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1. La fisica del neutrino
(1954-2002)
in tre slides

2m __44/
‘.4,_4.4_*-‘““_‘_‘“_,:_:;1/4. ’

The experimental apparatus
used by Reines and Cowan
to detect the electron neutrine
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Perché il v e difficile da rivelare?

Perché non ha carica elettrica

— Non eccita/ionizza la materia

attraversata e non si manifesta nei
rivelatori di particelle

Perché ha "accoppiamento” ridotto
con particelle cariche rispetto al y.

Si manifesta solo attraverso le cosiddette "interazioni deboli’,
interazioni estremamente poco probabili con la materia
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Interazioni deboli:
regolamento

LEPTONI

QO
0,00

= | leptoni esistono in tre famiglie (v = leptone neutro)  fmiglic

"= Quando i neutrini interagiscono, possono

1. o rimanere neutrini, cedendo parte dell’energia (ad un e, oppure per la
creazione di un sistema di adroni nel caso di interazioni su nucleoni)

o trasformarsi nel corrlspondente Ieptone carico della famlglla

Corrente Corrente
neutra carica

= E’ principalmente il leptone carico prodotto che determina la
«visibilita»
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Oscillazione dei neutrini

Un «v» e generato dalla interazioni deboli solo e soltanto con
uno specifico «sapore»: v, v,,v, (autostato di sapore)

Per molto tempo si e pensato che i v fossero di massa nulla

In tutta generalita, durante la propagazione ciascun v (v,, \/M,vr)
puo essere pensato come sovrapposizione di tre «funzioni»
differenti (autostato di massa)

Oggi sappiamo che i tre autovalori di massa sono differenti e
ben definiti e inducono il fenomeno delle oscillazioni

Le oscillazioni sono il fenomeno che altera il «sapore» dei
neutrini durante la propagazione, non il loro numero totale

Per quanto ci interessa, questo fa si che in molte situazioni il
flusso di neutrino astrofisici in arrivo sulla Terra sia distribuito
secondo il rapportove:v, v, .=1:1:1
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2. Neutrini dal

cosmo
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 Flux of neutrinos at the
] surface of the Earth.

e Solar neutrinos
1 * Supernova
e Cosmic neutrinos

The three arrows near the x-
axis indicate the energy
thresholds for CC production of
the charged lepton
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Energia dal sole <> Flusso di neutrini

Studio dettagliato della produzione di energia all’interno di una stella
e Sorgente di energia

4p + 2¢~ — *He + 20,

* Energia per ciclo

Q = 4m, +2m, — mpye
= 26.73 MeV

Flux (em~2 s-1)

* Flussodiv,:
o1 2L
 A4x d:zﬂ (Q — (Eu»

D,

Py, ~ 6 X 1010 (cm? s)~! | N | B |

Neutrino Energy in MeV
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Rivelatori enormi!

Esempio: Super-Kamiokande
in Giappone

m 1000 m underground

m 50.000 ton di acqua
purificata

m 11000 +2000
fotomoltiplicatori (PMTs)

m Attivo dal 1996
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SuperKamiokande: Neutrini dal sole
Vo € = V€

«effetto Cherenkov»

Cherenkov light

Neutrino

particle
in water
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Super-Kamiokande

Run 4268 Event 7899421
97-06-23:03:15:57

Trner: 2652 hits, 5741 pE

outer: 3 hits, 2 pE (in-time)
Trigger ID: 0x07

D wall: S06.0 cm

FC e-like, p = 621.9 MeV/c
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Super-Kamiokande

