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Imagine....

On Earth, the flux of solar neutrinos
~70 000 milions/ cm? /s

and about 200 interactions / day "'?"“" (S;;;tjﬂa;op)"
: | on) /1
/ 100 tons of liquid scintillator a c..
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Borexino detector
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Neutrinos cannot be detected...

Pauli around 1950

'T have done a terrible thing. I have postulated
a particle that cannot be detected.”
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Offaner Briaf an dis Jrunpe dar Hadicaktiven bol der
Gauveraina-Tagupg zu Tubingen.

Abmohrdft

Physikelisches Institnt

dar Eidg, Tachniachen Hochacmla Airdch, ls Des. 1930
ZArich Oloriastranse

Liebe Radicaktive Damen und Herrem,

Wis dar Usbarbringer dissar Zellan, den ich Ildvollast
ansuhbren bitte, Ihnan des nEheren sussinsndersetssn wird, bin ioh
angesichts der "felachen" Statlatik dor Re und Li~§6 Kerne, sowle
des kontimilerliche bete-Spektrums suf olnen varsweifelten Aueweg
varfallen um den "Wooheelsate®™ (1) der Statistik upd den Enargienatt
su retten, Mhmlioh die MGglichkeit, &= itimtan elaktrisch nsutrale
Tellohen, H.e ioh Neutronen nennan will, in den Kernen existieren,
welohe dem Spin 1/2 baban und das Aupschlisesungaprinsip befolgen upd
‘wheoh von Idchtquanten musserdam noch dacirch wnterscheiden, dass vie

mit Liohtgesawindigkeit laufene Die Hamse der Neutronen

von derzelben (Xossenordmung wis die Elektroneosssse sodn wad

s nioht grosser als 0,0] Protocamassec~ Dam kontimuieriiche

Spektrum wire dann warstindlich unter der Atmalme, dass beim
boba~Zarfel)l mit dem Klektron jeweils noch ein Heutron ewittiert
wed, dewrard, dass die Sumne der Energlen voa Neutron und klektron
konatant ist.
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Nobel Prize in 1995

Reines-Cowan experiment
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Neutrinos are special

Bring direct
Unique information
physics about their

properties source

(Sun, SN,
Earth)




Neutrino basics

No electric charge

= no elmag interactions; cles : antiparti
umber +1 lepton n

No color o
Ve 3 flavors c

= no strong interactions;
only weak interactions
= very small cross sections;
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Measured neutrinos are all left-handed and all antineutrinos are right handed;
Thus, in the original Standard Model, neutrinos have exactly zero mass;
Discovery of neutrino oscillations (Nobel Prize 2015): non-zero mass
required!

Non-zero mass requires at least a minimal extension of the Standard Model;

Origin of their masses: Dirac or Majorana particles?
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Neutrino oscillations

v production

e.g. p-decay
as flavor-eigenstate:

Weak interaction
creates neutrino in
flavor-eigenstate.

Michael Wurm (JGU Mainz)




Neutrino oscillations

v production v propagation

e.g. p-decay
as flavor-eigenstate:

as coherent superposition
of mass-eigenstates.

Weak interaction

creates neutrino in Different masses create a
flavor-eigenstate. phase difference over
time.

Michael Wurm (JGU Mainz)




Neutrino oscillations

v production v propagation v detection

e.g. p*-decay . as flavor-eigenstate:
as coherent superposition

of mass-eigenstates.

as flavor-eigenstate: Superposition of mass
- eigenstates has changed

because of phase factors.

Weak interaction .
creates neutrino in Different masses create a

flavor-eigenstate. phase difference over
time.

v
Finife probability to
detect a different

Michael Wurm (JGU Mainz) nevutrino-flavor!




