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Since the beginning of this school. . .

@ you have had lots of presentations involving neutrinos:

02/07
03/07
03/07
04/07
05/07
06/07
07/07
13/07

@ finally, we are going a bit more in depth about the v. ..

Introduction to astrophysics 1
Introduction to astrophysics 2

KM3Net

Introduction to Particle Physics @ CPPM
BAO

Super-Novae

SuperNemo

Particle Physics 1 @IPHC

@ and after this lecture you'll still hear about them:

16/07
19/07
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Outlook

Neutrino History and Properties

Using Neutrinos as a Probe of the Universe

Neutrino Oscillations

Neutrino Masses

Neutrino in relation to Matter/AntiMatter asymmetry
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The birth of the neutrino: measuring the 3 spectra
1896 Becquerel discovery of radiation

» 3 decay: e emission 280¢
e

» e observed should have known energy (2-body decay)

ERa:EAc+Ee ; pa_pe+pAc ; E2:m2+|:5|2

2 2 2
o MR — Mac + Mg

2Mp,
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The birth of the neutrino: measuring the 3 spectra

1896 Becquerel discovery of radiation
228AC
228 4>_@<
e

» (3 decay: e emission
» e observed should have known energy (2-body decay)

1914 Chadwick observed continuous electron spectra from S-decay

Energy spectrum of beta
decay electrons from 210g;

Intensity

Expected
e energy

0 0.2 0.4 0.6 0.8 1.0 12
Kinetic energy, MeV
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The birth of the neutrino: A letter from W. Pauli (1930)

bt . PlbT e o T 2303
Absohrift/15.12.96 -

Offener Brief an die Qrunpe der Radicaktiven bei der

Gauvereins-Tagung su Tibingen.

Abgohrift

mmhu-uh- Inatit
eenntachen fochschule Zirich, Lo Dose 1930
Oloriastrasse

14ebe Radicaktive Dumen und Herren,

Wie der v.bmr disser Zellen, den ich huldvolls
snsubbiren bitte, des niiheren auseinendersetsen wird, e ich

des kentimiferlichen beta-Spektruns suf oinen versveifelten Ausseg
verfallen wn den "H.uml.uh' (1) der Statiavix vad don Rarglomts

Mun handelt es sich weiter darus, welche Kxifte suf die
Meutronen wirken. Dus wahrscheinlichste Nodall fér das Neutron scheimt
mir gus Wellenmechanisshen Grlinden (niheres welss der Usbsrbringer
deger Zeilen) dicseo wa sein, dace das ruhends Neutrom ein

o

4 vohl nicht grosser sein ela
Ich traue mich m-um- -xm nicht, etwas iber diese Ideo
und

mmn,mrmnh-qu-nmmmwm
‘wanig wahrscheinlich erscheinen wird, weil man die Neutronem, wem
aho @istioren, wohl sohon Ifngst geseben Hitte. Aber mur wer wagh,
uad dor Ernst der Sitasticn beim kenmb: liche

W. Pauli, Phys. Today 31N9 (1978) 27.

osprReh Rednes
Herrn Detye, .
Sl e oy e ek, s - Copyright © The Nobel
Also; liobe Redicaktive, priifet; und richtet.~ Lalder kann ioh nicht

pordialicn ?ﬁ‘fﬁm""* mhng Sactt Foundation 1945

am-m

@3, W. Pamdd
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The birth of the neutrino: A letter from W. Pauli (1930)

Dear Radioactive Ladies and Gentlemen,

As the bearer of these lines, to whom | graciously ask you to listen, will explain to you in more detail, how
because of the “wrong” statistics of the N and ®Li nuclei and the continuous beta spectrum, | have hit upon a
desperate remedy to save the “exchange theorem” of statistics and the law of conservation of energy.
Namely, the possibility that there could exist in the nuclei electrically neutral particles, that | wish to call
neutrons, which have spin 1/2 and obey the exclusion principle and which further differ from light quanta in
that they do not travel with the velocity of light. The mass of the neutrons should be of the same order of
magnitude as the electron mass and in any event not larger than 0.01 proton masses. The continuous beta
spectrum would then become understandable by the assumption that in beta decay a neutron is emitted in
addition to the electron such that the sum of the energies of the neutron and the electron is constant... |
agree that my remedy could seem incredible because one should have seen these neutrons much
earlier if they really exist. But only the one who dare can win and the difficult situation, due to the
continuous structure of the beta spectrum, is lighted by a remark of my honoured predecessor, Mr Debye,
who told me recently in Bruxelles: “Oh, It's well better not to think about this at all, like new taxes”. From now
on, every solution to the issue must be discussed. Thus, dear radioactive people, look and judge.

Unfortunately, | cannot appear in Tubingen personally since | am indispensable here in Zurich because of a
ball on the night of 6/7 December. With my best regards to you, and also to Mr Back.

