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A SNOw day
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Neutrino-Electron Scattering (ES)
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SNO Run Sequence

Phase 1 (D,0)
Nov. 99 - May 01

Phase II (salt)
July 01 - Sep. 03

Phase 111 (*He)
Summer 04 - Dec. 06

n captures on
2H(n, v)*H
o =0.0005b
Observe 6.25 MeV vy
PMT array readout
Good CC

“H+n
s 6. 25 MeV

2t NaCl. n captures on
fi'sCl(n_ \I,'Jf‘.ﬁC|
o=44b
Observe multiple y's
PMT array readout
Enhanced NC

1Cl+n
8.6 MeV

40 proportional counters
3He(n, p)3H
0=5330b

Observe p and °H

PC independent readout

Event by Event Det.

<«<— Scm —>

-1

n+He — p +3H
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SNO Results
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All neutrinos are coming but 60-70% in wrong flavour
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Solutions with oscillations

. CE MV,
vacuum oscillations: A’""“Tml—fﬂo 1,y
m

Matter oscillations

Mikheyev, Smirnow, Wolfenstein
Vx c C Ve ,
Y/ Z \e Ve C | ,

potential V-V, :\EGFHQ I

new matter eigenstates v,.,,vom
with new mixing angles
depending on E, n,

Interesting new effects: Regeneration = day-night asymmetry

Is the Sun shining brighter at night?
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MSW-effect
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Hamiltonian contains electron density Hww = \/EG F N.«,-Vf--'}(ﬂ/ e
Am* cos 20
Resonance density N, =
2V2GRrE
; — 1.0 e R
S Solar density profile SSM sin?20,,
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Matter effects
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Matter-Oscillations

Am? J
MSW results in o

dramatic extension of
possible Am? regions’

107

SAGE & GALLEX
Kamiokande
— == Homestake

Vacuum
solution

sin? @ /
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Borexino
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Bore
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After SNO ki
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There is more help!
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KamLAND

* Large number of
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v TP—=¢€¢ +n

* Concentration at
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— — 30N
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nuclear power plants
around Kamioka mine

about 180 km distance
* Test of LMA solution
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Results solar neutrinos and reactors
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What about 8,5 ?
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Clear evidence in short time

Daya Bay
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--- No oscillation

~ Best Fit

. +

About 7 years ago nothing was known, now it's the best known angle
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Status 2018

parameter best fit = 10 30 range
Am2, [10~%eV?] 7.55%0%  7.05-8.14 |
|Am?,| [1073%eV?] (NO)  2.50+0.03  2.41-2.60 -
|Am?2,| [10-3¢V?] (10) 2421083 931905 N o)
y <
sin? 0,5/10! 32000% 273379 [ °
Q
sin? 0,,/10~! (NO) 5471035 445599 4% &
sin? #,,/107! (10) 551103  4.53-5.98 |laam 3
sin?6,5/10~2 (NO) 216010983 1 96-2.41 3
. =1 ) )¢ FUUT‘] OO0 A/ 3'5% ‘-2-
sin“ #,3/10~* (10) 2220076 1.99-2.44
§/m (NO) 1.324021  0.87-1.94 [N
6 /7 (10) T 1.12-1.94

deSalas et al, 1708.01186 (May 2018)
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Neutrino mixing

www.nu-fit.org

Leptons

(PMNS) : 0.800 — 0.844 0.515 — 0.581 0.139 — 0.155
\U| = |0.229 — 0.516 0.438 — 0.699 0.614 — 0.790
0.249 — 0.528 0.462 — 0.715 0.595 — 0.776
Compare to
0.97419 0.2257 0.00359
Quarks Veku| =~ 0.2256 0.97334 0.0415
(CKM):

0.00874 0.0407 0.999133

Pirsa: 18070029 Page 27/59



Neutrino mass schemes

* almost degenerate neutrinos m,;= m,= m,

. . normal hierarchy (NH) inverted hierarchy (IH)
hierarchical ) )
3 m- 4 Arm”
neutrino — ;
mass schemes I Ig,,,;{,, |
/1
Ams, .,
;\”j”llm
¥ Vs
‘Am:’“l
V)
v, Vy Vr
normal inverted

-We do not know which scheme is realised in nature

- We don‘t know absolut scale
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Mass hierarchies and DBD

With the known oscillation results everything is fixed

General dependence Current data

10°
hierarchical cancellation quasi-degenerate
1 A cos 20 fonly formzh 10 NH (30)
T €1 08 2012 IH (3a)
s, .| excluded
= 10
< 10 NH (1)
0.1 ¥ 1 IH (1a)
"""""" g 10!
T, T e : 3
— 0.01 ;'.. -c
él o 107
2 -
- ¥ ©
0.001 miclehy, & 10% F >
T —y/AmE + mishcl, D
Am? sicly : _—
Sl Am? + mis?,
+ \/‘Amf\ 81y \/ A =13 107
0.0001 |
0.0001 0.001 0.01 0.1 1
() nor () nor (1} nor (2} no -5 i I
e > |mee m [eV] e > |mee 0% L
| | | | | | | | 107 107 107 10!

Minimum  mass [ 1eV]

M. Lindner, A.. Merle, W. Rodejohann,
Phys. Rev. D 73, 053005 (2006)
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The £isv OI%_V
P(v,—v,)=P+P,+P;+P,
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: . o ;'lp £ . AL
Py, = cos® fy35sin” 2812( A ) sin’ ~

100Z d3HI EMB)OUNN 7§ eleyeuly

NVASPANFAVE A]:;L-—_ AL . BiL v

Ps = Jcos ﬂ( } COS S sin vacuum

A\ By 7, 2 2 |
: (A2 [Ay: AL . AL | B.iL
Py =7F :Jm:)( 11') [HH] sin l; sin — - sin 5 "

‘ . - - 1 2 3 4 5
A-m.?j P(vy—=Ve)%
Bi = 3R By = |[A+ Ayl
A = V2Gpn, = sin 265 sin 2693
8-fold degeneracy among parameters

Magic baseline:  2Gpn.L = % — sin( %) =0 L=7500km

Pirsa: 18070029 Page 30/59



Pirsa: 18070029

Future: DUNE
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Sanford Underground
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countries

Fermi National
Accelerator Laboratory,
lllinois
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Why are neutrinos so light? See-saw mechanism

See-Saw Model for Neutrino Masses

“right-handed”  leptons neutrinos

neutrinos ‘ 27\2 |
g 80 o) .
interactions) ‘ (v, Re M [NLJ |
R |
1010 Gev 1GeV 10 19GeV| 0 M | N
y -

DREGDEN
concept
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Why are neutrinos so light? See-saw mechanism
See-Saw Model for Neutrino Masses
“right-handed”  leptons neutrinos
neutrinos ‘ 2702
(no gauge .3.!%)_ -
interactions)
.
1010 Gev 1GeV 10 10GeV 0 M N
| .2
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Supernova 1987A
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Desperately Waiting for the next one (u107:38352/23'07)
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Expected spectra
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1d simulation of a 27 M_, star by Garching group
See review by Janka, Melson, and Summa (2016)

99% of binding energy released in neutrinos
Only source were neutrinos are not free streaming, Collective effects

3 D Supernova models exist

Early warning system SNEWS exists
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GUT- Theories

Smallest extension: SU(5)

ay

1/45

1 1 -
1102 103

Higher groups and SUSY Q (GeVic?)

SO(10) — SU(5) — SU(3) ® SU(2), ® U(1)

r‘;
SO(10) — SU(4)gc ® SU(2);, ® SU(2) J

DREGDEN
concept
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