Neutrino mixing matrix

3
Flavour eigenstates Val = ai Vi Mass eigenstates
INTERACTIONS i=1 J PROPAGATION
U: Pontecorvo — Maki — Nagawa — Sakata matrix
Atmospheric Reactor Solar ? Majorana phases ?
(1 0 0 ) (005913 0 sinf;, e""s\ (cosﬁlz sin0,, O\ (1 0 0 )
0 cosby;  sinby 0 1 0 ~sinb,, cosB, O 0 == 0

0 -sinfy  cosb || -sinf3e° 0 cos6, 0 0 1 0 0 a2

.  0,~45° _J\_ 0,,~9° o 6,35 J \u _J

* 3 mixing angles 0;;: measured (bad precision for 0,,);
* Non-zero 05 confirmed only in 2012 by Daya Bay in China!
*  Majorana phases a1l , a2 and CP-violating phase 0 unknown;
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Oscillation probability

is a function of neutrino energy E and travelled distance L

—)

Prob(v —v, =6 ~42, R(U,U,U, U, sin’( W=

: > L

Oscillation probabilities for an initial electron neutrino

1O Electron flavour
0.8 Muon flavour
= 06
=l
0.2 ”“" ‘“u‘ (' “ Tau flavour
N‘ ‘\'\/ ' \,'
0.0 5000 10000 15000 20000 25000 30000 35000
L/E (km /GeV)

Combinations of E and L optimized to study different parameters!




Neutrino mass hierarchy

normal hierarchy inverted hierarchy

V2 Solar
7.5x 105 eV?2

Atmospheric
2.4 x 103 eV?

Vi

Am31

Atmospheric
Solar I_A Vo 2.4 x 103 eV?

-5 2
75x10%ev? b v, I v,
@ AMms; normal = AM31 inverted @
|AI77§1| —

m’;—m?, has opposite signs in the two hierarchies!
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Neutrino sources

1010 101! 1012 E[CV]

I | I
-
I I

Artificial
= ”man made”
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Neutrino sources
MeV neutrinos with liquid scintillator detectors

Natural

10° 1010 10t 1012

TeV

Artificial
= ”man made”
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Detection principle in liquid scintillators

Moving | " ""'é?&fggm_"?{{a[éi' Emission

charged particle S i of scintillation light.
S: T " [ts amount is
S i e f(deposited energy,

particle type)

Liquid aromatic carbohydrates
solvent (pseudocumene, LAB, PXE)
_|_

fluor (PPO, bis-MSB)




Detection of anti-v, : inverse f-decay

Energy threshold of

Tgeow =1.8 MeV

Y (0511 MeV) PRC
i.e. Evisible ~ 1 MeV \\

| ST
N SIDIE
- I Al
| £0y
-2 o - - - & Ty - ) : et % - B ot % =
" . o g B ) .
L
—
<. - | ~
/1 i -

o M

Low reaction o - large .
volume detectors

Liquid scintillators

High radio-purity &
underground labs to
shield from cosmic rays




v-detection with liquid scintillators

Elastic scattering (ES) off an electron /"
v All flavours through NC
v v, only also through CC W + :
v" v, has thus higher cross-section NC + CC —_
.

v (@ 1-2 MeV for electron flavour: ~10-4* cm?
v' for w,t flavours about 6 x smaller cross sectio

o ~ -

. Liquid scintillator

elastic scattering: T ~200 keV for neutrino

IBD: T = 1.8 keV for antineutrino

real- time technique: E,, spectrum!

High light yield (Borexino: 500 pe/MeV)

No directionality

Extreme radio-purity

Underground laboratories to shield from cosmic radiation
particle identification (o/f, €*/e” separation)

DN NI N N N RN
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World liquid scintillator detectors

Detector Location/ Nevutrino sources and

depth [m] the main physics goals

Borexino/ LNGS, Italy Running 280 Solar, geo, supernovae, rare processes/
SOX /1400 144Ce/144Pr antinu source: sterile neutrinos
KamLAND/ Kamioka, Running 1200 Reactor neutrinos (L = 260 km, Am?,,),
ZEN Japan/1000 geo/ '3¢Xe loaded: 0-Bf decay
Double France Running Far: 8 Reactor neutrinos
Chooz /300 Near: 8 Lior = 1050 M, Lyeq =400 M e
, 13
Daya Bay Guangdong Running Far: 80 Reactor neutrinos
Chino/ 2xNear: 40 I-fcr/eff =1579 m, I-ne<:1r/eff =512 and 561 m
860
RENO South Running Far: 16 Reactor neutrinos
Korea/450 Near: 16 Lior = 1380 M, Lijoqr =290 M
SNO+ Sudbury, About to 1000 Nd loaded: 0-pf decay
Canda/2070 start Geo, solar
/ JUNO Jiangmen, Start in 20 000 Reactor neutrinos (L = 53 km, mass
J China/ 2020 hierarchy, Am?,, 6,5 ),

