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Neutrinos: discovery and early ideas.

What are neutrinos.

Neutrino interactions.

Oscillation phenomenology:

e Solar neutrinos

 Atmospheric neutrinos + Long Base line experiments.
 0B13& CP violation.

Majorana mass & 0v23

Neutrinos and cosmology

Closing remarks
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Neutrinos were proposed in 1931 by
Pauli in a desperate attempt to
understand the beta spectrum.

Neutrinos were also able to explain the
integer number of the Nitrogen nuclei.

He proposed the existence of an
almost massless particle that is

BETA DECAY

rhodium —® palladium + beta particle

invisiple: T 98,652.876 98,649.196 0511  MeV/c?
e NO charge ;
 weakly interacting. €

Z

3.169
I i — MeV
° Sp|n ‘] /2 Beta particle energy (MeV) e
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We know now that Pauli was basically right

Neutrinos are fermions of spin 1/2

No electric charge and no QCD color (no electromagnetic or strong
interactions).

They interact only through weak and gravitation interactions (feeble).

Very low mass: < 10-6 times the electron mass.

After discovery of the parity violation in 3-decays, the two-component
neutrino theory (Landau , Lee and Yang and Salam, 1957) was the first
theoretical idea about neutrino masses.

* Jwo neutrinos (Left-Right), one of them is “sterile” (do not interact) so it
IS not “needed”.
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* There are 4 independent solutions to the Dirac Equation:

Relativistic spin
1/2 plane wave

iv* 0 V() — myvp(z) =0 equation

iv*0avr () — myvr(x) =0

* The 4 solutions (2 particle and 2 antiparticles) can be Chirality is
represented as eigenstates of the (chirality) projector; L-orentz invariant

1
PR’L p— 5(1 jt ’}/5)

* It turns out that nature relates chirality to the weak interactions.
1
1

i = (1 <) Ly I e AN A
V2 2 Z(3089WV 2(gv 947’)

Vy

N gv=ga=1 for neutrinos
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* Only Left handed neutrinos and right handed neutrinos interact as a
conseqguence of the weak interaction.

 [tis nottrue for charged leptons where right handed partners
interact through neutral currents and electromagnetic....

Z Cavpiings g1 ER

Ve, Vi, Vi 12 0

e, 1L, T ~1/2 4 5in“8, NP8y,
W,c,t 142 - 243 dn%8,, — 2/3 €68y,
d,s,b ~1/2 4 1/3 sin8,, 1/3 sin’g,,

A “traditional” mass term requires the existence of Right handed partners:
Dirac
Lp=—mpvrvr + h.c.

 But, those partners are sterile (do not interact) in the Standard Model.

It they do not interact, they are not needed, so theoretically
my= 0 is (was) the preferred solution.
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Helicity is related to the projection of spin in the direction of movement:

5
right-handed —%—»——»f? Helicity is not a
Lorentz invariant
= Lorentz boost will
left-handed 4—%_;;? change particle
The helicity projector is direction but not

1 il the spin rotation
PL#F—t — (1 — U—'p) sense.

2 p|

The limit for ultra relativistic particles (or massless) is chirality projector:

1 AN
lim PR = Tim = (14 22 ) = Z(1+£49)
>

v—e v—c 2 ‘p’

This is the origen of confusion between the two termes.

For massive particles, Lorentz boost can swap a left handed chiral and left handed
helicity into a right handed helicity state.
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e This concept is important to understand the charged pion decay.

Charged pion is spin O particle decaying to neutrino and charged lepton.

Pion decay -

\} .U. 3 » o= ;.\ \‘
d W_ —————— ﬂ’ ﬂ }- ——————
T[: o “‘m"u‘lf‘e\d ‘ﬁ"\u‘f\"u‘pﬂ - ) - - - f - —
v YN
u_

n=(dl) —» p-+ v,

 Spin = 0 forces the final state leptons to have opposite spin and helicity.

 But, weak interactions requires both to be left handed chiral.

This is a conseguence of (1-y°)

* The chiral state has always small component of “wrong helicity”
proportional to the lepton mass.

 Decay to muon is more probable than to electron even if it is not
favoured by the available phase space.
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0 35F
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: boson scanning the
25 production as function of the
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155_ ete” — Z° — visible
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# neutrinos spices= # lepton spices

Ve e
 Depending on the massive lepton
partner in weak interactions, neutrinos
are grouped in :
Vi % ¢ Vg, appears(disappears) associated
to electrons/positrons.
e Vv, appears(disappears) associated to
muons/antimuons.
V1 T

e Vvrappears(disappears) associated to
taus/antitaus.

10
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What is weak ?
 Neutrinos interact solely through weak interactions.

 both charged and neutral currents.

 T[hese forces are mediated by massive W and Z bosons.

do V29, V29,
— :
dq?  8(q? — M?) 8 M?

=1.17 x 107°/GeV"?

e Mw~ 80 GeVand gw ~ 0.7

This is between 104 and 107 weaker (depending of g2 )
than the electromagnetic interactions.

Mainly because of the massive propagator.

For very large values of g2 both are more similar.
11
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 Being so weak, the detection of neutrinos needs very massive
targets: matter!.

* Avogadro’s number help! | do not try a v-v collider!

 |n matter, the neutrino will find:
e eglectrons, protons/neutrons & nucleil.

* Significant differences in cross-sections between antineutrinos,
neutrinos, neutrino flavours and target type

12
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All neutrino pieces interact through neutral current with electrons.

Only electron neutrinos has charged current interactions unless
the energy of the neutrino is larger than the lepton mass.

Ve,ut e U T Ve, 1,1 Ve, 1,1

Muon and tau production is only possible if v, . > My -

13
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 All anti-neutrinos interact through neutral current with electrons.

 Only electron anti-neutrinos suffer charged current interactions

NC Z0 +

f Bz, >mu-  muon and tau neutrinos possible in final state.

14
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* Both neutrino and antineutrinos have charged and
neutral current interactions with nucleons.

Ve e* p=, T2 Vet Vo

n, p o,NA, ... n,p n,p

e But with different strength.

ov.cc R 205.cC

15
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Long range
Not well correlations . .
defined! Fermi motion

&
Paull blocking
\
Short range N —
correlations SoTHER I 0 W
. Impulse

approximation!

18
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* Normally considered the “impulse

v 2 G
....................... R g approximation” or factorisation:

O) 'OROU e nucleon assumed free in nuclear media !

V\L;/\: * nucleon free in nuclear potential: no
nucleon correlations!.

* Nuclear effects added on the

tOp ?100- +Y
; np pairs
* Fermi momentum. 5
»  Pauli blocking. |t
PP pairs
* Short and long range nuclear

correlations.

19
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A very special case: 2p2h

H N ’ N lN' * Charge current without pions are made
* o * of several interactions
'\4\ o . f\/ ~a _ _ 1]
v\/\7+v \* W+

Y, V * ﬁ * 2p2h is basically the exchange of a

N N N meson between two close by nucleons

in the nucleons with the emission of 2
CCQE CC'2p2h nucleons.

2p2h is ~20/30% of the interaction with one nucleon

 The pion can be produced in a contact point or virtual A++. o
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Neutrino and Iits mass

21
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 Pontecorvo proposed, back in 1957, that the lepton sector might show oscillation
phenomena similar to that of the KO meson. Neutrinos were neutral particles, and the
lepton-hadron analogy was assumed.

« Atthat time Davis was doing experiments with anti-neutrinos from a reactor looking for
the reaction:

As many other times there were hints

_ 37 — 37
De * Gl == 2 that finally vanished.

. And observed some events.

Early ideas

At that time only one neutrino especie was known and then the one option was to have
oscillations (also similar to KO system) was:

V= U

In his model, he was already proposing that v were a mixed system of two “Majorana
particles” with different mass (v1,v2). (We will come back to this!)

22
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e Thewv, was discovered at Brookhaven in 1962 by Lederman,
Schwartz and Steinberger.

* Atthis time, Pontecorvo proposed the alternative model based onv, =

v.0oscillations.

« The model "only” required that neutrinos were massive.

 Around this time, the first experiments to detect Solar neutrinos were
proposed by Davis & Bahcall. Pontecorvo suggested that it neutrinos
oscillate, the experiments will see fraction of the predicted neutrinos
from the sun ...

® Ve =P ,V‘u
* 4+ not enough energy to produce a muon, so v, is invisible.

23
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 The sunis a thermal fusion nuclear reactor.
* The sequence of reactions is known to a good level.

