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THINGS YOU NEED TO KNOW ABOUT NEUTRINOS

They’re everywhere

They’retiny (SPOILER)

At eV scale, or below

~65x10°V/cm?2/s

] ] They’re cool
They interact weakly with matter

Quoting Sabrina, yesterday:

Only session

» Neutrinos: weak interaction
— good luck with that

starting at
9:30!




B decay and the idea of V
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O As opposed to discrete & and Y spectrum,

Chadwick (1914) discovered that B
emission is continuous

ﬁ O In order to keep the principle of energy &

spin conservation, Pauli suggested (1930) a

"desperate solution" : f decays would also
produce a neutral, spin 1/2 and nearly
massless particle

muCh’ ho Des. 19”
Oloriastrasse

Iiebe Radiocaktive Damen und Herren,

Wie der Ueberbringer dieser Zeilen, den ich huldvollst
ansuhbren bitte, Ihnen des niheren auseinsndersetsen wird, bin ich
angesichts der "falachen" Statistik der Ne und li-6 Kerne, sowie

des kontimuierlichen beta-Spektrums suf oinen versweifelten jusweg
warfallan wm dan "anhanl sate® (1) Aar Statistik und den Enersiesats

0 In 1934, Fermi named this particle the neutrino (little neutral) and includes it in his

weak interaction theory
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Inverse [ and the Ve discovery

O According to Fermi on B processes, three kinds of reaction are possible:

Neutron Beta Decay Electron Capture Inverse Beta Decay

P 6~
Initial Ge > Final Initial Final
state > € state Initial Final
state state
state state

V+p >n+et

n-=>p+e€ + Vv € +p —=>n+V

O In Los Alamos in the 50s, Reines and Cowan aims at discovering the neutrino through inverse 3

D+p%n+e+

reaction:

Incident
antineutrino

O In a liquid scintillator detector, the positron Y
annihilates with an electron, producing 2

Gamma rays

photons

Gamma rays

o By doping the liquid with Cadmium, the

Neutron capture

neutron will also by captured, after having

thermalized (few ms after the positron)
O They knew that neutrino was hard to catch, Positron

annihilation

Liquid scintillator
and cadmium

therefore they needed an intense Vv source



Inverse [ and the Ve discovery

Idea 1 : nuclear bomb

O Very intense source : ~1040V/s/cm?

T - o Short (~2s) : no cosmic background
Nuclear
// .- \\ explosive o But, a lot of neutrons & gammas
ton - :
/ 7\ o Single use detector
| _Fireball
The project was approved !
Buried signal line
for triggering release
|
\__‘\
Back fill — Vacuum
Liquid ~  Pump
Scintillatoy — Suspended——a= & | |
Detector line When the?r had the idea of dOpll’.lg. the
Vacuum E detector with neutron catcher (giving a
tank Feathers and : C. . .
foam rubber better signal discrimination) they

changed their mind



Inverse [ and the Ve discovery

Idea 2 : nuclear power plant at Savannah River

O Intense source ~1020Vv/s/cm?
o Continuous emission

O Also a lot of n & Y background, but can be limited -'B
Underground, lead shielding, ... ‘}»

O More ethical ? -4 AL
< L ®
-y
—
\\_---

|

I

i

- 1995 Nobel Prize @ Poskon ecips Tl

- Method still used today




Vy and Vr discoveries

0 In 1962, Lederman, Schwartz and Steinberger made the first accelerator-based neutrino source

— Accelerated protons hits a target, 1* are created and decay into Y*+Vy,

Corne(s) Tunnel de désintégration Absorbeur
@ ht / 1%
Faisceau —\/_/
Q" -1988 Nobel Prize
\ - Method still used today

O In 2000, a V1 beam was created by

producing Ds (same way as V|, beam)

&0~

’

100,

/ W\ 4 V; observed

Lz : 400
I (N :




Neutrinos & Standard Model

o Three flavors of neutrinos (light and active): AL
— In 1989, LEP mesures the Z invisible width o e

20F

-

L4 average measurements,
crror bars Increased
by factor 10

Cpaa [MD]

N, = 2.984 + 0.008

10

AAAAAAAA

S " R (R

O Only interact through weak interactions 92 94
— Charged & Neutral current

o Only left handed
— Cannot couple to Higgs field therefore neutrinos are massless

O



Neutrino Astronomy : beginning

On February 2311987, a supernova exploded in the large magellan cloud (170 000 1.y.)

