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Outlook

® Neutrinos: discovery and early ideas.

® Oscillation phenomenology:
® Solar neutrinos + Kamland
® Atmospheric neutrinos + Long Base line experiments.
® 03& CP violation.

® Majorana mass & 0V2f

® C(Closing remarks
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Neutrinos were proposed in 1931 by Pauli in > O
a desperate attempt to understand the beta A
spectrum. P2 @

The particle (first called neutron) had the
following properties:

BETA DECAY
® Neutral
rhodium —® palladium + beta particle
98,652.876 98,649.196 0.5M MeV/c?
® weakly interacting ?
® |ow mass (<<m.)
©
® Spin |/2 E
Z
3.169

Beta particle energy (MeV) —» MeV
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Neutrinos

® The first experiments to determine the mass of neutrinos were proposed
in 1933 by Perrin and Fermi. The idea was to investigate the endpoint of
the B spectrum.

® This is still the method used for direct search in Katrin!!!!
® At that time, upper limits of 100 eV were achieved.

® After the parity violation in B-decays were discovered, the two-component neutrino theory
(Landau , Lee and Yang and Salam, 1957) was the first theoretical idea about neutrino
masses.

® The idea was simple, two neutrinos (Left-Right), one of them is “sterile” (do not
interact) so it is not “needed”.
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Neutrinos

® |f we consider that the neutrino field has two components (L,R) the
Dirac equations can be written as:

Y0, vp(x) — myvp(x) =0
Y0 Vp(x) = myv(x) =0

® Taking into account the boundaries and the fact that only one field was
needed (L or R) to describe the weak interactions, it was accepted that

Mmy— O

® The“other” helicity was a “sterile”: no mass & no interaction & no
production mechanism — it does not exist.

® The neutrino helicity was measured in 1958 in a spectacular
experiment by M. Goldhaber: neutrinos were left-handed.
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- Neutrinos

® From this point of view the parity violation in weak interactions was due to
the fact that the neutrino mass was zero and only one neutrino helicity
existed.

® This idea was changed after the Feynman, Gell-Mann, Marshak and Sudarshan
proposed the V-A theory in 1958.The two component theory was not

needed because the interaction was governed by the propagator and not the
neutrino helicity.

® But, the simplicity of the my= 0 theory prevailed for years...and it was
“assumed’ that neutrinos were massless.
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Neutrino oscillation
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® Pontecorvo proposed, back in 1957, that the lepton sector might show
oscillation phenomena similar to that of the K® meson. Neutrinos were neutral

particles, and the lepton-hadron analogy was assumed.

® At that time Davis was doing experiments with anti-neutrinos from a reactor

e And observed some (wrong) events. that finally vanished.

m . .

8 looking for the reaction: As many other times
RS P s e 37 A these were preliminary
2 hints

C

g

LLl

® At that time only one neutrino especie was known.The only option was to have
oscillations (similar to the already known K system) was:

=2

® |n his model, he was already proposing that V were a mixed system of two
“Majorana particles” with different mass (Vvi,v2).
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® The v, was discovered at Brookhaven in 1962 by Lederman, Schwartz and
Steinberger.

® At this time, Pontecorvo proposed the alternative model based on v, = v,
oscillations. The model “only” required that neutrinos were massive.

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

® 'Ve—P’VIu

® + not enough energy (MeV) to produce a muon (100 MeV), so v, is
invisible in charged current interactions.

This is still the fundament of neutrino disappearance
experiments
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Solar neutrinos

® The sun is a thermal fusion nuclear reactor. The sequence of reactions is
known to a good level (10%).This allows to predict a relation between
the neutrinos and the sun luminosity.

ptp =2 iH +et+v, ptpte 3 ’H +v,
0 v 0.23%
(99.77%) *H+p > He +y (0.23%)
(84.92%) Il (~10-5%)

! J7(15.08%) !

SHe+3He 2 a+2p ‘Het+p 2 at+e" + v,

‘Het+o = "Be + h?
(15.07%) Jy (0.01%) °P
‘Bete 2> 'Li+v "Betp 2 8B + v
e Y
LR | B
Li+p =2 ata © B 220+ e" + v,
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Solar net reaction is 4p = *He 2e* 2 v,

The sun releases 25.7MeV/c?, or 4.12x10'?, per Helium nucleus produced
(or Y2 of that per neutrino).The solar constant is |370Watts/m? at Earth’s
orbit. The neutrino flux should be then 1370/(2.06x10"'%)/m?/sec or:
6.65x10'%/cm?/sec.

This number is known to 10% (although not uniformly along the neutrino
spectrum).

Neutrino Flux

0.1 0.3 1 3 10
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- Solar Neutrinos

s

® The first experiments were based on radiochemical detection:
® Chlorine: v.*’Cl =3’Ar e (Ev> 0.8 MeV)
® SAGE/Gallex/GNO:v.’'Ga =7'Ge e* (Ev> 0.2 MeV)

® Later the water Cherenkov detector Kamiokande was added to the list
with a threshold of ~6 MeV.

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

® Reduced background due to pointing capabilities, Day/Night and
seasonal effects...
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= Solar neutrinos

Total Rates: Standard Model vs. Experiment
Bahcall-Pinsonneault 2000
7
[gx % 1298
__ 1,015
o
7/ 4+ % +
O.54ﬂ:0.08 T1£5 Z 715
4 2.56+0.23
Kamioka SAGE GALLEX
+ GNO
Cl H,0 Ga
Theory ™ "Be mm P—P, pep Experiments mm
8H B CNO

All of them detected neutrinos, but at a different rate than expected: solar model?,
detector efficiencies?, neutrino deficit through oscillations?,...

