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Like most people,
physicists enjoy a good mystery.

When you start investigating a mystery
you rarely know where it is going

Quarks. Neufrinos. Mesons. All those

damn pamcles youl cant see. That's what
drove me to drirk. But now | can see them.
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Par zakladnych a historickych faktov o neutrinach

Standardny model fyziky &astic:

i) Ves Vs Vs

i . ) :
4/96/2017 ii) maji nulovii hmotnost



Desperate idea of Wolfgang Pauli
(87 years ago)

Offener Brief an die Gruppe der Radioaktiven bei der
Gauvereins-Tagung in Tiibingen

Liebe Radioaktive Damen und Herren,

Wie der Uberbringer dieser Zeilen, den ich huldvollst anzuhéren
bitte, Thnen des niheren auseinandersetzen wird, bin ich
angesichts der “falschen” Statistik der N- und Li-6 Kerne, sowie
des kontinuicrlichen beta-Spektrums auf cinen verzweifelten
Ausweg verfallen um den “Wechselsatz” (1) der Statistik und
den Energiesatz zu retten. Néiamlich die Moglichkeit, es konnten
elektrisch neutrale Teilchen, die ich Neutronen nennen will, in
den Kernen existieren, welche den Spin 1/2 haben und das
Ausschlicssungsprinzip befolgen und sich von Lichtquanten
auflerdem noch dadurch unterscheiden, dass sie nicht mit
Lichtgeschwindigkeit laufen. Die Masse der Neutronen koénnte
von dcr glcichen Grossenordnung wie die Elcktronecnmasse scin
und jedenfalls nicht grosser als (.01 Protonenmassen. Das
kontinuicrliche beta-Spektrum wire dann verstindlich unter
der Annahme, dass beim beta-Zerfall mit dem Elektron jeweils
noch ein Neutron emittiert wird, derart, dass die Summe der
Encrgicn von Ncutron und Elcktron konstant ist.

A letter to Tuebingen
(L. Meitner, H. Geiger)




1 have done

I invented a
particle that
cannot be
detected

W. Pauli

a terrible thing.

Experiment attempted at Hanford in 1953,
too much background. Repeated at Savannah
River in 1955. [Flux: 1013 neutrinos/(cm2 s)]

1956 - 3 events per hour

’ We are happy
to inform you
(Pauli)
that we have
lefinitely detected
\%

Reines & Cowan

Signals due to:
i) e" annihilation: 2y,
ii) n-capture: several y ~few us

ant’mcutrinn

H,0 + vV+p —n +et
CdCl,

Fcdor Simkovic

G —_
(1.1£0.3) 10*} cm?
in agreement with Fermi
theory of B-decay
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Atmospheric and accelerator neutrinos
(100 MeV, GeV, TeV —)

proton Production in Cosmic Accelerators

accelerator
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Do you know that thousands of billions of neutrinos are streaming through your
body each second? There is a probability once per your life that you interact with

cosmic neutrinos?

Do you know that you emit ncutrinos?

Human body contains 20 mg of potassium °K with half-life 1.29 x 10° years.

You emit about 340 x 10° (anti) neutrinos per day.

and zinc (Zn).

Elemeant Symbaol Percentage in
Body
Oxygen Qo 65.0
Carbon C 18.5
Hydragen H 9.5
Mitrogen N a:z
I/\| Calcium Ca 1.5
J Phosphorus P 1.0
Paotassium K 0.4
Sulfur S 0.3
Sodium Ma 0.2
Chlorine cl 0.2
& 12771089y
'Tz E :mK t Magnesium Mg 0.1
18 i
ik BazEh oo H Trace elements include boren (B}, chromium (Cr),
- o 4 e 4004 cobalt (Co), copper (Cu), luarine (F), iodine (1),
a0 i e 20 iron (Fe), manganese (Mn), molybdenum (Mao), less than 1.0
13Ar i d selenium (Se), silicon (Si}, tin (Sn), vanadium (V),




Fundamental Forces

®H® Strangth Range (m) Particle
Foroe wiech
Strong -

i i hoddts nucieus 15 gluons
e ‘_ . .- @lur_ﬁ:hur 1 .m:-?!m - (nucheons)
:. M IR S P )
f Strength Range (m) Particle
Electro- -& (@ 1 poton
137 Infinile mass = 0
apme i o [ : b'." "-": spin = 1
FACT: about 65 million neutrinos pass mag! 1€l
through your thumbnail every second. Strength Range (m) Particle
¢
o Weak == /" -8 -18 intermadiate
' . 10 10
! Veak ey > 48 A -
ol a paebon W, W ED
The segond reason is that neutrinos v b by iy mass > B0 GaV
wedkly intera ith tl Induces Beta decay spin =1

emnvironment and s

- ntar i iotinary & ' Strangth Range (m) Particle
i G 3 . ¥y "

objects i Sun, Eart Gravity O 39 graviton
may pass through the large amounts ” 6 x 10 Infinite mass =0

2 Ly
of tht'-__suh-'-.t.-'lnce and retain for spin = 2

|r--:1'-ar|:t1:1r=. the imternal =."-.'.rurtu|‘§.|:|.'