750 Solar, geo, supernovae, rare processes




Borexino

Laboratori Nazionali del Gran Sasso, Italy

LABORATORI NAZIONALI
DEL GRAN SASSO

ROMA — TERAMO
L’AQUILA A24 HIGHWAY TUNNEL

.....

{

Principal goal: "Be solar-v
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Borexino detector

v" Principle of graded shielding:
materials get more pure
towards the detector core

v' 15 years of work to reach the
required radio-purity

v" To reduce the background from
natural radioactivity to the
level of expected solar neutrino
signal: reduction of 9-10 orders
of magnitude required!




photo: BOREXINO calibration
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Solar neutrinos
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dd Ny
Nuclear reactions in the Sun OO —— @ TR

(26 7 MeV) (+ 2v)

9% pp-cycle <1% 7 CNO-cycle

o2 Q) | [P 2H c\g 0\) o
2

p+°H — 3He+y .%O
15O

I I

. “N
3He+’He — ‘He+p+p 3He+*He — 7Be:+’y &?}%
' \,
H

—'B ]
"Bete” — 7Lié 7Be+p - 8B+'y

! i 0B * Sun: should contribute <1%
"Li+p — *He+*He | |®B > 8Be+e+@u * Heavy stars: should be dominant!
PPII = 4:Ie+4He * Never observed until now
PPIIL
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Energy spectrum of solar neutrinos

12
10 pp £ 0.8%
1011
10" Be £9.4 %
)

" e 10° s £ Real-Time
CREPT o pep + 2% Water Cherenkov
5 ] . Detectors
< 10 I +
5 TR 8B 220% DU TSNO
w10 ', ‘:
§C<> 10° = |
= 10 el I |

o
. |
10° Integral Flux/Radiochgnistry
102 Ga exps ICI éaqp:
I : |
|
101 v LI LA | v v v v LI | I : )

1 1 1
% OEnergy [MeV]

Real-Time Liquid Scintillator Borexino
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Borexino solar neutrino results

e Physics World:
— F TBe="\ —— Fit/NDF = 1411138 pp'v Top 10 Physics Breakthrough of 2014 —
g F —— "Be:455+1.5 -
< - — ®Kri348+17 pp-v: 144 + 13 (free) 210po: 582.8 + 1.5 (free)
5 10k —— "Bi:41.5+ 15 "Be-v: 46.2 + 2.1 (constr.) 14C: 39.75 + 0.88 (constr.)
o4 = _— ;10C: 289402 pep-v: 2.8 (fixed) pile-up: 321 + 7 (constr.)
Z - —— " P0:6560+938 CNO-v: 5.36 (fixed) 210Bj: 26.8 + 7.7 (free)
A L “ External: 4.5+0.7 85Kr: 0.9 + 9.3 (free)
S L ——— pp. pep. CNO (Fixed) S il
= E el CR pp-v Nature 512 (2014) 383
s ". e
o - q o2
[} Wl
k5 10! 3 PRL 107, 141302 (ROI11) § 10 synthetic “°Ro CNP-V 85Ky
5 g 1 : :
m L > -1
102l 1. .\'| \TV\\ \ ‘\\ v a Al 2 10
200 400 600 800 1000 1200 1400 1600 Q. 107
Energy [keV] % d AR VAR i
e S jo*E pep-v
E. After TFC veto —— pep: 333057 24pb (fixed) —— ''C:248+ 0.16 o8 T IO« VI TN D U L N O
F CBeddlr Bl C018£007 200 250 300 350 400 450 500 550
L — ®Kr 199+ 2.0 -
! = g sy gg T TAITA0X pep v Energy [keV]
. limit on CNO-v
PG
E 10 §— o —— 8B_V
5 o0 PRL 108, 051302 (2012) b —* Data
§ - 200 400 600 800 1000 1200 1400 1600 g 3 —Me
x Ng g e[ B
< ] E [
< 2 _E
2 1E]  TRCragged — C 50024 065 3 SoF "Be
Té)‘ 1 — :;_g:(i'zl:ﬁ“ é = External Background
3 g
10! 2
3 PRD 82, 82,/033006 (2010)
i
i .

