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The lectures are intended for a broad audience of students
or researchers from different fields in particle physics

The goal is to "get you interested” in neutrino physics, by
recalling basic neutrino properties and phenomena, which
will be further discussed in more specialized lectures

Some simple exercises are also proposed (with solutions)
People interested in further reading can usefully browse

the "Neutrino Unbound” website: www.nu.to.infn.it , or just
mail me for advice about specific topics: eligio.lisi@ba.infn.it

Feel free to stop me and ask questions at any timel



Outline:

Pedagogical Introduction
Neutrino masses and spinor fields
Neutrinoless double beta decay
2v, 3v... Nv vacuum oscillations
[Homework]

Recap

2v oscillations in matter

Solar and KamLAND oscillations
Absolute neutrino masses
[Homework]

II



The past year (2010) was the 80™ Neutrino Birthday!

The neutrino was invented in 1930 by Wolfgang Pauli as
a "desperate remedy” to explain the continuous p-ray
spectrum via a 3-body decay, e.q., =570y
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The name "neutrino” (="little neutral one”, in Italian) was
actually invented by Enrico Fermi, who first proposed in
1933-34 a theory for its dynamics (weak interactions)

ANNOIV-VOL. 1 - N. 12 QUINDICINALE 31 DICEMBRE 1833. X1l

LA RICERCA SCIENTIFICA

ED Il PROGRESSO TECNICO NELL' ECONOMIA NAZIONALE

Tentativo di una teoria dell emissione
dei raggi “beta”

Nets dol prof. ENRICO FERMI

Risesunto: Teoriz della emissione dei raggi P delie sostanze radicattive, fondata sul-

Iipotesi che gli electroni emessi dai nuclei non esistano prima della disintegrazione

ma vengane formati, insieme ad un neutring, in modo analogo alla formazione di

un qQuanio di luce che accompagna un salto quantico di un atomo. Conironto della
teoria con Vesperienza.

V e

Gg (Fermi constant)

n P



Short detour! ... let's go back in time.
A Latin saying:

Nomen [est] Omen

“Name [is] Dcstiry 7

Neutrino - What's in a name?



The root of the name [neutrinol ...is a [kwalstion

Language Word tree ...Some branches Meaning

Physics (Fermi 1934) NEUTR-INO Little neutral one A
Italian NEUTRO Neutral

Latin NE-UTER Not either; neutral
Latin UTER Either

Greek ']‘ OUDETEROS Neutral

Old High German /’ HWEDAR Which of two; whether
Phonetic change/loss [K[UOTER[US] Which of the two?
Ionic Greek KOTEROS Which of the two?
Sanskrit KATARAS Which of the two?
Latin A QUANTUS How much?

Sanskrit KATAMAS Which out of many?
Sanskrit KATHA How?

Sanskrit /’ KAS Who?

Indo-European root

KA or KWA

Interrogative base




If "name is destiny,” then ... neutrino's destiny is o raise questions!

Answers to a major "which of..." question have dramatically
raised the interest in neutrino physics in recent years:

Q. Which of the three neutrinos have mass ?

A. ..at least one! ..at least two!l [..osc. cycles!]
+ cosmology!
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# papers with “neutrino(s)” in title (from SPIRES)



Many decades of research have revealed relevant properties of the
neutrino. For instance, there are 3 different neutrino "flavors”

(1)) 2 e

and their Fermi interactions are mediated by a charged vector
boson W, with a neutral counterpart, the Z boson

Ve,u,T C, U, T
\'/ Charged Current (Aq=1)
|
W
Ve,u,r Ve,u,r

| Neutral Current (Aq=0)

\ /)
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Such interactions are chiral ( = not mirror-symmetric):

Neutrinos are created in m

a left-handed (LH) state ~ \/ LER]
Anti-nus are created in — m
a right-handed (RH) state ’v ™

N

Neutrinos couldn't see themselves in a mirror... like vampires!