3h before the light signal, three neutrino detectors observed a large number of events in a very
short time (24 events in 13s) SN1987A

e SR e LI ™ 2

v

G .- e G -. b .';.':,:'- 4
Eoooot te JAFTERS 7 =
7 e _. T "5 . '- W oger el : |
| i . 89
@Kamiokande ik |
10 2OTIME (sec)
] a 7 a 5
Z B0} ué L™
¢ . s 3
5 Gor- : 109 3 AL
:J : " :O w
y 40+ : 10} 12 .1: © ”
z o | : | l ‘ - ; ‘ : 9

20 -10 10 20 TIME (sec)
(UTO7 35352/23'87)

O 99% of the SN energy is released as neutrinos
O 1st case of neutrino astronomy neutrino and multi-messenger

O Nobel Prize for Kamiokande in 2002

O Never happened again, all V experiments are still waiting for a new nearby SN




Neutrino Astronomy : Anomalies

Solar Neutrinos .
ton — i1z Bahcall-Serenelli 2005
O In order to study the nuclear fusion occurring in the sun, I Neutrino Spectrum (+10) -
neutrinos are the ideal messenger as they leave the medium ob LT
. THOCE T el
instantly T
5 -7 /—_-"T\\‘i 16%
O Ve flux : ~ 7x1010 v/s/cm? PR S e
= 106? 110.5%//i
|
. | el

0.1 1
Neutrino Energy in MeV

Atmospheric neutrinos

o0 When cosmic rays hits earth, they interact with the
atmosphere and produce pions and muons

O In terms of flavors, at ground N(V,;)/N(V,) = 2

p—l—atm—>7r+—|—...

7T+—>/L+—|—VM

@ /L+—>€+—|—V€—|—D'u



Neutrino Astronomy : Anomalies

Solar Neutrinos
7 7 1267*2 _
. . %8. 1+12 % 1.0+018 - %
O In order to study the nuclear processes occurring in the sun, | Lot
neutrinos are the ideal messenger as they leave the medium
instantly 0.46:007 CZmmgco.s
041:001 g T
O Ve ﬂllX .~ 7X1010 V/S/C].’Il2 6f°-23 0.30+0.02
SAGE GALLEX
~2/3 of expected V. are missing supr | ano ISDS
Cl HZO Kamiokande Dzo

"Be = P~ P, Pep Experiments =

Theor
Y 53 B CNO Uncertainties

Atmospheric neutrinos

Kam.(sub-GeV) O ke l
Kam.(multi-GeV) I t '
IMB-3(sub-GeV) s S :
IMB-3(multi-GeV) p—;—.— o0 When cosmic rays hits earth, they interact with the
Frejus H—Jp—u atmosphere and produce pions and muons
Nusex t
BONCAIS R O In terms of flavors, at ground N(v,)/N(Ve) = 2
Super-K(sub-GeV) Y '
Super-K(multi-GeV) o E
Y

(!‘l"".e)data-"r(“-"ie)MC ~1/2 Ofexp ECted V” are miss lng

11



The oscillations can help

O Several hypothesis : V-decay, V decoherence, flavor changing neutral currents, oscillations, ...

O In 1957, Pontecorvo suggested the V—V oscillations
o Principle : Neutrino flavor and mass eigenstate are not superimposed but linked by a 3x3
unitary mixing matrix (the PMNS matrix)

= (e, WU, T) := Flavor states
’Va Z ’Vz i =(1, 2,3) := Mass states
U = PMNS matrix



The oscillations can help

O Several hypothesis : V-decay, V decoherence, flavor changing neutral currents, oscillations, ...

