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Once upon a time... GUT

In the ‘80 Grand Unified Theories (GUT) predicted the proton decay with
measurable livetime of-the order of t1=103°y (20 orders of magnitude 1/H)

QUESTION: Which is 1/H_?
The proton was thought to decay in (for instance) p—2>e*n°
Detector size: 103 m3, and mass 1kt (=103! p)

The main background for the detection of proton decay were atmospheric
neutrinos interacting inside the experirent

QUESTION: How many p decays in 1 kt for.t= 103° y, assuming 100% efficiency?

Water Cerenkov Experiments (IMB, Y
Kamiokande)

Tracking calorimeters (NUSEX, Frejus, KGF)

Result: NO p decay ! But some anomalies
on the neutrino measurement!

Néutrino Interaction
e Proton decay
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General problems for v detectors

Low cross section—> Large detector volume/mass

Particle identification
Energy/momentum measurement
Direction measurement
No magnetic field (v = ;)
Backgrounds
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The flux of atmospheric muons vs depth

A sea level, the muon flux is

d =100 m 2s 1sr—1

Vertical muon intensity vs depth
(x-axis, in km.w.e=10°>gcm2)

The shaded area at large depths
represents neutrino-induced
muons of energy >2 GeV.

[The figure inset shows the
vertical intensity measured under
water/ice from nu telescopes.]

Muons cannot cross more than =
15 km.w.e.
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Recipes for the evaluationof the atmospheric flux

Independently from the details of the
computation of ®v, (E), ®v,(E), one
can obtain two very robust

Cosmic ray T
(p, He, ...)

properties:
* At energies below few GeV, the
M (Sign of the particles flux of v, is approximately twice as
are neglected in this large as the ve, i.e.:

figure.)

O(v, )= 20(v,)

* Thev, v,fluxes are up-down
symmetric in zenith G, i.e.:

®,(E,0)=0,(E, n-06)

Question 1: why ®(v,)= 2®(v,) not
hold at higher (>> GeV) energies?

M. Spurio - Astroparticle Physics - 11 8



Ingredient 1) The primary LR spectrum
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Ingredient 1) Cascade initjated by primary CRs

Primary CR attenuation as function of X (g cm2) and E

o0

IN(E, X)

adX ;J'u,flr.,..'

Boundary condition:

ALy
E

N(E, X) +/ MN(E", X)

Fny(E,E') 3

AN(E,0) =@ (E)=KE™

From Feyman scaling:

MN(E, X) = &N(E) - HN(X)

dE’

The dependence on X depends on an effective attenuation length A:

Hy(X) = Hn(0) - E?{IJ(—

N

),

dy(E) = KE™" .
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Ingredient 2) p-air cross s

tion
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Ingredient 3) Secondary crarged multiplicity
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Ingredient 2), 3) =2 mesopproduction

The pion propagation in atmosphere is described by:

l
T ; N2 (E. X) (11.15)

Al -

INZ(E, X) _( I
dX

1 1
N (£ X) dx* M (E,X) dx*
L Fan(0%) - — C  FNa (%) —5
+ / L a(X7) s + / My Nz (X7) 2

1 0

Competition between interaction|and decay . The decay Iength

d, Tect,«p(X) M}(mm Excme

The pion decay constant ¢ =115 GeV.
Pions start to increase with increasing depth X, reach a maximum and then
decrease
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* High-energy limit (E>>¢_): the decay te

\‘N ({?_X/A“ . (JX/AN)] _

L/KTHE(Er X) — |:

ZNJI

v

l—ZNN‘Ax—A

(the Z are the the spectrum weighted moments)

rcdn can be neglected:

* Low-energy limit (E cos¥ << ¢_): we neglect the term A,..

