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Solar neutrinos




Solar pp-cycle
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Overall reaction: 4p —» o + 2e" + 2v. + 26.7 MeV
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SuperkK, SNO
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Short history of solar v experiments in 1 slide 4

70’s-80’s: Homestake (R. Davies): Radiochemistry: E,> 814 keV First detection
IICL+v->3Ar+e
THE FIRST DETECTION! deficit in the observed flux, skepticism
final tritumph, Nobel prize 2002
J. Bahcall continues the development of the Standard Solar Model

80°s-90’s: (super)Kamiokande: Water Cherenkov: E,> 5 MeV
confirms deficit on 3B-v and with real-time technique
first neutrino picture of the Sun (directionality)
neutrinos from other stars observed (supernova SN1987-A)

90’s: Gallex (GNO) and Sage: Radiochemistry: E,> 233 keV
v.+71Ga —="1Ge + ¢
deficit observed also at low energy, but is energy dependent!
2001: SNO: Water Cherenkov: Ey> 5 MeV i
oscillation of solar neutrinos proved Solution:
CC (electron flavor) and NC (all flavors) interactions separately in D2O NCUtI'iIlO oS cillations‘
total flux agrees with Standard Solar Model ! |
2002: KamLAND: Liquid scintillator

observes and measures oscillations of electron anti-neutrinos from reactors;

Solar-neutrino
puzzle

2007: Borexino: Liquid scintillator of extreme radiopurity: : Ev> 303 keV //

First real-time observation of 'Be, pep, pp neutrinos Real-time //
best limit on CNO 1<1 4
precision spegtrc/)scopy

Low-energy ®B neuttrinos (> 3 MeV recoiled ¢°) /
/

Livia Ludhova: Low-energy neutrinos: SOLAR, geo, sources TAUP 2015, Torino, 11t September
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Solar v Problem
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Super-Kamiokande-| solar neutrino data
I\/Iay 31 1996 July 13 2001 (1 496 days )

Event/day/bin

22400+230 solar v events
(14 5 eventslday)

0 1 I 1 I | I 1 I 1
-1.0 -0.5 0.0 0 5 1.0

cOS Osun
8B flux : 2.35 +0.02 + 0.08 [x 10°/cm?/sec]
Data +0.014
SSM@BPzo0a) - 0-406 10.004 g3

( Data/SSM(BP2000) = 0.465 +0.005 +0.016/-0.015 )
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. Seeing the Sun underground

The Sun still shines!
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The SNO Detector

9438 Inward-
Looking PMTs
2039 m to surface
91 Outward
Looking PMTs
12 m diameter (Veto)

Acrylic vessel

~ +— Norite Rock
PMT Support A
Structure (PSUP)

5300 tonnes 1000 tonnes 1700 tonnes
light water  heavy water light water
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Neutrino Reactions in SNO

>p + pte

- Q=1.445MeV
- good measurement of v, energy spectrum
- some directional info o (1 — 1/3 cosb)
- v, only

- Q=222 MeV
- measures total B v flux from the Sun
- equal cross section for all v types

- low statistics
- mainly sensitive to v, some v and v,
- strong directional sensitivity
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P, (% 10°cm s7h

1\5-5“

—— §,- 68%, 95%, 99% C.L.

683% C.L.

re

Flavor change
determined by > 7 ..

CC, NC FLUXES
MEASURED
INDEPENDENTLY

The Total Flux of Active
Neutrinos is measured
independently (NC) and agrees
well with solar model
Calculations:

5.82 +- 1.3 (Bahcall et al),
5.31 +- 0.6 (Turck-Chieze et al)

vV *}; -LPEJCUESaCL_
FoIE e
| 5 4‘;5 68% C.L.
b : -4*55 63% C.L.
K S — 2 2.5 ;»., B
Electron neutrinos | % 10cm™s)
fec =168 “413(stat) 45 sys0)
0.38
ue =4.94 705 (stat) oo (syst) +———
Ppg = 2.35 +8§§(stat)+8 ig (Syst)
(In units of 10°cm “s ')
—¢ +0.029
CC _ 0.34+0.023(stat.)*§92] =

N
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Borexino experiment in Gran Sasso

Latest esults from Borexino Meeting of the SFETRZY *MNeutrings and Beyond” — KIT, June 13,2008 5. Schdner, MPITir Kemphysik, Heidelbarg
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*Borexino is located under the Gran Sasso mountain which provides a shield
against cosmic rays (4000 m water equivalent);

Core of the detector: 278 tons of liquid
scintillator contained in a nylon vessel of
4.25 m radius (PC+PPO);

liquid (PC+quencher) contained in a
stainless steel sphere of 6.75 m radius;

2214 photomultipliers pointing towards
the center to view the light emitted by
the scintillator (1843 with opt. concentr.)

2" shield: 2100 tons of ultra-pure water

External nylon vessel; it is a barrier
against Rn emitted by PMT and s.steel
contained in a cylindrical dome; I/

- L3

\ Stainless Steel BDI’EKiﬂD Design — 2200 8" Thorm EMI PMT]
1st shield: 890 tons of ultra-pure buffer Sphere 15.7m O

Muon weto:
200 outwarg

pointing P

100 ton
fiducial voly

Mylon fil
Rn barti

200 PMTs mounted on the SSS pointing outwards to detect light emitted in the
water by muons crossing the detector;

TROT ZOU7 OLalPaU O DCCCINT = OlIVeISItY daid ININ MLcaro p e
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Blorexinoz initial "Be result
—f
Implications of solar ‘Be neutrino
result

m Borexino exp. result:
49 + 3. 4,/ (d 100t)

m Solar model (high metallicity, neutrino mixing,
MSW). 48 4/ (d 100t)

m Solar model (low metallicity, neutrino mixing,
MSW). 44 + 4/ (d 100t)

m Solar model, but no neutrino mixing:
74 4/ (d 100t)

Clear confirmation of neutrino mixing and MSW
L. Oberauer, TUM
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FIRST DETECTION OF PEP NEUTRINOS (V)

* Rate: 3.1 £ 0.6¢ca) £ 0.3(sys) cpd/ 100 t

* No oscillations

excluded at
97% c.l.

* Absence of pep

solar V excluded
at 98%

PRL 108, 051302 (2012)
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Residual signal energy spectrum

e recoils from pep Vv

L i
1.6
Energy / MeV

sk et

* Assuming MSW-LMA:
S E = 6 £0.310° cm? s°!

* CNO limit obtained assuming pep @ SSM

* CNO rate <7.1 cpd/100 t (95% c.l.)