O In 1957, Pontecorvo suggested the V—V oscillations
o Principle : Neutrino flavor and mass eigenstate are not superimposed but linked by a 3x3
unitary mixing matrix (the PMNS matrix)

= (e, WU, T) := Flavor states
]Va Z |V7, i =(1, 2,3) := Mass states
U = PMNS matrix

Simplified 2 flavors case

Vol ( cos@ sin@)\ (1 :
vg) \—sinf cosf /) \1s ~08

T IIIIIII| T IIIIIII| T IIIIIII| T IIIIIII| T
L/E << 1/Am? L/E ~ 1/Am? L/E >> 1/Am

ﬂM

J[SuyY SUIXIAL

3
With a source Vq at an energy E, the probabilityto =
detect a Vg at a distance L is :

. .
Am?L 0.2~
(Vo — V) = sin”(260) sin ( o > b

1 10 10° 10° 10*
AmQ — m% — m% L/E [km/GCV]

Mass Splitting




V oscillations : experimental proofs

Solar Neutrinos

..................................................................................... e, SNO (Lkton of heavy water) was designed to detect
Could only detect Ve through CC;  SNO | solar neutrinos through:

i 7 Z . :

O CCinteractionsVe+d P p+p+e

0.88+0.06 :

: | 126+9 = o,
5 Z%8¢+g Z; o g 12627 éé 1D
s ' Losglg

Ve only (V, and Vr don’t have enough energy)

O ES interactions Vx + e = Vi + e

0.41+0.01
256+0.23 B

E
[

0.30+092

2]
7 :.
GALLEX I
+ .
SNO ==
GNO DO &

all flavors

O NC interactions Vx +d = p + n + Vx

SuperK

Cl H,0 Kamiokande D,0 v all flavors
Theopy ™ 7Be M DP—D. Dep Experiments m (NC & ES are not sensitive to flavor, and have no
Y s3 mCNO Uncertainties
energy threshold)

SNO measured the ratio :

o
—YC = 0.34 4 0.023(stat.)F9:929
Pne |

And showed that the total flux of solar neutrino is
compatible with the solar standard model

®

Nobel Prize in 2015



V oscillations : experimental proofs

Kamiokande looked at the direction of the atmospheric
neutrinos and found out that the Vv, deficit was direction

dependent :
L~104 km L~10 km
no deficit

1/2 missing

t.

@ 350
=
5 300
w 250
()
= 200
E
£ 150
Z. 100
50

0—1 -0.5 0
cos®

> Atmospheric VJ oscillates into VT

Atmospheric neutrinos

Rp

pr@

ulti-GeV p-like + PC* —
- - - Prediction

® Data
— Fit

Os,

-~

4 7/17

---- oy,
- -

0.5 1

Nobel Prize in 2015




3 flavors oscillations

Atmospheric Reactor/Accelerator
Ve 1 0 0 C13 0 s13e” 10
V,u — 0 C23 S923 0 | 1 0
Vs 0 —s23 coz/) \—s13¢ 0 C13
0.8
0.7
In the 3 Vv flavor case, the oscillation phenomena is 0.6
described by: 305
O 3 mixing angles: 012, 023 and 013 1 04
O 2 mass splittings: AmZs,1, AmZ2ym < 03
o 1 CP violation phase 0 0.2
o Oscillation probabilities are modified in matter 0.1
0

NB : V oscillations proves that neutrinos are massive

15

Solar
ci12 S12 0 1
—S12 ¢12 0 %
0 0 1 Vs

Am?j = m? — m?

Normal hierarchy assumed

— 1n vacuum

— 1n matter

— IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

10°*
L/E [km/GeV]



Current knowledge of oscillation parameters

Atmospheric Reactor/Accelerator
Ve 1 0 0 C13 0 sy13e™
vy — 0 C23 523 0 | 1
Vs 0 —s23 coz/) \—s13¢ 0

From a global fit of data available on Jan. 2018, at 10 :

01 = 33.6210-78
Oy = 472719
013 = 8.5470 12
Am?Z | = Am3, = 7407050 x 107 °eV?

IAm2, | = |Am2,| = 2.49410-035 x 1073eV?

a

nuFIT 3.2 (2018). nu-fit.org

Open questions to be answered :

O Is By3 maximal ?

O What is the neutrino mass hierarchy ?

O Is there CP violation in the leptonic sector ?