This disagreement was called for years “the solar neutrino problem”.
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" Solar neutrino problem = =S8

MM.- i ittt ke e e s ..A...-...‘Md'

® 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..."

® Georgi & 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.."

® Yang: "l did not believe in neutrino oscillations even after Davis' painstaking work
and Bahcall's careful analysis. The oscillations were, | believed, uncalled for."
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® [Drell:"... the success of the Standard Model was too dear to give up."




~ Neutrino oscillation

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

® The model assumed that:
® npeutrinos have mass, albeit a very small one.
® neutrinos interacts as Ve or Vyu (neutrino flavor).

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

lve > = cosf|v; > +sinfly, >

v, > =\ Fsinf|vy/> +coNdpro >
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Neutrino oscillation

® Neutrinos are produced always as a flavour neutrino but they
propagate in vacuum as mass eigenstates.

Vi Propagation Vi y
o O AMANNNANAAANANA - O =3
=
2 ] |2
5| DR
)
=3 O AMAAAAAAAAAAAAAAA O e
V2 V2

® |[f neutrinos | & 2 propagate at different speeds (mass) and they
keep the coherence at the interaction point the proportions are
changed and it might appear other neutrino flavour.
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When we produce electron neutrino:

cos By > +sinf|vy >

AL

Neutrinos are transported in vacuum following the Schrodinger
equation in vacuum:

0
iha—z:HV:EV:\/m%—FPQV

My<< p:
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® |f we produce a V., after some time the state is:

2 2
(p 21yt ; (p—22)t
Vst >=cos0e'PTm )% |y 0 > +sin e PF e ) w1y 0 >=
2 2

A
!+ 2 (cos O] 0 > +sin fe' 2 %‘VQ;O > )

® The probability of getting a v at the interaction is then:

| < vulvest>17 = | —cos@sinf < v1]vy;0 > +sin 6 cos fe’ moh < Valvg; 0 > |2
0 ma2 — m?t 0 Am2L GeV
LD .9 My 1 L 9 0
# §in‘ — sin — = sin<*—=sin“ 1.267
2 dp  h 2 E - eV2km

® Flavour-lepton number is not conserved!.

® Opens the possibility for flavour violation in lepton decay & production.
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- Oscillations with 3 v's

! 0 0 cos 013 0 sin 9136_i50P cos 091 sinf>; 0
Upnys = | 0 cosfos  sinfog 0 1 0 —sinfy; cosfy; 0
0 —sin 923 COS 923 — sin (91367;5013 0 COS 913 0 0 1

1

(Ve L VT) s UPNMS V9

V3

® With 3v, there are 3 angles and | imaginary phase:
® The phase allows for CP violation similar to the quark sector.

® There are also 2 values of Am?, traditionally Am?2 &Am?3.

() EXCELENCIA
¢ SEVERO
, OCHOA

Taller Altas Energias 20 13 ,Be asq ’éi".fIHS"-_ 28 Septiembre 2013



Uel UeQ UeS
Upnms = | Upr Up2 Uys
U’T]. U7'2 UT3
W+ W+
— > > ® >
+ g vV V; 8 Cy
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Production Detection
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| Weak state(s) V ,
Quar S S Mass state
/ > N
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® The mixing model is the same for quarks and neutrinos.

® Quarks & neutrinos exists in matter and vacuum as mass states.
® The neutrinos are normally identified during the interaction — as flavour state.

® The quarks are identified through it bound state (mesons), so normally as mass
states.
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® Neutrinos can have two types of interaction with matter:

® |[ncoherent inelastic (the neutrino and the target varies state and/or
kinematics): O~ 104 (E/MeV)?

® (Coherent (the medium is unchanged and the scattered and un-scattered
waves interfere enhancing the effect)

® |t introduces a phase in the propagation, that can be invisible if the
target and neutrino do not alter their properties.

® Actually Coherent interaction is visible in neutrino oscillation due to the
asymmetry induced by matter (only electrons and no muons and taus!).
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~ Neutrinos in matter

® The Schrodinger equation of vV in matter:

2 AV; m? ;
A ST AL

® Vcintroduces the coherent interaction (phase) depending on the
neutrinos flavour:

Ve e- Ve,T,IJ Ve’Tau

w- - CC z°  NC

e- Ve e-’P’n e-’P’n

® The NC phase is common and factorizes. The CC remains:

VC i diag(::ﬂGFne, O, O)
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‘Neutrinos in matte

vV

-----------------»—------------------

Vacuum

\1

vV

------*-------

vV

------*-------

iy Matter
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- Neutrinos in matter
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® The mass effect can be interpret as a change in the mass eigenstate and
eigenvalue. It changes interference pattern & effective mixing angle. Both
depend on the neutrino energy and local electron density.

2

2
1
(= T ;r ikl E,(Voa+ V) F 5\/[Am2 cos 20 — A]? + |Am? sin 26)?
Am? sin 26
tan20,, = =
= Am?2cos20 — A Va ﬁGFne

V1 >= cos O, Vg > —sinb,,|vg >

Vo >=sin b, |V, > +cosb,,|vg >
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® When A<<Am?Zcos(20), the tan(20m) is like tan(20,) (vacuum oscillations).