* This allows to predict a relation between the neutrinos and the
sun luminosity in photons.

ptp 2 iH +et+ v, ptpte 3 ’H + v,
(99.77%) Hip S e v (0.23%)
(84.92%) Il (~10-5%)
! (15.08%) !
SHe+He 2 a+2p SHet+p 2a+et +v,
‘Het+o = "Be + ¢
| hep
(15.07%) (0.01%)
"Bete” = 'Li + v, ‘Betp 2> B +y
J7 R7]3 J7 8B
'Li+p =2 ata © B 220+ et + v,

24
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e Solar net reaction is 4p — 4He 2e+ 2 v,

e The sun releases 25.7MeV/c2, or 4.12x10-12 Jules per Helium nucleus
produced (or 2 of that per neutrino).

e The solar constant is 1370 Watts/m2 at Earth’s orbit.
* The neutrino flux should be then 1370/(2.06x10-12)/m2/sec or
e 6.65x101%cm2/sec.

e This number is known to ~10% level.

The sun produces neutrinos, not antineutrinos!

25
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Neutrino Flux

1014 —Tr—TTT
Bahcall
11
19 +17%
1010
1089
108
"Be |
107
10°®
1068
104

108

101

Neutrino Energy (MeV)
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* The first experiments were based on radiochemical detection:
e Chlorine: v.37Cl —=37Ar e- (Ev> 0.8 MeV ~ Mar+me-Mc))
o SAGE/Gallex/GNO: v."'Ga —»"1Ge e~ (Ev> 0.2 MeV ~Mge+mMe-Maa )

» |ater the water Cherenkov detector Kamiokande was added to the
list with a threshold of ~6 MeV (much larger than the radiochemical
experiments!)

« Water Cherenkov added the possibility of online event recording
and the determination of neutrino direction:

» Reduced background, Day/Night and seasonal effects...

27
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All of them detected neutrinos, but at a smaller rate than expected:

solar model?, detector efficiencies?, neutrino deficit through
oscillations?, ...

This disagreement was called for years “the solar neutrino
problem”.

The experiments

Total Rates: Standard Model vs. Experiment
Bahcall—-Pinsonneault 2000

1299

1 . 0+U.ZO

—0.16

AN\

2.56i0.23

Kamioka SAGE GALLEX
+ GNO
Cl H,0 Ga
Theory "Be mm PP, Pep Experiments mm
5B = CNO

28
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e Pontecorvo: "Unfortunately, the weight of the various thermonuclear
reactions in the sun, and the central temperature of the sun are
insufficiently well known in order to allow a useful comparison of
expected and observed solar neutrinos..."

e Georgl & Luke: "Most likely, the solar neutrino problem has nothing to do
with particle physics. It is a great triumph that astrophysicists are able to
predict the number of 8B neutrinos to within a factor of 2 or 3..."

e Yang: "l did not believe in neutrino oscillations even after Davis'
painstaking work and Bahcall's careful analysis. The oscillations were, |
believed, uncalled for."

The strength of paradigm

* Drell: ... the success of the Standard Model was too dear to give up.”

29
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* The first phenomenological neutrino oscillation model was
elaborated by Gribov and Pontecorvo in 1969.

e The model assumed that:

* neutrinos have mass, albeit a very small one.

neutrinos interacts as ve or v, (neutrino flavour).

the eigenstates of flavour and mass(Lorentz) are not the
same. They can be related via a linear combination or rotation
between the two bases.

The theory

ve > = cosfOlyy > +sinflyy >
v, > = —sinf|v; > +cosl|vy >

30



UNIVERSITE

DE GENEVE Neutrino oscillation

FACULTE DES SCIENCES

= |f neutrinos 1 & 2 propagate at different speeds

@)

o (mass) and they keep the coherence at the

@ iInteraction point the proportions are changed

— and it might appear other neutrino flavour.

\% V1
Ve | —

S e— Propagation ] 2
) sl
= S

31
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Neutrino oscillations is similar to the double slit experiment.

Each slit is equivalent to a
mass state in the neutrino
case. It is a different path to
go from emission to
detection.

* Neutrinos are produced always as a tlavour neutrino but they
propagate in vacuum as mass eigenstates. They follow two paths!

Particles go from source to detector Neutrinos fly through both mass
through both slits. states at the same time.

Every slit gives a different path length  Every mass state gives a different

(phase) — interference path length (phase) — interference
32
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* When we produce electron neutrino:

ve > = cosflyy > +sinflvy >

> ¢ Neutrinos are transported in vacuum following the
o Schrédinger equation in vacuum:
L
P Ov
qD) .
th— =Hv=Fv=+ym2+p?v
= Ot Vml +p
*. My<kgd B=VPTm =p 1+ 2 ~p+ 35 =p+ 37
Ov m?
thio< & - —2)v
ot (P 2p )

33
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* |f we produce a v,, after some time the state is:

2 2
(ot TR & RTE) s
Vst >=cos 0" PT2) 7 |15 0 > +sin fe" Pz )5 |1y 0 >=

g“ ez(p+2_pl)(cos 0|v1;0 > +sinfe’ ET " lvg; 0 >)
c
3 ® The probability of getting a v,at the interaction is
— then:
| <wulvest > |2 = | —cosfsind < v|vy;0 > L sinfcosfel T H < Valv; 0 > |2
0 m3 —m3 t 6 Am?L GeV
£ B2 U, . oD ol ¥ T
= ' SHE-SASIT T ih S 7, Si 1.267 PRRTET

e [lavour-lepton number is not conserved!. Opens the possibility
for flavour violation in lepton decay & production.

34
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0 = 3.141592/2.

Am2 = 2.x103 eV?

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv
—~~
=~
A ~ 8in2(1/x)
(0]
>
N
o
0.7%
0.} 'n
'l
|
N
| |
||
l
|\
|/
|
'\
[ \\/
lU.«r‘.. o0 Ql ) ol =t @ ol 0 ML PPN PP « -
o o - — N N 4] (ap] <t <

Energy (GeV)
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Neutrino Oscillation

0 =3.141592/2. Am2 = 2.x103eV?

P(Ve>Vy)

< 0.7%
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In quantum mechanics the coherence of two states is essentially their ability to
interfere.

 Fully coherent states can be described by a superposition of the states, and
interference may take place.

« |f the states are, instead, fully incoherent, there will be no interference.
Neutrino oscillation happen only in the coherent period.
« Neutrino wave packages need to overlap in space to ensure the coherence.

When the 3 mass state neutrinos wave packages are separated (L >> Lcoh) the

oscillation stops. /o0 2
tif [P 2
Am: :

Int this limit, get then 3 mass states with undefined flavour.

arXiv:hep-ph/9711363
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1.0

0.2
<) Coherence
S and mixing
T +-—— 3 .
T o4 Decoherence
0.2
500 000 1.3 10% 1.5 10% 2.3 107

L (km)
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e |t we get two different mass states with same energy we'll
get two different momenta through the dispersion relation.

* Actually the neutrino is a superposition of plane waves
with “slightly” different Energy and momentum.

 [he conservation of energy and momentum should be
verified within the uncertainties: op & Oe

What happens if

this condition Is
Assume same E Assume same p o 9

h h St s
OpOx = = Op0s > — Why is this
2 % possible with v 7

39
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o With 3v, there are 3 angles and 1 imaginary phase:

>
S * The phase allows for CP violation similar to the quark sector.
2
-l_’ g
D * There are also 2 values of Am2, traditionally Am212 &Am?2s1.
C
|_
1
(Ve vy VT) =1 UPNMS V2
V3
1 0 0 cos 613 0 e %P ginf3 cosfis sinfio O
UPNMS = 0 COS (923 sin (923 0 1 0 — sin (912 COS 912 0
0 —sin (923 COS 923 —6501D sin 913 0 COS 913 0 0 L

40
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e Quarks exist in matter as mass

Weak state(s) eigenstate.
Quarks

e |In quark mixing, the quark is at
Mass state < Mass state the mass state at the initial and

- 3 ] > final state.
) —v—= U

 neutrinos exists in vacuum as mass
eigentstates.

PR
et
Ny ¥
\/

 |n neutrino oscillations, the mass

V,S B 0 | ] | | | ]
Bics chada state _are intermediate states, initial
, - . and final are flavour states.
v 2N
ANANNNN— é:— > —:—> AN\
) < 4 e There are cases where the neutrino
Weak state Weak state

behaves “as the quarks do”: I.e.
lepton flavour violation in decays.

41
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* Neutrinos can have two types of interaction with matter:

e Incoherent inelastic: We already discussed this type

e 0~1043(E/MeV)2cm2
- Coherent:

 [The medium is unchanged and the scattered and un-
scattered waves interfere enhancing the effect.

The theory

* Coherent interactions introduces a phase in the
propagation, that can be Invisible...

Except for the fact that matter has electrons but no muons or taus!

42
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* The coherent interaction potential (real V¢) introduces
a phase that depends on the neutrinos flavour.

* The Schrodinger equation of v in matter is then
shown as:

ov; m? -
h P (/ (/ Z
ey g + Vol

Ve CC e- Ve, 1,1 NC Ve 1,u

43
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* During the evolution of the neutrino in matter, it will be a
linear combination of the three neutrino flavour with a
different phase.