Your humble servant,

W. Pauli

[translation to english: http://www.pp.rhul.ac.uk/~ptd/TEACHING/PH2510/pauli-letter.html]

Physics for Both Infinities — Summer School July 13" 2018 7/63


http://www.pp.rhul.ac.uk/~ptd/TEACHING/PH2510/pauli-letter.html

The birth of the neutrino: quick (theoretical) acceptance
1896 Becquerel’'s g decay: e emission

228 p o
228
e
1930 Pauli’s 8 decay: invisible v emitted carries away part of the energy 228
228p e U

1934 Fermi incorporated the v in the electroweak theory

» Pauli’s “neutron” renamed as neutrino due to discovery of “atomic” neutron (1932)

@ Current “Standard Model” view of /5 decay:
d
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First measurement of neutrinos: “Project Poltergeist”

@ First step: find adequate v emitter. . .

Nuclear
explosive
Fireball
’ Buried signal line
30m for triggering release
= 40m | ‘

Back fill— Vacuum
pump
Suspended ——
detector Vacuum

line
Vacuum —-
tank

Feathers and
foam rubber

Figure 1. Detecting Neutrinos from a Nuclear Explosion

Antineutrinos from the fireball of a nuclear device would impinge on a liquid scintilla-
tion detector suspended in the hole dug below ground at a distance of about

40 meters from the 30-meter-high tower. In the original scheme of Reines and Cowan,
the antineutrinos would induce inverse beta decay, and the detector would record
the positrons produced in that process. This figure was redrawn courtesy of Smithsonian

Institution. Los Alamos Science Number 25 1997

http://permalink.lanl.gov/object/tr?what=info:lanl-repo/lareport/LA-UR-97-2534-02

ino physics
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First measurement of neutrinos

1956 Reines and Cowan detected v from Savannah River reactors

@ fdecay:n —+p+e +7,
@ To measure neutrinos,
“invert” the process:

p+7 —n+e’

source of 7,: nuclear reactor prant®

> {

» target: p in water giw,gtwateHCd
» et e =2y

>

Cd in water Capture produced n Figure 4. The Savannah River Neutrino Detector—A New Design

The neutrino detector is illustrated here inside its lead shield. Each of two large, flat
plastic tanks (pictured in light blue and labeled A and B) was filled with 200 liters of
water. The protons in the water provided the target for inverse beta decay; cadmium

108 C d +n— 109m C d - 109 C d + 5 chloride dissolved in the water provided the cadmium nuclei that would capture the

neutrons. The target tanks were sandwiched between three scintillation detectors

PMT+liquid scintillator

(1, 11, and Ill). Each detector contained 1,400 liters of liquid scintillator that was viewed
by 110 photomultiplier tubes. Without its shield, the assembled detector weighed

» ~ emissions separated by 3 - 10 us about 10 tons. Lo AlanesScince Nomber 25 1997
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Delayed-Coincidence Signals from Inverse Beta Decay

(a) T=0 Positron annihilation produces electron signal.

Energy
discriminator
—_—
Detector | / Signal

Top triad

Target tank B ]

Bottom triad

Positron
prompt:

Neutron

-
Detector Il ==
—

circuit

(b) Positron scope GOOD
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Neutron scope

Top-triad
event
counter

Bottom-
triad event
counter

(b)

Bottom triad

T=3ps Neutron capture produces neutron signal. Energy

Top triad

inator

é Neutron,
Eam——
51

coincidence

Positron
prompt

circuit

Positron
prompt

< Neutron Botiom

L/ #\3s

To recording osci

prompt:

triad event
coincidence|

counter

circuit

j circuit

(e) Positron scope BAD

(U]

Los Alamos Science Number 25 1997

Neutron scope BAD
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Neutrino properties

1957 Wu shows weak interaction violates parity
1958 Goldhaber measures v are left-handed

Beta emission is
preferentially in

the direction 8,
0

opposite the
nuclear spin, in
violation of
conservation
of parity.

Wu, 1957

GOCO* eq\li+e'+\7",

spin Figure 1. The relation be-
tween the directions of the
emission of the y-ray and
the recoiling nucleus for dif-
ferent signs of neutrino
helicity. The solid arrows
show the direction of mo-
tion and the hollow arrows
show the spin direction.

v
L
! e + ﬂ» momentum

—~— spin
°
Neutrino
(left-handed)

— Eu"+e¢ -
“Sm
v M) For v RH.
— 152 ym o =
v N Sm
1 ) For v LH.
152G e
RH.v Y m Y LH.v
Backward Forward

—p= spin

Antineutrino
(right-handed)
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Neutrino properties