Solar
10
c12  S12 0 V1
—S12 c12 0 12
0 1 Vs
Si; = sin 0;;
Cij = COS (9@']'
2 2 2
. mo B
A A
m%-- [ — - — --m%
~T7.5x109eV?2 9
Atmospheric A - --ml
~2.5x10 3eV?2
Atmospheric
2 — ~2.5x10"3eVv?2
m2-- solar
9 ~7.5X10 " PeV2 4 9
ml-- | |A I --m3
?
0 =2
Normal Inverted
Ordering Ordering


http://www.nu-fit.org/?q=node/166

Reactor and Long Baseline experiments

Reactor source:

O Low energy
O V. only
O Flux known at 2-3%

(Double)-Chooz, Daya-Bay, RENO, JUNC\

Near detector

At L/E before
oscillations

/

C E R N O Tunable energy
O Flux known at ~10%

Accelerator source:

\ O Vu or v“ ﬂU.X

N A

@ T2K, MINOS, NOVA, T2K, DUNE, T2KK

Far detector

At L/E for
oscillations



Reactor and Long Baseline experiments

Reactor source:

O Can use the 2 flavors probability formula

O Low energy O Very clean measurement : best 013 value
O Ve only O Sensitivity to mass hierarchy
O Flux known at 2-3% O But only disappearance
(Double)-Chooz, Daya-Bay, RENO, JUNO,.\~
Near detector X Far detector
At L/E before At L/E for
oscillations oscillations
Accelerator source:
A;sure V|, disappearance and V. appearance
C E R N O Tunable energy O Complicated measurement : a lot of ambiguities
\ OV, or V, flux O Can use matter effect to probe mass hierarchy
< O Flux known at ~10% 1 L longer = more effect = less neutrinos
“/ O Can switch from V beam to V beam

L, T
@ T2K, MINOS, NOVA, T2K, DUNE, T2KK Probe CP violation phase



Reactor and Long Baseline experiments

Reactor source: 1.3
.............. . Doubl _ChOOZ 4
O LOW energy —————— Bestfit on sin 24, = 0.103 ~ 0.017
Ov Onl @ 1.1 |Mum0mmno N S
€ y g x'_IDoF =28/37 -+
O Flux known at 2-3% kI SO § 4 |,|, -
+ ]
1 Double Chooz IV 1
i Far (818 days) + Near (258 days)
0.8 2 3 4 5 6 7
Visible Energy (MeV)
Near detector X Far detector
At L/E before At L/E for
oscillations oscillations
Accelerator source: R
16— Allowed 90% CL =
- —— Normal ]
14:_ —— Inverted K _:
125 N\ E
SEnEN =
O Tunable ener Z f .
CERN ble energy TR |
4__\ § \\ b
O Flux known at ~10% PN /x‘ E
NAL -
dcp (rad)

(18] Current LBL experiments weakly prefers NH and max Ocp



Sterile neutrinos : the return of the anomalies

A revised reactor Ve flux analysis showed that all past V experiments had a ~6% deficit at
small distances (30)

Could be explained by the presence of a 4th neutrino which would be a sterile.

1.2
'!HII BB ERLLL BRI I 1] IIHHys‘he]vl. lb§§ (2b111) 1695006 I HHI
Best fit parameters: 1AMt T —
o — —
.‘3 1 S SR ey EC SRR S - 4
Am?2 ~ 2 eV? St | l’t 7 i
. ? 09— TR {u
sin2(20) ~ 0.15 £ % . : I
Losc ~ feW m g 08— } TI11
Q. | u
3 |
: o7 i

(]
2 06— =
O — = — No oscillation Tl
0.5 With oscillations (3 active v's + 1 sterile v) -
— E M t —
0.4_llllr lxplelnlr?lel'l]s S | lllllll | B3 lllllll | | lllllll I | lllllll L 1 i1l
10° 10’ 10° 10° 10° 10° 10°

Reactor To Detector Distance (m)

Many oscillography experiments ongoing, located few m from a nuclear core

(19) STEREO, SOLID, BAKSAN, ...



Neutrino mass : what and how ?

m(ve) =0 eV

(Plank, CMB, SN, ...)

Direct constraints Indirect constraints
';j region close to endpoint o ;
s/ Look at the end-point Cosmological
8 | h observations
™ of the B spectrum

- rare cases were the e-

o
'S

only 2 x 10°'2 of

wanmaie | takes most of the
g = available energy SN1987a gave the 1st limit:

— S —— mye £ 5.7 eV at 95% CL
E-Elevl  KATRIN, TROITSK

Current limit : mye < 2.05 eV at 95% CL Current limits :
sensitivity at 0.2 eV >m;s (0.3-1.3) eV 95% C.L.

o
o

o




Neutrino mass : what and how ?