* The NC phase is common and factorises. The CC phase
remains and it applies to electron neutrinos only:

V= dz’ag(——ﬂGFne 4 VB? Vg, VB) = diag(——ﬁGpne, O, 0)

The theory

e This is like adding an index of refraction to the electron
neutrino.
- mass eigenstates and eigenvalues are changed:

Matter introduces an effective mass splitting and mixing angle.

44
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* The new mass levels and mixing angles can be computed (for 2
neutrinos) to be:

- 5 m% + m% 1
8 pio(x) = : + B, (Vo 4+ V3 )F 5\/[Am2 cos 20 — A]? + [Am? sin 26)?
S AR Am? sin 20
n 204, 19=
_GC) Am? cos20 — A

e Taking Va = £v/2 Gr ne , V=0
* When crossing A ~ Am2co0s(20), tan(26m) changes sign:
The proportions of 1&2 invert for a & B states (“level crossing”).

A depends on neutrino energy and electron density:

A matter effect is smaller for smaller Ey & electron density ne

Matter effects are more or less relevant depending on mixing angle and Am?
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Phenomenology
with 3 v's
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Py, —v,) =

A
1 — Em 2923]5m 013 sin? ( m12)
(Am3,
Sin 923 Sin 29m 13 sin (? \/((‘LJ T cos 2051 )2 =+ sin? 2931)

Ams, ) A
—{sin? 2923}08 20,13 sin? (?\/Q F cos 20371)? + sin 29051 + mi, A)

1F

SiIl2 2(913

.2
sin“ 260,,, 13 = e
, 13 ( T(:L . T COS 2(913)2 T Sil’l2 2(913

13

* This oscillation allows to measure the atmospheric mixing
angle (623), mass splitting (Am231) and matter effects (a).
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P(v, = ve) &

leading 4CT5573533 sm2 E ( (1 — 23%)

Am13
A 2 L A 2 L A 2 L
CPC +SC%3812813823(C12623 COS § [~ $12523513) COS Z%% sin 7:273 sin Tl?
— . Am3.L . Am?,L . Am3, L
CPV 86%3012083512813328 sin o sin Z%g sin Té?’ sin Z%l

Am?2, L
2 9 2 2 2 : 21
Solar + 4312013(012623 + 579553573 — 2€12€23512523513/C0S 0 ) Sin 15

Am3, L . Am? 21 al |
Matter 80333%3333 COS 451 sin 4&3 4E\1—23%3)

® Angle 013 can be measured in this case, but related to the value of the Ocp.

e Comparison between neutrinos and antineutrinos allows to derive dcp and hierarchy
through matter effects.

® The probability is a complex mixture of all mixing parameters.
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Ve Ve

P(Ue — 1U,) =
AE

2 2
1 — 4c]459,5Clo/sin

— 2573C35 <1 — \/1 4532c3, sin*

4 2 l
A — clyAm3, + s, 4m3,
“ AE
2
2 Amy, 2
€1y Sin(2s7y =7>) — s1,8in(2cy

5 Am3, L
Tél COS(2A66)>

2
Amg,

i)

SInG =

2 2 AleL
\/1 — 4312012 Sin ¥y

2 Am2
c?. sin(2s2 + 52, sin(2¢2
cosp = 12 ( 12 4F ) 12 ( 12

Am%l )

4F

m21L

\/1 — 4522c3, sin®

The neutrino
oscillation in vacuum
also contains
information about
the hierarchy
through a phase!.

This is not CP
violation!

* Precise measurement of solar term (812) and 613 angles plus
the mass split (Am?212) and (Am?23,)
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A complex matrix of 2x2
can factorise all the phases
so they disappear in the
probabillity.

A disappearance Is like an
osclllation between 2 neutrino
flavours (Ve® we).

In this case there can’t be CP
violation.

CP violation

A complex matrix of 3x3 will have
always on phase that cannot be
factorised in the amplitude
(disappearing in the probability).

CP violation requires an explicit
3 neutrino oscillation. This Is
achieved with an oscillation
between exclusive flavours

(Vu® Ve).
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SNO

Solving the solar neutrino problem

 SNO experiment was proposed to measure
the total solar neutrino flux and the electron

component.

« Elastic scattering: vy e v, €
* V. is 7 times larger than v,

« Charged current: v.d—pp e
e direction and spectrum

 Neutral current: v,d—=v, NP

e unbiassed total neutrino flux.
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¢, (x 106 cm==2s7)

»

SNO
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I L3 4 8§ I l——F 3 _} l | . | I 1 1 1

o

0.5 1 1.5 s e 3 3.5
¢, (x 106 cm—2 s71)

Savo
——— =0.294+0.02,
DPoang

FES
FES =(235+0.22+£015) x10%°cm™2 571 = %s*‘; = 0.41 £0.05,
G
N = (494 £021H%) x 108 em? 57! = @S_NO =0.87 £ 0.08,
' SsM

oo = (1.6813:32 fgﬁg) x 10%em™? s~ =
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10 P
3
£ 40 4L Cl
s L ... | Oscillations inside
10 _ oscillations the sSun
10 6L
10 7L ]
0 _8;_ Ga . . .
f Vacuum Oscillations betwee
10 '95_ oscillations sun & earth
10'10; |
41T
10 | Remember
10 104 1023 102 - Matter effects are more or less relevant

depending on mixing angle and Am?
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e [he sun produces v.. The neutrino propagates in a high density
matter with strong radial dependency.

 |nthe sun, the matter hamiltonian dominates the vacuum
hamiltonian. (A>>Am2cos(20)). (at least for high energy v)

* Matter hamiltonian is diagonal in flavour. The sun produces an
electron neutrino that is also eigenstate of the Hamiltonian,
with the highest eftective mass (V>0).

>l \ my + m3
H1 = 9
2 2
ul = ; T2 Lofaix
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The theory

Mikeev, Smirnov, Wolfenstein (MSW
g
|
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effect

<> + The electron density varies adiabatically (i.e. slowly)... so the
solution of the Shrodinger can be obtained without time dependency.
The neutrino is always an eigenstate of the Hamiltonian.

* \When the neutrino leaves the sun, it is still in eigenstate of the
propagation, but this time “in vacuum” (v2)
2 It is produced a pure
o vacum Lorentz eigenstate.

* The vacuum state vz, propagates without interference to

the Earth = no seasonal dependency. ?

* This effect occurs because locally the off-diagonal terms of
the Hamiltonian are negligible with respect to the diagonal.
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8(x)~m/2 8(x) =8,
lz/H>"'|Ve> lVH>~|V/4>

The theory

* Because, there is “level crossing”, the main state in matter is the
opposite to the most probable mass state from ve in vacuum.
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~ 10 . |
s
=10
v 12 z
-+ 10 —5_
® Solar matter
O . oscillations
L0 10
- -
o < ot
c O 10 'L
- — S — -
— @p) Z
O = 10 8L Need good Am2,
QO “': tan(0), day-night or
EI<) ) 10 9l seasonal effect
D q'c%’ determination.
e 10|
— @ 10
3 11: Vacuum
-ICE 10 oscillations
) §
12]
10 ‘
10
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Solving the solar neutrino problem
with man-made sources!

Search for ve oscillations from

nuclear reactors. ina 2 />0
North Kore}/ i -
. ~40N _ ot
Average distance: ~180km. d
j<’Seour \\’\o
Average Energy: ~4 MeV. ?éomm.eaj L
-4 —on0Cn O C €

Sensitive to Am2~ 104 eV?2

In this case, matter effects are .
small, SO we measure vacuum e
oscillation parameters.
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Kamland

Oscillation pattern clearly seen!
Distance Is not the same for all sources:
weighted distance!

I S T |

Selection efficiency

-------- | ISR SN ST SN NN SR SN SR SN (N SO ST SO S '

KamILLAND data
no oscillation
- best-fit osci.
?SC]dCI]tlzltl

"C(on) O
best-fit Geo V,
best-fit osci. + BG
+ best-fit Geo V,

E, (MeV)

e Data-BG-GeoV,
- — Expectation based on osci. parameters
Ir determined by KamLAND
2 B ll
T ——
_D —
S :
A 0.6 —
S B ?
Z04f
= -
% i
0.2F
Ou_lllllllllllllIIlIIIllllllIIllllIlllllllllll
20 30 40 50 60 70 80 90 100

L/E_ (km/MeV)
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25 IIIIIIIIIlIIlI]HHIllsoar
20— —
g 15— ]
0 - —
s [ i
S5 -
i L1 1 1 l llllIllllllllll 1 l 1l l_‘
0.2 0.3 0.4 05 06 07 0.9
tan? 6
9 | L UL I LI
5 Solar +
ool Kamland
8— —
75— -
7 —
65— 1 | | - | I | I I L1l lIllllIllll—
0.3 0.4 0.5 0.6 0.7 0.8

tan?@

Solar neutrinos now

e Chlorine, Gallium, SNO & SK:
 SNO energy dependency.
e SK day-night asymmetry.

o Kamland Amz2(main sensitivity
parameter)

e Assumptionv=v.