Neutrino 2012 - Kyoto
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neutrino flux (~11% precision )
pp = 144 + 13 (stat) = 10 (syst) cpd/100 t

compared to expected (MSW/LMA,HM)
131+2 cpd/100 t

280
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Rate pp-v (cpd / 100 t)
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(6.6+0.7)-1079 cm-2s-!
VS

(5.98+0.04)-10'% cm-2s-T

Zero pp count is excluded at
100 level
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BOREXINO IMPACT ON SOLAR NEUTRINO PHYSICS

Before Borexino

Borexino 2012

0.8 T 1p
- pp - all solar (w.o. BX) 0.9F
0.7E- e B -all solar (Rad. + Cher. w.o. BX) »UUE
s, VoD - =
= E —— o Homestake = 0.8
2 F MSW prediction q . I
© 0.6 P qQ 0.7—
a - ) E 7
g. 05: - B 0.6 | Be Pep
g b I S o.5F l l
3 0.4f 1 E 0.4F
@ n = ' I . = [ ] pp - All solar iz
g 0.3F el—asm220 = mn 0.3 e ’Be - Borexino 8 o
-, 03F > = e pep - Borexino B
o - f . 0.2 e °B - SNO LETA + Borexino
0.2 3 - e °B - SNO + SK
P =sin’ @ A 0-1:— MSW-LMA Prediction
01: | 1 1 lllllr. 1 L | boalidild 0:1 L 1 1 L 1 1 |
10-1 1 10 10 1 10
E, [MeV] E, [MeV]
107 e 1 : R R o
B BRI B
In the near future (Phase 2:2012-2013) : i ]
- Improve 'Be, 8B — test of MSW E*T e
- Confirm pep at more than 30 and reduce error = =
- Improve upper limit on CNO — probe metallicity : | [ excluded by
: I | DN try ]|
- Attempt direct pp measurement 107k ® |7V Lo
10 1L e
107! 2 170t 5 1
tan“6 |, tan“6

Neutrino 2012 - Kyoto
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Borexino measured electron neutrino survival
probability for 4 different nuclear reactions
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Sinusoidal fit
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30 day bins- 4 years data cumulated

3
1]'[]']

¢pd/100 ton
&

&

35

250 300 350
Time [days]

2

Null hypothesis rejected at 3.91c (99.99% C.L.)
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Time [days]

0 days bins-

modulation amplitude (6.8+1.9)%
best-t period is T =369. 0 £11 days.
phase=-12+28 days ( to be compared with January

3th).

Lomb-Scargle analysis

Lomb-Scargle Power

Lomb-Scargle Power

[ TR ST ]
T

£l I I Il I
02 04 06 08 1 12 14
Frequency

I
6 18
1/year

2 B 6 8

10_ 12 14 16 18
Frequency [llveari

L-S Normalized Spectrum Power
Densityl (f=1y1)=8

Entries / 10* simulations

588888388
Gianpaolo Bellini Milano

Neutrino Telescopes 2017 Venezia

W !
10

5 15 20 30
Lomb—Scar212es Power

From Lomb Scargle analysis:
Period 1 year

Absence of modulation rejected
at 99.99% C.L (>3.5 o).

Max at f=1y




Physics implication of the solar v Borexino
results:

h]i%h and low metallicity solar models

'Be flux [ SHPI1 SSM (£ la):

"Be (SSM highmet.) . [ ® HIGHMet (GS08)
1.1 F ® Low-Met (AGSS09)

High met. (10 )

1.0

0.9

Low met. (1o

'I"I"I"I'I'I"I"I"I"['I"l"l'

Allowed regions:
0.8F o es2mcL.
[ O 9545%C.L.
F 0 99.73%C.L
0.7

- 04 0506 0.7 0.8 09 10 1.1 1.2
Bﬂ% (SSM highmet.)
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CNO cycle
in the Sun only 1%

Reactions of the CNO Cycle

0 +p > 17F +y
TF 5170 +et+v,

170 + p— 14N + 4He

2C+p—->BN+y

13N > 13C + e* + v,

1SC+p_,14N+-Y

BN +p — 160 + ¢
15N+p_,12C+4He
150 — 15N + e* + v,

UN+p > 150 +y

%
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2
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hypothesized as the primary cycle

in the massive stars and then for
hydrogen burning in the Universe
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strategy: need of an independent constraint on 21°Bi rate (remove

degeneracy with CNO spectrum)

from 219Po: two components:

* embedded on the lines (138.376 days half

time)

° 210pb > ZloBi (ﬁ) > 210 Po (OL)

* easily identified via pulse shape
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Matter Interaction Effect:LMA

Current Data for v, Survival

1

0.8 | GNO

0.6 f--mmeoo -[—----ﬁ,_

number of sigma
W
!

T . LMA
=
= 04t ]
o2l Chlorine ]
Be pep SK,SNO
0 t 1
[ I — 1" 1ot
Ey | MeV|

pp

matter effects with standard size (V = o2 6 N, ) confirmed

Bounds on qy (Solar + CHOOZ + KamLAND)

seffects ¢

1 ; ....... :._'- ........ R R R T R YL T T LT TR TS
O_ ! . Lo !

-2 —1 2
10 10 1 10 10

Ousw

V(x) a aysy V()

V(z) = auswV (z); amsw = 1 strongly favoured
(Fogli et al. 2003, 2004; Fogli & Lisi 2004)




SuperK: Earth matter effect

Day-Night flux asymmetry

—.20 ——————
2 preliminary; Ty
> - ] o 2.55
© i 0
> I 2.5
g b 3
= 20 7 ’DO
S o0l il
Z | § 2.45
3 Am?21=4.84x10%eV2 | 3
“ 4ol sin?12=0.311 sin2613=0.025 a 3 54
m L]
1 | >
5 10 15
Recoil Electron Kinetic Energy (MeV) ® 2.35
©
Fitted asymmetry amplitude /p 23
Amia1=4.84x10° eV?2 Amzn=7.50x105ev2 | <
SK-I -2.0£1.8%+1.0% -1.9%+1.7%£1.0% 2.95
SK-II -4.4+3.8%+1.0% -4.4+£3.6+x1.0%
SK-111 -4.2+2.7+0.7% -3.8%+2.6*0.7%
SK-IV -3.6%+1.6+0.6% -3.3+1.5+0.6%
combined | -3.3+1.0+x0.5% |-3.1%x1.0£0.5%
non-zero
significance 3.00 2.80
Hiroyuki Sekiya TAUP2015
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Solar best fit
sin2812=0.311
Am?21=4.85x10%eV/?
Solar+KamLAND
sin2012=0.308
Am?21=7.50x10°eV/?2

: T T T T T T T T T T T T T T T I T T T T :
- Earth ‘ B
- . 3
: [ _ _’N’__ -
- | o4
~ ———g— —e—i ]
:_ SK-I - IV combined (Eth=4.5 MeV for SK-1,III,IV 6.5 MeV for SKjII)
el SN SN TN | NN SN TN TN N | (NS TN NN Y (NN (NN SN MONN NN NN [N NN NN SN NN N NN S S e |
ALL Day Night-1 -0.5 0 0.5 1
cOseZenith
This is the “direct” indication for
matter enhanced neutrino oscillation
Torino September 7 2015
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Remaining problems/tensions?