1962 Lederman, Schwartz, Steinberger discover v, (9% 1988)
» there is more than one type of v!

dCCGy ‘71:+ - M+VM iron muon absorber
........ N
eutrino detection IR
- -
Vu +N — ‘u— + X target LEEEE N «I
v, + N>>5e +X o spark chambers

first neutrino beam

1967 Standard Model of elementary particles proposed
» Model works well up to now. ..
» ...however, no v mass foreseen

2000 DONUT discovers v,



The Standard Model and Neutrinos

@ Standard Model poses m, =0 c 2v
» In SM, m; from Higgs mechanism: g I
need L and R helicities g 30 ALEPH
» (interacting) v only have L field - DELPHI
> now know: 0 < >7;m, < O(1 eV) [ L3
> even assuming vy exists, m, << Mg g,y OPAL
20
neutrinos de sie pe 3
- ¢ average measurements,
U Ll ce L) error bars increased
e e Te I by factor 10
i * & g g ¢ W
@ From Z° width measurement [
» only 3 v with m, < 45 GeV 0 ! ! ! ! !
» from SM symmetries, and small m, 86 88 90 92 94
= only 3 families of particles E_, [GeV]
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Neutrino Interaction with matter

Looking on the v side of the interaction

Charged Current CC interaction :

Neutral Current (NC) interaction :

14
\>§//
@ Measure of produced lepton (¢) — define v flavor
@ May measure recoil of nucleus or hadronization
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Neutrino Interaction with matter

Classifications regarding what happens on nuclei

Elastic v, — € elastic Quasi-Elastic (QE)
14 14 ye e Vé E
e; N e, N e Ve N N!
Resonant (RES) Deep Inelastic (DIS)
Vf I/Za g VK Ve, e
A T
N N N }hadrons

@ For detection purposes, need to consider nuclear effects at low energy
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Neutrino Interaction with matter: cross section

10738 ; ; 0.4
Hep—een 31.4 . 3 0.
e . 2 neutrinos 203
R . %
|0~!9> /," ..
. % 1 % 0.3
p= =0.2!
‘ifo' W I
5§06 So4 . .
B T | antineutrinos
20.4 @ 0.1 tld
4 I
go. 0.0 i
o o . -
> [} 1> i’ 1 —
" 10" 1 10 1
TeTTET R, E. (GeV)

@ data from v, CC cross section (per nucleon)

@ low cross section:

» for E, ~ 3 MeV — O(1 light-year of lead)
» for E, ~1GeV — O(1 a.u. of lead)
» for E, ~ 40 TeV — O(Earth’s diameter @ Earth’s density)
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Using neutrinos to measure the Universe
@ Potential to test astrophysical models since:
1965 Detection of Cosmic Rays v: gold mine exps, ..., SK, IceCube
1970 Detection of Solar v: Homestake (% 2002), ..., SNO, SK, Borexino
1987 Detection of v from SN1987A: Kamiokande (% 2002), IMB, Baksan

80 7|
‘2 s 89

40| 34 6

%50 10 Z0TME (sec)
Z 80f ué i //"" -uz 10°2
& i 4 ]
5 eof | e ds =
w | 1" |
w 40 I -‘oe w
- | 10| 12 | o
EANTHTRais | TN TH -
EENE BN S g

-20  -10 9 0 20 TIME (sec)
(U.T07:35352/23'87)

FIG. 9. The time sequence of events in a 45-sec interval cen-
tered on 7:35:35 UT 23 February 1987. The vertical height of
each line represents the relative energy of the event. Solid lines
represent low-energy electron events in units of the number of
hit PMT, Ny, (left-hand scale). Dashed lines represent muon
events in units of the number of photoelectrons (right-hand
scale). Events p1-u4 are muon events which precede the elec-
tron burst at time zero. The upper right figure is the 0-2-sec
time interval on an expanded scale.

oo I L B B B L B B B e

e KAMIL ]|
o IMB

ENERGY (MeV)
358
—0—
—O0—_
L1 1

; ]
ot $ o]

1
4 5 6 7 8 9 10 11 12 13
TIME (sec)

L L

S |
o1 2 3

FIG. 15. Scatter plot of energy and time of the 12 events in
the burst sample observed in Kamiokande-II, and the 8 events
in the burst sample observed in the IMB detector. The earliest
event in the sample of each detector has, arbitrarily but not

un-
reasonably, been assigned t = Phys. Rev. D38 (1988) 448-458.

2013 Detection of astrophysical v: lceCube
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Verifying the Standard Solar Model with Neutrinos

@ The Solar Model predicts the Sun produces v, during the reactions to fuse H in He.

1012

» The pp chain:
Fip 1 9 101 /m 1% Bahcall-Serenelli 2005 E
0 %H + 1H2 - 2Hf + v 1010 | Neutrino Spectrum (+10) 4

Q jHe - H+e" +yu
©Q H+ H - jHe+y Joeeemohs 1
Q He+ iHe — jHe+ 2 H

\
\
\
\
\
\
o
@
.- B
i
o

» Other chains produce varying
amounts and energies of 1,

Flux (cm-2 s-1)

» v produced at center of the sun
reaches surface in ~ 2's

* same for v takes O(10° year). ..