8 10 12 14
Nt Energy [MeV]




Why to measure solar neutrinos today?
SOLAR AND STELLAR PHYSICS

(@]

neutrinos: the only direct prove about the nuclear fusion reactions
agreement between optical and neutrino luminosity: solar stability

at 10° years scale

Standard Solar Models and helio-seismology data vs predictions
high vs low solar metallicity (abundance of heavy elements)

Solar v fluxes: cm2s

Diff. GS98 AGS09
1% pp | 5.98x10® | 6.03x101
2% | pep | 1.44x108 1.47x108
3% | hep | 8.04x10? 8.31x103
9% Be 5.00x10° 4.56x10°

18% | B 5.58x106 4.59x108

7% | BN | 2.96x108 2.17x108

0% | B0 | 2.23x108 1.56x108

o | F | 5.552x108 3.40x108

A. Serenelli ApJ 743 (2011) 24

L
/M

—

1-2 L DL L DL LA B L LN LA LR LA LA L DL B

[ SHP11 SSM (+ 10):
[ ® HIGH-Met (GS08) High-Z SSM ]
1.1 F ® LOW-Met (AGSS09) N

1.0F :

0.9F :

[ Allowed regions:

0.8 F O 68.27% C.L. E
[ O 9545%CL. Low-ZSSM )

- 0 99.73% C.L.
] ] 1

g/ N . WETE TR PR PR TE FETTE PN
04 0.5 06 0.7 0.8 09 1.0 1.1 1.2

PRD 89 (2011) 2007 /B
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Why to measure solar neutrinos today?

NEUTRINO PHYSICS
* P, (electron neutrino survival probability) and searches for new physics
* testing the LMA (Large Mixing Angle) - MSW (matter effects)
solution to neutrino oscillations (energy dependent day/night effects)

* global fits of oscillation parameters
0.9 . . _

. o O[T 2 _____________
. Friedland: > 18  ~20 tension with KamLAND in Am4
st : =17
arXiv 1207.6642 2 46 | Preliminary
£ 15
13
0.6} l ! wsi ] I
§ e ¢ ] 10 | Solar + KamLAND KamLAND
05k Std. MSW ] 9
o ' 8
pp - All solar 7 Reeees s A -
N 7
0-4 v experiments Be  pep g Solar Global
Borexino TN ] 4
0.3} P 3
' ‘ 2 Constrained with from short baseline reactor
0.2f . SNO L A sin0;3 = 0.0242 +0.0026
10-1 100 o0 0.1 0.2 0.3 0.4 | 0.5
E,(MeV) sin*(6;,)
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Geoneutrinos
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Geoneutrinos: antineutrinos from the decay of 238U,
232Th, and 4°K in the Earth

Abundance of Nuclear physics ) Radiogenic
radioactive 238 > 206Pp + 8 o + 8 e + 6 anti-neutrinos + 51.7 MeV heat
22Th - 208Pp + 6 q + 4 e + 4 anti-neutrinos + 42.8 MeV (Mal n goal)
elements 4K - 40Ca + e + 1 anti-neutrino + 1.32 MeV

Distribution of radioactive elements
(models)

'

To predict: ~—  Geoneutrino flux
/

From geoneutrino
measurement:

* Collaboration between neutrino physicists and geoscientists is a must
* NEUTRINO GEOSCIENCE IS TRULY INTERDISCIPLINRY

lria Ludhova: Neutrino Physics wit



The Earth’s interior

v Seismology: S and P-waves velocity and density profiles
v Geochemistry: limited depth of direct rock samples

v Bulk Silicate Earth models: composition of “remixed” mantle + crust
v" Surface heat flux measurements: 47 + 2 TW

v' Geoneutrinos: new tool to determine the radiogenic heat
THE MAIN UNKNOWN: THE MANTLE CONTRIBUTION