® When A~AmZ2cos(20), the tan(20) becomes infinite (maximal mixing) and

changes sign — the proportions of |&2 invert for &&f states (“level
crossing”).

® When A<<AmZcos(20), the mixing tends to 0 but the effective mass
becomes infinite — fast oscillations.

2 2
1
w2,(z) = = ‘; "2 4 B, (Vo + Va) F 5 /[Am? c0s20 — A]? + [AmZsin 20
Am? sin 20
20, = — o

tanz. Am?cos20 — A Va V2Grn.

A 08, v, -V Vs =0

V1 >= COS 9m|Voz > — sin Hm Vg > When B, crosses 45° we can

interchange cos and sin and the
proportions reverse.

Vg >=sin 0, |V > 4+ cos O, |vs >

28
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1
= _g 22+ By(Va + Vo) F 5 V[Am? cos 20 — AJ? + [Am? sin 20]7
Am? sin 26
Am?2cos20 — A Vo = :\/iGFne
A Fot 2EI/(VO£ I3 Vﬁ) Vﬁ =0

There is a CP-like effect due to matter effects (no positrons in matter) — systematics
for CP-violation.

The matter effect parameter is summed to Am? so, it is sensitive to the sign of this
difference — sensitive to hierarchy.

It depends on the Energy of the neutrino.
It depends on the electron density:

® sensitive to the type of matter it crosses, so electron composition of earth for
example — systematics and geophysics.

| 28 Septiembre 2013
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Solar Neutrinos

® Back to experiments: How to unveil the “solar neutrino”
problem? It was not statistics or systematics, repeating
experiments won'’t help.We need to:

® measure the total neutrino flux (3 flavours) from the Sun
(SNO).

® produce a neutrino flux that is calculable. (Kamland).

® |n parallel, search in the v, sector for equivalent phenomena
(atmospheric neutrinos & SuperKamikande).
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® SNO experiment was proposed to measure the total
solar neutrino flux and the electron component.

® Flastic scattering: vy, e vy e
® v, is 7 times larger than v, ;

® Charged current:v.d ?> pp e

® direction and spectrum

® Neutral current:v,d * v, np

® unbiassed total neutrino flux.
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Status after first SNO data
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- Solar neutrinos

® The sun produces v..The neutrino propagates in a high density
matter with a radial dependency.

® |n the sun, the matter hamiltonian dominates the vacuum
hamiltonian. (A>>Am2cos(20)).

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

Mikeev, Smirnov, Wolfenstein (MSW) effect

MZ 4 m% o m%
! 2
2 2
T e ; UL on vy
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dolar neutrinos

Mikeev, Smirnov, Wolfenstein (MSWV) effect

) EXCELENCIA

The density varies adiabatically (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” (v>)

The vacuum state V,, 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.

Ny i (; ' e e
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Solar neutrinos

8(x)~mw/2
| %y >~ v >

é?(’() - é?\,

3uiSsodD)
[9AST]

® Because, there is “level crossing”, the main state in matter is the
opposite to the most probable mass state from V. in vacuum.
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Status after first SNO data
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Oscillation from sun
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Search for Ue oscillations from nuclear reactors.

Average distance: ~180km.
Average Energy: ~4 MeV.

Sensitive to Am?2~ |04 eV?

ina
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> °'9;_ ® Borexino, low energy solar neutrino
.g 0.8 experiment, was able to check the LMA
8 0.7F 7 transition.
E ok | Be ipep
S o.sE { - ® The MSW-LMA result depends on the
P oo.4E neutrino energy via the A parameter:
a E El ?p - All scolar _+
s 0-3F 9 'Be - Borexino T2 2E,V2Gpn. << Am® cos 20
. 0.2~ e °B - SNO LETA + Borexino
K - e "B - SNO + SK
0-1F MSW-LMA Prediction ®  We should expect a transition when this
- 1 et aaal L g aaaal
o ) 10 happens.
E, [MeV]
ne(core) =3 x 107 m ™2 @ 0,0 = 30° D Am?, =~ 8 x 107 °eV? — E > 1MeV
5 m% ¥ m% 1 2 2 e 2
pia(T) = : + BV, FVshF 5\/[Am cos 20 — A]? + [Am? sin 20|
Am? sin 20
tan 2,/ \= i
Am? cos20 — A Va = £V2Grn,
G QEV(Va — V@) VB =0
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Primary cosmic rays

Rl Atmospheric
neutrinos

(4807 m)
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- Atmospheric vV

® Up to now we have been looking at V. (solar) disappearance:

® [s the V. oscillating to v, or V¢ ?

® What about the vV, and V;?! Do they also oscillate?

® Some trivialities:

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

Only NC are possible (SNO) and NC do not distinguish
between v, and V;

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

| - 28 'Sebtiembre 2013
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Atmospheric V

Primary .

3 Isotropic flux of
cosmic ray cosmic rays
p, He, ...

V.Ll "
W ¢

Ratio of Vu/Ve ~ 2 Up-Down Symmetric Flux
(for Ey < few GeV) (for Ev > few GeV)

+ + +—
a —=Uu VM %evuvevu
N,

Vu

~2.0 for E < fewGelV
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® Total flux is not known, but we know:
® Ratio muon to electron.
® FEnergy distribution.
e distance from production.

® WWith this information we can do:
® Vlu -> Ve, Vﬂ -> V‘[

® Ve Vy, Ve Vs

® as function of energy and distance
(L/E parameter). (unfortunately
not exactly)

> - 28 Septiembre 2013
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Best oscillation fit
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Agreement for V. .The

change is due to
normalisation only.