L/Jgr{{?(E, X) — |:

ZNJT

I

EJ’T

e Similar equations hold for other particles with different decay constants:

Table 11.2 Lifetime 7; and decay constants &; = mc?hg/cto for secondary particles i produced by
primary hadrons

Particles

[ = ut nt b K+ D* D°

7i (s) 219 x 10701260 x 107884 x 10717 1.24 x 1073 1.04 x 10712 | 4.10 x 10713
g (GeV)| 1.0 115 3.5 % 1010 | 850 4.3 x 107 9.2 x 107
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Ingredient 2), 3) =2 neutriro production

Conventional muons are produced by  and K decays:

KT = vk ANy N
b= I T
> ,u,+ —> Vy + Ve + eT X —

- —E
T (K7) = v, +pn-
> puT > v, Ve +e . dN, = —dNy

Prompt muons by the decay of charmed mesons.
The muon flux is thus described by the equation:

A, Ag A,
D, (E) @' ¢ 4
I +(@cos€ 1—|—(%,)>c059 l+(@c059

The muon neutrino flux follows similarly.
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Solid lines: vertical, dashed lines.2enith 60°

u"+ " and v+, flux from pions and kaons
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Ingredient 4) Solar effectgikgeomagnetic field

e high precision 3D calculations,

 refined geomagnetic cut-off treatment (also geomagnetic field in atmosphere)
e elevation models of the Earth

e different atmospheric profiles

e geometry of detector effects

M. Spurio - Astroparticle Physics - 11
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The conventional v flux (Honda)

M.

10

(cm'23'1)

E d N, /dE,
©

0.01

Honda, et al. Phys. Rev. D 92, 023004 (2015)

T —————— * The result of one of such

] calculations: the v flux
prediction (Honda) from MC
simulations;

* Different models exist;

Question 2: Compute the
number of vinteraction/y for
E >1 GeVin 1 kton detector (&=1)

Question 3: Explain qualitatively
the (vu/ve) ratio

Question 4: Explain qualitatively
why the (v“/ v“) ratio increases
with energy
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Neutrino interactions and cross section

§1 4 } ] ‘
%1.2 } T I
1
?%_ T TOTAL
HB.B {QE 1
_ED.G . 1 l
ED 4 DIS
@ RES
0.2
10" 1 10 10°
E, (GeV)

» Different processes for the neutrino
interaction on nucleons

* QE: warning to the conservation laws!

* Question: why we do not mention the
neutrino cross-section on electrons?

*  Which is the expected behavior for v+e?

Quasi-elastic
Vi u!

Resonant pion

M. Spurio - Astroparticle Physics - 10

Energy threshold

* v.,>0.5 MeV
QE v,>105 MeV

* v.>1700 MeV
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Measurement of atmospheric v's

Run 308 Event 332 CoIIect|on V|ew

drift coordinate

Run 87729 Event 753

wire coordihate 442 ‘ Ton View ll-’Mw-lm 19:37:07.98
\
_ N
v =track -
" ; \
>
L,
Example: Soudan @ USA = =
- i YIPCY
T u;f‘ :

A'r“
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Early measurement of atmospheric v’s (<1990)

* Tracking calorimeter: Frejus, Nusex, Soudan (hard to find pictures on the web!)

* Water Cherenkov: IMB, Kamiokande

* Measured the number of neutrino interaction in the detector, separating tracks
(=Vu) from showers (=v,)

Ed NJdE, (cm?s™)

10p

—
YT

o
—
1

0.01

T

Intergral flux of
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10
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The golden age (1995-2002): SK and MACRO

* SuperKamiokande (SK) is located in
Japan, 1000 m Underground (1996 )

*  MACRO was located at LNGS in Italy
(1990-2000)
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Super-Kamiokande
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SuperKamiokande (SK) is located in Japan, 1000 m Underground
* Active since 1996

* Filled 50.000 ton water
e 11000 large PMTs +2000 PMTs
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25 years of Super-Kamiokande