Solar neutrinos follow the LMA =
adiabatic oscillation in the sun.

Not only check the value of the mixing

parameters but demonstrate also MSW
effect!!!
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Checking MSW effects!
e Borexino, low energy solar neutrino

1 experiment, was able to check the LMA

osE- transition.
-|C2 o.sE— PP Pep
- -
GED > 0:65_ + Be | « The MSW-LMA result depends on the
= 1 05_ + - neutrino energy via the A parameter
8— < °-4§— 4 below.
Eg 0.3;— fl
D 02E * A depends on the neutrino energy.
C 0.1;—
|_ 0112 Ll L L
"’ 'Energy (keV) "’ *  We should expect a transition when this
happens.
9 m2 + m? 1
pio(x) = 5 + E,(Vo+ V) F 5\/[Am2 cos 20 — A]? + [Am? sin 20)?
Am? sin 26
tan 20, ¢ =
i f Am?cos20 — A
A = 2E,(% - V@)
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arXiv:1701.07970

ol 0
+

o

:’ZSOI - IBOOI - l350
Time [davys]
Accumulated 4 years of data.

50 100 150 200

Borexino showed the annual variation of the neutrinos to be consistent

with earth orbit.

More checks on MSW

Seasonal variation

Checking seasonal
effects!

Because neutrinos oscillate inside the sun this shape should

resemble the variation of 1/R2

This proves again the sun as the source of detected neutrinos.
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* Up to now we have been looking at V. disappearance:
* |s the v.oscillating tov, or vr?

* What about the v, and v ?

e Some trivialities:

- Solar neutrinos (~MeV) do not have energy to produce p (106MeV) or
T(1777MeV).

* We can’t experimentally distinguish them. Only NC are possible (SNO).

 We need another “abundant” source of “higher” energy neutrinos: the
atmosphere!!.
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Atmospheric v

ATMOSPHERIC NEUTRINOS  TJotal flux is not known, but we “almost”

Primary
cosmic ray
p, He, ...

Ratio of Vy/Ve ~ 2
(for Ey < few GeV)

Isotropic flux of
cosSmic rays

know:

e Ratio muon to electron.

Energy distribution.

distance from production.

With this information we can do:

o 'V‘u—)ve, Vlué,VT

® Ve V/,{,VeQ,VT

Up-Down Symmetric Flux
(for Ey > few GeV)

+ s gt e e
T uv,—=evyy,
N,

Vu

N,

Ve

* as function of energy and distance (L/E
parameter). (unfortunately not precisely)

~2.0 for E, < fewGelV
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The experiments

e: fuzzy ring

Superkamiokande

U: Sharp ring

Massive water Cherenkov detector (40 kton) for proton
decay, and neutrino physics (solar, atmospheric,
SuperNovas and beam).

Neutrinos interact in the water, the particles from the

interaction generate Cherenkov light while traversing the
water: direction, energy (lenght & multiplicity) & particle

identification.
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Ve
wf T
300
200 f
100 f
0 FPE PPTTS PP P
wf T
300 f
200 M
100 B
0 E.;..l....l....l...
Multi-GeV e-like
200
150
100
50
0
200 multi-ring e-like

150
100

Sub-GeV p-like
00 P <400 MeV/c

saaalasaalasaalaaa,

A Sub-GeV p-like
P > 400 MeV/ic

Multi-GeV p-like

SK-I: 1489 days
SK-1l: 804 days

300

200

100

;

PC through

05 0 05 1

cos®

23,000 Vv’'s

Upward stopping p

150

100

50
[+

-
0 ST PETE T PTTs P

L. Upward through-going
non-showering u

400 F
200 -

-
o PP PP P P T

- Upward through-going
showering p
100 |
50 +
0 Peaataaslasalanalaas
-1 -08-06-04-02 0
cos©

100-MeV —-10 e\t

Best oscillation fit

The experiments

Atmospheric v in SK

Agreement for V. . The

change is due to
normalisation only.

Strong distortion for vy

Distortion as function of
zenith angle.

Most probably vy, > vVt
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Neutrinos produced in a particle
accelerators: : : :
o o Neutrino j Neutrino
PA — TI" TT" TT- ...
flux
T = UV
= NEES
- — U=V

flux
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‘K. Abe et al. (T2K Collaboration), Phys. Rev. D 87, 012001 (2013).

T . 1 e R R TR .
B Magnetic Horn ---------- g """""""""""""""
- .r@, K-- mw ; '

-
"
-

Neutrino "
Producing decays :

Other source of neutrinos is the low energy electron antineutrinos from nuclear reactors.
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* Neutrino oscillation experiments are carried out by comparing neutrino
Interactions at a near and far sites.

® The number of events depends on the cross-section & flux:

Nevents (El/> — UV(EV)(I)(EV)

® atthe far detector

Nl o(By) = 0,(E,)®(Ey) Posc(E,)

events

e The ratio cancels flux and cross-section:

Nfa’r' (Ey)

events

Nevents (EV)

— POSC(EI/)
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Long base line

e Since the neutrino energy is not monochromatic:
 we need to determine event by event the energy of the neutrino.

e This estimation is not perfect and the cross-section does not cancels
out in the ratio.

Nl 1 (Ey) [ o(E)®(E,)P(E,|E,)Posc(E,)dE,

events

Nevents(Ey) B fU(EL)(I)(E/u)P(EV‘EL>dEL

e The neutrino oscillations introduce differences in the flux spectrum
and the ratio does not cancel the cross-sections.
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Kinematics e From conservation of momentum and
energy:
g
v D My = (ma = Ey)? —mj + 2(my — Ey) B

2(my, — By — E,, + p, cosb,)

> T
. 710
P | » Assumptions:
: \ -

We know the reaction channel: CCQE,
CCA, etc...

hard

. Normally identified with presence of
scattering

pions in the event.

The target nucleon is at rest (no fermi

® nly a fraction of the enerqy |
Only a fraction of the energy is morhant ).

visible.

® Rely on channel interaction id.
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* The energy is reconstructed by
summing all detected energy:

Ereco ka E,u o Z Ehadron

hadron

* The deposited energy is only the
Kinetic energy. The total energy

requires the identification of particles:

b = Egin + mass

e This approach requieres:
fully sensitive detector.

Understanding of the energy
deposition by different particles.

Calorimetry

pp\ \‘

¢

hard
scatterlng

* The visible energy is altered by
the hadronic interactions and it
depends on hadron nature.
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Checking atmospheric oscillations
with man-made sources!

« Artificial neutrinos of ~1.6 GeV
are produced in the east coast
of Japan.

 Neutrino flux and spectrum is
measured at a near detector
to reduce uncertainties (“a
priori” large)

The experiments

. Neutrinos are detected at 250
Km in Superkamiokande.
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« 1stlong base line experiment: prove of principle and technology.

e Deficit and spectrum distortion compatible with SK results.

S 16
= P
N S
12 i
- o E
D 312:— VoS
)]
£ 2
5 2 |
w O
= 8
O B
O
=
00..

E, e (GeV)

The areas are normalized for the two hypothesis to the number of events detected.
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60 L 1 L Ll I ] ) L 1 ' 1 1 L} 1 '

.......

Beam Matrix Unoscillated
----------- ND Fit Unoscillated

40 Beam Matrix Best Fit
—_— NC Background
o —— MINOS Data

ll|llllllllllllllllllllllll

lll|llllllllllllllllllllllll

0 5 10 15 18 30
Reconstructed E,, (GeV)
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e [he observed oscillations are:

Solar & atmospheric appear
G s Al to us like two
decoupled oscillations

® Vu=>V1 (ATMOSPHERIC)

* Toobserve vV, > Vefrom solar parameters,

e the energy should be similar to solar neutrinos or the distance should be very

large.
A 2
Ma3

~ 30.
Am%Q

*  We need energies 30x smaller (~30MeV v, production & detection is difficult)

or distances 30x larger (tough, we can’'t make earth 30 times larger!) than
standard atmospheric experiments.

e Similar arguments for the “inverse” atmospheric detection.
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Natural sources are not good to invert the measurements.

We do not know how to “efficiently” make a beam of V¢ of high energy
(enough to see pfrom¥Vy).

 This is were the Neutrino Factory and Beta Beams appear, but
this Is another story.

We do not know how to “efficiently” make a beam of v, of low energy (to
adapt to terrestrial distances and solar Am2).

However, the transitions: Yy — Ve at high energy and Ve—> Ve with
Am2am are still useful for determining the third angle.

In a sense, we have been very lucky
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e Jo measure CP we need:
e 013 0.
* It O, this is like a 2 neutrino mixing and the phase is cancelled.