Strong distortion for Vv,

Distortion as function of
zenith angle.

Most probably vV, » V-
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® 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)

® Neutrinos are detected at 250
km in Superkamiokande.

28 __eiatiembre 2013



Basic principle

primary
' beamline

EXCELENCIA
SEVERO

280m
detectors

off-axis

Beam flux and Flight &
neutrino-target oscillations
cross-sections
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= K2K, the confirmation

k.
<D

=
N

o'llll[!lill[lllIllllllll]]]]lll

Events / 0.2 (GeV)

(o 4]

E=N

E, ¢ (GeV)

o
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|stlong base line experiment:
prove of principle and
technology.

Deficit and spectrum
distortion compatible with SK
results.
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Neutrinos of several GeV
produced in FNAL and
detected 800 km away.

Dedicated near and far [

detectors.

: i‘arge’t
Enclosure

Tevatron

£& FERMILAB #98-765D
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Ratio to No Oscillations

2.0

1.5

1.0
0.5f

0.0l
0 2 4 6 8

Accelerator neutrinos

MINOS PRELIMINARY ]
Neutrino beam (10.71x 10%° POT) -
contained-vertex Vy
—— MINOS data ~
— Best fit (3v)
| === Bestfit (2v)

1 1 I l T 1 I 1 I

lllllllllllllllllllllll

10
Reconstructed v, Energy (GeV)

Ratio to No Oscillations

2.0
- Antineutrino beam (3.36 x 10%° POT)

1.5

T

LN D N D AR I A N A B AN A B D A B L B B B A |

" MINOS PRELIMINARY

contained-vertex v,

—— MINOS data -
— Best fit (3v) i
--- Bestfit(2v) ~T— 1T

A

§ WY (SRR TN (N TSR (NN U (NN U [N U U U U U U S U S S W S —, -

2 4 6 8 10 12
Reconstructed v, Energy (GeV)

¢ Predicted 3201 v,-CC candidates and 363 v,-CC candidates
o Observed 2579 v,-CC candidates and 312 7,,-CC candidates
¢ 2v and 3v best fits are almost indistinguishable for beam v’s
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.~ Minos: precision era

Atmospheric neutrinos @ Minos

sob Vi E=13GeV 'V, E.=310GeV | 20fV, E =10-30GeV -
MINOS PRELIMINARY 301 Atmospheric neutrinos, ] —o— MINOS data (37.88 kt-yr)f
0 40F - contained-vertex v, and ¥, | 5 15~~~ Fittonormal hierarchy -
e : [ 1 2 fpee=- Fit to inverted hierarchy
o 30¢ [ —— No oscillations ]
> s @ Cosmic-ray muons 7
W »nk [ ]
20 : ]
10f : 3 ;
0 0-....1....1. [— 0'?*-1....1-*-...1.
-10 -05 00 05 1.0 -10 -05 00 05 1.0 -10 -05 00 05 1.0
cos(6,) cos(6,) cos(0,)
25 _Vu E, =1-3 GeV VH E, =3-10 GeV 10 -V” E, = 10-30 GeV -
: 15} . ;
[ 8 ]
L1
S of :
>
L

of T :
TR ] w g
5 - - -!lll e | :
i~ + ] 2
0 b 0 Ol"?'.'.'.n....l..... ]
-10 -05 00 05 1.0 -10 -05 00 05 10 -10 -05 00 05 1.0
cos(6,) cos(6,) cos(0,)

o Predicted 1100 events, observed 905 events

o Small effects from hierarchy in the resonance region

g EXCELENCIA
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tmospheric neutrinos

® The combination of very long base line ¥ andv from
atmospheric and long base lines from accelerators open
sensitivity to other parameters. (Breaking degeneracies)

o Marginal preference for inverted hier-
archy and upper octant

6|  MINOS PRELIMINARY
. v, disappearance

10.71x10°° POT v,-mode, 3.36 x10*° POT ¥,-mode,
37.88 kt-yr atmospheric neutrinos

Profile of likelihood surface
- Normal hierarchy
- |nverted hierarchy

90% C.L.

) EXCELENCIA

28 MINOS PRELIMINARY
26

2.4

2.2

—
i v, disappearance

[ 10.71x10%° POT v,-mode, 3.36 x10%° POT ¥,-mode,
37.88 kt-yr atmospheric neutrinos

I I LI | LI I

. Normal hierlarchy .

L1 1

L L
- Inverted hierarchy

2.4 * -

«Bost it —68% C.L.

o8l —90% C.L.

| S S SR S

s || I B N B R

in2
Sin“B,,
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- Decoupled Solar and atmospheric =

ettt S &
. A N e s S R o
e '.'..,..u\:'“ i dad 2 WROT

® The observed oscillations are:

Solar & atmospheric appear
® Ve Vyur soLar) to us like two

® b s v, Y smmosnc) decoupled oscillations

® To observe V,, > Ve from solar parameters,

® the energy should be similar to solar neutrinos or the distance should be very
large.

2
Amsg

~ 30.
Am%Q

®  We need energies 30x smaller (~30MeV 7V, production & detection is difficult)

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

® Similar arguments for the “inverse” atmospheric detection.

(" EXCELENCIA
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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 U from V).

® 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 Am?).