M. Maltoni, A.Y.S.
to appear

N l UL L | I IL |} I | I I |} I I I I I | I I | | .
N o Borexino (g | TOr two different
o7l = |~ |2 s+ SuperK values of Am212
o 2 |£ = SNO »
0.6 — best fit value
g F from solar data
~ 05 :
& —— best global fit
L o4l
a¥ t
N sin’e,, = 0.022, sine, , = 0.31 | -
ook =L\.m2 - (47, ?5}xm v | T I =
[ | —— day - —- night i
O.T —I Ll I I | | 1 1 1 1 | 1 [ 1 | | 1 1 I 1 1 1 I - 1 1 | IE 1 ! 1 ]
0.1 0.5 ) 2 3 5 7 i0 14
E, [MeV] Reconstructed
Vacuum Transition region  Matter dominated exp. points for
dominated  resonance furnon  region SK, SNO and

BOREXINO
at high energies
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lication of Terrestrial Matter
on Solar Neutrino Oscillation

iokande collaboration

. et al)
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Remaining problems/tensions?

Solar neutrinos
Vs. KamLAND

Neutnno parameters

III[IIIIIIIII '-|III|| I||III|

M. Maltoni, A.Y.S.

: J 12| sin’ H =0.022 -
I l 1 to appear
15 - SNO — 10~ -
f%}m i E g :— ?: 5
o 10 R - Ame,q : about
b - R °F ;¢ 2o descrepancy
s o b 1 of the KL and
g I 1 solar values
L B 2 il
- (o= [1a, 20, 30]
D _I L1 | III L 3.1 | . 1§ | I L1 1 | ] G i L4 4 3 | L .4 | | L1 5 3 | L_t--L &
0.1 6 03 0.4 0502 025 03 035 04
2 . KamLAND data
5N 51;4 5N Elu

reanalized in view of

Red r‘egionS: all solar neutrino data reactor anomaly (no

also restrictions from
individual experiments

sin?g,3 as fit parameter
then marginalized

bf- Sin2613 = 0017

Evgeny Akhmedov

Sin2613 fixed
by reactor
experiments

MITP Summer School 2017

front detector)
bump at 4 -6 MeV

Am?,, increases
by 0.5 10°eV?
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Remaining problems/tensions?

1 6. L Fogli et al hep-ph/0309100
r n Ia C. Pena-Garay, H. Minakata,
hep-ph 1009.4869 [hep-ph]
AN AN AR AR RN RN R ]

M. Maltoni, A.Y.S. to appear

I L
sin’s, = 0.022
[ _ V= amsw Vstand
15— -
i ausw = O is disfavoured by > 15 ¢

the best fit value a5y = 1.66

apsw = 1.0 is disfavoured by > 2

related to discrepancy of Am?,,
from solar and KamLAND:

- 35 - |4 Amzz1 (KL)
Amsw AmZ,, (Sun)

Potential enters the
probability in combination

=16

Determination of the matter potential

from the solar plus KamLAND data

using aysy as free parameter v
Am?@,,
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Remaining problems/tensions?

p at about

Absence of upturn of the spectrum S0 g

Difference of valuyes of Am2

from solar and KamLAND da?aexfmcfed

Large value of matter potential
extracted from global fit

KamLAND New physics

another reactor anomaly? in solar neutrinos?

Solar data alone have very Non-standard Very light
good and consistent Neutrino Sterile
description at small Am?,, interaction neutrinos

Reactor anomaly should

affect KarL AND result New sub-leading effects

MITP Summer School 2017
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Reactor v, oscillations




v, survival probability (in vacuum):

A Am?
$ Pss ~ 1 — sin® 2045 - sin ( inEBl L) — 013 sin? 265 - sin? ( ZInE21 L)

» Chooz, Palo Verde, DChooz, Daya Bay, Reno,... (L ~1—2km)

U AmglL<<1

E ~ 4 MeV:; Vo : o

One mass scale dominance (2f) approximation (SBL expts.):

A 2
o P(Ue > 0e; L) =1— sin? 265 - sin? ( 477;31 L)




o KamLAND (L ~ 170 km)

Am3, Am?,
L>1; L>1
4F ~ 4F >
Averaging over fast oscillations due to Am?2, = Am3;:
O P(De — De) — C%3P2§é(Am§1, 912, ‘/eff) —I_ 8%3 3 ‘/eff — 6%3‘/

Differs from 2f probability by ~ 5% (energy-independent suppression)

N.B.: Matter effects a few % — comparable with effects of 6,35 # 0 !




Precision Reactor Experiments

. . L ) . L
P =1-sin’20,,sin” Am;, —— - cos" 0,, sin” 26, sin’* Am,, ——
10 4E AE
sin2 20 = 0.03
081 Gin220=0.09 )
[ sin220 =0.19
= 0.6+ i
E [ E,~3 MeV
: -
04+ |
0216 Detector 1 Detector 2 )
B 10V
1 10 100 1000 10* 10

Baseline [m]
build nearly identical detectors with nearly identical efficiency
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KamLAND:
Kamioka Liquid scintillator
AntiNeutrino Detector

1 kton lig. Scint. Detector
in the Kamiokande cavern

1325 17" fast PMTs

‘554 20" large area PMTs

*34% photocathode coverage

‘H,O Cerenkov veto counter

Evgeny Akhmedov
— Neutrino 2004 New Re
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1 4F
1.2+ ¥
10k ‘+ tf;‘< _%. e _4*_, _
S os| Expected: 365.2 & 23.7
% o6l AL Background: 17.8 + 7.3
“ % Roons Observed: 258
041 o Goesgen
A Krasnoyarsk
a5 B
® KamLAND
0.0 | | | | |
10" 107 10° 10* 10°
Distance to Reactor (m)
Nobs — Npor
R=2 “be ) 658 + 0.044(stat) £ 0.047(syst)
N, expected

Stat. significance of reactor /., disappearance: 99.998%




Energy Spectrum above 0.9 MeV

exposure : 2881 ton-year (3.8 x 766 ton-year for “KamLAND 2004”)

geo neutrinos

previous result (above 2.6 MeV)

A
Ll

300 <
- — KamLAND data
= — no oscillation
250 :_ best-fit oscillation
% B accidental
S 200 + BC(a,n)'®0
e - Expected Geo V.
g. - i — Dbest-fit osci. + BG
2 150 N § + + Expected Geo V,
R 4
- : e n
50 preliminary =1,
O :| AN | B R B E [ BN R B B A AR S R B |%:@_‘_
0 1 2 3 4 5 6 7 8

E rompt (MeV)

“Geo + Reactor”
combined analysis

No osci. expected 2178

Background 276

(w/o geo neutrino)
(Ichimura and Minekawa et al.)

