & ZL, 2016]

x 10%

Fermi-LAT detections Derived from Fermi-LAT measured
of individuals LF and their z-distribution:
loli p j ’; ";“,.,,, j
*%%e 1w B
_ L 1T N ;
§10? ] - _g é_ N _:
‘ "l oo
[Fermi-LAT, Ajello+ 2012] ol ool i ’ lL
z L[10% erg s



Blazar model

 Jet model

— CR accelerated at Jet /(S%‘é_/
Dust torus

— Target photon: [ i
jet+disk+BLR+torus Accretion disk rﬁ.
- . .

— Relativistic beaming; v
. x

bright

Broad line region
optical, UV)

Murase+14




Blazar: specific model

Total flux:  J,~ ff L, (L,)p(L,,z)dL,dz

Per source
(Bl % 5l

EI/LE fp" P E fp“
Stacking search constralns CR loading

Lra.cl(L'\,-.i)C’?. (S
LA.,' Scriray,e

I

Z EB(I):/.I' < Ei(l)?oil 0. ()GQfL_U.\ C_l

Blazars account for <10% IC neutrinos
[Zhang, Z1. 2017]
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Comment on the neutrino/BL Lac association

IC-170922A/TXS
0506+056 association,

4sigma coincidence
[IC18a]

Neutrino burst/flare in
archive data, 3.5sigma
signal [IC18Db]
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However,

IC limit of 27 LSP BL Lacs

S £or < 0.92¢1

—->LSP BL Lacs contribute <17%
neutrinos

[Zhang, ZL 2017]
So,

TXS 0506+056 like BL Lacs should not
contribute the bulk of the neutrino flux.



Gamma-ray bursts

*  Fermi-LAT constrains 0.1-100GeV

flux of GBM-triggered GRBs « All-sky GRB MeV gamma-ray flux is
.7 lated t rinG f measured/calculated
ransiated to heutrino fiux upper _ GRB redshift distribution Rggs(2)

limit and MeV luminosity function ®(L)
=>average neutrino flux per GBM GRB are well measured
« Assume neutrino/gamma~const.

f, < 2x10”°GeVem™ [ZL 2013] ° IC flux requirgs
=>»average neutrino flux per GBM GRB

S 080916C
0810248

[Granot 10] == e
U | ®,, 400yr’
_ _ tri r -
£, =13x107 — 20 GeVem?
g 0.7D,,
~ N trig
hll” £ t\“‘*a T —— il
N [Wang, Zhao, ZL 14]
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Starburst galaxies

SFR (M@yr")
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[Fermi-LAT, Ackermann+12]

Consistent with observed
flux and spectrum at >60TeV

[Wang, Zhao, ZL 14]




lceCube neutrino sources?

®@diffuse Galactic emission, <1%
®GRBs, <10%
®AGN jets, <10%

©Ostarburst galaxies [Wang, Zhao, ZL 2014 JCAP;
Wang, ZL 2016 SCPMA;
— SNR CRs w/ 100PeV? Zhang, ZL 2017 JCAP]
EF;?/) A 1/(
E, <5 L PeV
PR [ZL 2017]

Wind breakout of type Il SNe



Source density and
luminosity are
related to produce
the observed flux.

Absence of
clustering sets a
minimum on
source density.

- Certain classes
of sources
disfavored.

Implication from point source limits and
presence of (strong) diffuse flux
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Q17H 35

BL1 Badra Lai, 2017/11/5



|C diffuse flux = WB bound

« The same origin for both

(@>60TeV)

UHE CRs and IC
neutrino-related HE CRs? | Rk -
s Baikal _ __ ___ _____. ]
[Katz+2014] 7 \ _Augerfy] == -V
w07 AMANDAl] ’
. g + E \ Antares [v Fuig
* A possibility: SR I SR "
_ < IC Detecti011
GRBS In StarburStS :.s-: 10“? No evolution \ - -
— GRB hosts are starbursts | o F.
— GRB CRs produce pions * ety '
efficiently in host galaxies 10° w 1-: llg ; 10 10

[Wang, Zhao & ZL, 2014]
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Prospects



Frontier of HE neutrino astronomy

« Astrophysics
— Identify UHECR sources (time/direction)
— Constrain source physics & acceleration mechanism
* e.g. resolve jet composition (lepton, or baryon)
— GZK neutrinos
« Physics
— Probe relativity
« Einstein Equivalent Principle
— Probe new physics
* Violation of Lorentz-Invariant
— Neutrino physics
» Oscillation; T appearance; CP violation...
* Interaction cross section



Go larger: search point sources

T S\

 |ceCube-Gen2 / KM3Net

— ~10 times IceCube
— >PeV nu source,

-
......




Go larger: higher energy, GZK neutrinos

. e lceCube ICRCI7
&l = Cosmogenic neutrinos (Engine — driven SNe)
® ANITA/ ARA/ ARIANA ; > = = == (Cosmogenic neutrinos (Radio Galaxies)
. . b | s osmogenic neutrinos s
— Radio Cerenkov from ice B e SR
showers o
|
— GZK nu g
3
+ GRAND =
— Radio Cerenkov from air [5)
showers &
— GZK nu
— EeV nu sources 8 11
log(E,[GeV])
G& Giant Radio Array for Neutrino Detectlon/
Easuts sy Askaryan Radio Array ® R sl
lerwery 211
0O O © © Ll o e RO
O 0O 0O o ©° 3 WO g




Multi-messenger astronomy

« UHECRs
— Auger, TA...

« HE gamma-rays
— LHAASO, CTA...

* HE neutrinos
— lceCube, KM3Net, ARA, ARIANNA, GRAND...




LHAASO’s important role

==== WHIPPLE ===+ H.ESS.WVERITAS
==== MAGIC © CTAJAGIS
R T ——— Fermi-LAT — ARGO-YBJ
'-""--f"’l?b - ASy+MD — HAWC
e — KM2A

- —— WCDA 300+300m’
10 =y R 2 R

« Large field of view
* High duty cycle
* High sensitivity
— unprecedented at 100TeV
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Multi-messengers
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MM approach to identify sources?

4

Neutrino point source search \“

— larger size, higher energy V.
(but only for bright sources) Y 4 ?’\
Vv

Neutrino-EM association
— Cross correlations GW
— Neutrino search for known EM candidate sources
* Individuals; stacking
— EM search for neutrino events (for transients)
« Archive EM data for detected neutrino events
* [ceCube alert (<0.5deg sky area)



HE neutrino astronomy
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