 Neutrino appearance:

 [f we look at disappearance only, itis like two neutrino oscillation and the
phase cancelled out.

« Compare v and v transitions.

o« Compare disappearance (no CP effect) to appearance
experiment (CP effect) so we can derive the phase.
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- CP violation is only possible with more than 2 neutrino
species (property of 3x3 imaginary matrices).

1 0 0 cos 013 0 e %P ginf3 cosfis sinfio O
UPNMS = 0 COS (923 sin (923 0 1 0 — sin (912 COS (912 0

0 —SiIl(923 COS@23 —€5CPSiIl913 0 COS@13 0 0 1

*  With less than 3, the phase can factorised (no CP violation).

*  With more than 3 we hace more than | CP phase.

* Since disappearance is like 2 neutrino oscillations (neutrino —
all others) , no direct CP can be observed.

P(vy, = vy) = Py — Uy)
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 There are two possibilities:

. Vy —>Ve With atmospheric Am2 (long base line: T2K, Nova)

a P’/ua’/e = sin“ 2(913 sin® 2(923 sin® _'Z'LEL_
O

A 2 A 2 L

g == AZ; sin 2013 sin & cos 13 sin 2015 sin 2653 sin’ Tijl
A Am3, L . 2AmE, L

é) & Aﬂm%i sin 2613 cos 0 cos 013 sin 2015 sin 2023 cos ?Zgl sin Zg’l
A 2 A 2 L

== ( —L2 )2 cos? O3 sin? 015 sin® 31

Am3, 4F

- Sensitive to CP.

- Ve — Ve With “atmospheric” Am?2

5 Am%lL
41F

P, .. =~ 1—'sin®/2643 sin

- Insensitive to CP phase.



UNIVERSITE

DE GENEVE Hierarchy

FACULTE DES SCIENCES
Hierarchy = Am2;3>0 or Am2;3<0 ? = |23 or 3,1,2 ordering

 AmZ2q2is fixed positive by definition. We defined 2 to be heavier than 1.

* |n absence of matter effects, the probability is not sensitive to hierarchy.

Py, . & AN 26,5 sin? 20,3 sift? A?:%L
- izgi sin 2613 sin 8 cos O3 sin 2015 sin 2653 sin® ATE’;L
3 i:gj sin 2613 cos d cos 013 sin 2615 sin 26053 cos AZ”%L sin 2A£r§1[,

« Matter effects alters the values of the mass and the mixing angle,
allowing to measure the hierarchy,

2 2
1
i M) [ = e ;mQ + E, (Vo + V) F 5\/[Am2 cos 20 — A]? + [Am? sin 26]?
Am? sin 20
g Am? cos260 — A \/Z )Cr T
A = 2E,(Va-Vp) Vs =0. Vi=v

e Hierarchy and mass effects “mimic” CP violation = degeneracies!
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s - E ==100 GeV
= B sin(,)=0.0]
o B sin” (20 ,,)=0.8
:_ dm13 =23E-3
- dmiz =7.E-5
N & =il
: Solar peak
= 0, peak
..‘ o | | I 1 | 1 | I I I
0 000 10000 15000 20000 25000 30000

L (km)

« v, —Ve COMPpites with the Solar oscillation.
* decoupled only from the L/E value.
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B 481 m from Ling Ao | /8
i 526 m from Ling Ao Il B 75
A M | 112 m overburden <
3 Underground Sl WM el S
- Experimental Halls -

£ "
»
.

. = Ettrance T% e ' S . O : -
S e o :1 o % : €% S Ling Ao Il Cores
- S » o 4 . < L A l C
s ﬁ ] e & ing Ao | Cores
e\ E e~ Daya Bay Near Hall |
1= s 363 m from Daya Bay

The experiments

Main concerns are the
detector radiopurity &
flux determination

DE GENEVE D aya B ay

De — De from nuclear reactor.

8 identical detectors for relative
normalisation.

Base Line ~ 1.6 km

Energy ~ 3MeV

Sensitive to B13
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e Fission processes in nuclear reactors produce huge number of
low energy anti-neutrinos:

1 GWthermal ~ 2 X 1020 antineutrinos/second

10-20% of total produced energy

 Antineutrinos come from the beta disintegration of neutron reach
nuclear debris.

2
o
: : [~
% 10 LLLT T T T ees LLLL T T T T Poen LL LT T T TT T o
1 : : B2 [ aasadAAAAAAAAAAAAAARAMALLALAAA So20222e
SRR E e susseas
10 R S NN 10 anannnnnnnssnsnnanns nanssnannsmmn nsensnsssciiniis
g ; 239;PU HONOC 0000000000 3 e
9 F Change of fuel 29p, o
* - - . ' 1 . . 238
t-‘o §_ ..................................................... ........................ 10 Composl-'-lon leads Mlgu ,
> F 24%p to time-dependent  p, 4
B : : 242
DY U O T U SO SO S W0 \\ it 10 ., energy spectrum of Pu O
IR 3 A ——— yrvvevey vvvy
c - ervyYYYYYYYY vy
I D T S . WA [N = 2 1 A A A LA AL
-4l
(T T T CTTTUN A SRS SRR SRS SO S\ . S J—
: 10! oooonngaoes 0oaceanaet
- oononao noo
10-5- Qlﬂ:???'n-olux.n.1|||||||||\||:wuxf|'||||||
0 1 2 3 4 5 6 7 8 9 10 0 50 100 150 200 250 300 350 400 450 500

Days
Energy (MeV)
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Inverse beta decay reaction in 0.1% Gd-doped scintillator

4 +
V,+p—=e +n
— +p—D+y(2.2 MeV) (T~180ps)

— G6d + v’ 5(8 MeV) (T~30ps)

From Bemporad, Gratta and Vogel

2
é Observable v Spectrum
Recorded times and energy reduce the
backgrounds
Fast neutrons, accidental coincides, cosmic ray activation, radioactive
elements.

Neutrino energy approximated to electron
enerqgy

Ey =T+ T, 4+ (mp —myp) + me+ = Tt +1.8MeV

— +6d — 6d* ~150000 more probable.
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o e e
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* Modelling neutrinos from o000l A o
reactors is not trivial. ok e B Full uncertainty
'§ 60000—— = mw@ Reactor uncertainty
» ltchanges also depending 5 swomw|- = T
on the history of the E = =
. w 20000— s Integrated
operation. - -
\ St 1.2?(8)  P—
» Recently the experiments has 23 14 R
seen an excess around 5 oy 1
- B .
Mev %% 095
[ i 0.8:—
. L
 Near detectors (before 3. % L XA * mz:;;
oscillations) help to control E- F TN o~ A V. D5
deviation from the model. o aE | MoV window 1 10°

L - a a A - ) a a " . ) -8
2 4 6 g v
Prompt Energy (MeV)
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e vy ve & vy — vy from high
Intensity accelerator.

e E, ~ 700 MeV.
 QOscillation distance: 295km.

o Off-axis technique — narrow
energy spectrum.

ion Prob@
3x10-%e\V/?

04

g O
8 v
I

u
T

The experiments

2
> 2500

1500

1000

500~ :
[ L_-J e AVMar

u.ﬁ_, e e |
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Measurement at
the near detector

-ﬂé 2000
1000 15 p, (McV/c)
+ Measurements
M. Predictions

# of events

Vleasurement concept

Super-Kamiokande

Invisible @ T2K )

Not enough energy.

Events/0.10 GeV

1

P = \ NN |
o o o O

I IIII| [RRRN

=
|

OO

12

-
=)

N A~ N X
III|III|III|I|]|III|III|

OO

| ! ! |

L —+— DATA

Best-fit Expectation with Oscillations

Illll LIl

LI

1

MC Expectation without Oscillations

I|l |\l

3 a4 T
Reconstructed v Energy (GeV)

[

TH

I
g

+

Runl-4 data
(6.393e20 POT)

<4 data

. signal prediction

.background prediction

200 400 600 800 100012001400
momentum (MeV/c)
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T2K preliminary

o 5=-1.601

« Normal hierarchy
* sin2023=0.528

* sin?613=0.0219
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NOVA Preliminary

—I\llorrlnaIIHileralrck;y 9IO°/Io ClL | | -
- —— NOvA — - MINOS 2014 .
3.0/ ----T2K 2017 - IceCube 2017 —
. + ----SK2017 LT _
* Precise measurement. Y 4 :
o .
* Tension between experiments starts & | :
to develop: ! .
. . 2.0— ® Bestfit —
* different experiment and e
assumptions for energy SirT,,

reconstruction!