® However, the transitions: YV, —> Ve at high energy and Ve— Ve with
Am?,m are still useful for determining the third angle.

Taller Altas Energias 2013 » Benasque 1: 28 Septiembre 2013
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v

pera: Vr appearance

® |ntense Vybeam from Geneva to Gran
Sasso near L'Aquila.

Bergamo'
5

~ B84 Brescia -
Monza s

® Search for Vvt at far detector.

= e L=733km

\ i 2={Cesena
T . ES6 F0r1|‘f~

Pistoia L' PRI

T SR\ ® Far detector uses a photographic

Pl Yoo ' technology (emulsions).

v “1e - Draguignan
Varseille ;

2 ¥ = 8 e Tau detection via the impact parameter
B Ve o from the tau time of flight.

Fiumicino
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T =P Vq
p~—n’ "

daughter

~ Decay vertex
Primary vertex
;mmﬂ_, ¥ - ° ;-:b:

hadron —
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Measuring Ocp

® To measure CP we need:
e 0;3#0.
®  If 0, this is like a 2 neutrino mixing and the phase is cancelled.
® Neutrino appearance:
® [fwe look at disappearance only, this is like two neutrino oscillation and the phase cancelled out.

® Compare L and U transitions.

® Compare disappearance (no CP effect) to appearance experiment (CP
effect) so we can derive the phase.
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Measuring O 3

® There are two possibilities:

® V,— V. with atmospheric Am? (long base line:T2K, Nova)

o A3, L
1F

A . AmZ, L
No = ﬁ sin 2615 sin ¢ cos 613 sin 2015 sin 2055 sin® Z%l

matter

Amy Am2 L ~2Am3 L
effects 8 ﬁéi sin 26013 cos 0 cos 013 sin 2015 sin 2023 cos Tgl sin Zg’l
o Am2 B

1K

!

P, v, ~ sin? 2613 sin® 26053 sin?

2
Am7,

-+ ( )? cos? Oa3 sin? @15 sin”

Am%l
® Sensitive to CP

® V. —> V. with “atmospheric” Am?

Am?2. L
il 290 .. ain’ 31
i sin 13 Sin 1

® |[nsensitive to CP phase.

Py,

EXCELENCIA
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® The uncertainties on certain parameters change the oscillation probablllty

® The value of O3 is close to 45°. If larger or smaller change the sign of some of the
terms (Octant).

® The value of the CP phase changes also the probability.

® Hierarchy changes the probability through the mass term.

Amd L

Vet 2 20 A 20 ok 7 31

psVe S111 13 S11 23 S1I1 1B
A s Am3, L

e Am12 sin 2613 sin & cos 013 sin 2615 sin 26,3 sin” M1

m3 1F
A Am2,L | 2Am3, L

. AZ;? sin 2613 cos 0 cos 613 sin 26015 sin 26053 cos Tgl sin ZLEM
Ams Am32, L

3= (Agéj )2 COS2 (923 SiIl2 (912 SiIl2 TE}
Am2.L . Am3,L

—8 cos? a3 sin® 013 sin” fa3(1 — 2sin? 913)2\/§GF7”L€L COS Zlgl sin Z%l

61
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® The presence of degeneracies makes the o . _
determination of the mixing angles complicated.We ® This is not always possible with a
need to measure the oscillation in different single experiment:
conditions to be able to resolve the degeneracies:
® | is normally fixed.
® For different energies: first and second
oscillation has different matter effects and ® Change oscillation channel

different contributions of the mixing angles. implies normally to be able to

® For different lengths: changes the matter look for tau neutrinos.

effects or minimize them. ,
® |tis not easy to make an

® appearance vs disappearance: to reduce CP electron neutrino beam with E
violation. > 500 MeV.
® Precise measurement of the 0,3 for the octant. ® This is also the origen of all the

, _ oscillation phenomenology.
® (Observe different oscillation channels.
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Measuring 0,3

<E_>=1.00 GeV
sin’(20,,)=0.01
sin” (20 ,)=0.8
Smi3 =2.5E-3

Solar peak

0, peak

™ I ! I ! I ! I ! I

0 5000 10000 15000 20000 25000

30000
L (km)

e v,—'.compites with the Solar oscillation.

® decoupled only from the L/E value.
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® Vu— Ve & vy — vy from high intensity
accelerator.

e F,~ 700 MeV.
® QOscillation distance: 295km.

® Off-axis technique — narrow energy spectrum.

12 ¢

o ——— ---Oscilla1jon--l9-rop@

08

06 U\/ NG Am2=3x10%eV?

04

oz

. ’
> 2500

1500

1000
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® First observation of an exclusive appearance

® Expected 20.4 + 1.8 signal events and 4.6 & 0.5 background events
— 5.50 sensitivity
® Observed 28 v, candidate events

angle (degrees)

# of events

0

12
10

D 4 O\ o0

-]

Runl-4 data

(6.393¢20 POT)
best-fit sin 20 = 0.150
assuming §,.,=0,
normal hicearchy,
Wmy)=24x10" eV’

0 200 400 600 800 100012001400

momentum momentum (MeV/c)

|
0.8°%
0.6 =
0.4
0.2

0

vents

or

Runl-4 data
(6.393¢20 POT)

+data
[sicoa predicdon

'h:xkgmund prediction

momentum (MeV/c)

200 400 600 800 100012001400

Number of v, candidate cvents /(50 McV)

0

- angle

E

~ —4— T2K RUNI-4 data
"~ —— Best fit spectrum

* Background component

Runl-d4 data

(6.393e20 POT)
4 dota
.sigmﬂ prediction
.h;tl;gmund prediction

20 40 60 80 100120140160 130

angle (degrees)

Lazaa

| (40

Reconstructed neutrino energy (MeV)
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® U Ue from nuclear reactor.