"" the objects,

The mean free path of a 1 MceV neutrine in
lead is about 1 light year!

Neutrino detection requires:

For an average size person, i) very large detectors
an atom in the body will capture ii) very intense neutrino beams

a neutrino every 70 years. Fodor Simkovic 111 small background
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SInko svieti v dosledku jadrovych reakcii
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1939 Energy production in Stars (Bethe)

Nobel prize 1967

BARDWH 1, K@U

PHYRICAL BREVIRW

VoLt s

Energy Production in Stars®

I, A& Bevie
Cormall [lwivrily, Jibsem, Now York
CHaneivad Ssprambar T, 1038}

Tr b shown thar the med wsperion e o mergr ta
srdinury slers i the Fraciens af darbei aud sifrages itk
rodeers. Thims meactions form a cycle in wividh the original
nuelom is reprodunel, sin CE-E 0N, N RS,
CopHmme, NopHeO® O0Fabrges, NS =
4 Hies, Thuis cashan asd mlougen merely sree o cxislysis
i tha L on of [oor p Canil pwes slagrrons)]
e am separsicle (T

The wairbes-niitoges readibos are enlgos in el
eyulical characier (B8], For all mucei L
reuetion wiih procons will leesl
s-particls s thad the gl wchiis 8 germanonily
alpmraped, Fow all suctel Bsavier than fwearine, oniy
radinvive cugpiiure of e grotons oosues, @l deanmying 1he
wriginal suceus. Oxygen and fworing roctions mustly heid
ik 8 nitrogen. Beaides, thiss hoavier nuelel reser mach
marn Aewly than © pmed N sl ere therelore smilsgaorcaint
fre phe eavegy grdiorion,

Tha agr of et curh o meactione Wikl
observational daca [§7, %) bs exonllent, Inonler o g the
cmrrect snergy ovolstion s the s, Lhe eenvial bamipsim
Vitrm o] th sy worli v to b 1E, S e g while

§1. Isrnopvcrion

HE jarogress of nuelear physics in the Last

Tow yoars makes {1 prasible to declde rather
dAefuvitely which proresses con and which cannast
wocur b the interior of stars. Soch decisions will
e attempeed ln e gresent paper, the discusson
being resivicted primarlly o main  ssgoenes
st “Ihe results will be ot vormnoe witlh sors:
current hypotheses,

The first main result is that, wnder peesint
conditions, ne elements heavies than belium can
be built up to any apprecishle extent. Thesefone
we st pemame ot the heavier cloments wene
buile wp dwfere the stors renched chelr present
state of femperatsce aml deasity. No attempe
willl be maade wi speculat s aboat this previoos
state of stellar maiier.

The energy production of stars is then due
entirely to the comianation ol four protoas il
two clectrons ints an a-purticle, This shmplifies
the discussion of stellar evolution inasmuch as

% Awarcled am A, Cressy Morrisoa PPriee bn 1938, by the
Hew Vork Acsbemy of Sclenoes.

integmutan of the Edidisgion eqialiets gives LB Fas ihe
brillmat sear Y Cygel ik corresporiding Agures e 30
amil 32, This good agreement Baolds far a1l brsght siar of
ithe mnbn segoener, but, af cosee, not for glankg

Frw Tainies atars, with lower coniral trmgaraiures, ihe
menetion H-4+H=T+¢" amd the rewctioms Following i1, are
hstirved tn be mainky reeponsthlo for the soergy prodgac-
vion. (EI0)

Ik o shon further [§5-&) ibal ne cleminds boarier thaw
Blet pan b Baild up dw ardinary siurs, This s dus oo vhe Do,
nmnt lined above, that &ll slenenis w) o Boron ane disin-
vegragesd ey praton hamhardesn feemission 1) msber chan
built up (hy sasliatiee oaprured, The dnstabdlicy of Bae®
medures tke formadcn’ ol heavier slemenis sl furd her.
Tt prosdnotenn of nEutrons i scars i Hlewsss segligitile
The henwer elements fournd im stars must sberedore
have suimted abesdy whan the ster wms farmesd,

Finalty, the suggreted sechanisn of snergy peinboctios
s usewl to drae I! mhari kel o
much as (e fseelwminesity felatson (103, the mabiliey
againet immperaiure changve (§18], and selar svedutios
LhE2I,

the amount of heavy matcer, and therefore thy

The combinniion of four protons amd tw
electrons can ocowr essentially onkby in two ways
The first mechanism starts with the corpbinatie
of two protons to form o dedteron with positeos
mimiEsicn, e