U, Th, K: refractory
lithophile elements

concentration for 238U
(Mantovani et al. 2004)

upper continental crust: 2.5 ppm

middle continental crust: 1.6 ppm

p lower continental crust: 0.63 ppm

) Outer core \ oceanic crust: 0.1 ppm

/ - \ upper mantle: 6.5 ppb

o ner core NOTHING

| core

alscience com/h&atflow html
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Geoneutrino energy spectrum

1.8 MeV kinematic threshold

1 "y
§ 10 E 4 i —-—- 238 series
_ - § “’1 § ........... 232Th Senes
8. §/'/ "1 - : - 40K
> E' IS w._ﬁ
g oﬁi..a\. D e " !
g 10° /“/-—~\i\--\-~.. B
8 v \ T TN,

| |

.g / 40K | : ., . i
3 | .... "
< below the, :
& 107 threshold : ’ Fr——
S |
: :
> |
z 1 : :

-2 b l PR SR TR SR T 3 l_ IS ST T DR J_ PR T T |

10 0.5 1 15 2 2.5

Anti-neutrino energy, E, (MeV)

D cross section

Visible spectra

20 25
Anti—neutrino energy, Ey;giple [MeV]




Latest Borexino geoneutrino results

PRD 92 (2015) 031101 (R)
Borexino 2015: 23.7 *6-5 (stat) **- (sys) geonu’s

226 Hopaa v" Using the chondritic mass ratio Th/U
§ E_ ----- Best-fit U+ Th with fixed chondritic ratio = 3 9 and m(K)/ m(U) = 104:
£ E s the total Earth radiogenic power is
5 14 33728, TW
s PF 5.9 evidence to be compared with the total Earth
8 F surface heat flux 47 + 2 TW.

.
% | v' Borexino rejects a null S(mantle) at
—ﬁ 98% CL

1500 2000 2500 3000 3500
Prompt Event Energy [p.e.]

~7 MeV

Non antineutrino background almost invisible!
v' 5.5 x 103! target-proton year
v' 0-hypothesis @ 3.6 x 10”°
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Sterile - v

Borexino - SOX
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Sterile neutrino neutrino ?

We know that there are only 3-active flavour neutrinos (mass < m(Z0)/2)
Decay of Z0 boson

Some experimental results in a tension with a 3-flavour neutrino model
disappearance: reactor and GALLEX/SAGE anomaly,
appearance: accelerator anomaly — LSND, Mini/MicroBoNe)

Possible existence of a 4" flavour STERILE neutrino

(no weak 1nteractions, but active flavour neutrinos could oscillate into it)

water tank
floor: 54 PMTs
lume: 2100 m? .
SOX: R In (3 + 1) scenario:
stainless steel
Short- ephore Am241 ~1-2 eV2
diStance inner: 2012 PMTs
outer: 154 PMTs
neutrino radius: 6.83m
oscillation inner vessel for MeV (anti)neutrinos:
with redus A2 m oscillation length
. scintillator
Borexino 270 t PC+PPO of few meters

anti-nu source

144Ce/ Pr antineutrino source arrival to LNGS: end of 2017

Livia Ludhova: Neutrino Physics with Scintillator-Based Detectors = GGSWBS’16, August 2( 16, Thilisi




LI technical and bureaucratic challenge:
SOX SenSlthlty 3.7 PBq (in **Ce(p), 100 kCi and > 10! antineutrinos/s

144Ce source @ 8.2 m from the center. 1.5% calibration. 100-150 kCi bands.
* Under the assumption that a single sterile dominates