® 2 detectors for relative
normalization.

® Base Line ~ lkm
® Energy ~3MeV

® Sensitive to03

0.08 0.08 -
0.07 é_ sin%2i) =0.5; Am’ =0.002 007 E_ H{ sin“@#) =0.5; Am’ = 0.002
. 0.06 ;— ‘;;;ﬁii 5 0.06 5— '} J%?ﬂi
E.uns E_ Near =100m " # !gi E0.0S ;_ Far =3km } ¥ +{ ¥f
2] 0.04:— g wi Far =1.3km 7] 0.04:_ * { ¥¥ Mear =1.5km
E - :-} E N * % ¥
o h - Eoosp * {{*z
s F o g 5 ¥ L
002 \ o 002 ke hi**
001 |- . "y Y= 2 hﬂ
= i - :;
= : L I llﬁlillq!... ! = % L I 5!‘F!¥'!!In.u
Oty a 3 ' 10 O r 5 1
E. (MeV) E, (MeW
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- Reactor neutrinos

Daya Bay Near Hall Ling Ao Near Hall
> >
60000
§ § 25000
- 50000 —
~ ~
20000
- i
> > 1
1Ly 30000 it}
20000 4 6 8 10 12 10000 4 6 B8 10 1
Prompt Recomstructed Energy [MeV] Prompt Recomstructed Energy [MeV]
10000 5000
.§ o | 1 ,§ 1.1 1 |
B|§ 1™ | 35" |
®|9 1 I YK |
@3 095 @[3 o:g
=|= 08 -l€ o
80.85 6 |8||1|1|0|||123o-%--2---4---6---é---1I0---12
Prompt Reconstructed Energy [MeV] Prompt Reconstructed Energy [MeV]
Far Hall
—e— Data [ Accidentals [ “C(a,n)!®0
= No Oscillation [ °Li/®He [ Fast neutrons
— Best Fit E 21Am-13C
Shape distortion from

Spectral distortion  energy losses in acrylic
consistent with oscillation
m Both background and predicted

no-oscillation spectra from best fit
m Statistical errors only

8 12
Prompt Reconstructed Energy [MeV]
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® |st measurement of Am?2associated to 03

15 A =
Nx 1 Of— / = Rate+Spectra _?
< sE & == RateOnly =
= : O
N ! o ISR | i i | i
B Best Fit . 1
- e Rate+Spectra | 7 // , 0 008
— 3 m Rate-Only 1 . _ +0.
o oL | 1/ sin” 26,3 = 0.090_4 g9
@ L 95.3:2 gt .
? 68.3% C.L.
B L
228 L —— - |AmZ,| = 2.59T0 70 - 10-3ev2
v8 N :
E b MINOS |AmZ,| \
S 5 : \\ X2/ Npof = 162.7/153
L | - T/ R T-
sin(26, ) Ax?

Strong confirmation of oscillation-interpretation of observed 17, deficit
Normal MH Am3, Inverted MH Am3,

[10—3eV?] [1073eV?]
From Daya Bay Am2, 2.54“:%'.12% —2.64“:%'.12% GOOd
From MINOS Am? 2.3710.09 —2.4110.12
o Notoczor —0. o agreement!
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® Degeneracies and Ocp

NS ,
AT TN WY Normal hierarchy -
1) S

e 2013 T2K appearance results 1
assume sin® fr3 = 0.5

I
& t‘?f\j

Jt/2-_ \

e However, the v, — v, LS e
appearance sensitivity < Or ¥y & §§;—§S{n§gn=°§ g
%sin’,, =05 -

depends on the true value of ok SS9, =06
. L -
sin® b3 - PDG2012 (1o)

e Precision measurement of

n SN It San S o [ S G Vo Sy | S S S a8 et
sin 63 will be important for “\. Inverted hierarchy-
future v, — v, results /2 '

e Particularly for possible 5 o
o]

dcp measurement

e NOTE: dcp values are fixed -2

when generating these plots,
they are not 2D contours

T2K Run 142+3+4
~ 639x10°pot.
L 1o 40-3l 1 L Io .4l 1 1 I0 -5' L 1

o_l||l|l||l||l|
=1 I R I R T M N N N A |

sin*20,,
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Measuring Ocp N

® TJo measure CP we need: Done!

e 03#£0.

®  [fO,this is like a 2 neutrino mixing and the phase is cancelled.

® Neutrino appearance:

® [fwe look at disappearance only, this is like two neutrino oscillation and the phase cancelled out.

® Compare UL and U transitions.

® Compare disappearance (no CP effect) to appearance experiment (CP
effect) so we can derive the phase. Started!
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‘The usual “we know” |

3 7.58 o102

[Am3s,| = 2.35+8:(1)3X10_36V2 Sign?

sin® A1y = 0.3061 0015
i _ +0.08 Maximal?
sin” 6 — 0.42
23 —0.0 Octant? 0 1.0
B v
D - +0.07 B v
v — 0.021
51 V13 —0.08 B v
ocp € 0°,360°] # 0?

e Still a long way to go!