For massless neutrinos: handedness is a constant of motion

/AN
'v : LEFT

V:

2 independent d.o.f.: massless ("Weyl") 2-spinor

1



But: massive v can develop the "wrong” handedness at O(m/E)
(the Dirac equation mixes RH and LH states for m,,+0):

A\

V. LEFT @ O(m/E)

V: @ ® O(m/E)

[/ \\

LEFT

If these 4 d.o.f. are independent: massive ("Dirac”) 4-spinor
[ Distinction between neutrinos and antineutrinos, as for
electrically charged fermions. Can define a “lepton number”]
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But, for neutral fermions, 2 components might be identical !

LEFT

V: w ® O(m/E)
V: ® O(m/E) @>

Massive ("Majorana”) 4-spinor with 2 independent d.o.f.
[No distinction between neutrinos and antineutrinos, up to a phase:
A *very* neutral particle: no electric charge, no leptonic number..]




Exercise 1. Define the electron neutrino as the neutral particle
emitted in f+ decay, and the electron antineutrino as the neutral
particle emitted in §- decay. Reactions which have been observed:

Ve + M —pD+e€ Ue+p—n+er
while the following reactions have not been observed:

Vet+tn —>p+e V€+p—>n+e+

If neutrinos and antineutrinos are different (Dirac case), that's
easy to understand. Try to understand the same (non)observations
in the case of Majorana neutrinos.

14



Summary of options for neutrino spinor field:

m=0, Y = 1YRr massless field
Weyl: or ¥ =1y with 2 d.o.f.
mz0, Y =1p +Yi =9Y° massive field
Majorana: or Y =1, +Y§ =° with 2 d.o.f.
mz0, B massive field
Dirac: Y =Yr+ VL F Y with 4 d.o.f.
Conjugation operator: wc — C(w) — ,L,wa* . 77bamtipaurticle — C(@bparticle)

Appendix: Majorana masses and “see-saw" mechanism to explain their smallness

Experiments: A unique experimental handle >



Neutrinoless double beta decay: (A,Z) > (A ,Z+2)+2e

d(n) U(p) Virtual _\ /_:i-; transition
\,\E A N ——
: : —— Y —
—- (1) e———
x"e NS
(1"
Vv
e W)
wxe B )
0* -
m ot
) u(p) o Tas e

Can occur only for Majorana neutrinos. Intuitive picture:

1) A RH antineutrino is emitted at point "A" fogether with an electron

2) If it is massive, at O(m/E) it develops a LH component (not possible if Weyl)
3) If neutrino=antineutrino, this component is a LH neutrino (not possible if Dirac)
4) The LH (Majorana) neutrino is absorbed at "B" where a 2nd electron is emitted

[EW part is "simple”. Nuclear physics part is rather complicated and uncertain.]
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Experimentally: Look at sum energy of both electrons

Need to see the Ovf3f3 line
emerge above background,
at the endpoint of spectrum
from “conventional” (and
observed) 2vpp decay.

p - N, “-.. 50 i
2.0 / N e
'-._\ .S 20 xl
/ 2 x 209
/ ‘VBﬁ .'\‘ 10 j
—~ 1.5 i 0"
o .~ -
< j \ 0.90 1.00 1.10
ﬁ 1 ."\. K_./Q
% 1.0 / \
Ovpp
0.5 /
[ \"'\
/
0.0 T T T
0.0 0.2 .4 0.6 0 1.0
K_/Q

Very rare to detect (if it occurs): doubly-weak and suppressed by m/E.
Need to be tenacious... like O. Cremonesi (see next lecture)
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Recap: if neutrinos have mass, they can develop the "wrong
handedness” with amplitude of O(Mcss/Erergy). The only known
chance to observe this tiny effect is Ovgp decay.

But, if neutrinos are not only massive but mixed, they can also
develop in the "wrong flavor” as a major consequence (“neutrino
flavor oscillations™). This effect, despite being only of O(m?/E)
in the phase, can become observable over macroscopic distances
(similar to optical interferometry).