T4 — Bt i

The dedteron is then translormed into Het b
further capture of protons ; these captures ooce
very rapidly compared with procesa (1), Th
secund meechanism s carbiom and adrogen o
catalysta, acearding fo the chain neaction

CO4 H o= N, N Ol b

pp chain

CNO cycle

NARA/Harris & Ewing

O o My,
W TRy,
LTS e ML TP
Thi catalyst O s ropeoduced in all coses anee
abour one n 10,008, therefore the abundance of
carbon and #ltrogens remalns practically -
changed (in comparison with the change of the
number of protons). The two reactions (1) and

D Ry g ':1

434

The combination of four protons and two
electrons can occur essentially only in two ways.
The first mechanism starts with the combination
of two protons to form a deuteron with positron
emission, vis.

H4-H=D- ¢t (1}

The deuteron is then transformed into He! by
further capture of protons; these captures occur
very rapidly compared with process (1). The
second mechanism uses carbon and nitrogen as
catalysts, according to the chain reaction

CE4H=NW4~, N = C13 4 ¢+
C4H=N¥4~,
N+ H =0+,
N4 H = C124 He*.

016 = N154 ¢+ (2)




Standard Solar Model (SSM)
Observables: Mass (M=2 10°kg), luminosity (L=4 10*® W),

Radius (7 10® m), metal content of the Fmuen ot e Sun:

photosphere, Age, Inferences of solar @)

interior (p,P,T) proton +260 42V, + 25MeV
Total ncutrino flux (only v ): ¢(v,) = 6.6 10"’ cm?s™! 869 He

small theoretical uncertainty (~1%) by pp neutrinos
large theoretical uncertainty (~20%) by *B neutrinos

Solar Neutrino Energy Spectrum

. = 13
The pp-chain W
: 10" L ol Solar Neutrino Spectrum
99.77% o L . Bahcall-Pinsonneault SSM
prprdee+y, CE e
% 1 5 e e e R
84.7% 2405% S 100 | IR
d+p—3He + S F ey i
g 10 § i
¢ M" ‘-%- P ”'F. i T i
He + *He —'Be +7 a0 P i
13,78% l_ ‘ln,m %1 B e
e % 10° F ~1T
Be+e - 'Li+y, Be+p—>B+y B i /
L |._+ i + 10° .r

e TN 1 =

3 7 5 —>"be '+ e ""‘; 10 i i | T Ll

HeHe-sa+2p| 'Li+poeia L] 0.1 1.0 10.0
. . Energie du neutrino (MeV)




Physics beyond the SM
observed before its
formulation
(Homestake experiment)

Davis, Harmer and Hoffman,
Phys. Rev. Lett. 20 (1968) 1205 2002 N obel prize

1964 John Bahcall and Ray Davis have idca to
detect solar neutrinos using the reaction
TCl+v,— Ar+e
1967 Homecestake experiment starts taking data
G ® 615 ton of cleaning fluid in a tank
R 4,100 mwe underground
o 7Ar extracted chemically every few
months (single atoms!)
e event rate: ~ 1 neutrino capture per day!

e %7 7 % 1968 First results: only 34% of predicted
i I % & neutrino flux
5" 2 Experiment observed: 2.56+0.23 SNU
e, @B - SSM prediction: 7.7 +1.2 SNU
: I L 1 SNU = 107 interactions/(target atom)/ s
Superk Kok ﬂffﬁ Next 20 yeal‘s no Othel‘
c. - & mm:im . solar neutrino experiment

"H R CND Uneerlainties [



Oscilacie atmosferickych, sine¢nych a terestrialnych neutrin

4/26/2017 Fedor Simkovic
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[ ] r [ ] r D b F :
Br 1‘;{10 ;‘mttcf‘"‘ vo Oscilacie 2 typov neutrin B. Pontecorvo,
an Neutrino . S : - Zh.Eksp.Teor.Fiz,
(22.8.1913-24.9.1993) I:ffj:.- e }'{,‘1} i i‘;‘:a“,"jf 32 (1957) 32

v(t=0)> = |v,>
jv(t)= = exp(-iE;t) coso |v,;> + exp(-iE.t) sin@ |v,>

P(v. —=v,) = |[<v, [Iv(D)>]2 = sin226 sin? (Am?Z/4E 1)

AmM 2=m,2 —m_2
1 -

k ki
DISPARITION L oo (M) = 2.5 E, (MeV) / Amr
APPARITION
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n —_ -
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ins F IR 'E
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2 04 |
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« 1938, E. Fermi, za neutréonmi vyvolané jadrové reakcie
1988, L. Lederman, M. Schwartz, J. Steinberger,
leptonovy naboj, resp. objav v, Mal prsty v
* 2002, R. Davis, detekcia sine¢nych neutrin 4 Nobelovych
2015, Objav ncutrinovych oscilacii cenach za fyziku