® Most urgent: values of Ocp & absolute mass scale (hierarchy)
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- We have seen

O Am*2 VY, — Vy SNO
013 Vlu 0 Ve -
013 e OPERA & SK
012 Am?; — — Daya Bay, RENO, Double Chooz, Kamland,
Ve —> Ve & Ve — Ve
03 SK, Borexino, Gallex, ....
0 Am2s — Vy—> Vy & Vy— Vy SK, K2K, Minos, T2K
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Beyona oscillations:
neutrino mass nature
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Neutrino masses

fermion masses
de se be

U -e Ce te
vV, —eieVyeV3 e Le Te
R | | g |y O | S 2 S S S S | I A |
ueV meV eV keV MeV GeV TeV

® Now that the neutrinos have mass we need to understand:
® What to do with right-handed?
® Why the mass are so small?

® Theoretical physics tend to relate both concepts...

© ) EXCELENCIA
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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 helicity) that is sterile (does not interact).

Theory 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.

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/= —mpirvgr + h.c. Majorana Y — —mMI/%I/R + h.c.

- EXCELENCIA
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Majorana mass implies two new properties:

® The neutrino is equal to its antiparticle.
® There is no right handed, it is just the anti-particle.

Turning the argument around!. We need an additional symmetry to
forbid the Majorana term in the Lagrangian.

How to detect them:
® We can boost back a neutrino and find an antineutrino.

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

Taller Altas Energias 20 13 ,-B-ehas‘é[ué"flts * 28 Septiembre 2013




® Consider that we have both Majorana (m") and Dirac (mP) mass terms.

1 mMmP VS
L= —= (v ¢ L L)+ h.e
2( LVR) mPmy ) \vg

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

1 1
Al = §(mJI\JI L) &= 5\/(771]]{4 Fmd)2 — 4(mH m¥e— mLriE)

e If we assume (M MMrM-mPmP) << (mM+mg™)2, then:

M M
\ (m¥m¥ —mPm?P)

M M
miy +mR

®  And, A+ >> A.. Tuning the values of mrM we can generate the A_as small as needed
since mrM is basically a free parameter.

) EXCELENCIA

f SEVERO
» OCHOA

Taller Altas Energias 2013 » Benasqu 5  2 8 Septiembre 2013




OV2p process

_ Y Mass
e e
0 (AZ+1)
B
(AZ)
\ (A,Z+2)
2B —_
2vBB OvBp B 4

® The 2v2P has been measured for several isotopes.

® The OV2P has been search in many of them (“almost”) without success.
® Experimentally is complex, both processes are rare:Ty, >> 10205

® The rate of OV2fis proportional to a Vv effective mass: kind of V mass scale.
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~ 0v2p process

3 i -
< F U Qv -
z N\

0.0 0.5 .0 E/Q

® The OvV2p is characterized 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
23 background from natural radioactivity: NEMO, NEXT....

" EXCELENCIA
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_Ov2[5 process

]. | I | T T Tl | T T T T | llIIIII| |

QD

The effective
mass includes
mixing
parameters:

0.1

Inverted hierarchy

3
2
mgg =y m;UZ

=1

0001E g Normal hierarchy

| IIlIIIII | IIIIIIII I | lllllllI | IIIIIII—I

and it depends
h h ; h le-05 0.0001 0.001 0.01 0.1 1
on the hierarchy. m .. [eV]
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- Ov2P process |

]. | I | LA | T T T 1Tl | |
Klapdor et al. claim @ 68%CL. ——-)E ! | M@

- D
_ Xe e

0.1

Normal hierarchy

| IIllIIII 1 IIIIIIII | lllIlIlI | IIIIIII—I

le-05 0.0001 0.001 0.01 0.1 1
m, [eV]

2 . . . .
Mg~ Limits band depending on nuclear matrix element
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Katrin

Attt b 5 e et e e —— .

tritium B-decay and the neutrino rest mass

half e - t,,= 1232 a ® Absolute neutrino mass experiment:
B end point energy : E;= 18.57 keV

SH 5 3He + e + v,

superaliowed

® 3H B-decay end point.

entire spectrum region close o £ end point

o

g os T | e MACS-E filter threshold
x <=L m(ve) =0 eV
8 06 g, s spectrometer.
% 04 © 09 _ ;nly?x.1l|]'1:t:fa\l/l’ 5 i
. | y ® High resolution: ~0.2eV

' 0

0 L | l L . -3..l.-l2...l-l1 [I]

2 6 10 14 18
electron energy E [keV] E-Eolev]
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AS CONCIUSIONS

Fast development in the last 10 years.VWe have measured:

All mixing parameters but the phase.

mass differences and hierarchies of solar splitting.
solar model tested including LMA-MSWV transition.
mass effects in neutrino propagation (solar)

Tested both with natural and artificial sources.

well established results: picture is rather complete and non-
contradicting.

Observed disappearance but also neutrino transformation in SNO.

Stablished observation of appearance of different flavour. (T2K).

| 8 '»Sebtiembre 2013




But, it is not finished yet:

® CP violation?
® Mass hierarchy of atmospheric splitting.
® Are the neutrinos Majorana or Dirac?! or both?

® Additional (sterile) neutrinos! (Not mentioned here but a
recurrent subject).

The main question is still open:

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

There is a new decade of successful neutrino physics ahead!