Neutrino Energy in MeV

@ |dea: Measure v from Sun to check model!
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Verifying the Standard Solar Model with Neutrinos: Homestake
@ Build detector with 100k gallons of tetrachloroethylene (common cleaning fluid)
» Detector 1.5 km below surface in Homestake Mine
» Detect neutrinos through: v, + *"Cl — *"Ar + e
* Energy threshold: 0.814 MeV
» Every few weeks, count how many *”Ar produced
* Extract °"Ar, count decays (r=35d)... expected ~1 count/da

' Astronhvsical Journal 496:505}7-526 (1998)
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Verifying the Standard Solar Model with Neutrinos: Exp. Results
@ Discrepancy on “expected” and “observed” rate of v = “Solar Neutrino Problem”
» Homestake: observed 2.56 + 0.23 SNU; expected 8.1 + 1.2 SNU

(1 FWHM Results)

: HIMH) M" M'-W*N'

Total Rates: Standard Model vs. Experiment
Bahcall-Serenelli 2005 [BS05(0P)]

.
6
1 5
5
k(s 2 8.1+12 " 1261¢ 1.0:318
5 o .Q+018
N a3 7
| te UBBiUvOB
‘ \ ’
T '
0 0. .

37Ar production rate (Atoms/day)

00
1970 1975 1980 1985 1990 1995 0.41+0.01
Ye 2.566+0.23
F1G. 13.—Homestake Experiment—one FWHM results. Results for
108 individual solar neutrino observations made with the Homestake chlo-
rine detector. The production rate of *’Ar shown has already had all Superk SNO
All v

known sources of nonsolar 37Ar production subtracted from it. The errors

shown for indivi are statistical errors only and are sig- C1 H,0 Kamiokande Ga
nificantly non-Gaussian for resulls near zero. The error shown for the

ive result is the of the stati: and ic errors Theory ™ "Be W P—P. PeP Experiments m
in quadrature. 4 8 M CNO Uncertainties

Astrophysical Journal. 496: 505-526. (1998)
@ Lowering the detection threshold energy [GALLEX/GNO, SAGE]:
» Replace *"Clby "'Ga as target: 1, + 'Ga — "'Ge + e
» Detection threshold: 233 keV

@ Still deficit of v. .. — oscillations?

Physics for Both Infinities — Summer School Neutrino physics July 13" 2018 21/63



Neutrino Oscillation (in vacuum) — overview

v production v propagation v detection

e, e
1 V. 1 —
=+ I 1 I
e vy | :
! - ! 3701/
/ “ : % s
! ! Ar
oHe | |
* : —IiE;t :
) = Zj Uej |Vj> ! |Vj> —e |Vj> ! |Vj> = Za Uaj Vo)

2
P(ve = ve, 1) = |[(ve|ve, D

@ For oscillations to happen {[v,)} and {|v;)} different
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Neutrino Oscillations — simplest case

2 flavor case, vacuum
@ 2 v interaction flavours (1, and v,)
@ mass eigenstates {|v;)} = {|v1), |r2)} # {|v,)} flavour eigenstates

@ mixing matrix U: |v,) = 3_; U, |v;) with UU' =1 (ie, U rotation matrix)

cosf sinf
U_< —sind cost9>
@ Propagate through space time as plane waves in mass state:

e, t) = Y Ugie™ 5" |) = cosfe™ ™" 1) + sinhe™ "' |1)
)

@ Py — 1, t) = || (t|ves )]|2 = 1 — sin®(26) sin®[(E, — E;)t/2)]
@ Given m;small: E; = \/mF +p° ~ p+ 15”—;; and t ~ L, therefore (E, — E)t ~ %ML ~ AML

P 2E
= P(1p — s, L) = 1 — sin’(20) sin’ (Am%)
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Neutrino Oscillations

3 flavor case, vacuum

* p —inmy L P 2 2
P(Va — Vﬁ) = Z UﬁjUajUﬁkUake ]k2p, Am]k = m] — mk
Jk

@ 3 known v interaction flavours : 1, v, and v, = matrix Uis 3 x 3

“atmospheric sector” “reactor sector” “solar sector”
—is
1 0 0 Ci3 0 Si3€ foce Cio S12 0
U = 0 023 323 X 0 5 1 0 X — S1 2 C1 2 0
i
0 —S3 G —S53€° 0 Cy3 0 0 1
Sj =sin6j, ¢; = cos b

@ 0Oo3, 043, 015: v mixing angles
@ Jcp: leptonic CP violation phase
o Amgz, Amb,: v mass splitting
» Note: Am§1 = m§ — mf = Am§2 + Amﬁ1
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Neutrino Oscillations