I ragazzi di via Panisperna



eigenstates are not equal to eigenstates

' /V\ (Vl\ . 1
‘ v, |= |V, -
Ve

Weak interaction
eigenstates

Oscillation probabilities for an initial electron neutrino

7 2 2 Mass cigenstates

NEVENEVE

1.0- 4 -
om? |
0.8 Am? . e YA -
Ve g | = ¥ -
E 0.6 I 03 19,
E 03 11 ‘ q * ‘}' |
| l ] i i ... nothing special,
02Vr h - ‘ | : a typical quantum
' ' ............ f‘IH ...... \/ 1' mechanical effect
; f\; Y K, 1" relating

5000 ]D[I]O 1500[] 20{]0[} 250[1} 30[]03 35000 orthonormal vectors
L/E (km /GeV)



v oscillations and mixing

73

solar

/

(v) (v) L
3 families Lsz (VJ -
U 2 ja! 2
€ €} rl 72
atmospheric
v ) (10N, 0
v, |=| 0 cosl,; smol,;
V. 0 -sind,, cosf,

0036’,2/31n6’,2 0 v,
-smd,, cosd, 0| v,

0 0 1

Vs

Y 4

U parameterization:
— 0
922';_4'0'O or 50.4° threc mixing angles 6,, 0,; 0,
(atmospheric) CP violating phase 8

> > A 2o 2_ 2
A=A 5= @
A 7 224x10°cV’ 2 2 2
A S+A S+A =0
by June 2011

913=8.66° (I‘eactm‘),

link between atmospheric and solar

!

0,,=33.36° (solar)

A L=A 7" =75x10 eV’

two independent Am?
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SuperKamiokande expt.

S0 kt of pure water;

Fiducial Volume: 22.5 kt
% Inner Detector: >11000 PMTs (207)
i Outer Detector: ~2000 PMTs (8”)

Atmosphernic neutnino sourc

AE I e T

SR
e *vetw
T=— U *yy

e”F gt v,

2v, forcachv,

>+-
Nllmtler of Events
= = 2 3
_ ?

-
i
=

hOE
= =
e

+

05

* “ I “_.s = ’ 'I -'[".-5 “ :
cost cost
Cerankov
Lo The Cerenkav radiation
.://"'" from & mupn produced
- Ly & It Deuliing Bvenl

yieids a well defined clicular
rirg i tha phgfomptiplar

W T b

nMuon Mucn | detector bank.
nEUting
The Gerenkov radiation
4 fram the slectran showar
Vv / produced by an glectron
Ve e neutring event proguces
multiplz cones and
iherafare a diffuse dng
R vl N In the deteclor array.



17.8m dia. PMT Support Stucture
9456 20-cm dia. PMTs
56% coverage

12.01m dia. acrylic vessel

1700 tonnes of inner shielding H,0

5300 tonnes of outer shielding H,0

TV b\ b \S L |

2 km to surface

Felu

2000 Sudbury Neutrino Observatory



SNO Result

Only v, produced in the Sun
*  Wrong Neutrinos v, ; are
coming from the Sun!

*  Somchow some of v, were

converted to v, on their

A -

Dy =5.09 1003 1990 10%cm ™ sec”! way from the Sun’s core
O =1.7620.05£0.09-10°cm ™ sec™! to the detector

= neutrino oscillation!

o (v,.) [

1
(v )+ = O, )+ D(v)|= D +0,

D =D )+DW )+DPW )=D +D

8
7
6
5
4
3
2

d =0y )=d

Threshold energy 5 MeV
=> sensitive to B v
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First terrestrial X 2002 KamLAND exp.

expt.

Prompt signal — = . .
relevant \:7»\‘ Delayed Ve — I/, disappearance experiment
to solar i NoA
neutrino 2:2Me wa
problem l2r %

Idea: The same solution - “#"ﬁr TFWW .
a o 0 e ¥
for neutrinos and antineutrinos % el .
~ # Savannah River 3 .
CPT SJ’mme”:]/ er._.: 06 © Bugey E'; E#jﬁ
5 G *  Rovoo g
KamLAND Scintillator-Detector 04l ¢ Goesgen -
’ A Krasnoyark W
(1000 t) O Palo Verde
02 B Chooz
® KamLAND
001 [ | | |
10" 10° 10’ 10" 10°

Distance to Reactor (m)

Dashed: Best fit LMA

sin?20=0.833, A m?>=5.5 10-5 eV?
shaded: 95% CL

Confirmed 1LMA solar ncutrino data




Target

_ \L Tareet Hall
RS

e

L1}

Absorber

Decay Pipe

Horns"- P i

10 m Hrm :,:"

675 m §.-"

Hadr

i Monitor
events
event

events
events

Muon Monitors

I

..II-'-—-'I-

12 i |8

in MINOS Far Detec‘rar
in the absence of oscillation

in MINOS Far Detector |88
in the absence of oscillations :