Taller Altas Energias 2013 enasque |5 ‘-' 28 Septiembre 2013
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First anti-neutrino data for vy
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Oscillation

disappearance
appearance

Accelerator

Reactor disappearance

disappearance
appearance

Natural
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Goals

O3 O3 Am?3 0

sterile

O3

O3 013 Am?2;30
sterile MSWV SN

® Fxperiments complement among them. Main targe

Challenges

Beam intensity, V flux properties, Vv-N
interactions

V flux properties, background

V flux properties, V-N interactions
detector technology and mass
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sterile neutrinos

A

1.

4

0 3
g 1751 LSND ¢ Boam Excess
O P
S 125f L
5% other
10} & |
7.5} § :
dil = RS
25} | 4o
d¢ 06 08 1| 12
L/, (meters/Me\)
1250 475

Events / MeV
w
u

L R e A L e Ay

1) Neutrind h?lode:

a) E < 475 MeV: An unexplained 30 electron-like excess.
b) E > 475 MeV: A two neutrino fit is inconsistent with LSND at the 90% CL.

e

333 Mev @ MiniBoone

L T i {

2) Anti-neutrino Mode:

a) E < 475 MeV: A small 1.30 electron-like excess.

b) E > 475 MeV: An excess that is 3.0% consistent with null. Two neutrino
oscillation fits consistent with LSND at 99.4% CL relative to null.

B Ui

—— Consl. Syst. Error
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transition: Vy=> Vr

LSND observed events compatible with the

This can’t be fitted in the usual 3 flavour model
-> Sterile neutrinos!.

MiniBoone tried to check the measurement in
different conditions.

e Dala
1 v, fram p**
v, from K™
B v, from K°
B =° misid
[ A— Ny
B dn
[ other
— Sysi. Error




Opera: appearance
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confirmation

ppantLaatt |

Intense Vybeam from Geneva to
Gran Sasso near L'Aquila.

Search for V+ at far detector.

L =733 km.

Far detector uses a photographic
technology (emulsions).




/ .

1000 um

° Vr candidate published by OPERA last summer.

° No muon in the event.2 gammas.
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_ Borexino: low energy

] Radiopure liquid scintillator detector.
] 60 kev threshold but dominated by radioactive background.
° excellent energy resolution (5% @ |MeV).

®  Very low background level: ~120 counts per day per 100

ton.
L
s 0.8 8

n: - P, for LMA < - ® Borexino data
> s ® ’Be: Borexino g 7 .
s o7 ® °B: Borexino, (> 3 MeV) > best-fit
2 5 “B: Borexino (> 5 MeV) g 6 — reactors 7,
b — 8 o [
3 o6 . ® “B:SNO (>4 MeV) & ~ o .
2 :::::::::‘“::‘ e ®  pp: all solar v experiments o O m contribution from geo-v,
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isotope = detector

Technology Pro’s Con’s Isotopes Experiments
Excellent E luti Few isotopes
Bolometers = N s ot Bckg handling Ge,Te, Cuore, Gerda
isotope = detector
total mass(?)
, (Very)Large mass : : EXO, Kamland+
Calorimeters e e Single isotope Xe SNO++
Topological bckg reduction ML
Tracking + Calo RSl isotope != detector | Mo, Ca,Se,Nd | NEMO/SuperNemo.
many isotopes
total mass ?
Large mass
Good E resolution
Calo tracking topological bckg reduction Single isotope Xe 52 oRe

Cobra, DCBA,..

o EXCELENCIA

¢ SEVERO
, OCHOA

Taller Altas Energias 2013 ; Benasque 15 - 28 Septiembre 2013




G; OCHOA

Te bolometers: measure increase of
temperature due to decay products.

Excellent energy resolution: 0.2% FWHM @

QNB: 2.6 MeV.

First run with low mass (10kg) (Cuoricino)

Building Cuore: 200kg.

 EXCELENCIA
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Ge detector (Klapdor claim) in a large water
tank for background reduction.

Charge in Ge: excellent resolution: 0.2% @ |

Started operation in October 2010 with ~15 kg
of enriched Ge.

Second phase with up to 100 kg.

Energy [keV]



o NEMO3: stablished technology. Leading 230V
measurement with Mo. <my> < 300-900 meV.

® Topological bckg reduction.

% ° SuperNemo: upgrade and more massive (~100kg)

\ NEMO3 detector. Goal: <my> < 50-100 meV @
\ 90%CL. Change isotope to Se.

& ®  SuperNemo first test run in 2013.

Submodule
Submodule Source and
calorimeter calibration

4m
TEFm

"y

p777

Submodule
tracker

2 m (assembled, ~0.5m between source and calorimeter)

Source 2.7m

SuperNemo




° High pressure Xenon gas TPC: tracking and energy
resolution. NEXT & EXO gas. See other talks for
reference.

° Energy resolution: [ %FWHM @ Xe Qgg.

BB electrons ° Topological background reduction.

U M,
T

I Kl
.
F
- :
T . b 1
2 | 2
- ,

° Good energy resolution with electroluminiscence.
Tk wm Drift Chambers
v ‘ - .
e  DCBA-T2. Momentum by electron candidate LP . 40 | €NgIneering run
curvature. B k060G !.-,_‘.‘..;.; t»x 30§A Solenoid B
A 5
[ -direction) ¢ Fnl aangen . i F% 1\"’Iagnet\A
e  Foil structure like NEMO3 [ . '103 &
(0.63MeV) - )VTX .
e topological background reduction. A - s

Wire number

(pickup)
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Klapdor et al. claim @ 95%CL.
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Experimental situation

Ge
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Brief introduction
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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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