£ (100-150) kCi

[ 6, =0.015

g, 6, =0.03

3

= rate+
shape

|=—rate only

S SRS SRS SN, ~J— shape only
500 . :
0 I S A _ ooscietons 1 ]] A i, ~—  anomalies
f ’ ; : . == ++-— PRD 88 073008
400k o i’
£ I 95% CL
T 300t :
isoo ',
s f
§250 ......... z/[ ........................................................................................ ggo/o CL
2 2000 ]f" e e L,
é » I 144
o) 144Ce-14pr: 3.7 PBq ] ,
: )/ R<4.25 m (280 tons) : : : - *  bestfit
100 Vertex resolution: 15¢cm i i i i i
o - Eneray resolutiom: %o 2x10% 3x107 , 107 2x107 3x107
events/1.5y .
R sin (20l 4)




Jiangmen Underground Neutrino Observatory

the first multi-kton liquid scintillator detector ever
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JUNO in Jiangmen, China

the first multi-kton liquid scintillator
detector ever

T . I et e BT Y ’—"T_!'!F"r‘“ iE, R
"5 o i :
\ 3

> e » . Y 70
5 4T ; % T T A

L :
. -‘Guang thg
. Zogng pplt "

Shen Zhen After 4 years

of running

: Kaiphlg. > 30 CL

inverted hierarchy

JUNO@ s53km
53 km T

Main goal: neutrino mass hierarchy
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Principle of the mass-hierarchy measurement

2 06F
) = U F SN e Non oscillation
E‘ - , —— 6, oscillation
= 05 : —— Normal hierarchy
3 - ; * Inverted hierarchy
0.4 - H
e 700 m rock C . typ.v-energy:5 MeV
overburden 0.3 different frequencies “\‘ good L: 50 ... 60 km
. 3% @ 1 MeV B4
- 02F § e
resolution - AN *
« LY =1200 pe/ - '
MeV 0.1 :— ~~~~~
e Non-linearites £/ T T T I
well known v 10 15 20 25 30
L/E (km/MeV)
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dN/dE

dN/dE

1000

Spectral fit with both hypothesis: NH and 1H

Infinite BN

resolution t

i

2 3 4

Infinite
resolution

:
' Mo &2

3

NH spectrum fitted with IH

IIIIIIIIIIIIIIIIIII|IIII|II

53 km

3% resolution

E

NH spectrum fitted with NH

1 1 1 1
2 3 4 5

7
E (MeV)

IIIIIIIIIIIIIIIIIIIIIIIIII

53 km

3% resolution

NH spectrum fitted with TH

2 3 4 5

7
E (MeV)




Calibration

Electronics

Top muon
tracker

Central Detector
Acrylic Sphere +
20 Kkton Scintil +
~17000 20” PMTs +
~34000 3 PMTs

Water Cherenkov
~2000 20” PMTs

lria Ludhova: Neutrino Physics with Sc
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Central detector distinctive feature: resolution

Very high photocathode density (¥78% coverage like SNO)
Targetd the largest light level ever detected in LLSD ~1200 pe/MeV
(Daya Bay 160 pe/MeV - Borexino 500 pe/MeV - KamLAND 250 pe/MeV)
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More on JUNO physics program

N AT () o 1 T2 (g LIGEHI Precision measurement of oscillation parameters

Am3, Am3, | sin“#yo | sin” 03 sin~ fos
Dominant Exps. | KamLAND | MINOS SNO Daya Bay | SK/T2K
Individual 1o 2.7% [20] 4.1% [25] | 6.7% [6] | 10% [21] 14% [23, 24
Global 1o 2.6% 2.7% 4.1% 8.6% 1%

Probing the unitarity of Upy g to ~1%
more precise than CKM matrix elements !

+BG
tatistics | T on New physics tests in low-energy
_ +1% Enonl oscillation phenomena
sin? 0, 0.54% 0.67%
Am2,, 0.24% 0.59%
Amzee 0.27% 0.44%

* Rare processes Proton decay into K + antineutrino
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More on JUNO physics program

Supernova neutrinos
Indirect DM search v burst established
—> discover DM or - extract information on

extend excluded core-collapse and
parameter space neutron star formation

Solar neutrinos
pp-chain measured

—> CNO neutrino flux
—> study solar interior

‘L“\ ’- 2
S Geoneutrinos
Qi_& now: 4o observation

— geology: radiogenic
heat, U/Th conc.

