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From the first idea to see cosmic muonic neutrinos/antineutrinos (1958)
to IceCube results (2016); Fermi-LAT’s and of IceCube’s sky (2010)

INTRODUCTION



Cosmic neutrinos: how &~ why

In the master thesis of one . “7} quanta Of I7e Vf avor
student of Markoyv, existence of cosmic high-

Zheleznykh (1 958), energy neutrinos”
the key technique o
observe the high-energy

neutrinos was p.roposed for o “worth searching especially
e bl if HE p beyond atmosphere
were found”

e from new star’s shell as
Crab “the flux could equal

the atmospheric one™

e from old CR population as
GC “could be large if

attenuation is essential™




idons from below

Muons as Spies of Neutrinos



lceCube did see such u above 200 TeV
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IceCube 2016;
compiled by Palladino, FV 2017



Gamma rays 1n 1-100 GeV energy region:
3 catalogue of Fermi-LLAT




Skymap of IceCube (2010)

Milky Way and point sources unseen



Cosmic rays, Y and V; fine prints of the multi-messenger assumption;
spectrum of the high energy passing muons; atmospheric neutrinos

ASTROPHYSICAL CONNECTION



High energy v and v
are both potentially —
observable! \,u

Thumb rules: E =E /5, E.=E /2 and E =E /4



cosmic V in the astrophysical scenario
(namely: assuming CR collisions)

Cosmic ray density is larger near their
sources

With sufficient target, secondary
particles are produced at collisions b

The neutral ones do not suffer
deflection of magnetic fields

Neutrinos are produced only in this
manner & are not absorbed

(But are difficult to be seen)




2 Potential neutrino sources and ~-rays

Potential neutrino sources are characterized by their hadronic v-rays
(distributed as I, oc E5* e VEr/Ee | with ¢ =1.8 2.2 and
E. = TeV— PeV) for 7° and 7+ are produced together.

I,in 1 /(cm2 s TeV)

]0—12

Figure D: ~v-ray inten- '
sities corresponding to a .
signal of 1 muon/km?yr
above 1 TeV, evalua- .

ted assuming that the

FV, Aharonian, Saakyan 2011

sources are transparent

107 20

to their gamma rays.

NuSKY — June 22, 2011 F. Vissani



Calculating cosmic 'V from Y

Neutrinos and hadronic gamma are linear functions of the cosmic ray

intensity, thus they are linked by a linear relation:

E E L dx E
v = U 013 P —K 6)) —
®,,(E) 0380<I>7(1_”)+003 7(1_TK>+/O . () 7(a;)

1
5, (E) =0.278 @, ( = >+0.009 D, ( b )-I—/ d—ml(',;(:r:)CID7 (E>
1 1 0o T x

s —TK

where the first and second contribution are due to direct mesons decay into
neutrinos, r, = (m,/mz)? with x = 7, K and the second to u decay, e.g.:

[ 22(15.34 — 28.937) 0<z<rK
K,(x) =14 0.0165 + 0.1193z + 3.747z* — 3.9812° rx <z < s
| (1 —2)%(—0.6698 + 6.588) re <x <1

and similarly for antineutrinos; 3 flavor oscillations included

FV 2006;
Villante, FV 2008



Fine prints:

"Y—rays are produced also with

electromagneﬁc mechanisms

@ Could be absorbed — e.g. only Y-rays below 100 GeV may

reach us ﬁfom CcOSMo logica[ distances

@ There could be V' from decay of DM -whatever it is- or topological defects.
[This is bound by experiments.]

® Vveouldbe messengers of ‘mirror world’

* etcetc



An interesting observation

o All IceCube data above 200 TeV agree well with
b ~F 2+F 22

that ﬁtS the Orlglnal €Xp€Ctat10ﬂ (maybe not “prediction”)

o The data collected mostly as “passing W’ are

comparably clean & tested with other events

o They can be regarded as circumstantial argument in

favor of pp-collisions, for,

O ~E 2= ®~E7? ie, “scaling”

IceCube Collaboration, 2016
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CR reaching the Earth behave as E~27 till the knee
Interacting with atmosphere they produce secondaries, e.g.