300

Events / GeV

LR | Pl D
—— MINOS Far Detector Data |
Pragiclion, Mo Oscillaions ]
—— Pragiglion, Amf=24110" oV ]
B Uncenainty (cocilisted) -
[ Bachkgrounds |oscillated)

Lo Enargy Bnam, v -mode

10 T0™ POT
MINDS PRELIMINARY

Events / GeV

5 0 15 20 30
Reconstructed v, Energy (GeV)

T T L b Lt i L
—4— MINGS Far Detector Data
——— Pradiction, No Osdlilaiions —
— Pradiction, Best-Fit Parametars
I Uncerainty [oscillated)

] Backgrounds (oscillated)

Low Enargy Beam, 7, -mioda

236 «10™ POT
MINDS PRELBSINARY

5 10 20 30 40
Reconstructed v, Energy (GeV)

Ratio to Mo Oscillations

L Emargy Baam, v, -mods

7110 POT

5 PRELIMIRSRY

}

T TrreTpTTTTeTY
Lioww Enargy Beam, 7 -mide
238 <0 POT
WITNCS PRELIMBARY

Ratio to No Oscillations

—— MINDS Far Datactor Data

'

—4— MINOS Far Detecior Dala

Fredu:lu:ln Elas1 FI1 Pa.ramel:ers

Pradiciion, am =2 410" ev”

5 10 15 20 30 50
Reconstructed v, Energy (Gay)

5 1D 2{} ao 40
Reconstructed ¥, Energy (GeV)

oo |

~1 kT
Ncar Detector

5.4 kT
Far Detector
Combined analysis

sin® 26 = 0.95(]13:5%2

Am?| = 2411009 + 10— 3eV?2
—0.10

a hint on non-maximal 0,,
\ 4

IAm|*=(2.35+0.11-0.08) x 103
sin2(20)>0.91 (90% CL)

anti-v
Am?=(2,64+0.28-0.27) x 107
5in?(20)>0.78 (90% CL

No tension between v and anti-v



~22000 v interactions
v, — v, direct search OPERA ~120 v, interactions

~10 v_ reconstructed
P(v, = V,) = c08*0,35in?0,35in’|1.27Am?;L.(km)/E(GeV) | <1 background event

B

High energy, long baseline v
beam

(Ex17GeV  L~730km)

Target mass ~1300t

kink

E/L ~2.3x102 ~ 10Am?,, (atm)

pure beam: 2% antiv,; <1% v,

Main
background




0,,: Three reactor v experiments

P, =~ 1 - sin?20 ;sin? (1.27Am?,L/E) —
cos*0,;sin?20,,sin? (1.27Am?,L/E)

As dominant structure?

T2K: 0.03 <sin? 20,,<0.34 (June 2011) 7 der?
ero order?

DOOBLE CHOOZ.: sin® 20,;=0.085+£0.051 (Nov. 2011)
Daya Bay: sin? 20,,=0.092+0.016(stat) £0.005(syst)

(Febr. 2011) U, =
RENO :  sin? 20,;,=0.103%=0.013(stat) £0.011(syst)

(March 2012)

[ R I'_]

0

\/1.
-1y

ol |
h;l—.:ﬁ

h;I'—q-IIn;J—

Double Chooz




Observation of v-oscillations:
The first prove of the Beyond SM physics

mass-squared differences: Am?g = 7.5 10 eV?, Am?,;, = 2.4 10-3 eV?

The observed small neutrino masses (limits from tritium B-decay, cosmology)
have profound implications for our understanding of the Universe and are now
a major focus in astro, particle and nuclear physics and in cosmology.

laree off-diagonal values
PMNS g g

unitary € ¢ € ¢ 0.82 0.54 —-0.15
mixing Yt I Upl Uul Uu3 V, 035 070 0.62

matrix V. Uy Uz Us Vy 0.44 —=045 0.77

3 angles: 0,,=33.36° (solar), 0,,=8.66° (reactor), 0,,=40.0° or 50.4° (atmospheric)

(‘13(113 (‘135’1-_] F_m.ﬁ'lg {:,m_ “ []
[TPMNS _ L KT, P o e o o — a2
- —(C93812 — €'°C12813823 C12C23 — € 812513523 C135923 0 € 0
El - _ﬁf'r'l- - o _ﬁf'r'!- = o ¥ U U 1
S12893 — € (C12C23513 € C23512513 — C12523 C13Ca3
277

unknown (CP violating) phases: 9, o, a,



Niekol’ko teoretickych aspektov
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60 rokov od
objavu v vieme:

* 3 generacic Pahkych v:

Vo Vo Vi
e v maju hmotnost’:
Pozname rozdiely
kvadratov hmotnosti
» stivis medzi v vstupu-
jucich do interakcii a v

Siriacimi sa v priestore

Fundamentalne vlastnosti neutrin
st kP’i¢om k pochopeniu vesmiru

V sucasnosti najviac aktualne:

Nepozname odpoved’

* St v dirakovsk¢
alebo majoranovske
Castice (podstata)?