Observed events 1609
best-fit

(tanZ6, Am?)

= (0.56, 7.58 x 105 eV/2)

free parameter : geo neutrinos
(U, Th) = (39.3, 29.4) events

goodness of fit using equal probability bins
best-fit 2/ ndf= 21.0/16 (18.0% C.L.)

noosci. 2/ndf= 63.9/17

Scaled no oscillation spectrum is excluded at 5.20

Evgeny Akhmedov
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SBL reactor experiments

Reactor v Experiments

Double
Chooz
(France)

RENO
(Korea)

Daya Bay
(China)

Sunny Seo, SNU

Evgeny Akhmedov

8.5 400/ 120/ 10/
1050 300 10

16.8 290/ 120/ 16/
1380 450 16

17.4  360(500)/ 260/ 40x2/
1985(1613) 860 80

NOW 2016 @Otranto

MITP Summer School 2017

? > 160
~10 M <30
? ~ 230

18
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Comparisons

Baselines Reactor Thermal
¢ 1p Power (GW
Q@ F J _Daya Bay ( th)
0.95 E Near);Ites RENO -
. P Daya Bay
0.9 F Double Chooz L [km] -
1 | | 1 1 RENO
0 0.5 1 1.5 2 25 _
Double Chooz
Target (ton) 0 10 20
80.00 - M
60.00 - anpower
40.00 - 7 | |
2000 = (7] Daya Bay |
0.00 ' ' ' RENO |
¥ %o Q;’g\ Double Chooz
& e |
Q & |

Sunny Seo, SNU

Evgeny Akhmedov
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Oscillation analysis

v, survival probability

1.0 —
OgT .................... O\ —
(Far detector| |
0.8 e s N T TR
07 N —
5 | : :
S 0 <] R NN ——TLY}ZYYTYYYY}YY SN\ e
X | : r
o5l N [\
04 — total | N
0.3} NAm32 .............................................................................
—  ~Amy .
0-25 1 10 100

Pgis = sin? 2013 (sin? O12sin® Azy + cos? O1psin? Az;) + cos* 013 sin? 2015 sin Ay

Am>
= sin2 2913 sin2 Aee + COS4 913 sin2 2912 sin2 A217 Ajk = 1267 - e\r/nzjk % [%]



Phys. Rev. D 95, 072006 (2017)

nGd Oscillation Analysis Results

G - i : ) L \ A / g L
Ps,—si, = 1— sin® 2613 sin’ (Ané;;@  — sin? 205 cos*613 sin? Am%ﬁ
1 ......................................................................
N A EH1
28 i v EH2
=27 L e EH3
‘% sal 0.951 —— Best i
5 250 ™~
2 _
..Eg 24F | +
q 23} 0.9
224 _1.1.1L1,..1..,1.
" UL TN U I T - 0 0.2 04 0.6 08
05 006 007 B‘.:;l;’ zg:f 010 011 012 Leﬁ / <EV) [km /MeV]

sin220,, = 0.0841 £0.0027(stat.) £0.0019(sys.) «—— St!ll statistics
JAm2_ | = [2.50 +£0.06(stat.) £0.06(sys.)] x10-3eV?2 dominated!
¥2/NDF = 234.7/263




Global Comparison

Most precise measurement
* sin?20,5 uncertainty: 3.9%
* Am?y,uncertainty: 3.4%

Consistent results with reactor and
accelerator experiments

‘Am2ee’ — ‘Angz‘ i0.0S X 10_3 e\/2
IH: Am?y, = [-2.56 + 0.08] x 1073 o\/2

normal hierarchy (NH) inverted hierarchy (IH)
m2 4 A m2
V3 V3
AmZ,
151
Am2
Am::m
2
Ami,
vy Vs
Ve B, s

Experiment 1 230 days Yalue
Daya Bay e 0.084140.0033
Daya Bay (nH) —— 0.071+ 0.11
RENG — 0. 08240010
D-CHOOZ — 0,111,018
T2K —_— 0100351
NH - * - 0.0517 5055
MINOS * B
IH 0,003 e
0.02 0.04 0.06 0.08 0.1 012 0.14
51[]2 25"_3
Experiment |\ H Value (1079 eV¥)
Diaya Bay —— 2452008
T2K —_— 2.545 00!
MINOS —— 2424000
NOwA —_— 2674012
Super-K ' S ' 250 8
leeCube - . - 25075 1
HEND 2s7T N

23 24 25 26 27 28
|, (107%eV)

*: combined fit results for 2sin? 6,5 sin? 20,3
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Reactor Neutrino Spectra (Daya Bay)

Mismatch concerning 23°U v-flux in reactor models?

Foss

0.63 0.60 0.57 0.54 0.51
— 6.05 : T T T T
= “n
S 6.00~%-_
g ~
2 5.95
~ 5.90
LEJ 5.85
% 5.80
= 5750 Best fit = =+ Model (Rescaled) Sel
= 7"7[1- - Average ¢ DayaBay
o} 5.70 I I

~2.2 10 neutrino candidates

Th. Lasserre — HEP 2017

0.24 0.26 028 030 0.32 0.34 0.36

Fygg

-

5.5

5.0

4.5

T30 [1078 ¢m? / fission]

3.0
5

X7

9
Ax?
4
1 4 9

A Daya Bay
—— Huber model w/ 68% C.L.

C.L.
e 68%

o 95%
s = (10.1+1.0) x 1074

0
oq1 = (6.04 =0.60) x 1071 99.7%

.2 5.6

6.0 6.4 6.8
o935 [1071 ¢cm? / fission]

7.2
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/

IAS nstiutefor Acvanced Study

A two fold origin?