" — ut + v, then ut — et + v + 1,

that initially maintain the shape of the primary distribution, £—2"7.
Then, at about 10 GeV, interesting things happen

(1) :— the muon reaches the ground before decaying,

FE
R ~ 0.6 km x <—“>
my

the neutrino beam gets depleted of v,.

(2) :— The interaction length of the pion becomes shorter than the decay length

| E
R;;lt ~ 05 km WhereaS Riec ~ 04 km X (10G7;V>

the secondary are produced as E =37

Thus at high energies above 100 TeV (corresponding to knee) the sky
should be clearner but, somewhere there, we should have the D-meson
decay product — prompt neutrinos — distributed as ~ E~27
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CR reaching the Earth behave as E~27 till the knee
Interacting with atmosphere they produce secondaries, e.g.

" — ut + v, then ut — et + v + 1,

that initially maintain the shape of the primary distribution, £—2"7.
Then, at about 10 GeV, interesting things happen

(1) :— the muon reaches the ground before decaying,

E
Rffc ~ 0.6 km X (—“)
my

the neutrino beam gets depleted of v,.

(2) :— The interaction length of the pion becomes shorter than the decay length

| E
R;lt ~ 05 km WhereaS Riec ~ 04 km X (10G7:3V>

the se~-
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o

_ard be clearner but, somewhere there, we should have the D-meson
decay product — prompt neutrinos — distributed as ~ E~27



Objects characterized by the direction of arrival (=neutrino astronomy in
proper sense); expected spectra; sporadic sources?

EXPECTATIONS ON THE SIGNAL
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Where we can see the

Mitk‘a N&fj?
Southers emi,sphere
for [e.q. Hess];

Northeria hemispheve
for (through-qoing)
muoi heuwbrinos
[e.q. Antares]




BL Lac Y-ray Flux vs
IceCube Neutrino Flux

BL Lac model by Fermi LAT (Ajello 2014)
describes quite reliably the total emission
from BL Lac in 0.1-100 GeV region.

(5 BL Lac have more than 1% of the total
photon flux each; the brightest has 2%.)

We expect a similar or smaller neutrino
emission in the 0.1-100 GeV.

Thus, BL Lac could contribute, on general
grounds.

O (E)
1/(GeV s cm?)

1074
108

1012 &

0.1

10

Esmaili, Palladino, FV 2015



Trying the most luminous xgal sources of Fermi-LAT

* There are 29 passing muons,

with resolution A3~ 1°

Neutrinos from
BL Lac




Trying the most luminous xgal sources of Fermi-LAT

* There are 29 passing muons,

with resolution A3~ 1°

¢ 243 of them thought to be signal

Neutrinos from
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Trying the most luminous xgal sources of Fermi-LAT

Neutrinos from
BL Lac

There are 29 passing muons,

with resolution A3~ 1°
24 of them thought to be signal
Postulate ’chey are BL Lac

Calculate from Ajello’14 the
fraction of those tagged=Ya




Trying the most luminous xgal sources of Fermi-LAT

* There are 29 passing muons,

with resolution A3~ 1°

¢ 243 of them thought to be signal

* Postulate ’chey are BL Lac
* Calculate from Ajello™1 the

Neutrinos from

BL Lac fraction of those tagged=Ya

* We expec’c 10 correlations
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Trying the most luminous xgal sources of Fermi-LAT

* There are 29 passing muons,

with resolution A3~ 1°

o 243 of them thought to be signal

* Postulate ’chey are BL Lac
* Calculate from Ajello™1 the

Neutrinos from

BL Lac fraction of those tagged=1/2

* We expec’c 10 correlations

* Butwe seejust.

* And this one has A3~ 10°!