« Zachovava sa CP

symetria v sektore v ?

* Suv stabilné?

* Aké su el-mag.
vlastnosti v?

 Existuju sterilné v ?

» Aké su Statistické
vlastnosti v .

Podstata v, hicrarchia hmotnosti v, CP-vlastnosti v, sterilné v

Pozorovanie neutrinovych oscilacii predstavuje novu éru v neutrinovej
fyzike a znamena zna¢ny pokrok v poznani zakladnych fyzikalnych

vlastnosti neutrin



m m

Neutrinos mass spectrum i W

\\\\\\\

OvBB Measurements

=

m Y
2 2 _im, 2 2 _iao 2 \" 1 )Amiy
C13C12€ MM + C13S12€ "My + S13M :‘ T K
"normal” "inverted”
Beta Decay Measurements Cosmological Measurements
Mg = “'fr':* C2a? + €2.8%, M2 + §2.m=
3 = VY ¢13¢1271 139121743 T~ 513713 X =mq+ Mmoo+ Mma
B C R kL b A e kAL U BN e i G e S R =Ty
= disfavored hy -— 5 i
Mainz and Troitsk experiments Sk !:’b
disfavored by cosmology '
lE =
| I: -
RATRIN -

>
2. 0.1
o F
=

i -1
: disfavored by
cosmology
.00 - e s bl = Ohhom =.|:_~| 0.1 |
{10001 (.00 (il 0.1 ! 10 imkovic a0




Neutrino mass terms in Lagrangian

Faed ‘I’
®

waChmn

il 1 _ (0 1 1y
L= (v, Ng) o
< -m:,‘r; Mp Np
M,=0
my, #0
= Dirac + Majorana
_ 2mp |
tan 260 = < 1
Mz —0
m, =35 [(0+Mg) — /(0 — Mg)2+4m%| =~—m}/Mpg
. 1 . :
M =3 {0+ﬂfﬁ)+\/(U—_.-UR)2+4:H% ~ Mg
general formula if mp < Mg
Mg # 0
M, =0 Mg #0 m,, # 0
mp#0 My = 0 Dirac + Majorana
Dirac only, (like ¢- vs ¢t): Majorana only m — e
e EEaas Eaas S m ] —— _ —— —
Vi Vr VR VL VL VR Lot VI, NR _VR NL
2 | % 0 Lyear™ ) Z Y. 0 %0
4 states of equal masses 2 states of cqual masscs 4 states , 2 mass levels
Some have [=1/2 (active) All have I=1/2 (active) m, have I=1/2 (active)
Some have I=0 (sterile) m, have I=0 (sterile)




- S.M. Bilenk
+ e
Minimal SM + EFT Phys.Part.Nucl.Lett. 12 (2015) 453-461

The absence of the right-handed neutrino fields in the Standard Model

is the simplest, most economical possibility. In such a scenario Majorana mass
term is the only possibility for neutrinos to be massive and mixed. This mass
term is generated by the lepton number violating Weinberg effective Lagrangian.

LY = - (@:ZE‘I’) s (‘I) (7)) )

A lids vV VU
v _ X X
m; = A (yiv), 1=1,2,3 A >10"° GeV : :
‘ HU. IH[]
Heavy Majorana leptons N, (N;=N¢,) - N .
ot 5 A
singlet of SU(2), xU(1), grou - ;
g ( )L ( )Y g p UL }.” }.;r ylr

Yukawa lepton number violating int.

The three Majorana neutrino masses are suppressed by the ratio of the
electroweak scale and a scale of a lepton-number violating physics.

The discovery of the fpf-decay and absence of transitions of
flavor neutrinos into sterile states would be evidence in favor of this minimal
scenario.



Why TeV Seesaws?

Is the seesaw scale very close to a fundamental physics scale?

How heavy are the heavy Majorana
101‘)

neutrinos or the Higgs triplet?
' to unify strong, weak & electromagnetic forces?

Conventional (Type-one) Seesaw Picture: close to the GUT scale

10° ' TeV Seesaw Idea: driven by testability at LHC
GeV

to solve the unnatural gauge hierarchy problem?