Reactor v-spectra

_ Bias? Underestimated systematics?
Spectral shapes are not compatible at 6.40

%\ 1:=‘— 48
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= v kinetic energy (MeV)
0.95 —
0.9 Detector calibration
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Oscillatory nature of neutrino flavour conversion




Neutrino Oscillation

previous result (above 2.6 MeV)

< >
1.4  +« KamLAND data = CHOOZ data
short baseline C best-fit osci.
experiment 1.2 best-fit osci. + Expected Geo V,
R -
- 1 st + 2nd \\3rd
2 08F
0.6 o | + |
0.4F
C l preimnary hypothetical
B I 1 1 1 1 I 1 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1
single reactor
00 ™10 20 30 40 50 60 70 J

L/E, (km/MeV) at 180 km

KamLAND covers the 2nd and 3rd maximum
—> characteristic of neutrino oscillation
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SK-I+IlI L/E oscillation analysis

= SK-I+lI 2

.9 2 T T T T T 10 [ T T

© 1.8

S 1.6f

S 1.4} —~

g 1'f e B

el LAY o - /,—_-

5 08¢ 5 -

© 06F - — 99% C.L. —

D 04f N — 90% C.L.

S g2} oscillatiod” f — e8%hCL

- : NPT BT BT B -3 1 !

8 01 10 102 103 104 10 0.7 0.8 0.9 1

L/E (km/GeV) sin220

X%.sc = 83.9/82 d.o.f V,~V, 2 flavor analysis

X2y = 107.1/82 d.o.f, Ax?=23.2 X%min = 83.9/82 d.o.f

(4.50) @(sin220,Am?2)=

X%4ec = 112.5/82 d.o.f, Ax?2 = 27.6 (1.00,2.3x10-
Neutrino decay and decoherence aredisfavored at
~|§ o 13
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Neutrino parameter determination — global fits

# Madrid-Barcelona-Karlsruhe
(Gonzalez-Garcia, Maltoni, Salvado & Schwetz)

# Valencia group (Tortola, Valle et al.)
» Bari group (Fogli, Lisi et al.)

(With some inter-relations between the 1st and the 2nd groups)




“Broad-brush” picture (with 1-digit accuracy)

Knowns:

dm?2 ~7x10°eV?
Am?Z ~2x103eV?
sin%0,,~0.3

sin%0,; ~ 0.5

sin20,; ~ 0.02

Unknowns:
d(CP)
sign(Am?) = ordering
octant(0,;)

absolute mass scale
Dirac/Majorana nature

Normal Ordering (NO)

u, T Inverted Ordering (10)

'\/3 A
+Am?2
Vo . 2 |
vV . ma I om< :
1
-Amz
o v

V3

Evgeny Akhmedov
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Five known oscillation parameters:

LBL Acc + Solar + KamLAND + SBL Reactors + Atmos

Note: Am?2=
(Am?3, + Am?;;)/2

06.5 7 7.5 8 8.5 2I I I2.2I I I2.4I I2.6I I I2.8
dSm%107° eV? AM1073 eV?

003 03 04 05 06 071
sin’6,,, i

Evgeny Akhmedov MITP Summer School 2017

Current 1o errors
(1/6 of +30 range):

dm? 2.3 %
Am? 1.6 %
sin?0,, 5.8 %
sin?0,; 4.0 %
sin?8,; ~9 %

all < 10%...
Precision Era!

[but PMNS still
very far from
CKM accuracy]

August6-25  p.51
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More on known oscillation parameters: sinergy on Am?

AM%/1072 eV?

AMZ1072 eV?

2.8
2.6
24
2.2
2.0

0
2.8
2.6

2.4

2.0
0

LBL Acc + Solar + KL

+ SBL Reactors

LI I L B B B B L L L B LI L
B VT g
. o .
-~
- : -
- " -
- . -
-
- ’, -
- . -
-—— -
PRI T TN N T W M T T N T TN A

o
N
rTrrr[rrT

3 0.4 0.52 0.6 0.7 3 0.4 0.52 0.6 0.7
sin 623 sin 623
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i N ]
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3 0.4 0.5

.2
sin 623

0.6 0.

0.4 0.5

2
sin 623

0.6 0.7

All data sets contribute to Am?
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+ Atmos
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Global fits — Bari group

More on known oscillation parameters:

- 2
sin 613

2
sin 813

0.06
0.05
0.04
0.03
0.02
0.01

0.00
0

0.06

0.05

0.04

0.03

0.02

0.01

0.00 T T |

LBL + solar + KL prefer the same 0,; as reactors (within large uncertainties)

LBL Acc + Solar + KL
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More on unknown oscillation parameters:

LBL+SoI+KL

023

octant

Ay 1.1 23 ®

(10-NO)

Evgeny Akhmedov

+SBL Reac

sin 0~ -1
(orsin6<0)
favored;
sin 0 ~ +1
excluded

Max-mixing
disfavored;
octant flips
with NO/IO

03 04 Oé5 06 0.7 0.3
Sin 923

+1.1 i> +3.6 Intriguing!
NO favored

MITP Summer School 2017 August 6-25
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Compare the current results (circa 2017) with...

LBL+Sol+KL +SBL Rea

4_IIII|IIII|IIII|IIII IIIIIIIII|IIII|IIII

— NO | ... — NO ]

023

octant

IIIIII IIIIII‘I:IIIII- -IIIII IIIIIIII‘I.:'IIIII-
03 04 05 06 0.7 03 04 05 0.6 0.7
sinze23 sin2623
Ay?
) d +1.1 +1.1 +3.6

(10-NO)

- Evgeny Akhmedov MITP Summer School 2017 August 6-25
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... 1yr ago, 2016: trends were somewhat weaker

LBL+Sol+KL +SBL Reac
TR TS
N S R 0 ]

T TR T V 4O Lo bl N ] I I A
0 0.5 1 1.5 2 0 0.5 1 1.5 2 0 0.5 1 15 2
o/n o/m d/m
L L UL BN I "'." TTTTTTTTTTTTgT _|| |||||||||||||,||_
octant
-|||||||||||| ||||||- -||||||| |||||‘"’||||||- -|||||| ||||||‘u‘||||||-
03 04 05 06 07 03 04 05 06 07 03 04 05 06 07
sin“0 Sinze in2
23 23 sin8,,
Ay 1.2 -0.9 +1.0
( Evgenzl Akhmedov MITP Summer School 2017



Current indication A%, o = 3.6 from oscill. data starts to be interesting.
Useful to see the effect of excluding/including this offset in the analysis:

Oscillation parameters

LBL Acc + Solar + KamLAND + SBL Reactors + Atmos

NAWAINRTE] A -
AVSIRRIR I, |

. \/ wod bl d b \/ ss T 7e B 85 a4 25 26 27
;,f,"ffﬁ?ffo/' \/ ,,(;,,ffiﬂ,,;,/, AmFI0™ eV*
RNEImRIYN |