Palladino, FV, A&A, 2017
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Canonical Name:  TXS 0506+056
TeVCat Name: TeV J0509+056
EHE 170922A
Other Names: 3FGL J0509.4+0541
3FHL J0509.4+0542
Source Type: Blazar
R.A.: 05 09 25.96370 (hh mm ss)
Dec.: +05 41 35.3279 (dd mm ss)
Gal Long: 195.41 (deg)
Gal Lat: -19.64 (deg)
Distance: z=0.3365
Flux: (Crab Units)

Energy Threshold: 100 GeV
Spectral Index:

Extended: No

Discovery Date: 2017-10
Discovered By: MAGIC

TeVCat SubCat: Newly Announced

Source Notes:

The blazar TXS 0506+056 lies within the error circle of

IceCube-170922A, the IceCube high-energy neutrion candidate event

whose detection was reported in GCN circular #21916.
Follow-up observations were performed by a number of GeV-TeV

instruments with both Fermi-LAT and MAGIC reporting evidence for
gamma-ray emission from positions consistent with the lceCube neutrino
error circle which they thus associate with the blazar TXS 0506+056.

Upper limits on the gamma-ray emission from the region were
reported by H.E.S.S, HAWC and VERITAS.
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Canonical Name:

TeVCat Name:
Other Names:

Source Type:
R.A.:
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Gal Long:
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Flux:
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Spectral Index:
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Source Notes:

The blazar TXS 0506+056 lies within the error circle of
IceCube-170922A, the IceCube high-energy neutrion candidate event
whose detection was reported in GCN circular #21916.

Follow-up observations were performed by a number of GeV-TeV
instruments with both Fermi-LAT and MAGIC reporting evidence for
gamma-ray emission from positions consistent with the lceCube neutrino
error circle which they thus associate with the blazar TXS 0506+056.
Upper limits on the gamma-ray emission from the region were
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Nature of neutrino oscillations; consistency with the available data of
IceCube; a conclusive test of cosmic origin

NEUTRINO OSCILLATIONS



Electron, muon and tau v are not mass eigenstates

05}

E.g., we begin with an electronic neutrino (in phase) and then we get
a muonic one (counter-phase); then electronic again; and so on

(in reality, oscillations are not full and also tau neutrinos are involved—but these are details)



remarks on neutrino oscillations

Relevant and proved

The parameters: 2 differences of mass squared, 3
mixing angles, 1 phase

Only “averaged” oscillations matter
they depend upon 3 parameters only



Not only passing muons!!!

N i o B

double bang signature
cascade signature track signature

Mostlyv,,  Mostlyv, Mostly v,



Not only passing muons!!!

T,

\ do Wnature
cascade signature track signature

Mostlyv,,  Mostlyv, Mostly v,
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Track-to-shower ratio

TRACK-TO-SHOWER RATIO

Expectations including oscillations from three mechanisms (pions + a few
speculative ones) as compared with the track-to-shower ratio obtained
from 4 years IceCube data: 1 o region in gray

Palladino, FV 2015



Tau events - or “cosmic Opera”

?f 0.12 pions decay : * Cosmic v, are unavoidable
; 0.10 charm decay

g o.08t neutrons decay ] . ) . . '

g damped muons At “low” energies, T gives
> 0.06¢ ' showers — just as electrons or NC
= 0.04f

3 0.02} Hm : * At HE < yields a unique topology:
E 0.00 b= i .MM H’\ double-bang (pulse) event.

015 0.20 0.25 0.30 0.35 0.40
Fraction of tau neutrinos

Tau neutrinos observed === Cosmic origin proved



Mascaretti, Palladino FV 2017

O.3f

01"

0.0

The cosmic neutrino flux of
v, is very constrained by the
(observed) v, flux, simply due
to the known oscillations.