A

1996.4 Start data taking

1998 Evidence of atmospheric v oscillation (SK)

1999.6 K2K started
SK-I

2001 Evidence of solar v oscillation (SNO+SK)

v 2001.7 data taking was stopped
for detector upgrade

2001.11 Accident
4 2002.10 data taking was resumed -
SK-1I 2005 Confirm v oscillation by accelerator v (K2K)

><

2006.7 data taking was resumed

SK-I1I
2005.10 data taking stopped for full reconstruction

2009 data ta klng M. Spurio - Astroparticle Physics - 11
2018.5 Stop SK-IV

SK-IV

> ———p ¢

SK-V 2019.1 Start




SuperKamiokande: v,

Super-Kamiokande

Fun 4268 Event 7899421
97-06-22:08:15: 57

Inner: 2652 hits, 5741 pE "
uter: 3 hits, 2 pE {in—time)
Trigger ID: 0x07

D wall: GOE.0 em >
FC e—like, p = £21.9 MeWSc

‘\\
./

Resid{ns)
. 2 157 T e-like
11 Tttty 3
R I ¥
« -34- -17 : I g :
« -51- =34 citiet, 3, 3 3 i )\
« -B8- -51 %
« =f5- -G8 - ] g%
« -102- -85 3 ;s k' gt
. <-102 3" 4% H <

o
o
Y

0 300 1000 1500 2000
Times (ns)



SuperKamiokande: v,

Super-Kamiokande

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

Toner: 1904 hits, 5173 pE
outer: & hits, 6 pE {in-time}
Trigger In: 0x07

D wall: 225.0 cm

Fi mu-like, p = 766,00 Mev/ o
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Cherenkov Radiation

¥ s

o~ Surface of Mach cone

= As a charged particle travels, it disrupts the local
electromagnetic field (EM) in a medium.

“Electrons in the atoms of the medium will be
displaced and polarized by the passing EM field of
a charged particle.

* Photons are emitted as an insulator's electrons
restore themselves to equilibrium after the
disruption has passed.

* In a conductor, the EM disruption can be
restored without emitting a photon.

* In normal circumstances, these photons
destructively interfere with each other and no
radiation is detected.

* However, when the disruption travels faster
than light is propagating through the medium, the
photons constructively interfere and intensify the
observed Cerenkov radiation.
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Cherenkov Radi

coség::—l—

_ dN/dA
* Threshold velocity B;=1/n—=> 06;~0

* Angle of emission (=1): 0,,,,=arcos(1/n)
» Distribution of emitted photons:
d*N B 2n2°0r (1_ 1 )_ 2w-1°a
dxdA A ,anz A
d?N _ 2°a Sin” 9. dN/dEA
dxdE  7c

sin’ 6,

Question 5: Evaluate the number of Cherenkov photons in water in
the A=300-600 nm interval for a relativistic single charged particle

> L
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The PMTs

0.1 F

* Quantum efficiency (Q.e.)= probability 0.7 | \\
that an incoming photon of a given 005 ¢ f
wavelength produces a signal : /
O250 300 350 400 450 500 550 500 580 70D
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The discovery of neutrino masses

« Neutrino are massless in the Standard Model
- Lepton flavour is strictly conserved in SM

- ldea of neutrinos being massive was first suggested by
B. Pontecorvo, from proposal of neutrino oscillations

Ve> °

vi> |

Vl~l> o |V1;> =Weak Interactions (WI) eigenstats

V2> , |V3> =Mass (Hamiltonian) eigenstats

L/a L"'l
2

vy | =Vpnus | v

v T

M. Spurio - Astroparticle Physics - 11
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The Pontecorvo-Maki-Nakagawa-Sakata matrix | <

* We are here

i) |
10 0 ci3 0 sppe ey s, OYfem o 0)
Vo 0 1 0 =S5 ¢ O 0 e™ 0
— 10,p
Atmospheric and Reactor and accelerator Solar and reactor (), 55 experiments
accelerator 0.. ~ & 0~
0y, ~ 50° 13 , emot
) + _» 4, Accelerator only: Oocp =" Ami, ~7.5%x 1077eV~
m§2 ~ 25X 107 eY” ) Normal hierarchy Inverted hierar