IAWAER R R RIATE ol ] :
VA Ll e |

oL |
025 03 035

sin“g,, sin0, 5 Sin“0,, . : 8 i
-| Loy oSN A 0 Ly il IR L
0.25 0.3 0.35 1.8 2 22 24 26 03
sin®o, sin’0,,/107
Two different ways of marginalizing over mass ordering(s) 2
- Evgeny Akhmedov MITP Summer School 2017 August 6-25 -
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OvBp

Absolute
neutrino mass
observables
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| Ordering
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Sum of neutrino masses (Cosmology)
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I
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spread from
Majorana
CPV phases
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Oscill. + Ovp

1 E ! LI | ! ! ! LI IE 1 E ! LI | ! ! ! LI IE

- Separate : - Any :

L NO,IO A . Ordering 4
A 107
© i i
E% I ) Z

1072 3 107°F E

1 0—3 | | 1 1 ':I | | | | | 1 1 1 11 1 0—3 | . 1 1 1 11
107! 1 10™ 1
> (eV) > (eV)
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Cosmological constraints (circa 2017)

Analysis of various datasets within standard (6-param.) ACDM model augmented with X
plus one possible 1 extra parameter Ao, t0 account for syst’s or nonstandard effects
[Ale,s > 1 may be typically traded for higher values of the sum of neutrino mass ]

Code: CosmoMC with NO / 10 options explicitly included in =, via the two mass? differences
= unphysical spectra of neutrino masses (e.g., 2 = 0) not allowed by construction.
- expect small NO-10 differences at low X, but vanishing at high X (degenerate spectrum)

Results on X (upper bounds) and on A% o :

TABLE II: Results of the global 3v analysis of cosmological data within the standard ACDM + X and extended ACDM + ¥ + Ajope
models. The datasets refer to various combinations of the Planck power angular CMB temperature power spectrum (TT) plus polarization
power spectra (TE, EE), reionization optical depth Thr1, lensing potential power spectrum (lensing), and BAO measurements. For each
of the 12 cases we report the 2o upper bounds on ¥ = m + mg + mg for NO and IO, together with the Ax? difference between the two
mass orderings (with one digit after decimal point). For any ¥, the masses m; are taken to obey the ém? and Am? constraints coming
from oscillation data. See the text for more details.

# Model Cosmological data set ¥/eV (20), NO X/eV (20), 10 Axio-no
1 ACDM + X Planck TT + 7Turi <0.72 < 0.80 0.7
2 ACDM + X Planck TT + 7ur1 + lensing < 0.64 < 0.63 0.2
3 ACDM + X Planck TT + mur1 + BAO < 0.21 < 0.23 1.2
4 ACDM + ¥ Planck TT, TE,EE + Tur1 < 0.44 < 0.48 0.6
5 ACDM + X Planck TT, TE,EE + Tur1 + lensing < 045 < 047 0.3
6 ACDM + ¥ Planck TT, TE,EE + tar1 + BAO < 0.18 < 0.20 1.6
7 ACDM + X + Ajeps Planck TT + TuFI < 1.08 < 1.08 —0.1
8 ACDM + X + Ajens Planck TT + 7yp; + lensing < 0.91 < 0.93 0.0
9 ACDM + X + Ajens Planck TT + mup1 + BAO < 0.45 < 0.46 0.2
10 ACDM + X + Ajens Planck TT, TE,EE + THFI < 1.04 < 1.03 0.0
11 ACDM + E + Ajens Planck TT, TE,EE + Tar1 + lensing < 0.89 < 0.89 0.1
12 ACDM + X + Ajens Planck TT, TE,EE + Tur1 + BAO <0.31 < 0.32 0.3




32

Grand total of IO-NO differences:

LBL+Sol+KL +SBL Reac +Atmos +DBD, Cosmo

A2 +1.1 $ +1.1 $ +3.6 $+3.6...+4.4

(10-NO)

Small but coherent steps: N.O. favored... Overall preference at 1.90 — 2.10

TABLE III: Values of Ax?o-No from the global analysis of oscillation and non oscillation data (numbered according to the adopted

cosmological datasets as in Table II), to be compared with the value 3.6 from oscillation data only [Eq. (9)]. An overall preference emerges
for NO, at the level of 1.9-2.1¢.

# 1 2 3 4 5 6 7 8 9 10 11 12
Axds_wo 4.3 3.8 44 4.2 3.9 44 3.6 3.7 3.8 3.7 3.8 3.9

The statistical significance of possible hints about ordering is currently debated.
If they are not fluctuations, expect (fractional) improvements in upcoming years
Dedicated projects are planned with reactor, atmospheric, accelerator neutrinos

~ CEvgenyAkhmedov M PSummerSchool20i7 Auguste25 -p.61



SUMMARY

Status of known 3v oscillation parameters:
Precision era (but PMNS accuracy far from CKM)

* Trends of unknown oscillation parameters:
Favoring CPV with sino<0, nonmax 0,5, and NO

* Status of constraints from Ovp3 & Cosmology:
Sub-eV sensitivity; Cosmo analysis with NO vs |0

e Oscillation + nonoscillation global analysis:
Corroborates NO with respect to 10 at ~20 level

_ Evgeny Akhmedov MITP Summer School 2017 August 6-25 _
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PROSPECTS - oscillations

 Known 3v oscillation parameters:
Higher accuracy with LBL acceler., JUNO react. + others

e CPV:

If sind ~ -1, then T2K+NOvVA may probe CPV at ~30
Higher C.L. requires future LBL acc. (DUNE, Hyper-K)

* Hierarchy:
Expect progress from T2K+NOvVA and future expts:
JUNO reactor, LBL acceler., Large-volume atmospheric

e Octant of 0, (if significantly nonmaximal):
Lifting degeneracy possible, but not easy at high CL

~ CEvgenyAkhmedov M PSummerSchool20i7 Auguste25 -p.63




Several indications of existence of relatively light (Am? ~ 1 eV?) extra neutrino
species.

Must be an electroweak singlet (sterile) due to the LEP results on the invisible
width of Z° boson!

# LSND (v, — v. appearance)
# MiniBooNE (v, — v. and v, — . appearance)
o Gallium anomaly (v, disappearance)
# Reactor anomaly (7. disappearance)
There are also hints for existence light sterile neutrinos with masses in the eV,

keV or even MeV range r-process supernova nucleosynthesis, pulsar kicks,
warm dark matter and leptogenesis scenarios.