Flavor oscillations have proven that neutrinos have mass and mix,
just as quarks do. Let's temporarily take for granted these facts
and discuss their implications for Ovpp and absolute v masses

18



3v masses and mixings

° : e T
3 flavor and mass states (Ve, V), v.) =U (v, 1o, 13)

Unitary matrix U ; depends on: 3 rotation angles 6;; + 1 complex CP phase.
Conventionally, same ordering of the CKM quark matrix used for neutrinos:

1 0 0 C13 0 Slge_m C192 s12 0
U — 0 C23 S93 0 1 0 —S12 C12 0
0 —S923 C23 —8136i5 0 C13 0 0 1

where c;;=cos(8;;) etc. Such ordering happens to be very useful for approxim.

[Note: For antineutrinos: U>U*]

2

Neutrino masses: m;, m,, ms. Oscillations constrain m, -mjz (see later).

19



Take these results for granted! 3v mass-mixing overview
(here, with 1 digit accuracy). Flavors = 2 u =«

Abs.scale Normal hierarchy.. or.. Inverted hierarchy

A

I:I:_‘V3

Sm2 ~ 8 x 1075 eV?
Am?2 ~ 3 x 1073 eV?

m, < O(1) eV

sign(=Am?) unknown

mass? split
+Am?
I dm? i
-Am?

Sin2 (912 ~ 0.3
Sin2 923 ~ 0.5

sin? 013 < few%

6 (CP) unknown

20
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Oscillations constrain neutrino mixings and mass splittings
but not the absolute mass scale.
E.g., can take the lightest neutrino mass as free parameter:

normal scheme
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inverted scheme

Lightest Mass:  wm  [2V]

(However, the lightest neutrino mass is not really an "observable")
We know three realistic observables to attack v masses >



Observable #1: Ovpp decay (iff Majoranal)

For each mass state v;, Ovfp amplitude proportional to:

d(n) u(p)
\,\E A .. mixing of v, with v,
C e
N .. mass of v;
—e—— ¢ mixing of v; with v,
vvé
(times an unknown v; phase)
an) u(p)

Summing up for three massive neutrinos:

Amplitude ~ "effective Majorana mass”

_ |2 .2 2 2 ip2 2 ip3
mﬁ3—|cl3(:12m1+013812m26 + §13Mmae |

[complex linear combination of masses: ¢;; = cos 6;; etc.]
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Typical plot of mg, versus lightest neutrino mass,
including constraints from oscillation data:

~degenerate masses

Inverted hierarchy

Normal hierarchy

 99% CL (1 ¢
10°* 10 10 10" 1

lightest neutrino mass in eV

_ |2 .2 2 2 i 2 i
mgp = |C13C19M1 + C13575Mae o2 4 S13M3ze ¢3
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Observable #2: beta decay

Classic kinematic search for neutrino mass:
look at high-energy endpoint Q of spectrum.

nucl. _ (2
[3,- deca_y Me_ < G2
2 1 Th%
rofe : Ao GF < (phase 5p.) je e
" 1
energy spedrum - 5
dl < Gt PQEa(Q - 5322 (M, =0) "‘“:
€ Gipte(e-facrmi o) | >0\
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For just one (electron) neutrino family: sensitivity fo m?(v,) (obsolete)

For three neutrino families v;, and individual masses experimentally
unresolved in beta decay: sensitivity to the sum of m?(v,), weighted

by squared mixings |U,;|?> with the electron neutrino. Observable:

1
mp = [ciaciymy + cigsiamy + sigmg)

(so-called “effective electron neutrino mass")

Note: mass state with largest electron flavor component is v;:
| Uell 2 = Coszelz =~ 0.7
.. and we can't exclude that v, is ~massless in normal hierarchy.
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Observable #3: neutrino mass in cosmology

Standard big bang cosmology predicts a relic neutrino
background with total number density 336/cm? and
temper. T, ~ 2 K~ 17 x 104 eV « Jom?, JAm? .

> At least two relic neutrino species are nonrelativistic
today (we can't exclude the lightest to be ~ massless)

> Their total mass contributes to the normalized energy
density as Q,=%/50 eV, where

2. =M1 + Mg + My

>So, if we just impose that neutrinos do not saturate
the total matter density, Q,<Q,,=0.25, we get

M, < 4eV - not bad
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Much better bounds can be derived from neutrino effects on
structure formation (including constraints coming from CMB data).