Residual uncertainties, due to
production mechanism (and
oscillations parameters), do
not have a large impact.



the double pulse signal [1/2]

el U
YT
R T decay
vertex

Current [PE/ns]

J
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IceCube 2016



Palladino, Pagliaroli, Villante FV 2016

Effective area (m?)

the double pulse signal [2/2]
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IceCube

————— Best fit

» The prediction is,
0.1 double pulse/yr

» Error due to vu-flux
uncertainty is 30%

» Cutoff at 2, 5, 10 PeV cuts
457%, 30%, 15% of signal

Mascaretti, Palladino FV 2017



Passing muons along with the other class of events (HESE); an
obstruction / contradiction

GLOBAL INTERPRETATION?












HESE above 60 TeV, showers in blue

IceCube 2015 compiled by

Palladino, Spurio FV 2016



passing-u above 200 PeV, in red
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A single isotropic cosmic V-ﬂux for HESE & tracks

Join interpretation of HESE and tracks based on 1) conventional astrophysics,
2) conventional oscillations, 3) current hypothesis on the background.

If we want to cover both datasets, two-power-law cosmic neutrino spectrum is at least necessary.



an obstruction to this interpretation
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No large v,, component distributed as E-27 or similar in north sky - prompt events searched in the track

data, as excess over astrophysical signal extrapolated at low energies but have not been found.
Isotropy implies the same for south sky: No large v,, component distributed as E-27 or similar.
Then neutrino oscillations imply that large v, and v_ component should not be in south sky!



SUMMARY AND

DISCUSSION

search for cosmic v

2ry similar to the expected L.-signal has been seen; has IceCube seen cosmic VM alal

S5ome flavor tests have heen passed; what about \Z 9

< Whatis the meaning of the low energy IceCube spectrum? isotropy called into question?

< Which are the sources22? Notice that - pointing is (will he) much hetter in water thaninice,

< Alot of efforts on theoretical elaborations, but more data and independent tests seem necessary

< Increasing motivations for one km? size telescope in north hemisphere

< Neutrinos are intrinsically multimessenger (due to flavor); however, 'Y-rays were and remain essential for
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Sgr A* after HESS

(beware, this last slide is purely theory)

HESS gamma ray detector has measured an intense emission from Sgr A* and its surrounding,

It was shown that this emission is compatible with #nbroken power law emission.

Assuming the hadronic origin, high energy neutrinos could be observable from Sgr A* !l
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Table II. Spectral parameters from --ray HESS data: the
search region (Point Source or Diffuse), the spectral index T,
the flux normalization ¢o in units of 1072 TeV~! em™2 st
and the energy cut-off Ecy in TeV. Then the expected number

of neutrinos per year from current neutrino detectors.
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Photon absorption

In this plot, we consider absorption of photons from the Galactic center
due to standard contributions. For an analytical and very efficient
description of this phenomenon, see https://arxiv.org/abs/1604.08791
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A ﬁaction of SNRs kinetic —

enerqy can compensate t/Le

ga[actic CR loss. O‘ 1 X Esn / Tsn

/4./4/9 consistent with as we plug typical values:
Femi-LAT obsewations
of Wat and Whs.

( even g[ a fu// t/aeo’zy 0][ C}? Esn=1051 erg

Tsn=30
accelevation is still missing) , =0 YT

(Ginzburg-Syrovatskii)
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(i.e., as many CR as the L) Elewts e el

=15 Myr
e.m. enerqy output) is the Hubble time



we motivate and introduce the choice of the three natural parameters. The param-
eters Py, P, P, are defined as follow,
P—3 P., — P.. P, + P, — 2P,
P = fd P = [ T Ut )
2 ) 1 2 ) 2 4 ( )
We can write in terms of Py, P;, P» the matrix that contains the probabilities of oscillations
of cosmic neutrinos. This is the following symmetric matrix,

Py =

5+2Rh  3-P+P %—Po—Pl
P= st 2-Pi+P 3+2-P (3)
1+ 41+ P
It acts on the vector of fluxes before oscillations FO = (F?, Fg,FE) just as F = P FO,

giving the vector of fluxes observed after oscillations, F' = (F¢, F,, Fr).
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Figure 1: Distribution of the natural parameters Py, P; and P, due to the uncertainties in the

mizing angles and the phase of leptonic CP violation.