Direct constraints Indirect constraints
region close to endpoint o i
b Look at the end-point Cosmological
observations

of the B spectrum

" rel. rate [a.u.]
g
)

m(\'e) =0eV

Plank, CMB, SN, ...
L rare cases were the e- (Plan )

o
N

only 2 x 10°'2 of

wonnaeia| takes most of the
L available energy SN1987a gave the 15t limit:

- ———— mye < 5.7 eV at 95% CL
E -Eq[eV] KATRIN, TROITSK

o
o

o

Current limit : mye < 2.05 eV at 95% CL Current limits :
sensitivity at 0.2 eV >m;s (0.3-1.3) eV 95% C.L.

How do neutrinos get their masses ?

O The Dirac way O The Majorana way
Through Higgs coupling No distinction between V and V
Need a sterile right handed neutrino Mass given through seesaw mechanism
Why are neutrino so light ? Need massive neutrinos
D _ _ T _ _C
Lo = —gzD(VRVL + ULVR) vp = Cr; = vy
mp = —\/§ Yy « ~1012 o — M7, + Dirac term

@ Mg <+ Very big



Are neutrinos Majorana neutrinos ?

Experimental way : double beta decay with no V emission

(Double beta decayl, . O BPB2vV is very rare (half life ~1018 - 1024 years)

o BP0V is forbidden in SM
b lepton number violated by 2 units

Double beta decay Neutrinoless
which emits anti-neutrinos double beta decay

Look at the 2 electrons energy

w— Two Neutrino Spectrum
w— Zoro Neutrino Spectrum
1% resolution

M2v)=100* T1(0v)

0.5 1.0 15
Sum Energy for the Two Electrons (MeV)



Are neutrinos Majorana neutrinos ?

Experimental way : double beta decay with no V emission

(Double beta decayl, _ O BPB2vV is very rare (half life ~1018 - 1024 years)

o BP0V is forbidden in SM
b lepton number violated by 2 units

Measured half life depends on:

' ] 2
< mgg >
Ov y—1 2 BB
Whl(?:):'lllsqb.et? d&C{:y » , l\;'r:"utknn;:)le’ss” , (Tl /1/2 ) — GOV/(QBB ’ Z) ’ MO\I/ | m2
’ - S anu-neuinnos Qoube Dela geca e
phase space matrix element

Look at the 2 electrons energy

Neutrino parameters: Forero et al. 1205.5254, 95%CL.

100 r |
| 2
Excluded by <mgg >= Y |Ueil*m;
= Zoco s ok - KamLAND-zen
:?;?;s-o:‘o‘:)on 1o v) L -
= | : .:é O mgg sensitivity
<) K hard to lower
A 107 B
S | B O Current and
\E, T next generation
107} ac) can probe IH
Suin'Energy for the Two Electrons (MeV) |—=I (Which Seemed
o
v .
o 3 disfavored)

107" 107 107~ 10° 10

@ IMlightest [eV]



Neutrino astronomy : today

Pros

O Unlike protons & gammas, neutrinos
points to their sources

O Can probe the inside of the structure

O No GZK threshold :
can probe far away objects

Cons

O Low statistics

Pl o R e Large (~km3) detector underground
A BT AN using sea or ice as target/detector
£ K '* " J d
24h r R d Ji \ -
x i = ,
| | MR Y v
) \.l » ) = - ' ¥, a 1; ) f //
Work in progress = . v
o T Equatonal

E < 300TeV 1 PeV

@ No specific source found yet



Neutrino astronomy : tomorrow

On September 22742017 : Simultaneous light & neutrino detection from the TXS 0506+056
blazar

(blazar = Active Galactic Nucleus with one jet pointing to earth)

VERITAS

5° -~ ICECUBE

O 1st case of planned multi-messenger astronomy

O Confirmed that blazar emits neutrinos |
5h15m 12m 09m 06m 03n

Q2000

O Next event with gravitational wave ?

23



Astro-V

Cosmolog




Astro-V

Cosmolog




BPOV experiments

Different Techniques

Liquid Scintillator Bolometers Tracko-Calo Next ?

NEXT
LiquidO

SNO+
KamLAND-zen

NEMO-3
SuperNEMO



BPOV experiments

Different Techniques

Liquid Scintillator Bolometers

KamLAND-zen

Tracko-Calo

Next ?

NEXT

LiquidO

AXEL

SuperNEMO

CLOE
HICHEM
AXEL