0 TZ2KRwn 1-9¢ Preliminary
2.8 L L] L l L I L I I L] L I L T -l_-l- &qlmthllall-IGlei l_—.'l
— Nommal - 90CL 7
* Bestfit  ____ Inverted - 68CL

o
-

— Inverted - 20CL —]

e Disappearance do not resolve neutrinos
from antineutrinos @ CPT violation.

g
o

2, (NH) Am?; (IH) (eVZc4)
0o
Lh
L_'.)-I'IllIIIIIIIllIIIIIIlllllllllll'r)-(._‘

* Measured for neutrinos & antineutrinos ) 4
in T2K and Minos. s
VA "= I I PP PRI IR PR
0. 035 04 045 05 055 06 065 7

-D:l-lllllllllllllllllllllll

2in®(8,5)
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Bo3 IS relevant for two reasons
e O isthe cm egﬁy@ n PNMS Experiment
23 y ang . e 0o affects the sensitivity to CP
close to 45° (maximal mixture) Niolaton:
] 00 09 ) ( 09 (1) e5cposin913) (C 0@ g 8) 2252 sin 26043 sin d cos 613 sin 261 sinl2923 sin® Azléll/

Extremes are relevant
information to understand the
origin and structure of the
mixing matrix.

® Also, measuring the extreme value
of 459 is challenging.

dB(v, 5 Am32, L
(2‘023 Vi) ~ 2. sin 2655 cos 2055 sin Tgl

a4
Y
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Ocp from reactor & LBL

Take B13 from reactor experiments.

o Am3, L
AF

P}, ./l sin” 2043 gin

Measure the effective B13in LBL experiments.

@ maximum
P(V'u — Ve) =A SiIl2 2(913 -+ B sin (913 COS (913 sin 0 oscillation energy

This approach is model dependent!.
We measure the CP phase under the assumption of PNMS.

But, it is the more precise calculation as of today.
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Comparing neutrinos and antineutrinos

The asymmetry of the oscillation probability
P(1/, ~ve) = v, — ve)

A i
“FONPLy,, = ve) A P(p, — Do)

Is proportional to sin Ocp
Am%z cos 015 sin 2615

AR A B e lp e oin 2y T 0GE Oversimplified!
This is model independent but very inefficient:

Am3s 30 @ maximum
Mass term : Am?2, ' oscillation energy

Producing and detecting neutrinos is ~6 times more efficient
than antineutrinos.
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T2K Run 1.9 Preliminary e 2¢g interval calculated with

3III]IIII|IIII| lk—-/ Nmnal68d-‘_

s~y | Feldman&Cousins method
1+ NH:[2.914, -0.642]
e IH:[-1.569, -1.158]

* CP conserving values (0, xm)
outside of 2o region for both

Without reactor constraint

d-p (Radians)
o
Il|||I||||I|||||||||I|||||||||I

-2
sE 1., hierarchies
10 3 50
T2K Run 1-9¢ Preliminary
_' I I | LI B I | | LI D I | l LI I | ] LN I | I L | I_
T2K Run 1.9¢ Preliminary soF- With reactor constraint
3= | ' - Nomal - 68CL -  — Normal ]
- * Best fit —Nonnal 90CL - .
oF PDG 2016 ---- %ﬁiggg - gg% e 25 5 — Inverted =
- . ~ F .
s 1 = o 20F -
8 n . 5 - .
o - — — |
D(..S O — o ISR ]
B - 10 —
_3'[:_ 1 PO N SR T N TR R T B _?XID_Z O:I\‘I L I/ L l l I:
15 20 23 30 35 = -2 -1 0 1 2 3

2in®(8, ) dcp

 (Combining the two techniques in a global fit. T2K &
Nova obtain first results of CP violation.



oF GENEVE O13 & OcP

FACULTE DES SCIENCES

= NOVAFD  8.85x10%° POT equiv v + 6.9x10° POT ¥
\ - __.NHLoweroctant
* Not all experiments show the o — NH Upper octan

- - - |H Lower octant

same result.

— IH Upper octant

* |sthis:

Significance (o)

e |ust statistical fluctuation ?

T2K Run1-9¢ Preliminary
T I L D I | I L I B | I L I B |

I
-

IIIIIIIIIIIII
With reactor constraint

* detector systematics 7

— Normal

— Inverted

* Cross-section systematics ?

Complex experiments with low statistics!
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¢ From Global Analysis w ATM [C/DC w/o SK :

| NUFIT 4.0 {pelim) | ne
?5 _I LI l n LB I LI l,l L l l- _l l l\l T l\l rrri Ill II}ll ll-l bf ioiglg 30
- 1t : sin? 844 0. 307"'8'1(?0 0.272 — 0.346
Wb 1c - sin2 845 0.02246 T3 50022 0.02043 — 0.02453
n 4L _ 0 '
0. | 1L ) A
Wl \ 1 ) mjmz\%ﬁ' r.40T 221 6.80 — 8.02
s 0 7 A 2
- 1F 1 F%? 2,523 + 0.033 2.424 — 2.623
B 1r T e
o:l 111 I L1l lllIll 11 I l: :l l 11 lll 11 L 11 llll: Sing 823 0.580-1-%:8%?' 0.417 _}. 0'627
02 025 03 035 04 65 7 75 8 EE 5op Qisi%é 195 — 393
sin“# am: [107ev9
i5
-"l“ llllllllll\l\l]llllll'll l- —l I‘:Illllll{ll L 1 ‘Illllllll]llﬂ 2
\\ ~ ' 1O Ax? =4.5
- v L d
- \/ I 1F % ] bf + 1o 30
w0\ -
Lt \ - 7{ 1t \ - sin2 840 0. 307"‘%-12%3 0.272 — 0.346
' - \\ Dr - '
4T \ I 1r \ g sin? 845 0'022”%0'00823 0.02068 — 0.02480
5+ 5 — — 0 '
L — N\ 4k i A
i 3 / 10 \ ] ——gily r.40T 321 6.80 — 8.02
| 3 4 F - L\ma
Illllllllllllllll L1l lllllllllllllll IlIIIII lllll +0-035
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?5 LI 1 1 '
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< . . 2
St : — NO vs IO: Ax* =4.5 = 0.1
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1300 km
Normal MH

.-~

? 0.12 . 6CP = +1/2

1 — B, = 0 (solar term)
0.10

>=.

o 0.08

10" 1 10
Neutrino Energy (GeV)

1300 km

Normal MH
0.16 . bop = -af2
0.14 =0

T; 0.1 2 . bCP = +/2

? w— B, = 0 (solar term)
0.10

>

o 0.08

107 1 10
Neutrino Energy (GeV)

Beyond 1st osclllation

The first and second oscillation maximum
changes for different values of hierarchy & &cp

Better sensitivity and reduced systematic

uncertainties !

Two ways to get 2nd maximum (sin2(al/E)):

 Change Energy (E)

* (Change travel distance (L)

Py, = ve) =

9 Am%3L
4F

2 2 2
4ci3573553 sin

2
+ 8¢75512513523(C12C23

2
801301205381281382

('®

cos o

sin 0

Afr(z,b%z (- 28%3)
I‘ $12523513) COS AT%L si AT;3L sin AT%L
in AZ%)’L sin AZL;?’L sin AZLélL
Am3, L
sin %

2 2 2 2 .2
+ 4312013(012023 + 81955358713 — 2012023312323813‘(:08 )

, Am3, L . Am? 11 LI
[?8 3013855 Lo e T A1 — 2s75)

)

[»]

- = -
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PNMS matrix

This is the matrix as 2014 (mainly unchanged)

Uf_'. 1
Uy

-Url

U

Quark and neutrino mixing matrices are very different.

Un 2
U,
U.' 2

Ue3 |
Ua | =
UT3 "

CKM

[ 0.82+0.01
—0.35 = 0.06

| 0.44 + 0.06

0.54 £0.02 —0.1540.03

0.70 £ 0.06
0.45 + 0.06

PMNS

0.62 = 0.06

0.77 = 0.06 _
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Is the PNMS a unitary matrix 7

We know there is only 3 active neutrinos (LEP).
But, neutrinos can mixed with”sterile™ neutrinos.
How could we know ?:
* neutrinos oscillate with a Am=2 that is not the solar or the atmospheric one.
 [wo signatures:
e neutrino flavour disappearance with large Am2 : missing neutrinos!
neutrino flavour transition with large Am?2: unexpected neutrinos!.

Sterile neutrinos has cosmological (number of light particles) and gravitationally

(dark matter) signatures.
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Observation can be interpreted as a neutrino oscillation with a Am2 different
from solar and atmospheric splitting.
¢ \

This is possible if there are more than 3 neutrinos.

LEP demonstrated the existence of 3 active neutrinos:

e neutrinos that interact through weak interactions.
The only option is a “weird” concept (sterile neutrino):

* a neutrino that interacts only through gravitation. Actually right-

. i | | handed neutrinos
There might be 1 or 2 additional sterile neutrinos. are sterile!

They could be the origin of dark matter but already cosmology limits the
neutrinos to around 3:

e In cosmology a “neutrino” is basically a weakly interaction low mass particle.

|
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e Sterile neutrinos
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Electron neutrino disappearance in reactors.