3 flavor case, vacuum

—P(v,—> V)
—P(v, >V
~ 1.0 P( * )
; = —P(v,—>V,)
. 0.9
I
% 08
0.7 »
= N
= <=
“°F =
E 7]
0.5 ’?3
= ]
04— C\\I’
- NC
03E” @
0.2|¢
0.1
0.0 e LS [ - st
) 200 400 600 800 1000 1200

L/E (km/GeV)
—2.43-10 "% eV2/ic*, 5,5 = 0°.
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Neutrino Oscillations
3 flavor case, vacuum
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Neutrino Oscillations Matter Effects
@ In vaccum Hamiltonian H is

Ho = 5gU diag(mi, m3, mg) U’

2E
» NB: H=H' +al, o term is global phase — H and H' same for oscillations
@ In matter, Hamiltonian H,, = H, + H,,;, with H,,; describing interaction » — matter
» Of interest here is the elastic scattering where coherence of v preserved
» v —u and v —d not interesting as Hj,, « 1 and H,-‘,’,, x 1
> v —e interesting: H, = diag(V",0,0) + V41, with V¥ = £V2GeN,
* N,: electron density in medium * + sign for v and — sign for v
@ For 2-flavor osc.: § — 6, matter mixing angle related to matter-eigenstates |v!")

N, 2 Am? cos2
tan20, = — 220 Am2 _ Ap?cos20 <1 T $> +tan220; N[ — A cos20
15 N,/NL N 2EV2Gr
@ Resonance condition for specific densities if v and AM? >0 (or 7 and AMP < 0)
@ Large matter effects in Solar (Am§1) & Atmospheric (Amgz) v
@ As §gp, produce v — 7 asymmetry observable in experiments

Physics for Both Infinities — Summer School Neutrino physics July 13" 2018 27/63



Experimental Overview

. ORCA KM3NeT-ARCA
107
1022
1096
’,_l,_‘ 1021 apury
% 105 g
3 3
— 1020 —
R tau production 1 04
" DAESALUS threshold
1 019 Day@B:ay
103
10180
10° 102 101 100 100 102 10°
E, [GeV] arXiv:1607.02671
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Atmospheric Neutrinos

Primary cosmic rays

Physics for Both Infinities — Summer School July 13" 2018 29/63



Atmospheric Neutrinos: Neutrino Oscillation Signatures
3 Flavor P

-V, Vy-Vy

3 Flavor Py,

35 40 45
E (GeV)
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Atmospheric Neutrinos: Neutrino Oscillation Signatures

3 Flavor P, _, 3FlavorP, _, 3 Flavor P, _,,

g i

So. 0.9

-0.2] 0.8
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-0.4] 0.6
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-0.8] 0.2
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The Super-Kamiokande Detector

O BRAZFEEFRA SEFERUFAREE
SUPERKAMIOKANDE i e
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< light speed in medium Cherenkov radiation

Detecting v at Super-Kamiokande ‘

ILLL L, A b
5001000 1500 2000 B0 1000 1500 2000
Times {ns) QD Times (ns) Times ins)
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Discovery of Neutrino Oscillations: Super-Kamiokande @ 2015

Zenith _angle dependence

Svmmary
(MMH‘I G’ev) _— — ) )
i ions
U geing Down going Evidence for Vu oscillat
ool ¥
arcetie D Voo Ve BoY.CL.
% wh (a) FC e-like —+£ /Xz(Shllre) - ,
@ % 60 % =2 8/4,{4» 3
B 40 U "§ w0l
£ MC 2P =gq3+0.13
5”’ +MC stat | Down 1 =012 °_2 ,:::tm
0 1070
(ZE{) %m . “‘Z;”C X §SMP2) = A containe
gy U_ 0/ 4 dof PELIE A
ool i 6
Ul e a0t A T ]
TP (620 izt
. - ws® .
% Up/Down syst. error for u-like sn220 > 0.8 .
o [flux caleulation - £ 1/ ¢ {AW\I ~ 10",\, 107
?red-ctoﬂ(,km rack serp, S o 280 )1?/
Energy calib. for 'N, 07/
e (Non D Background ---- 22 217 ( Vuole or V=l ?)
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Recent Super-Kamiokande results

SK-I+II+1lI+1V, 4581 Days

1000

a-.nh—:ﬁ-_.-;

1500F Prediction ]

1000 -—'#__,..J—""'*

Y ——

300

200

"g 5001 b 500 gK Efls 100
d) [ "1 T b
> Sub-GeV e-like Sub-GeV p-like UpSto
L f i
w 0 8994 Events 9359 Events 0 1286 Events
"6 - ] 1 -1 0 1 -1 0.5
o 600 . 1000 . -
-g 1000
= 400} E
=z 500} 1
500
200 &
Multi-GeV e-like Multi-GeV p-like + PC UpThrough p
0 2463 Events 5068 Events 0 5475 Events
-1 0 1 -1 0 1 -1 0.5

cos zenith
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Sudbury Neutrino Observatory (SNO)