Massive neutrinos are difficult to cluster because of their
relatively high velocities: they suppress matter fluctuations on
scales smaller than their mass-dependent free-streaming scale.

- Get mass-dependent suppression of small-scale structures

(E..g., Ma 1996)

[See detailed talks by A. Melchiorri & M. Viel]
[+ first & prospective Planck results by Bersanelli, Bartolo]
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Summary of absolute mass observables (mg, mgg, X)

1) P decay: m? = O can affect spectrum endpoint. Sensitive to
the "effective electron neutrino mass":

1
2 2 2 2 2 2 2 . 2132
mpg = [(313(3127”1 + C3879M5 + 313m3]

2) Ovpp decay: Can occur if m? =0 and v=v (Majorana, not Dirac)
Sensitive to the "effective Majorana mass” (and phases):

2222 igy | 2 i3
mpp = [C13C12M1 T C13812M2€ ™" + S13M3e

3) Cosmology: m? = O can affect large scale structures in (standard)
cosmology constrained by CMB + other data. Sensitive to:

Z:m1+m2+m3

But.. how do we know that indeed neutrinos have mass and mix?



29

Neutrino flavor oscillations in vacuum (2v)

The starting point is a century-old equation ...

.. namely, for p=0: E = \/m2 p2

(in natural units)
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Our ordinary experience takes D
place in the limit: 1 < m E ~m -
2m
.. while for neutrinos the proper m2
limit is: p>m E ~ pA
2p
Energy difference between two A 2
heutrinos v; e v; with mass m; e m; mij
in the same beam (,,. — ;). ~ [ : AFE ~
” 2F

PMNS*: neutrinos with ,
definite mass (viandvy) [ Vo | [ cost simb ) [y
might have NO definite 7 —qinf cosd V;

flavor (v, e v4), e.q.,

*Pontecorvo; Maki, Nakagawa & Sakata



Analogy with a two-slit interference experiment in vacuum:

C& Vi ' %&
) 7z
P

1% oY A(phase factor) = exp (z
«SN
O& V ,7 » “ O

This is the simplest case (only 2 neutrinos involved, no interactions
with matter). It shows that, if neutrinos are massive and mixed
(like quarks), then flavor is not a good quantum number during
propagation. Indeed, it changes (“oscillates") significantly over

a distance L (=At) dictated by the uncertainty relation:

1~ AEAt ~ —* I T
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Exercise 2. Prove that a neutrino created with flavor a can develop a
different flavor B with a periodical oscillation probability in L/E:

Amzzj L

2

P(vgy —vg) =4 sin? 6 cos? f sin (B. Pontecorvo)

9
Amplitude / \ Phase difference

(vanishes for 6=0 or n/2) (vanishes for degenerate masses)

Note : This is the flavor “"appearance” probability.
The flavor "disappearance” probability is the complement to 1.

Exercise 3. The oscillation effect depends on the difference of (squared)
masses, hot on the absolute masses. Why?

. AL e (A (L) (G
Exercise 4 . Show that: ——— = 1. oV2 km E




Typical iso-{Pypg> contours

2-slit analegy
< | gray screew
«— -\:(‘ nges
A voudsiu
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<1
O e /2
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If 2ud octomt -folc(u:(
oufe the Ast owe @

“usual”
LA
plot | 3

O sin2g A1
Basico\llg obsolete

In geueral, belfer to use.  Log towce
(preserve. octont -sywmuelry)  or Sin’6

(Note: Octant symmetry broken by 3v and/or matter effects)



Octant (a)symmetric contours:

< _arorus =g
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(‘\']_|
=
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10°°
- All limits are at 90%CL
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[Particle Data Group]



Observation of “"effective 2v” oscillations of atmospheric v's

Cosmic rays hitting the atmosphere can generate secondary (anti)neutrinos

with electron and muon flavor via meson decays (= u/e flavor ratio ~ 2).
Energies: E~ 0.1 - 100 GeV. Pathlengths: L~ 10 - 10000 km

4 renith
angle

down-going
g E

up-fome

Same Vv flux expected
from opposite solid angles
(up-down symmetry)

[Flux dilution (~1/r2) is
compensated by larger
production surface (~r?)]