Also: very light v, (Am?2 ~ 10~° eV?) from the solar neutrino spectrum?
(de Holanda & Smirnov, 2004, 2011; Das, Pulido, Picariello, 2009)




Search for v, — v, oscillation at baseline L =30m, (E,) ~ 30 MeV.
An excess of 87.9+22.44+6.0 events over expected background (3.80) =

Py (7, = Ve) = (0.264 £ 0.067 £ 0.045) %

The oscillation interpretation requires Am? ~ (0.2 — 1) eV* — incompatible
with 3f schemes! At least one v, necessary.

KARMEN looked into the same signal (though with L = 17.7 m) but did not find
anything — excluded a significant part of LSND parameter space.




Search for v, — v, oscillation at baseline L =30m, (E,) ~ 30 MeV.
An excess of 87.9+22.4+6.0 events over expected background (3.80) =

Poo (7, — 1) = (0.264 & 0.067 £ 0.045)%

The oscillation interpretation requires Am? ~ (0.2 — 1) eV* — incompatible
with 3f schemes! At least one v, necessary.

KARMEN looked into the same signal (though with L = 17.7 m) but did not find
anything — excluded a significant part of LSND parameter space.

4-neutrino mass schemes:
242 ; 3e1) 2+2 schemes: ruled out by

combination of solar and
atm. v experiments.

3+1 scheme: strongly dis-
i, favoured by SBL expts.
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MiniBooNE: a dedicated experiment to test the LSND claim.

Baseline L =540 m, (F,) ~ 600 MeV; L/FE approximately the same as in
LSND.

Initial neutrino mode run: no strong evidence for v, appearance, but an
unexplained excess of low-E (E < 475 MeV) events.

Antineutrino mode run: excess (78.4 & 28.5) events in the energy range
200 < E,, < 1250 MeV. Neutrino run excess 162.0 +£47.8 events =
total excess 3.80.

Data in neutrino and antineutrino modes are now consistent (no hints for CP
violation) and are also consistent with the LSND claim.

A significant tension with data of previous SBL experiments (esp. v,
disappearance)!




- Appearance results from MiniBooNE ==

Chris Polly @ Neutrino2012, 1207.4809
Simultaneous 3+1 fit to v and anti-v data
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I Gallium Anomaly I

Gallium Radioactive Source Experiments

Tests of the solar neutrino detectors GALLEX (Crl, Cr2) and SAGE (Cr, Ar)

Detection Process: Ve + 1Ga — "1Ge+ e~
Ve Sources: e~ +°1Cr - 2V 4+ 1, e~ +3"Ar — 37Cl + v,
1 GALLEX Crl
1.1 T SAGE Cr
| T E ~ 0.7 MeV

1.0 A
(L)gaLLEx = 1.9m

) | ‘K (LYsace = 0.6m

0.8 -

p(measured)/ p(predicted)

Rg = 0.86 + 0.05

0.7 GALLEX Cr2 SAGE A

[SAGE, PRC 73 (2006) 045805, nucl-ex/0512041]

August 6-25
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ﬂ The Reactor Anomaly (RAA) A

IAS Mhero s
?7?7? Atm. oscillation Solar oscillation
A A A
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- Phys. Rev. D 83, 073006 (2011) —
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v mixing and sterile neutrinos
active neutrino mixing

(Ve\ (:Uel U€2 UeB' Ue4 (Vl

V.l | "Y1 UYr2 Urgl V3
\@9/) \Ua Us Ugs Us )\ w
eV—keV mass
- does not directly

couple to W/Z bOSOV‘ 3+] scenario

o L , minimal extension
mass splittings: ,
2 2 U 47~ 1

Am2 = m — m-
|Ue4|27 |U,u4|27 |U7-4|2 <1

¥ J

u - H - i !
logm2




*

Fitting all together?

3+1 SBL oscillations

appearance
Ams, L
P.e = sin® 20, sin’ 4;1 sin 20, = 4| Ues|?|Ua|?
disappearance (a = e, 1)
2 Amgy L

Poo = 1 —sin® 20, sin sin 200 = 4|Uaa|*(1 — |Uasl?)

» effective 2-flavour oscillations
» no CP violation — same results for # (LSND, MB) and v (MB) data

| T SChWCtZ Evgeny Akhmedov MITP Summer School 2017 August 6%4 -
| L



*

Fitting all together?

3+1 SBL oscillations

appearance
Ams, L
P.e = sin?20,,c sin? Zi_‘_l 5in2 20, = 4| Uea)?| Uya|?
disappearance (a = e, 1)
Ams, L
P = 1 — sin? 20, sin? — 41 $in% 2000 = 4|Una|2(1 — |Una|?)
1

sin” 20, ~ . sin® 20 sin® 20,,,,

v, — Ve app. signal requires also signal in both, v, and v, disappearance

(appearance mixing angle quadratically suppressed)

| T SChWCtZ Evgeny Akhmedov MITP Summer School 2017 August 6%4 -
| L



® 7, and v, disappearance in VSBL reactor exeriments and expts. with
radioactive sources

® v, — v, appearance experiments with accelerator neutrinos
» v, disappearance experiments with accelerator neutrinos
» 7, disappearance at TeV energies at IceCube

o Constraints on m,4 and U.4 in direct neutrino mass measurement
experiments and 250v decay

# Constraints from cosmology (depend on degree of thermalization of v,)




[l

Reactor experlments

experiment | technology [ m, [1] | Py, [MW] S/B | ogp/E
DANSS Gd-PS 0.9 | 3000 [10.7-12.7(100 | 0.18
NEOS Gd-LS 1 2800 25 23 | 0.05
Neutrino4 Gd-LS 0.3 100 7-11 <1 -
Nucifer Gd-LS 1 70 7 <1 0.1
Solid Li-PS 1.6 | 60-80 5.7 3 | 0.14
Stereo Gd-LS 1.8 57 89-11.1 [ 1.5 | 0.05
Prospect | °Li-PS 1.5 85 7-12 3 | 0.045

photon stafistical energy
resolution @ 1MeV
visible energy

¢ highly segmented

e highly segmented
& inhomogeneous
neutron detection

e movable detector

2017/06/01 18



(=)

v, disappearance global fit (3+1)
) ()
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Example: KATRIN + Stéréo + CeSOX

IAS B
Institute for Advanced Study

The RAA+GAA parameter space is probed at 98% C.L.