Palladino et al, , 1504.05238 EPJC



Palladino et al, PRL 114 (2015) 171101

N,=track events due to CCv,
N.=showers events to NCandto CCv_, v,
Other minor contributions neglected

Assume power law fluxes F_, Foo Fe
Use the effective areas and masses of IceCube

Calculate dependence of N;,Nsfrom slope (mild)
and from flux normalization (linear)

Use Poisson statistics



Alternative: display flavor
fractions

Consider the three fractions of flux (or
flavor fractions) at Earth, e.g.,

electronic fraction=F_/(F +F, +F)
evidently, they sum to 1.

They can be represented as the distances
from the sides of an equilateral triangle.
This is called flavor triangle.

Note however that the flavor fraction at
Earth is not directly observable; what we
observe are event topologies.

[From Wiki: Equilateral triangle’s area, a h/2, equals the sum of the areas of the 3
colored triangles, a u/2+a t/2+a s/2=a (u+t+2)/2=a h/2 and we conclude: u+t+s=h. In
math, this is called Vivani’s theorem, after the name of one pupil of Galileo]



Palladino et al, 1504.05238 EPJC

Predictions and observations
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* The presentation does not use observable quantities
* But the predictions are independent from the slope
e This is based on 3 yr data set and assumes a=2.3.



Left: our hope concerning the intensity
of neutrino (point) sources as compared with
the atmospheric one.

Right (below): the upper bound on neutrino
flux from one of the most luminous
supernova remnant, RX J1713.7-3946.
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THERE IS ANOTHER TECHNIQUE

THAT ALLOWS TO HUNT FOR UHE, NON-MUONIC NEUTRINOS




2 Potential neutrino sources and ~-rays

Potential neutrino sources are characterized by their hadronic y-rays
(distributed as I, o ES“ -e”V Ey/Be | with o =1.8 — 2.2 and
E. = TeV— PeV) for 7° and 7 are produced together.

I,in] /(cm? s TeV)

|0—12 nd

Figure 5: ~y-ray inten- ;
sities corresponding to a ol
signal of 1 muon/km?yr
above 1 TeV, evalua- -
ted assuming that the

sources are transparent
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1072
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. 1 5 10 50 100 500 1000
to their gamma rays.

NuSKY — June 22, 2011 F. Vissani



2 Potential neutrino sources and ~-rays 8/30

Note that:

Similar intensities 10 — 50 TeV; all fluxes are in a narrow range:
I,(>10 TeV) = (1 —2) x 10~ /(cm? s)
To collect > 100~’s in a reasonable time, km? area needed:
Exposure = L* XxT ~2x km®x 10 h

e.g., a 10x10 Cherenkov telescopes array, or one dedicated EAS array.

A large area ~y apparatus, such as CTA or a custom instrument, would be
invaluable for ¥ community and would cost ~ 10% of a v-telescopes.
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High energy neutrinos telescopes — the beginning

Induced p's are the main
practical way to cope with at-
mospheric 1's and probe high
o T ;9 ® energy neutrinos, as under-
stood by Markov end of 50’s.

® ®
®
® ®
The muon range, dictated by e.m. interactions
1+ ge ey
R(E,, Eu) ~ 2.5 km w.e. x log 5 Te
_ Lip
L+ 55 Tev

already indicates the size of ~ 1 km of ideal HE neutrino detectors.

F. Vissani Frascati, November 22, 2012
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To study cosmic reactors: e.g., the To study cosmic accelerator: e.g.,
CNO cycle of the Sun Supernova remnants

Production in Cosmic Accelerators
e

~{ Inverse Compton
(+Bremsstr.)

protons/nuclei
electrons/positrons
radiation fields and matter




Figure 31: Moreover, at UHE also tau (not only muon or electron) neutrinos
propagate for long distances and can lead to an observable signal.

But which are the sources: AGN, GRB, or what? The (even larger)
uncertainty in the predictions would require more theoretical efforts.
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