@ Located at Sudbury mine located in
Canada

@ Acrylic vessel filled with D,O
surrounded by H,O

@ 9600 PMTs configures in a geodesic
sphere

@ Very low energy threshold of ~1 MeV
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SNO: detecting neutrinos
CCQE reaction

NC reaction ES reaction
p p n p UK}\%G
e uud
VZ e
e + Vg
W
Ve dud udu vy dud udu
T p ~n p Ve o
“deuteron

deuteron
v, only

@ CCQE and ES: e can be seen via Cherenkov radiation
» For ES: O'gé =ogg ~ 0150 = ~7:1:1 (14 : 1, : 1) at detection
@ NC: need to detect free n (different strategies implemented)

Physics for Both Infinities — Summer School
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SNO: detecting neutrinos
@ Split up into three distinct phases:

@ Neutron captures on ’H forming 3H and causing a 6.25 MeV ~ to be released

» 14.4% efficiency in neutron capture
» Ran from November 1999 through May 2001

@ 2 tonnes of NaCl added: *’C1 +n — *°Cl +~

» Increases efficiency up to 40% and releases a 8.6 MeV ~
» Ran from July 2001 through September 2003

© Proportional counters using Helium added: *He +n — p+ °H
» 30% efficient with an entirely different technology to measure NC events

» Ran from November 2004 through December 2006

@ All three phases could see CCQE and ES
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Discovery of Neutrino Oscillations:

.

el

@ (% 10°cm2 s

I o 68% C.L.
B o 68%C.L.

SNO

SNO

----- Qoo 68% C.L.

—— @ 68%,95%,99% C.L.

1= [ o 68%CL.

- [l o 68%CL.
O_I | I | I 111 I
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2.5 63
@, (x 10" cm? s
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Studying Neutrino Oscillations: Neutrino Sources

@ We already discussed the two main natural sources to study v oscillation:

» Good: “free” abundant v sources
» Bad: can’t adjust L, E or composition
» Tricky: understanding ¢ emmitted essential

@ But we can also produce our own !
» Good: Control L, may also control £ and composition
» Bad: potentially “expensive” v
» Good and Bad: extra detectors useful to understand ¢ emmitted, but also expensive
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Mabp of nuclear reactors “close” to Kamioka mine
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Kamioka Liquid Scintillator Antineutrino Detector (KamLAND)

Inner Detector Outer Detector

Liquid
Scintilaltor ¢
~
"~ PMT

Plastic A
Balloon ™——_FF i

Mineral
| W

PMT

Physics for Both Infinities — Summer School Neutrino physics

@ Located in Kamioka mine,
Japan

@ v target: liquid scintillator

@ Measure v produced by
nuclear reactor

@ Many baselines (L), but
well placed to study Amz@

(Am,)

@ Very complementary to
Solar experiments
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KamLAND & Solar results

Nobs/Nexp
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Search for 645

@ 043 roughly regulates v, < {v,, v, } for short L
» Atmospheric v at good L/E, but ¢ is a 2:1 mix of v, and 1,
» Solar flux is pure v, but 1-2 mixing dominant (same for KamLAND) [MSW/‘wrong L’]

@ 6,5 smallest of mixing angles
= subdominant effect in first studies
» need good understanding of ¢
» if 8,3 = 0, no possible CPV in lepton sector

@ Need to design new series of experiments geared towards measuring it
» Started data taking circa 2011
» Currently best known mixing angle. ..

DayaBay, RENO, Double Chooz T2K, NOvA
~ @ Reactor v @ Long Base Line (LBL) accelerator v
@ Measure 7, — 7, ® Measure v, — vp, V7, — T
@ “Only” sensitive to 645 @ Sensitive jointly to 645 and dp (and NMO)
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DayaBay: experiment layout

.
3 Underground
© _Experimental Halls

— Ling Ao Il Cores
Ling Ao | Cores

363 m from Daya Bay
98 m overburden
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Tokai 2 Kamiokande (T2K): layout

Physics for Both Infinities — Summer School

v beam

Neutrino physics




Neutrino Beams: how to make them?
@ Problem: v is neutral = acceleration, energy selection techniques do not work
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Neutrino Beams: how to make them?