Run 4234 Event 367257
97-06-16:23:32:58

Trner: 1904 hits, 5179 pE
outer: 5 hits, 6 pE (in-time)
Trigger ID: 0x07

D wall: 885.0 cm

FC mu-like, p = 766.0 MeV/c
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Neutrino oscillations and the Sun

v React. | Interaction rate counts | (244) @, (E) (24a) /Py,
(day 100 ton)~? ratio (108cm=2s7!) | ratio
"Be 460+15+1.6 0.514+0.07 | 48.4+24 0.97 £ 0.09
pep 3.14+0.6+0.3 0.62+0.17 | 1.6+£0.3 1.140.2
CNO <7.9 — <7.7 <1.5
B 0.22 4 0.04 4+ 0.01 0.31+0.15 | 0.0540.01 0.91 +0.23
pp | 1441310 | 0.64 £0.12 | 660 = 70 | 1.18 + 0.22
g 0 |pep: Borexino
Table: Summary of the =
interaction rates of the different " D ‘l,w — 1|
neutrino species measured by —+— +
Borexino (LNGS) and the ratios o et e
with respect to SSM (column 3) - L
03 S
8: Borexino I
0.2 Homestake +*8
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Core-Collapse Supernovae (Type-ll)

 The work U done by gravity in compressing a star of mass M and
radius R in the core (neutron star) of radius Ry and mass M is:

3GM? 3GM?. 3GM?3. _
= NS |~ NS ~ 3 x 10™erg

U =
| SR SRy s SRy s

* This shows up as
» 99% Neutrinos
» 1% Kinetic energy of the explosion
(few % of this into Cosmic Rays)
» 0.01% Photons (outshine host galaxy)

* Neutrino luminosity (while it lasts) outshines the photon
luminosity of the entire Universe
» L,=3x10°3 erg/3 sec = 3x10%9 L .
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The SN1987A

Kamiokande, IMB and Baksan collected ~12, 8 and 5 v candidates

The 25 v’s were sufficient to give an exact time for the start of the
explosion to which the light curve can be normalized and to

confirm the baseline model of core-collapse:

50

the observed events are in

agreement with ~ 3 x 10°3 erg wl

luminosity of a core-collapse;

W
o

the time distribution in
agreement with a ~10 s burst;

Energy (MeV)

3

~
o

their energy distribution gives a
measure T ~ 4.2MeV of the v-
sphere

0

Relative time and energy of SN1987A neutrinos

® Kamiokande Il 4

e IMB
4 Baksan

e

|

1 A 1 :
0 2 Rt 6 8

Relative time (s)

10

12

observed by Kamiokande, IMB and Baksan.

The time of the first event was arbitrarily set = 0
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CRs, y and v in cosmic accelerators

Y

Inverse Compton

_ +Bremsstr.
protons/nuclei ( )

electrons/positrons
is and matter




Istrumented

Neutrino i
telescope = detector D<R, 5

neutrino energy spectrum at
source (v/cm?s GeV)

-y D)
Event rate (s) 7 — dE), | d?‘\Ev)
. V

neutrino-induced muon detection probability
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Example: a Galactic source

TeV y-rays and neutrinos can be @ﬂ&ed from

hadronic processes:
Ky

p+y = AT—= 1+ p
p+y—)A+—):~+ 1%®

Neu’g{@m ns decay in photons:

&rged mesons decay in neutrinos:
TV, pt

+ +

- e U* 2> v, +v.+e

ARG 32 TV, uT

"'Co) U 2 v, +v.+e
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Flux [cm™s "' TeV™]

Per l'esercizio seguente: #v=#y
da RX J1713.7-3946

10" |

10-12 i

107 |

10™ |

"ag, ~E-2 | RXJ1713.7-3946 seen
by HESS (y-rays)

L 4
*
L 4
*
*
.0
*

10 100
Energy [TeV]
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Neutrino telescopes
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3. Ingredienti per un
“Neutrino Telescope”

N L

M. Markov:

“We propose to install detectors

deep in a lake or in the sea and to

determine the direction of the

charged particles with the help of
% Cherenkov radiation”