. 2
sin (26new)

Th. Lasserre — HEP 2017




The resonant enhancement

1.0 -
' . AN A
sinz @, = 0.02 " kel J/ V‘l’w' ' '
0.8
206
T
I::.a'
& 04
cosh, =-1
0.2
Standard
"\. oscillations 0.3 eV? 1 eV? 3 eV?
0'?01 102 0

= Energy of the resonance proportional to the mass splitting

= Sensitivity to |le|2 (or ©,,) and sterile mass

Energy [ GeV ]

= Sensitivity with IceCube using high energy atmospheric neutrinos

Andrii TERLIUK | Sterile neutrino searches with IceCube | 16 March 2017 | Page 7
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Sterile neutrinos at high energies

heutrinos > Effects above 100 GeV:

80 ~ . "
2 = MSW resonance-like transition to
4 @ i
% 10 60 sterile state
=~ g = Muon-anti neutrinos
i 110 B
| 3 = Energy of resonance ~ A m?
168 c 41
20 & = Sensitive to angle 6,,
~1.0 —0.8 —0.6 ~0.4 0.2 0.0 0.2 ° Expected signature:
cosﬁ?,f:'“f 15
10° 100 " 14
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80 ~ 1108
Effects of a < g
] s - : 19 <
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= 10 ! Q O 33 S
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' Andrii TERLIUK | Sterile neutrino searches with IceCube | 16 March 2017 | Page 11 P,E‘S\l
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Sterile neutrinos at high energies: results

Phys. Rev. Lett. 117, 071801
10" ¢ — : _
==
10° L
N i
= i
o [
o =
~ o |
< —1
10 £
| = IceCube 90% CL. :
90% C.L.sensitivity |
— (68% and 95%) ;8 -
Kopp et al. (2013) Wzl B
mmm= Collin et al. (2016) =1 R=
a 12| D
s
10 10 10
sin® 26,,

= Strong exclusion limits

= Only 1 year of data used
Andrii TERLIUK | Sterile neutrino searches with IceCube | 16 March 2017 | Page 12




MANCHESTER

The University of Manchester Ste ri Ie ne utri nos
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Summary - sterile neutrinos

hints from reactor and Ga anomalies at ~30
(not in tension with other data)

hints from LSND, MiniBooNE ~3.8C0
low-E MiniB data not well fitted (few% prob)

strong tension in global fit (constraints from Vu '
disappearance experiments)

no significant improvement by more sterile
neutrinos

T. Schwetz  evgeny Akhmedov MITP Summer School 2017 August 6-563  Lplgz






Ways to find out neutrino mass ordering:

s Earth matter effects on (Ams3,, 6,3) — driven oscillations

s LBL accelerator experiments

s atmospheric v experiments with very large detectors
(PINGU, ORCA,...)

s Supernova neutrinos

o \ery accurate spectroscopic measurements in reactor expts.
with L ~ 50 — 60 km (JUNO, RENO-50)




sign(Am?5,) with reactor neutrinos

55 km

>
Th. Lasserre — HEP 2017 distance




20 kt JUNO Experiment (China, 2020)
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Impressive achievements but the road wasn’t always straight ...
A number of wrong results and claims —

X

e o o @

o

S- and T-variants of weak interaction rather than V- and A-variants in
B-decay of °He (BNL, 1953, 1955)

Claim of discovery of v oscillations in Bugey experiment (1980)
m, ~ 30 eV In ITEP tritium g-decay experiment (1980, 1987)
Majoron emission in 230v-decay (PNL/USC, 1987)

17-keV neutrino in decays of 2H, 3°S and *C (Guelph, Oxford and
Berkeley, 1985-1991)

KARMEN time distribution anomaly (1995)

# Time variations of m? in tritium 3 decay (Troitsk, 1997-2000)

OPERA faster than light neutrinos

Neutrino experiments are very difficult — caution is advised !




What we don’t know yet

(but would like to know)

9

Dirac or Majorana? — 23 decay experiments, SN PNB v, — 7,
conversion/collective effects in v, < v, - (?)

The absolute mass scale? — Direct mass measurement experiments
(KATRIN, ECHo, Project 8,...); 23 decay, cosmology

NO or 10 mass ordering? — Matter effects in atm. and accel. neutrino
experiments and for SN neutrinos; reactor experiments at ~ 60 km
(JUNO, RENO-50)

Dirac-type CPV phase? — LBL accelerator experiments (T2K, NoVa, ...),
atmospheric neutrino experiments

Majorana-type CPV phases? — 2 decay (?)
Light sterile neutrinos? (SBL reactor expts., radiactive source expts., SBL
accelerator expts., lceCube, 5-decay, 250v-decay)

Evgeny Akhmedov MITP Summer School 2017 August 6-25 —p. 89




» Study directly matter effects (MSW, parametric) on v oscillations

# Improve the accuracy of determination of the already known parameters
( |Am§1|, Am%l, 913, 912, (923 — OCtant?)

» Improve our knowledge of the solar energy production (CNO neutrinos,
high vs. low metallicity solar models, ...)

» Study matter dominated — vacuum dominated transition in the dynamics
of solar neutrino oscillations

# Study (discover or put more stringent limits limits on) non-standard
neutrino interactions, neutrino magnetic moments, mass varying
neutrinos, etc. (possible subdominant transition effects in solar, atm.,
accel. and SN v expts.)




# Neutrino mass models (trying to understand the physics underlying
neutrino mass and mixings and the theory of flavour in general)
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» Neutrino mass models (trying to understand the physics underlying
neutrino mass and mixings and the theory of flavour in general)

# Neutrino oscillation and flavour conversion phenomenology — the
standard neutrino oscillations, NSI, Lorentz inv. and/or CPT violation,
MaVaN, ...

#» Some (more or less) exotic ideas — neutrino tomography of the Earth,
Mossbeuer effect with neutrinos, neutrinos for extragalactic
communications and for communications with submarines, neutrinos for
earthquake prediction ...

> Smallness of neutrinos mass: seesaw (type |, Il, lll) most popular and
attractive explanation (extra bonus: Baryogenesis via Leptogenesis).
Seesaw: A mecahism rather than model.

& Neutrino models: too many, but no clear leader. Most attempted some type of
symmetry to arrive at the tri-bi-maximal mixing pattern — now disfavoured.




# Non-standard oscillation phenomenology: subleading effects. Interesting
constraints obtained.

#» New development in standard neutrino oscillations: collective effects in
oscillations of SN neutrinos (many papers). Interesting spectral splits.

> Theory of neutrino oscillations: Surprizingly, 60 years after the suggestions
of neutrino oscillations and 19 years after their experimenta discovery some
basic questions of the theory are still being debated.

¢ Ultimate goal — Unravel physics underlying neutrino mass generation

— New interesting results (new surprizes?) expected.




Neutrino revolution continues |
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