@ Problem: v is neutral = acceleration, energy selection techniques do not work
@ Solution: produce beams of charged particles that will decay into v
» unfortunately cannot make mono-energetic v beams. . . (off-axis technique helps)

proton
beam L_.
Laml =10

~ _\,

T —> U+V

physics

farget hadronic collector

. Detector
(focusing)

@ Other ‘options’: Neutrino factory (u storage ring), Beta beams
» Not yet realised
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The T2K Neutrino Beam

@ “Traditional” v beam:
> ~99 % v,

» Hadronic Collector ‘selects’ v/ beam E 2500

“ 3

o “Off-axis” beam: = 2000k
» lower overall ¢ =, L

» smaller E spread ”  4800F

» At “max E”, higher ¢ than for “on-axis” L
1000~

beam 280m o

dump  deteglers off ayig v

n
P
p— ___ [y Staxis v B
B "y T A i 500
station  decay muon T : L “
pipe monitors On-axis Super-Kamiokande ]
4 '}

I L i

2 25 3 35 4
E, (GeV)

Physics for Both Infinities — Summer School Neutrino physics July 13" 2018 49/63

om 110m 120m  280m 295km oD 0s 1



T2K: CCQE-like data distribution
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T2K: results

es — Summer School Nei
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FIG. 39. Contours in the sin? #15-dcp plane using T2K-only data
datasets are compared for both orderings. Both v- and #-mode d;

corresponds to the reactor value on sin® 613 from the PDG 2015
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FIG. 37. Two-dimensional constant Ay? contours for oscil-
lation param Gcp and sin® B3 using T2K data only. The
yellow band corresponds to the reactor value on sin®#3 from
the PDG 2015 [75].
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FIG. 40. Allowed region at 90% confidence level for oscilla-
tion parameters sin” 653 and Am3, using T2K data with the
reactor constraint (sin®(2013) = 0.085 £ 0.005). The normal
mass ordering is assumed and the T2K results are compared

with NOvA [§6], MINOS [&7], Super-K [88], and IccCube [89].
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Old/Other Neutrino Oscillation Experiments (not complete list)

OPERA - v_ appearance

// daughter

1 parent

\jOO nm

a.IGEE:UBE

Digital Optical
Module (DOM)

lceCube/DeepCore — 6y, Amgg

lli l“
I 11\
uw‘n' I

Po\e S(amo Antarcnca

1450 m

i H!!
il wl
r“

2450 m

——A*

regular osc.: NOvA, MINOS, RENO, Double Chooz, Borexino, Antares
sterile osc.: MINOS+, MiniBOONE, xBOONE, DANSS, NEOS, Prospect, Stereo, SOLID
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What we do not know at this point. . .

@ Absolute Scale of Neutrino Masses
@ Neutrino Mass Ordering

o P(v, = v3) = P(w, = 73)

@ Mixing Matrix U is Unitary?

@ Are there Sterile v?

@ v Majorana or Dirac Particle

@ Can v explain Matter/AntiMatter
asymmetrie?

m? m?
A - v, A
-,
-V
/) 2
my* L -+
= 5012
solar~7x10™>eV ——m12
atmospheric
~2x1073eV?2 )
atmospheric
my’ 1 ~2x1073eV?2
% 5012
m12—— solar~7x10>eV __m32
0 0

Normal
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Future Neutrino Oscillation Experiments (not complete list)

JUNO — NMO

Sanford Underground
Research Facility

k\—\_
long term projec
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DUNE, T2HK, ESSvSB — 55 (+NMO)
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What we do not know at this point. . .

@ Absolute Scale of Neutrino Masses

@ Neutrino Mass Ordering
= Km3Net/ORCA, JUNO

® Py, — v5) = P(v, — 75)
= LBL accelerator future projects

@ Mixing Matrix U is Unitary?
@ Are there Sterile v?

@ v Majorana or Dirac Particle
= SuperNemo

@ Can v explain Matter/AntiMatter
asymmetrie?

2
my"_

atmospheric
~2x1073eV?

solar~7x105e¢V2

solar~7x105e¢V2

atmospheric
~2x10-3eV?

2
-y

Normal
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What we do not know at this point. . .

@ Absolute Scale of Neutrino Masses
@ Neutrino Mass Ordering

o P(v, = v3) = P(w, = 73)

@ Mixing Matrix U is Unitary?

@ Are there Sterile v?

@ v Majorana or Dirac Particle

@ Can v explain Matter/AntiMatter
asymmetrie?

m? m?
A - v, A
-,
-V
/) 2
my* L -+
= 5012
solar~7x10™>eV ——m12
atmospheric
~2x1073eV?2 )
atmospheric
my’ 1 ~2x1073eV?2
% 5012
m12—— solar~7x10>eV __m32
0 0

Normal
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Absolute Neutrino Mass: Direct Measurement

a)

e °H - He+e+1,
» Well know g-transition energy
> Measures my = /3, |Ugl?

o
™

count rate [a.u.]
o
=)

o .

0.4
. . 0.2
@ Current limits: mg <2 eV i ' , ‘ .
Q 5 10 15 "X------ -3 -2 -1 [§]
. energy E [kev] E—E, [eV]
° FUture/ Current ProJeCtS | Tritium Source || Transport Section H Pre- and Main-Spectrometer “ Detemor]
» KATRIN: .