1960, Rochester Conference

‘e
>
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3.1 Depth
3.2 The effective area

swiththe help ot

3.3 Cherenkov radiation PPN s

1960, Rochester Conference - |

3.4 Medium properties

3.5 Number of optical modules
3.6 Track/energy reconstruction
3.7 Angular resolution

3.8 Differences between water/ice
3.9 Optical background in water
3.10 Detector positioning

Giornata sui neutrini - Brera 2016 21
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3.1 Deep in a transparent medium

10° .
107
Water or Ice:
. . 10-8 E —— Atmospheric
e Jlarge (and inexpensive) N muons,
. . i h=1680 m.w.e.
target for v interaction 10 e :
- 10 ~—— Atmospheric 1
. = 10 muons, ]
e transparent radiators for =, h=3880 m.w.e.
. < A1 i
Cherenkov light; g 10 1
. % 10" 1
e |arge deep: protection = Y, ‘
. . 13
against the cosmic-ray 10

muon background 10™ | — v, induced,

10" f — v ind 3
10 | :
1,0

L L L | L L "
-1,0 -0,8 -06 0,4 -0,2 0,0 0,2 04 0,6 0,8
coso
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Intensity (cm™ s™'sr)

10"

10712

10-13

10

I llllllll I llllllll | llllllll I lllllll[ | IIIIIIII

| llllllll

® NEMO Phase-1
B NEMO Phase-2

— Bugaev et al. (E>20 GeV)

[C] Bugaev et al. (E>20 GeV) + nu atm.

IllllIlllllllllllllll]lllllllll

vy Atmospheric
2 s muon flux

Muons cannot cross more than =
15 km.w.e.

Measurements of the
underwater/ice muon flux vs.
depth

2

4

6 8 10 12 14 16
Depth (km w.e.) -
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NT: detectors looking to the bottom

* Atmospheric u‘s dominate by many order of magnitude the muons
induced by neutrinos

* Upward-going particles are candidate for extraterrestrial v .

Proton Proton

 Atmospheric neutrinos represent
the irreducible background

Upward-going muons (or horizontal

Muon
Detector

muons) ARE neutrino-induced!

Extraterrestrial
Neutrino

Proton
Giornata SU BTin1 - Brera 2016 24



3.2 Detector effective area

P8R2_SOURCE_V6 on-axis effective area

< 1

The effective area Aef is the € oof oo
. . g 0.8 ~e= Total
figure-of-merit of one NT 2 o7}
8 0.6
Quantity defined also for other = osf
experiments (cfr. Fermi-LAT) o
. 0.2f
The NT effective area depends o}
- on the outgoing lepton R T T
- on the neutrino energy Fermi-LAT effective area vs. E
- (not strongly) on the direction for normal y-ray incidence

- on the specific analysis (efficiency &)
For the muon channel, the A¢f can be written as:

ff L —0 (E\)pNAZ(0
AME) =A Py, (E,, EL)-e. e 0 EPNazO)

The quantity A (m?) is the geometrical area of a detector



Detector effective area

AME,) = AP, (E,, Ef )| €. e 0 EPNAZO)

Probability that a v, induces a muon with energy E>E",; reaches
the detector:

P,, = o,,(cm?) X p (cm™3) X R (cm)

E
~ 1035 2
Gw=122 3 (BTW)(CT”)-
p =102 cm™>;
R = 10°cm [ ]

E
P, =10° (—)
VoH TeV

LoglO pv-;‘

Log,, E,, GeV
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Detector effective area

ft —o (E\))pNpAZ (O
Ale) (Ev) =A°PVM(E1),ESLH)°E°€ o (Ev)pNaZ(0)

* Neutrinos can interact in the Earth and get absorbed
* The absorption probability depends on E and zenith angle

10-

08!

O
o)

04~

Survival probability
PSUI‘V
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Effective area (m?)