Should be reflected in
symmetry of event

zenith spectra, if

energy & angle can be
reconstructed well enough
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The breakthrough (1998)

Zenith ang(e dependence
(Multi -GeV)
Uﬁ,‘ad"g Down ~going
1::; (a) FC e-like _4;2““ X2 (Shape)
i +@% =2.8 /4 dof
40@ ﬁg&_—.oﬁ\gﬂ).w

Dovn —-0.12

Number of Events

3
T
3
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O
&
<

.........

L (b) FC ji-like + PC X > ( S’LQPB)
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(&3
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100 S Nt Ur = .06

i tt;L_ 25€  [Down 0.5 tg-%S‘
g (R IS
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X UP/DOWH ;yst eyror ﬁr /u-[ike
T. Kajita for Super-Kamiokande, at Neutrino'98, Takayama
(Also: F. Ronga for MACRO at Neutrino'98)



Detection in SK

Parent neutrinos detected via CC interactions in the target (water).
Final-state p and e distinguished by # Cherenkov ring sharpness.
(But: no charge discrimination, no T event reconstruction). Topologies:

Fully .
*  Contained SHRIPIEAE 7
‘QC U’
\;y
o ol
Partially {  Through

’ Contained . -
. . @gomg u

ELECTRON




RESULTS SK zenith distributions

SGe
MGe
S6u
MGu
USu
UTu

electrons ~OK

Sub-GeV electrons
Multi-GeV electrons
Sub-GeV muons
Multi-GeV muons
Upward Stopping muons
Upward Through-going muons

cos6,

Super-Kamiokande (92 kTy)
e, u zenith distributions
ormalized to no oscillation

t

SK data

Best fit (standard oscillations)

Best fit + systematic shifts

N
SGe\

|

cos,

up down

1
1 0.5
cas 1y,

(o}

4— no oscC.

muon deficit from below
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Observations over several decades in L/E:
v, induced events: ~ as expected

v, induced events: disappearance from below

Interpretation in terms of oscillations:
Channel v,—v,? No (or subdominant)
Channel v,—v.? Yes (dominant)

2v-like approximation works well over five L/E decades...
P, = sin?(20) sin®(Am°L/4E,)

[In this channel, oscillations are ~vacuum-like,
despite the presence of Earth matter]

.. but where are the "oscillations” ?

39
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Dedicated L/E analysis to “see” half-period of oscillations

Data/Prediction (null oscillation)

1st oscillation dip still visible
despite large L & E smearing

- ek ek e

.
v

&

i~ =~
o N P ® 0 2 N Bh o

.

al Ll

-—

10

L/E (km/GeV)

L 2 L
10 103

7
10

Strong constraints on the
parameters (Am?, )

10

Am? (eV2)

-3

T

T

I

FAm2 ~ 2.5 x 10-3 eV2

0 ~ n/4

99% C.L.

— 90% C.L.

68% C.L.

|

| ! | '

10

0.7 075 0.8

0.85
sin®20

0.9 0.95 1

Same mass/mixing parameters confirmed in disappearance mode

(v,—V,) by other atmospheric expts (MACRO, Soudan?) and by
long-baseline expts with controlled source (accelerator beams)



Long-baseline neutrino experiments

(K2K, MINOS, CNGS)

“"Reproducing atmospheric v, physics” in controlled conditions

Fermilab

Super-Kamiokande

M t.Yariga take
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events / 0.2 GeV

~,

Accelerator Results (muon disappearance mode)

K2K MINOS

T | I L

I

~k
A
I

I 1.5 .
L (7)) B |
21 -0 cC
: .9 | + +
I = : _
or- S i —— i
: 7””‘ ‘T "C -6 Il —— =
1 : =
[ o
8 c
Sz o «  MINOS data
I Re) Best oscillation fit
-

Py E(KU Best decay fit
I + i Best decoherence fit |
0 s ol L L L]

Eeutrino Energy (GeV) 0 5 10 15 203050

Reconstructed neutrino energy (GeV)

1s* oscillation dip also observed.