[T I||‘ [ [T1 [T [TTT |||‘ [ |||H| [T TTTT | ||||!|
I ST ER EO 1l thierry.lesserre@cea.fr
11— 3 neutrinos A 5 L
- v J m
RN A s A Poa = 1 — sin® 20, sin’ 42_1 Sin? 2000 = 4|Usa|* (1 — |Uaal?)
09— T :
08— :|i 4 neutrinos
- 1 ——r—rr T — T
07— 95%, 99% CL
oel 10112 dof
05—
0.4_ [ 11 [ [ 1 [ [ [ | [ | |||| | I||H| [ | IIIII—I— i )
107 10° R - 10’ 10° 10° I All _— j'
eactor 10 Detector Distance (m — . .
3 - v disa
% PP "
055 - 2 g0l — "
) |
o <t
05 L = All Reactors :
< T
|
¢ 17
._ch 0.75 |- l +1 7 1
g T 4
g o7 LelH {‘a‘l |
% * 10_1 ~ —_— - 'a'l I
085 - 1A E ——- U): :
1 Ll 1 1 L i 1l Ll
-3 -2 -1
0.6 I global reactor best fit —— 3 10 10 10
DANSS best fit — —— 2
DANSS data —e— | Ue4|
0.55 | | | | |
1 2 3 4 5 6 7

Prompt Energy [MeV] 103
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Sterile neutrinos

Vu —Ve transition in neutrino accelerators.

L L L
—— v_: 12.84x10% POT
—=— v 11.27x10% POT

MiniBoone
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= 15 B ple,~0,e'h
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M f25F
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i LSND
75F
] — ——
25F
0 ——
M A A I
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Pue = sin 20,,e sin
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=

107!

» Amiy L
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[
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99% CL a3z ok
2 dof .
2 101: "_-
e Can they be reconciled ? <= |
=), (=} (=) ]
< ' e ]
Ami, L S Lo S
Pue = sin’ 20, sin? % sin’ 20, = 4\Ue4]2\U#4\2 o 107 i S
4 i MINOS/
i MINOS+ T
A 10 "0 gisap g
200 A Lai20g o299 combined)  NC
Sln ‘UJe o~ _Sln eeSln {.L{.L 102 101
4 |U,u4|2
Ama, L
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_ 2 dof
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vy disappearance 3 pppearance
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fermion masses
de se be

U -@ Ce te
V) —eieVy eV3 ce Le Te
| | L | 1 1 1
ueV meV eV keV MeV GeV TeV

« Now that the neutrinos have mass we need to understand:
 What to do with right-handed (sterile) neutrinos ?
e Why the masses are so small?

 Theoretical models tend to relate both concepts...
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 If neutrinos have mass, then the right-handed neutrino “has to

exists”. After 60 years, we go back to the problem that there is a
type of neutrino (Right chirality) that is sterile (does not interact).

e [heory proposed an alternative: Majorana mass. In this case the
neutrino is the same as its antiparticle, so the right handed

neutrino Is just the anti-particle.

No sterile is needed:

| H&neutrino, RH antineutrino

e This is only possible for neutrinos because it is the only neutral
fundamental lepton in the SM.

« \We can write the mass term (Lorentz invariant) in two ways (or
both):

Dirac Lp = —mpirvr+h.c. Majoranaly = —myViVr + h.c.
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The Dirac neutrino NC interactions are given by:

<V [ 9Py (L +95)97 | vF >=Tryu(l+ v5)u; A

In the Majorana case:

w—MVMbM N (@DM)C%L(@DM)C == _w—MVMDM
Giving

< v [ My (1 +95)0™ | v >=Uryusus — Tpyursve B

Given the I\/Iajorana term:

ipT —ipx
Z Eﬁvf? REFCLAR S5 9% Waka)

Unfortunately, the two are almost indistinguishable. [ 2ZaSn{E4)
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1 mMm?P V<
L= " (p; & L L) + h.e
2 ( 5 R) mDm% VR

® When we diagonalise the matrix we obtain the following eigenvalues:

1 1
Ap/= 5(77’?%4 +mp ) £ 5\/(’”7/2\4 +my )? — 4(my'my —mPmP)

® If we assume (MMmrM-mPmP) << (M M+mgM)2, then:

Ay =my +my
Lttt P

M M
miy —I—mR

® And, A+ >> A.. Tuning the values of mgM we can generate the A-as small as
needed since mgMis basically a free parameter.
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 Majorana mass implies two new properties:

* The neutrino is equal to its antiparticle.

* There is no right handed (if no See-Saw), it is just the anti-particle
* Nothing (symmetry,...) prevents us to write a Majorana term in the Lagrangian:

* We need an additional symmetry to forbid the Majorana term.

* Whatever we discover will be very relevant to the SM: new symmetry or a Majorana.
* How to detect Majorana’s:

* Look for a process where the neutrino-antineutrino cancels in a loop or propagator:
neutrino-less double beta decay, or any AL=2 process.

d > U
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* The 2v2[3 has been measured for several isotopes.

* The Ov2[3 has been search in many of them (“almost”) without success.

* Experimentally is complex, both processes are rare: T, >> 100s

(A.Z)

(A,Z+1)

20

Ov2[3 process

(A,Z+2)

* The rate of Ov2Bis proportional to a v effective mass: kind of v mass

scale.

111



UNIVERSITE

DE GENEVE OVZB pI’OCeSS

FACULTE DES SCIENCES

dN/dE

00 . .0 E/Q
« The 0v2pB is characterised by a monochromatic 2e emission.

« The experiments are mainly low background underground high resolution
calorimeters (AE/E ~ 0.2 %)

« New experiments try to get the advantage of the 2 electrons to reduce non
28 background from natural radioactivity: NEMO, NEXT, ...
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 The lifetime is computed as

t%/z = GOV|M|2 |mie Zkzl,Q 3 ekmk‘ 3 GOV|M| ‘

« Where |AI is the nuclear matrix element and Govis the
phase space factor.

Mgg IS basically T T g
the lifetime ol _
Hierarchy has a s :
orofound effect g E
on the feasibility .
of the ;
experiments. N S

Mlyghtest [€V] 113
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 Tested with several isotopes with different experimental setups:

136Xe, 130Te, 6(5e.

e Lifetime limits larger that 102° years!

R e —
S | £ | [EM-2
6f ' Mowm i m QRPA-Tu
o Ge i 'y E ® ISM

5f | " sE : i

| I S S 0
a a Sn 5 Th
o | Zr =

3. 1 * 1 PO

[ o B ae DNd B

of Co s .

Y% T30 6o 80 100 120 140

MNeutron number

Interpretation is limited
by our knowledge of
nuclear physics.

lE I | lIIIIII | | lIIIlII | | IIIIIII | I

E 13¢Te {Cuoricino + CUORE-0}

= ®Ge {IGEX + HAM + GERDA-I} -

LeXe {(KaraL AND-Zen + EX0 -2 00}
0.1 —

i 2 .
= 5 [H {Am*“=0} ]
Qu
= 0.0l —
& T E
= = =

| NH (Am?>0) ]

0.001=— —
lo—lll | | lIIIIlI | | IIIIlII | | IIIIIII | I
10-¢ 0.001 0.01 0.1 1
Hhghtest [eV]

No positive sign yet!,
still far from inverse
hierarchy band
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* |ow background (b) (<1 count/year ) and large mass (M)

X M Xt
7"1?2"(90% C.L.) =2.54 % 1026y (SWGJ

* High energy resolution (AE) to reduce background in
signal region. (2v2p is always present).

i
10 enriched detectors - 53.9 kgyr | B :fter liquid argon (LAY veto and PSD
|

Monte Carlo2vfi - T, , from [ERJC 75(2015) 9] G e rd a E
]
o
&

50 ke blinding

ST |

00 3500 4000 4500 5000
Energy (kev)

115



UNIVERSITE
DE GENEVE

FACULTE DES SCIENCES

Ov2[3 results

 Best limits, so far.

Isotope, b x AE x M, Experiment,
mass Qpp, ke countsiyr Tan, yr <My>, eV technique
6Ge, 40kg | 2039 007 |>09x10% | <0.11:0.25 | CoPOM
e
CUPID-0,
82Se, 5kg 2998 0.4 >24x 1024 | <038-077 | scintillating
bolometers
100Mo, 7Kg 3034 1.5 >11% 102 | <033-062 | NEMO-3,
tracko-calo
130Tg, 200kg 2528 21 >15% 10% | <0.13-0.50 bCUOR’E-
olometers
KamLAND-
136Xe, 380kg | 2458 1 > 1.07 x10% | < 0.06-0.16 | Zen, doped
LS
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* Oscillation experiments provide the mass difference
between the different v mass eigenstates.

* Which is the absolute neutrino mass
» direct measurements: end point of 3 spectrum.
- cosmology
 2B0v provides a measurement it neutrinos are Majorana.