Diffuse SN neutrinos
still unobserved

—> discovery, z-dep. SN rate
and average spectrum

Livia Ludhova: Neutrino Physics with Scintillator-Based Detectors
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JUNO potential to measure geoneutrinos

S 450 Big advantage:
< = © |y MG v' Big volume and thus high
o 400 *  Full 1 year after cuts; g. ) g
Q - «  FV 18.35 kton statistics (400 geonu / year)!
— 350 (17.2 m radial cut) o
2 = «  80% detection Main limitations:
o 300 efficiency; v" Huge reactor neutrino
Lﬁ — * 3% @1 MeV energy backeround:
250 = resolution g ’
»ooF v’ Relatively shallow depth —
= ; cosmogenic background;
woF Reactors . .
- Critical:
100 (Geoneutrinos X v" Keep other backgrounds (*'°Po
Accidentals 0[] 4 UtTh with fixed chondritic ration contamination!) at low level and
e CLi-THe S, under control;
o : e P

Visible energy [MeV]

JUNO can provide another geoneutrino measurement with a comparable or
even a better precision than existing results at another location in a completely

different geological environment;
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Conclusions

* Liqud scintillator detectors have provided a very rich
budget of different experimental results

* Stay tuned for new results concerning:
v" Solar neutrinos
v" Geoneutrinos
v Sterile neutrino
v’ Mass hierarchy
v" Neutrino oscillation parameters
v" Reactor spectra
v" Supernovae neutrinos
v' Limits on rare processes

v 0-Bf beta decay

Livia Ludhova: Neutrino Physics with Scintillator-Based Detectors GGSWBS’16, August 2016, Tbilisi
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Kazbegi (Mkinvartsveri) vulcano (5047 m) and Gergeti Trinity Church
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v-oscillations in matter: MSW effect

v Being matter made of ¢ (and not /1), 1t affects
oscillations (Wolfenstein, ‘78)

. . 1
v Neutral current (Z-exchange) interactions: ve, Vy, vi P

ee

v Charge current (W-exchange) interactions: ve only

0.

“Refractive index” for ve
1s different from the other flavors

v The effect can be enhanced by a resonance
Mikheyev-Smirnov-Wolfenstein effect

v This yields the energy dependence of the .
“survival probability”:
Pee(E)

1 — 5 sin?201,

1

Bahcall &
Pena-Garay

. | Matter |
- Vacuum enhanced |
.af region -~ |

0,0 B
Transition region

Energy




Oscillation pattern

short baseline long baseline
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Summary of
unknown parameters

1 Absolute mass scale
J Origin of neutrino mass (Majorana versus Dirac)

(1 Mass hierarchy (inverted vs normal)
1 CP-violating phase

d Octant of the 0,; mixing angle
 Existence of a sterile neutrino
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Discovery of neutrino oscillations -

<

SNO, Canada)

E :
6F:.... Solar neutrinos

-

The Nobel Prize in Physics 3
2015
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Standard Solar Model predictions
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The Nobel Prize in Physics 2015 was awarded jointly to Taka: 3
Kajita and Arthur B. McDonald "for the discovery of neutrino 0.2 t
o . . 0
" 2 3 4
oscillations, which shows that neutrinos have mass ] 10 10 10 10
L/E (km/GeV)
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Baseline optimization

6 years
Ideal distribution
E_res =3%

L L 1 1 N A | L
0 20 40 60 80 100 120 140 160
L (Km)

Optimal baseline is at L = 50-60 km,

BT T T T T T T T

6 years
L =52 km
E_res =3%

20

AL (km)

at the oscillation maximum of Am?,,

Choice of the experimental site

In case of multiple reactors,
minimize the spread of L

Cores YJ-C1 YJ-C2 YJ-C3 YJ-C4 YI-C5 YIJ-C6

Power (GW) 29 29 29 29 2.9 2.9
Baseline (km) 52.75 5284 5242 5251 5212 5221

Cores TS-C1 TS-C2 TS-C3 TS-C4 DYB HZ

Power (GW) 4.6 4.6 4.6 4.6 17.4 17.4
Baseline (km) 5276 52.63 5232 5220 215 265