Detector effective area
AS(Ey) = A - Py (Ey, Ey,) !e‘“E”)pNAZ(@)

Parameter dependent on the analysis

* ANTARES and IceCube A¢'f for point-like sources (upgoing muons)

P8R2_SOURCE_V6 on-axis effective area

0.9f
0.8}
0.7F

o
)
T

0.5F-
0.4f
0.3

0.1

- —e— Front

- —e— Back

—e— Total

FermiLA

)

10

| 1 1
10? 10° 10* 10° 10°
Energy (RAeV)

4

IceCube
Northern sky)

ANTARES

(Southern sky)

1077 2 3 4 5 6 7 8 °
logyy [E, (GeV)]



T I B T | | e e .
Neutrino cross
> 0.8 % “4F 067 ti
3 $h ] %ﬁ : section
L SRR Y ETR N SN
e }%Hfﬁi__ﬂ_
? ag
5 < 0. - 35 > -1
T sl /34 || —=03x10"cm Te\
N . L X TaIR SRR e S ar
L 3 ;
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| ] | I// | | | | L
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Effective Range (km.w.e.)

- @+ hE

1
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b
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Muon range
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Number of events in a 1 km3

N 103 TeV
7” — / dEv(¢1())Ev_2)A(PoE88)E =05 10_16'14‘6 Cm_2 S_l

Instrumentation to be Installed 2007

w 313l 5 =1

A=10" cm® = 1 km
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3.3 Cherenkov Radiation

As a charged particle travels, it disrupts
the local EM field.

Radiation is emitted as insulator's
electrons restore to equilibrium

This radiation destructively interfere and
no photons are detected.

Yo

However, when the disruption travels
faster than light is propagating through
the medium, the radiation constructively

~2':,‘«_ —— Surface of Mach cone . . .
W, A interfere and intensify the observed
M WA, Cerenkov photons.
s - x ,
s,f o /="~ = "Inwater,~300 C photons/cm in the

range of 300-600 nm for a P=1 particle
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Cherenkov light emission

Superkamiokande
muon event

e Cherenkov light emitted by
relativistic particles in a transparent
medium, with : Bn(A) > 1

e Dominant photon emission in the
blue-UV band (see cap. 7).

e In the range in which water/ice are
most transparent:

d*N¢ 27 1
— = ) (l - ﬁ)
dxda [371- n=p-

eIn the range 300-600 nm and P=1:
N.=300/cm




3.4 water/ice properties

Water/ice characterized by two quantities g":_" L

* absorption length. It dependson ), and % oy
it is order of 50 m (ice better than water) * /** °)

* scattering length (water better thanice) | *

Cherenkov photons can reach a PMT in an :g

Optical Module (OM) and produce a signal
* Typical OM efficiency: 20%

AAAAA

— Smith and Baker
¢ Antares 1850-2250 m
® Capo Passero 2850-3250 m

! Capo Passero Test 3
i Antares Test 3

.......

| 4(!)4505005508(!)650700750

- Penetrator

Glass sphere

wavelength (nm)

Vacuum valve 0.25

=
L)

LED

7

et
o

=
=
o

~ Magnetic shield

Quantum F,frlc(‘i(‘ll(“\ (%)

Optical gel

400 450 500

bl . . 300 . . 150
Photomultipligs ; nata sui néutrini - Bréra 2016

550 600

A (nm)



3.5 How many light sensors 2 € ?

* Problem: How many PMTs (N,,,;) are needed in 1 km? detector
volume in order to detect ~¥100 p.e. (N,.) ?

 Assume a muon track of L.=1 km.
 Assume 10" PMTs in one OM (as IceCube/ANTARES)
e O(100 p.e.) in O(10) PMTs are necessary for track reconstruction

” — 2 ~ e
10” PMT =0.05 m N,= L, x300 Cy/cm= 3x107 Cy

— Npe: (NpyrX Vg X Ny X €0 )/1 km3
=100
" Ny 7=5000
Veyr= 3 m?