. ? f-. ..\
- 5o
| N .J

PMNS NH
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..with atmospheric neutrinos <

. . Am3; L
Py,—v, =1 —sin?29;3sin? [ 1.27 E,

down-going

t 1
[ J Am%B, 19239 from Nature; [ﬂO to scae]
e £, = experimental parameter (energy

distribution of neutrino giving a
particular configuration of events)

* L = experimental parameter (neutrino ;
path length from production to
interaction)

/

L=10"km

up-going
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v energy/direction: event topology

A7 Fully * Partially :
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cos®>0

SuperKamiokande I-IV: results

,Vu LIKE

400

AR aholf Prediction 1 300} ]
cos®<( 1000
7)) | U'___,-_—,g—""""""'- 200
= | 500
cC SK Data
o oV, — V. 1 100
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'g 1000
=
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200
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Discovery of neutrino oscillations

10_1 C ' ' ' ' T
I‘nl“'"‘"—_—(/
102} {
— A
ol f;:\
3 L
= <
10‘3 |
10—4 ! | | | ! | )
0 0.2 0.4 0.6 0.8 1
sin“20
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SuperKamiokande

* Kamiokande

—==2 MACRO
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MACRO@ LNGS

Up throughgoing InUp

[] Absorber
B Streamer
N [ scintillator
B Track-Etch

* Liquid scintillator counters, (3 planes) for _
the measurement of time and dE/dx.

e Streamer tubes (14 planes), for the _-_-
measurement of the track position (<1°); ‘ -—

e Detector mass: 5.3 kton
e 1 Up going muons ~ 10° downgoing muons

e Different neutrino topologies v
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The MACRO neutrino deficits

- 7 o 80
= ¢l * MACROdua | =
Tw —— Bartol E
D 5 60
£ S B
< o
T 4 E 40
= =
= 3 20
-
=, ._
(= | 0 1 1 1 =
s L -1 08-0.6-04-02 0
s 1 cosf
" s s w4 w2 o £ 100
; e A E ©  InStop+InDown
cosO —> 3 50
. o
. CQmpIeter dlff?renttopologyw.r.t. SK E 60
* Different experimental technique E
» Deformation of the angular distribution w.r.t. Z 407¢
expectation 201
* Missing events from the vertical direction i
of

Interpretatlon-: os'ullatlons T oS oe 050
* The same oscillation parameters! = p»
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The Soudan Il neutrino deficit

Run 76995 Event 1572

Iron tracking calorimeter

770 t fiducial mass

Active from 1989 to 2001 in the
Soudan Mine (USA)
(P)contained events

u-like deficit from below
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Why not v,—V, ?

Apollonio et al., CHOOZ Coll.,
Phys.Lett.B466 (1999) 415

>

i.e., through the 9,5 angle

of the PMNS matrix
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The 2015 Nobel Prize

Nobel Prizes and
Laureates

Physics Prizes | £]2015 |'?

v About the Nobel Prize in Physics
2015
Summary
Prize Announcement
Press Release
Advanced Information
Popular Information
Greetings
» Takaaki Kajita
» Arthur B. McDonald

All Nobel Prizes in Physics
All Nobel Prizes in 2015

' The Nobel Prize in Physics 2015
: Takaaki Kajita, Arthur B. McDonald

Share this: F1EAEA B3 15« E]

The Nobel Prize in Physics
2015

Photo © Takaaki Kajita Phato: K. McFarlane
Takaaki Kajita ool
Prize share: 1/2

Arthur B. McDonald
Prize share: 1/2

The Nobel Prize in Physics 2015 was awarded jointly to Takaaki
Kajita and Arthur B. McDonald "for the discovery of neutrino
oscillations, which shows that neutrinos have mass"
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Evidence for oscillation of atmospheric neutrinos