1016
GeV

GeV/s Fermi

106 keV Hot dark mattter
GeV



209 The World Neutrino
o Experimental Program

f
L, Parameter Measurement L, Paradigm testing
> 0,; Octant (>, < 45°) » Sterile neutrinos?
» Mass hierarchy > Non standard
> Mass scale Interactions?
> CP violation & » Lorentz violation?
> Dirac or Majorana? > CPT violation?
» More accuracy for 0,,, > Non-Unitarity of PMNS
0,3, 0,5, Am2,,, Am2,, matrix?
Questions with answers Questions which might or

might not have answers
August 2013 34 34
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Nova and (Dune)

» NuMI: produce neutrino beam
starting with 120GeV protons
from Fermilab Main Injector

Main Injector Neutrino
Oscillation Search

NuMI Off-axis 1, Appearance

Both use two-detector technique
to cancel systematic effects

NOwvA is off-axis for more
sharply peaked flux

NOVA Far Detector (Ash River, MN}
J MINOS Far Deteetor, {soud an, M)

A long-baseline neutrino
oscillation experiment,
situated 14 mrad oftf
the NuMI| beam axis

Fermilab
J —

Sandond
Unigergrodin
Hesagech
FmzillEy

Farrmilab

the same
=+ 15,000 channels
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NOVA Detectors i '
» -
Extracied PVC cols fild with Neutrino off-axis
1184 Titers of scindillator
instrumented with
A-shitting fiber and APDS narrow-band beam
from FNAL
: L=810 km, E~2GeYV,
14-kton, fine-grained,
lowe-7, highly-active 7 w p
o, ehiv-acive 00 KW beam power
=+ 360,000 channels
Eﬁnr.lpﬂ -+ JT% octive by mass
Fiber poirs
from 32 cells 0.3-kton version of domx Gem



LBL experiments
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JUNO detector

s JUUNQ: Mass Hierarchy with reactor anti-v

20kt of liguid scintiliotor
15,000 PAMTs

g T e from ____

/- plani
17.

60 km JUNO

—  normal hierarchy 1

Daya Bay
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Before 2020:
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Q=My-M,,—m

Tritium beta decay: *"H — *He + ¢ + V_

' (cosdoGy)’
= MPF(E)E(Q-T) (@17 -

1934 — Fermi pointed out that shape of electron spectrum
in B—decay near the endpoint is sensitive to neutrino mass

First measured by Hanna and Pontecorvo with estimation
m, ~ 1 keV [Phys. Rev. 75, 983 (1940)]

E »
= 1858 keV AR
mé=-23+25+20eV?
I 19
Iy , E\ *ac m(v, ) m,< 22eV (95% CL.)
T ngl - . N
E L'B: 3 SE Ny Mainz
H._,. U..EE 1 ; I_|-_._j5l I 3 +.::-.-.1 . =i . m"' = ﬂ "_:1”
B ! \\ F OB abmy o150 - me=-12+224+21eV?
D.2F 3 F my, = 1eV — %,
I 1 af ’ < 0
L. TSP A m,< 22eV (95% CL.)
enargy E [keV] E—Fg [av]



Karlsruhe TRItium Neutrino
experiment (KATRIN)

mg = L1 [Ual? 2

Evidence for neutrino mass signal No neutrino mass signal
KATRIN discovery potential: KATRIN scnsitivity

mg = 0.35 eV (S0)

- L g ~
mg=0.30 eV (30) . \/Z S e ks i



ECHO exp.: Measuring electron-capture in 13Ho

T From v phase space
5 x|@Q - E.)/(Q — E.)?2 — m2

1
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The answer to the question whether neutrinos are their own antiparticles
is of central importance, not only to our understanding of neutrinos, but
also to our understanding of the origin of mass.

What is the nature of neutrinos?

Actually, when NMEs will be needed to analyze data?

GUT’s

Symmetric Theory of Electron and Positron
Nuovo Cim. 14 (1937) 171

Only the Ovpp-decay can answer this fundamental question

Analogy with Could we have both? Analogy with
kaons: K,and K, (light Dirac and heavy Majorana) T



Neutrinoless Double-Beta Decay
(A,72) = (A, Z+2) + e + e

A=const (cven) = o —1
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@ The Elements of Life
oL | .

Block Hqg

Massive Stars

Recycled ':hm-ﬂ
e

Intenfelar Medium

ilor forming nebula

Process e+p—n+v gives a neutrino burst
The observed neutrino burst confirmed the Supernova theory (Chandrasekar)




23 Feruary 1987 Detection of Supernova neutrinos

7 SN proper recorded in the past thousand years and none in the last 3 centuries

SN 1006 in Centaurus in the southern sky, SN 185, 393, 1054, 1126 reported by
historians (China, Japan)
SN 1054 The Crab Supernova in Taurus recorded y Chinese and
native American astronomers
SN\ 1572 Tycho's Supernova
SN 1604 Kepler's Supernova

SN1987A remains the most distant source of neutrinos ever detected (170 000 llight years)
first astronomical object seen in neutrinos (Large Megallanic Cloud)

Overall? 3=1 per century!