0,




3.6 Track/cascades reconstruction

J Reconstructed from time-space
correlation between hits.

 energy reconstructed from
amplitudes

Muon channel (CC v,)
e Long pattern in the detector

e Cherenkov photons are
correlated in space and time

Cascades (CC v+ NC)
* Short pattern (point like)



path length [m]

Track and showers

* v, yield tracks in the detector

— Better direction estimate (the muon collinear with the neutrino)

* v,V heutral currents: yield showers (or cascades) in the
— Better energy measurement (energy dissipated in the detector)

10° 1
cascata
Vv adronica u " .
u 7 T
10 s e -
LA . a) b) cascata cascata
/ adronica adronica
/,// czascat_a
10° yau Ve adronica
£ 4 — <)
T/‘/ C) callscata _ d) ;
102_ / 4 elettromagnetica adronica
,///
1ol had |
e e
e /
s em Path length (m) of
/
1 /

- | ~/ ~ — tracks/cascades in water
1 10 10° 10° 10* 10° 10° 10" 10

E. . shower [G€V]  Giornata sui neutrini - Brera 2016 -



3.7 Angular/energy resolution for v,

Muon = long track in the detector. The u reconstruction allows the
measurement of the v direction (kinematics important for E<1 TeV)
e Neutrino direction much better that 1°. Water better than ice

e Energy resolution relatively poor (better for large detectors)

_ ANTARES

—
o
i

—
I

ular resolution [°]

Ang

ANTARES angular resolution vs E

10—2 IHI3 | 1 II\III4 1 \I\II5 | 1 \I\IIIs 1 | I\I\I\7
10 10 10 10 10
E, [GeV]
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Angular/energy resolution for cascades

Electromagnetic/hadronics cascades develop within ~10 m
Very short tracks, poor angular resolution (depends on the
detector. Ranges from few degrees to 15°-20°)

Energy resolution much better (large fraction of the v energy
released in secondaries)

15

LR LR LR R N
14 B } v, CC
1B } v.NC
P v, CC
c 11
2 10
9 .........................................................................................
S 5 Reaches 2°
77 S S S
()
L6 _________
—
© 5
8)4 ............................................................................................................................
3 ...........
L S - 1
O PE R R T N T N T T N RN AT TN W TN N R NN N R R
4 5 6 7 8
Iog(l;‘MC/GeV )
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3.8 Difference between ice...

| »)
| k--'l'a e ‘\\ ny y
\ - o\
R = ™ b
h 5 1ok : 40
4 ’
)
o -
»
% L
|
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... and Mediterranean water

Giornata sui neut




IceCube @South Pole

IceTop

81 Stations, each with
2 IceTop Cherenkov detector tanks
2 optical sensors per tank

324 optical sensors

IceCube Array

86 strings including 8 DeepCore strings
60 optical sensors on each string
5160 optical sensors

December, 2010: Project completed, 86 strings

1450 m

?23 - imized for lower i
s-spacing optimize energies

Eiffel Tower
324 m
2450 m

2820 m

Giornata sui neutrini - Brera 2016
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3.9 Optical background in water

Run 27812 Line 1-§ Physics Trigger (thr=tuned, allsamp=1, MRV=500kMz) Line 4 Floor 13 Mon May 21 17:39:37 2007 |

S . ; | __— bursts
baseline

U
o
§
§
2
o
g

MILOM data in 2005

. =50
Baseline: Chom +
?3?40_ om3 ﬁ
40K decays + bacteria luminescence gl T}
3400
. . : 5‘#
Bioluminescence bursts: f RS
i E
Animal species which emit light by 10 E;
flashes, spontaneous or stimulated fwf*fl o o
O e e e A e

around the detector.

water current (cm/s)
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Northing (m)