The Super-Kamiokande Collaboration
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Measurement of the atmospheric neutrino-induced upgoing muon flux using MACRO

The MACRO Collaboration
M. Ambrosio!?, R. Antolini’, C. Aramo™", G. Auriemma’*?, A. Baldini'®, G. C. Barbarino!'2, B. C. Barish*, —
G. Battistoni®?. R. Bellotti!, C. Bemporad '3, P. Bernardini 1°, H. Bilokon ¢, V. Bisi 18, C. Bloise %, C. Bower &,
S. Bussino'?, F. Cafagna', M. Calicchio!, D. Campana 2, M. Carboni®, M. Castellano®, S. Cecchini®®, F. Cei 113,
V. Chiarella®, B. C. Choudhary?*, S. Coutu '°, L. De Benedictis!, G. De Cataldo', H. Dekhissi 217, C. De Marzo',
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Now and next...

[From E. Lisi (INFN-Bari)] >
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Now and next... [From E. Lisi (INFN-Bari)]
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Terra incognita

5 Knowns:

om?2 ~7x10°eV?
Am? ~2x103eV?
sin?6,,~ 0.3
sin20,; ~ 0.5
sinZ0,, ~ 0.02

5 Unknowns:

d = Dirac CPV phase
sign(Am?) = ordering
octant(6,;)

absolute mass scale
Dirac/Majorana nature

T
_—— 4
+Am?
m2, - - . om?
- Amz
; '\’3 _ v
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Atmospheric neutrinos: background for cosmic v
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M. Spurio: Neutrino telescopes, 24/03/2021

>

“In a ~1 km?3 detector

e Atmospheric muons:
~101011/y je., 1 kHz

e Atmospheric v> .
~10°/y, i.e., 1in 5 min

e Cosmicv> |, e,T:
~100/y, mostly hidden
in the background
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Solution of question 2)

The event rate of atmospheric neutrinos can be obtained from Fig. 11.9.

With a threshold of about 1 GeV, the ®vu (>1 GeV)=0.65 cm™ s, and that of ®ve(>1
GeV) a factor of two lower. The neutrino must interact inside the detector to produce a
visible event.

The event rate for T =1 y and for the flavor i= ;e is given by
Nvl- — @vl(>1GeV) : Gv NT . T .

G, =G,E is the neutrino cross-section. After averaging over neutrinos and aninu’s, we
have 6, =~ 0.5 1038 cm?/GeV

NT = 6x103? nucleons/ton is the number of target nucleons in 1 tonl,
T=3:15 107 s is the number of seconds in 1 year.

Thus, inserting the numerical values, we obtain

N.,“ = 60 kton/y ; N, = 34 kton/y .
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Solution of question 3)

At low energy, neutrinos exceed antineutrinos due to the fact that CR protons
are more aboundant than neutrons

Above few hundreds GeV, neutrinos from K decay are more abundant than
from pions. Thus, conservation of the strangeness (S) and baryon (B) quantum
numbers are responsible for the difference

Consider the production of charged kaons from pp interactions:
 K*(B=0, S=1) is produced in association with A (B=1, S=-1);
K- (B=0, S=-1) requires at least one associated baryon (B=1) and an
additional strange meson (S=1).

K*are generated much more frequently than K- because of the associated
production with the A.



Solution of question 5)

* In water (n=1.33) for z=1 and =1 the number of photons for energy
interval and unit path length is:
d°N Z°«a .
=——sin’ 4.
dxdE  7c

e With: cosd =(1/n)=0.75—> 9 =42°
* The AL=(600-300) nm corresponds to AE=2 eV, thus
2 2
d’N __ (W187) oo 2eV % (0.67) 330

dx  (197MeVm) ° 27.10°x10°%Vx10cm  cm
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