At a distance of 170,000 light years, energy of 3 x 104 J released within 10 seconds

..




e Kamiokande: water Cherenkoyv,
oIMB:
eBaksan:

Observation of SN1987A (29 events)

E,=8.5 MeV, M=2.9 kt, sees 11 v

water Cherenkov, E =29. MeV, M= 6 kt, sees 8v

liquid scintillator, E =10 MeV, M=130t, sees 3-S5 v

eMont Blanc: liquid scintillator, E,.= 7 MeV, M=2.9 kt, sees 5 v (?),
few hours before?
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Time after first event [s]

10°8 neutrinos
emitted
24 registered

Lifetime: t>5 10° (m /eV) sec
magn.moment: p.(ve)<0 810"p,
el. Charge: Q /Q <10

IBM reported 1 day
later as Koshiba

Core collapse model
confirmed and time
profile is about right too.

Signal scts mass limit on
m, < 20 eV from the
duration of burst of v

Modern detectors:
Em~ 5 MeV, M ~ 10's kt
will see 100's v
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Neutrino
telescopes
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Ice Cube KM3NET Baikal GVD
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Geo-neutrinos: anti-neutrinos from Earth

U, Th and “’K in the Earth release heat together with anti-v, in a well fixed ratio:

Open questions about natural
radioactivity in Earth

What is the radiogenic contribution
to terrestrial heat production?

 How much U and Th in the crust?

 How much U and Th in the mantle?

What is hidden in the Earth’s core
(geo-reactor, YK, ...)?

» Is the standard geochemical model

4/26/2017 Fe consistent with geo-neutrino data?



Energetics of the Earth and the
missing heat source mystery

Heat flow from the Earth is
equivalent of
some 10 000 nuclear power plants
H., .,=(30-40) TW

(There are about 500
operating nuclear power plants
around the world. Nuclear reactors,
the enemy of geo-neutrinos)

The standard geochemical model (BSE), based on cosmochemical
arguments, predicts a radiogenic heat production of 19 TW:

* 9TW estimated from radioactivity in the (continental) crust

* 10 TW supposed from radioactivity in the mantle

« 0TW assumed from a core

deepest hole is 12 km; only crust and upper mantle can be tested directly
seismology brings information on the density profile within the Earth



Mozna aplikacia do priemyslu? (monitorovanie neutrin od reaktora)
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Detekcia neutrin od detektora — spojitost’ s priemyslom?
(teoreticka podpora experimentu)

Existuju
sterilné v?

Monitorovanie procesov v jadrovom reaktore
registraciou v.

Ziadana presnost’ < 1%

4/26/2017 Fedor Simkovic
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Atomove jadro — laboratorium pre fundamentalnych

Fundamentalne . ., . , ;.
interakcii a symmetrii v prirode (teoria)

vlastnosti V
meranie hmeotnosti neutrin chladnutic

Vyvoj mnohonukleonovych
metod

Struktura jadra
Dectckeia

reliktnych Vv
podstata V

Struktira
ncutronovych hviezd
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Experimenty NEMO3 a SuperNEMO

2vBp  OvBp

pozorované ohranic.

48Ca, 82Sc¢, %7, "™Vo, 115Cd, 13Te, '5'Nd

Participujeme vo vystavbe detektora

Statistické
vlastnosti v
4/26/2017 Fedor Simkovic Satast infra¥truktiry SCJV Dubna



Sme sucast’ou
experimentu Baikal GVD

LHC
CERN
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Experimenty NEMO3 a SuperNEMO

2vBp  OvBp

pozorované ohranic.
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Sme sucast’ou
experimentu Baikal GVD

LHC
CERN
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Detekcia neutrin od detektora — spojitost’ s priemyslom?
(teoreticka podpora experimentu)

Existuju
sterilné v?

Monitorovanie procesov v jadrovom reaktore
registraciou v.

Ziadana presnost’ < 1%
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Letna Skola Bruna Pontecorva fyziky neutrin, Horny Smokovec, 27.8.-4.9. 2015
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Ocenenia na Slovensku — 2015

Akreditatna komisia MS SR
ocenila vedecky tim

»wFyzika hmotnych neutrin,
podzemnych laboratorii
a Struktura jadra*

titulom

Spi¢kovy vedecky tim vysokych §kol
na Slovensku
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World reactor antineutrino signal over Slovakia in TNU in the year 2015
(Dugan Stef4nik)

1 TNU represents 1 antineutrino signal per year with detector efficiency € = 1
and 1032 free protons in the detector
(representing a roughly 1 kton liquid scintillator detector).
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Instead of Conclusions

0vpp

We are at the beginning of the Neutrino Road...
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The Nobel Prize in Physics 1995
"for pioneering experimental contributions to lepton physics"
Martin L. Perl
"for the discovery of the tau lepton"
Frederick Reines
"for the detection of the neutrino"

The Nobel Prize in Physics 2002
e Raymond Dayvis Jr. and Masatoshi Koshiba
""for pioneering contributions to astrophysics, in particular for the detection
of cosmic neutrinos"

The Nobel Prize in Physies 2015
Takaaki Kajita and Arthur B. McDonald

"for the discovery of ncutrino oscillations, which shows that ncutrinos have mass"