I
e <10 cm accuracy on individual OM position @?9’ @?L
e Acoustic system. %
e Additional devices provide independent N @@J
. \ \\ ,l ,Il
sound velocity measurements @é? ; @@
4l Storey 25 | \\\ I\/‘/\': ,,', |
- St;r§y14 ﬁ RTINS @ﬁ;
() e
P (N t=2 8 [
4 ) % E 6:_
8 :_ ) :_
:l | | | | | | | L0 | E
12 -10 8 6 4 2 N

0
M. Spurio- ANTARES -



4. Detecting cosmic neutrinos:
the twofold way

world

BREAKTHROUGH
\ OF THE YEAR

aih
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The catalog of TeV

PWNe
SNRs
Unidentified
Binaries

Mol. Clouds

Whipple

Durham

HEGRA

HESS

Milagro

LS 5039 HESS J1303-631

Vela X

MGRO J1908+06 RX J1713.7-3946 MSH 15-52 l RX J0852.0-4622
1 .

X
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1) Measuring a significant excess of events from
a given direction (point-sources).

* v, mainly. And only upgoing events
2) Measuring a significant excess of high-energy
events with respect to the background (diffuse).

* All flavors. Tracks, showers and partially contained
events.



Point Sources

m?s1)
°

E? d0*”* °L/dE [GeV ¢

5 ANTARES 07-15 [Preliminary]
= s ANTARES 07-15 E, < 100 TeV [Preliminary]
— . ANTARES 07-13 limits [Preliminary]
R B IC 6y [ICRC 2015]
10 =s=sss=ss |C 3y MESE [ApJ 824(2016)2.128]
i s |C 3y MESE E < 100 TeV
Yy, i = IC 3y MESE limits
. AN g wWinWY, -
107 = g, B
: HESS PeV.
z LI L Ll .,
: < T nu|||munul’ﬁlsnuunu|||n\|nn\nl;tl T a1 PeV ;
; Ly vum\ull\\'”" g o ® 107! 10 PeV 4- g
10_a IUM.“D‘:-W(’!_.‘ L) ~ L ' e ||X|Pt‘\'
B ’ ’7/"/, W '\\i § |(I'l:
- va /llIIIII/I"“"”“““"”““I“\\HllllllllllllI!ll\\\\’ll-ll.l:’a )
10 N\ e g
- 5 10"
10 10 L1 | l L1 1 l 1 1 1 l 1 1 1 l 1 11 l 1 11 l 11| l L1 | l L1 | l L1 1
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 04 0.6 0.8 1 1o . - :
sin(d) 10" 10" 10! 10° 10°

Energy(TeV)

Nature 531 (2016) 476
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Diffuse flux of cosmic v

E? dN/dE [GeV s sr'cm?]

.. Conventional ptmosphericv
| "ANTARES | | | |

O AMANDA

10° = TR
Background of;
'‘atmosphericv

Diffuse v .upper

"SI~ bound (W&B)
10-8 ? o i i

10° = Diffuse Vi -
= fromGRBs,”

: ;
=1 Ol |FE e e ‘i b R

2 3 4 5 6 7
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Excess of HE events over background

* High Energy Starting Events (HESE) in IceCube
* Events selected in a restricted fiducial volume (SK-like)

* Mostly showers with poor angular determination (>10°) \N
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Per approfondimenti

M. Spurio:
Neutrini in profondita: Vita, morte e miracoli dei neutrini

rivelati sotto terra, sotto i ghiacci o in fondo al mare

arXiv:1609.06710

* T. Chiarusi, M. Spurio:

High-Energy Astrophysics with Neutrino Tel st !@!
(2010) 649-701: arXiv:0906.2634 REST R e

Maurizio Spugio

Particles and
Astrophysics

M.S. Particles and Astrophysic (Springer)

A Multi-Messenger Approach
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Neutrini nel cosmo

«di qua, di la, di giu, di su li mena;
nulla speranza li conforta mai,
non che di posa, ma di minor pena. »

Inferno, Canto V

(si noti, siamo gia
«underground»)!

Giornata sui neutrini - Brera 2016 54