* Mac-E filter spectrometer S e O Sk

* Started this year | i '*,L“' o
* Sensitivity: 0.2 eV i, 48

» Project 8:
Single Electron Cyclotron Radiation

*

* towards using atomic tritium
. Tritinium decays, releasing Electrons are guided towards || The electron energy is At the end of their journey,
- an electron and an anti- the sprectrometer by analyzed by applying an the electrons are counted at
* n OW . de m o n St ratl n g teCh n OI Ogy electron-neutrino. While the ‘magnetic fields. Tritium has electrostatic retarding poten- the detector. Their rate varies
T . neutrino escapes undetected, | to be pumped out to provide tial. Electrons are only with the spectrometer poten-
* Sensitivity: 40 meV tre lebon strs it joumey " | i roe psctrometers. | tmcamteat e inetc. | e anc hemos ien
1o the detector. energy is sufficiently high. integrated B-spectrum.

eom
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Absolute Neutrino Mass: Cosmology

@ v play a role in structure formation in the universe
» some model dependency in results
* or we are really getting cosmology wrong. .. and getting good fits while at it
» Measures S_m, (and N

@ Current limits: >~ m, < 250 — 600 meV

Physics for Both Infinities — Summer School

* Neutrino bounds dominated by CMB spectrum (mainly through lensing effect) thanks to tiny
error bars:
1.002 s000 . . . q
— Tiny effects: ~0.1% %000 Tiny errors: ~0.1% 1
= . Ah . 4000 9
1 1.000 VV g
> f 3000
E & 2000
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0.996 — Imy=012eV | § ° 0
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Multipole £ ) ! )
Neutrino properties from cosmology - J. Lesgourgues @Neutrino'18
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Absolute Neutrino Mass
@ Other techniques:
» SN v time of flight — m,, < 5.8 eV [SN 1987A]
» 230v decay (if Majorana v) — mgz = |} U12/-m,,j| < 61—165 meV
» Ho decay (m,, # m;?) — m, <225eV
@ Comparing them all (limits from 2012):

Normal hierarchy Inverted hierarchy

E SN1987A

SN1987A

z+Troisk

102 102

— <m>
P Y Y B S T

10" 1

10° 10°

Wi

| co il Lo

10? 10"

ok
o

10° 10°

10 10
m, (eV/c?) m, (eV/c?)
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What we do not know at this point. . .

@ Absolute Scale of Neutrino Masses
@ Neutrino Mass Ordering

o P(v, = v3) = P(w, = 73)

@ Mixing Matrix U is Unitary?

@ Are there Sterile v?

@ v Majorana or Dirac Particle

@ Can v explain Matter/AntiMatter
asymmetrie?

m? m?
A - v, A
-,
-V
/) 2
my* L -+
= 5012
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atmospheric
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Baryon Asymmetry of the Universe

The observable universe contains almost no antimatter
e.g. Canetti/MaD /Shaposhnikov
and a lot more photons than baryons. &

o 0 0 5 +
00 q_o ‘
® L
L () pair creation processes [ )
.. ® o PY freeze out
[
e & o . .
T >2 mc? T <2 mc?
CMB constraint on BBN constraint on baryon-to-
baryon-to-photon ratio n: photon ratio n: -
6.03x10"<n<6.15x10 "° 58x107'¢n<6.6x10
(Planck Collaboration) (PDG)

M. Drewes @ Neutrino'l8
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How to produce Baryon Asymmetry?

Sakharov Conditions (1967):

@ Baryon number violation
» ie, can have a reaction that produces f and not f

@ C and CP violation

> ie, f and 7 don’t behave alike
» exists on quark sector, but too small — tied to v §op?

@ Deviation from thermal equilibrium

> ie, processes non reversible
» can get this from expansion of the universe
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v and the Baryon Asymmetry
CKM PMNS

u ] v, .-
c m : VMD.D
e - Nl

@ Quark & Neutrino sectors very different
» PMNS Jgp = 0.033sin6p ; CKM Jgp ~ 3-107°
» PMNS J.p could explain observedy asymmetry (in some models) if | sin jp| > 0.7

@ v induced Baryon Asymmetry — Leptogenesis
» Many different theories, with different requirements
» Dirac vs Majorana. .. SeeSaw usually base for these theories
» In any case, large |sind¢p| in v good indicator of large CP violation in v also

@ At this point, need more data (discoveries)!
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What we do not know at this point. . .

@ Absolute Scale of Neutrino Masses
@ Neutrino Mass Ordering

o P(v, = v3) = P(w, = 73)

@ Mixing Matrix U is Unitary?

@ Are there Sterile v?

@ v Majorana or Dirac Particle

@ Can v explain Matter/AntiMatter
asymmetrie?

m? m?
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-,
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