* Time of Flight in LBL.
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 Absolute neutrino mass experiment:

tritium B-decay and the neutrino rest mass

half life - t,,,=12.32 a

*H = 3He + e +V, |
end point energy . E,= 18. e
B end tenergy . Eg= 18.57 keV

- 3H B-decay end point.

entire spectrum region close to £ end point

- MAC-E filter threshold 7
spectrometer. g o6 t LN\
- Extremely high resolution: ~0.2eV  ~ o

equivalent to the mass to measure. L

electron energy E [keV]

The experiments
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* After many years of development. First measurements!

w750 —— Fit result
‘:-)' - t  Measurement
4@5.0_— ’
S2.5F
3 -
O i

0.05 |
u
S 2
O OF
e —2¢
— — 1 | 1 1 | 1 | | 1 1 1 | | 1 | | | 1 1 | 1 |
§ 418200 18300 18400 18500 18600

Retarding energy (eV)
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Nneutrinos as messengers

Neutrinos are excellent messengers

Neutrinos are neutral (not sensitive to magnetic fields), weakly
interacting particles produced Iin violent phenomena in the

Universe..

Photons are also neutral but they interaction with the photon
radiation background.

but they are difficult to detect.
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e Large volume & large energy
* Cerenkov detector at the south pole.
* large mass for stopping v
e ~ 1 km3volume = 15000 x

SuperKamiokandes.

: S0m lgg—T.o Ji_—-::—_ijf‘!;;;—:::________- - - e s | 5
A_—. N .

w Amundsen-Scott South

Pole Station, An

86 stri f D
IceCube Laboratory sgtsgggr:;ersoar:’rt A National Science Fou
managed research facilit

T

60 DOMs
on each

e |arge energy containment.
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Data is collected here and
sent by satellite to the data
warehouse at UW-Madison
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are 17{
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Digital Optical YeepCo T

Module (DOM) 2450 m “Il || | \ : : :
5,160 DOMs { ‘. ! 10_3 ] I ‘ i
deployed in the ice S = :
Antarctic bedrock L 1 | L f

o N [

10° 107 10° 10° 107
E,/GeV 121

Conv. atmospheric v, + 7, (best-fit)

1450 m
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lceCube

* Recent observation of a flaring blazar* with a combined signal in photons and
neutrinos.

e Beginning of the multi-messenger era: gravitational waves, gammas, neutrinos.

Declination [*]

. , , . , log(Frequency [Hz])
e < ; ‘ r 8 10 12 14 16 18 20 22 24 26 28 30
5.2 - T T T T T T T T T T [ E——
: 10-10 o 1 T E
- 19R9F : & ﬂo«}rh%
N o - . ShAE 1 i
ot o~V ~1f T -
o L LN A 713157133 107 | 5
LA oty . ; ]
; L MR o Pl N, o - - ]
; S - - | .
g ~ [§] o ¥
' \ % = \ . .. B0 ‘ (=23
a0 TXS 05064056 5 1077 s \ E
- AL . 7/ w ]
35 4 : el B T ]
- — ~
=2
o
— |ceCube (50%) ~ 10~ 8 E
ary |0 ® ; ]
5041 IceCube (90%) _ g - ¥ L % Archival * SARA/UA —— INTEGRAL (UL) —— VERITAS (UL) ]
MAGIC (95%) * PKS 0502+049 = m VIA s Swift UVOT  HH  FermiLAT —— HAWC (UL) T
Fermi (95%) ‘ ] [ ] e OVRO & ASASSN 4 AGILE —— Neutrino - 0.5yr ]|
& '~ _1al . e  Kanata/HONIR $  Swift XRT F  MAGIC === Neutrlno - 7.5yr _|
TXS 0?0&036 : 10 : v Kiso/KWFC &' NuSTAR H.E.S.S. (UL) 3
- . . C 1 ' L 1 L ' 1 L L i L L i ' L 1 L ' 1 ' ' i L
L) L L L) v 10-% 103 100 103 100 10° 1012 101%
78.5 78.0 775 77.0 76.5 Energy [eV]
Right Ascension [*)

* blazar is a black hole in the center of a galaxy.
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§ Data =-- Neutrinosimulation —— Atm. muons (from data) =—— Neutrinos + Atm. muons

1
I
|
I
|

{ 10?2 ] 102 .
2 i B i i
= I‘ B ¥ 5
b}

- 1 1 1
& 10'E bl 10t 10t |
- =1 - - .
= I - o

100 ] L ] . 100 I ] ] = 100
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0 -1.0 1.0

COS (gl‘eco)

Not long engugh I\
fto ostillate

=== |ceCube 2014 [NH] == T2K 2014 [NH]
*  MINOS w/atm [NH] SK IV [NH]

90% CL contours """

e |ceCube is also able to do
bt N oscillation physics with
20—5355703s 0.4; ;).115 0.50 0.55 0.60 065 070 0 1 2 3 4 atmospherlc HGUtranS

—2AlnL

.2,
sin® (6y3)
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Inflation

Key: W, Z bosons N\/\, photon

d quark . meson

g gluon . & @ baryon

@ electron a8 ion
Lmuon Ttau

V neutrino @) atom

‘ galaxy

* star

Particle Data Group, LBNL, © 2013.

v's & Cosmology

Supported by DOE and NSF

125



UNIVERSITE

eeenie g & Cosmology

due to insufficient
ve <> ve & e" et v
QYaY) L v
Ly~ (4/10)Y3 T,

after e—e™ annihilation
O VY
T,o = 1.945 K ~

1.676 x 10~% &V

m; = 8 meV (: Am? ) > (E,)

s0l

N

many relic neutrinos are
hon-relativistic today!

o

S/q
q'S.IA UO"IE!DBJ GAEMO""” ’\“\‘Soo

e i
(Ey) ~ 3.1T,0 =~
5 x 1074 &V )
Key: W, Z bosons \f\, photon o L v

Q quark s meson # galaxy

g gluon g e baryon —3 N
e electrqn a® lon * star 5 ‘\ | per fam |Iy
LLmuon Ttau 7013

black “iny
V neutrino @ atom hole | Particle Data Group, LBNL, (c) 2013. Supported by DOE and NSF ;
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v's & Cosmology

—; ‘ 6000 — :AN£= :
‘ . 3 . ‘ "' | ‘, - . First peak increase = AN y=2
N ) L sl due to early ISW
£=2 £=3 £=4 ol
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{Radiation energy density p, in the early Universe:}

4 _ _ N\

Pr — 1 -+ g (11) Npﬁ ,O..-:r..~ - [1 -+ O2271Neﬁ‘] /_}‘_.-:r,.‘

\ _ _ J
P~ photon energy density, 7/8 is for fermions, (4/11)4/3 due to photon reheating after neutrino decoupling

= N.g — all the radiation contribution not given by photons

In the SM, this is only neutrinos!

Indirect probe of cosmic neutrino background!

Observations: Neg =~ 3.0 £ 0.2 [Planck 2018] A
> 10|
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e Neutrino eigenstates with a mass mi« 0.57 €V become non-relativistic

after photon decoupling.
e There is a transition as function of the neutrino energy and mass.
e This leads to several contributions to the CMB temperature and
polarisation:
1. the neutrino density increases the total non-relativistic density at late
time universe evolutions, Wm=Wp+Wec+Wy
2. the relativistic-non-relativistic transition affects the ratio between
pressure and energy.
3. the neutrino mass affects the CMB gravitational weak lensing.
4. low energy neutrinos become non-relativistic earlier and photons
feel this through the gravitational effects altering the CMB spectra.

Depending on the information (and measurements ) used:

2my < 0.14 eV 2my < 0.68 eV @ 95%C.L.

Future measurements might get the neutrino mass
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e Fast development in the last 20 years. We have measured:
* mixXing parameters.
* mass differences and hierarchies.
* solar model tested.
* mass effects in neutrino propagation.
* TJested with natural and artificial sources.

» well established results. Entering the time of global fitting like recent non-
zero indications forB+3

* Observed disappearance but also neutrino transformation in SNO.
e Starting to measure neutrino properties in the cosmos.

* Using neutrinos as messengers from beyond the galaxy.
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e But, it is not finished yet:

CP violation?
Mass hierarchy of atmospheric oscillations.
Are the neutrinos Majorana or Dirac? or both?

Why the mass is so small: “ad-hoc”, see-saw,... (we will need some external
help here: LHC? cosmology?,...)

Additional (sterile) neutrinos?
neutrinos as extraterrestrial messemngers

Precision!!! Experiments are not limited by statistics anymore, understanding
and controlling all aspects of the measurement is critical:

e (Cross-sections, flux, etc...

Cosmology will provide surprises. Testing properties of neutrinos both in the
cosmos and earth will open new level of understanding of our universe.

* There are few decades of successful neutrino physics ahead!
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