[Exotic explanations without dip (decay, decoherence) disfavored]
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Production (e.g., MINOS)

Absorber Muon Monitors

Hlarget Decay Pipe
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Open questions for Am2-driven v, oscillations:

The quest for hierarchy and octant: Is the sign of Am? positive (*"normal
hierarchy") or negative (“inverted hierarchy”)? Is 6 >or < 11/4?

The quest for V.. appearance: We expect dominant v, —v.. transitions,

but haven't seen the T flavor directly - the hunt is going on with the
CNGS beam (1 candidate so far). See talk by F. Terranova, A. Guglielmi

The quest for V, appearance: We haven't seen Vu—Ve transitions; are

they absent or just suppressed? This is a crucial problem for its
implications on leptonic CP violation. See talk by M. Mezzetto

The quest for sterile neutrinos: Besides the known neutrinos V
(LH, gauge doublets) there might be new "sterile” states Vo p
(RH, gauge singlets) leading to further disappearance VML—>' (vs R)
See talk by C. Giunti

eurt,L

Useful to rephrase some of these questions in 3v language (fomorrow)
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Short baseline accelerator expts: Beyond 3 neutrinos?

In principle, the thee flavor states may be mixed with N>3 neutrino states, in
which case there must be N-3 "sterile” states. One than talks of 3+1, 3+2,
3+x models in current jargon. The 3x3 mixing matrix U becomes a submatrix
of a NxN matrix, with “leaks” to sterile v mixing (expected to be small).

Long ago, the LSND experiment found a signal of possible v,—v, oscillations
at (preferentially ) small mixing and relatively high AM? scale of 0O(0.1-1) eV?

At least 3+1 model needed. Large literature on attempts to reconcile
LSND with other data, by using new (sterile) states and/or new interactions.
But: No compelling data nor convincing model emerged so far.
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Situation about sterile neutrino somewhat confusing, but also
exciting, since other “hints" in favor of extra (sterile) neutrinos
have appeared recently, although still at low (~20) confid. level:

IRrE ] "Reactor neutrino anomaly”
L Fr Tl 47  Reandlysis of old data/fluxes:
1o+ * =y 3,4 | Electronflavor disappearance
' at very small L/E (= high AM2) ?
Distance to Rea(‘:({or (m)

[Talk by C. Giunti]

“Extra radiation”

Room for 1-2 extra relativistic
dof from precision cosmology:

sub-eV sterile neutrino(s) ?
[Talk by A. Melchiorri]
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In the following, I shall not further consider
sterile neutrinos, and will focus on active ones
and their oscillations.

So far:
2V oscillations in vacuum

g2 2 o [ AmL
P(vq — vg) = 4sin” f cos” O sin i

To conclude:
3v oscillations in vacuum



® For the 3 masses, let's assume for the moment a single dominant splitting:
mi ~my and Am® = |m3 —m7i,

which is a reasonable approx. for all experiments where Am?*L/4E ~ O(1)
namely, atmospheric, long-baseline accelerator, short-baseline reactor expts.

Then, the vacuum oscillation probabilities are generalized as (2v > 3v):

2
a2 . 9 Am?L P ~ AU 9 [ 2 . 9 Am=L
P,p ~ sin” 20 sin ( W5 > — af = ‘ @3| | 53| S11 o
. . Am?L , Am?2L
Pon = 1 sin? 20sin? (S ) - —— Paa~14Ua3\2(1]Ua32)sm2< fa >

The amplitudes now differ in different oscillation channels,

yet they do not depend on the hierarchy or the CP phase.
Also, they do not depend on 6,,, due to the assumed degeneracy mq~m,
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In such notation, the previous “v, —v." mixing angle is 8,5 ~ T1/4,

while 8,5 modulates the oscillation amplitude in the v.—v, and v,—v,
channels where, unfortunately, no signal has been found so far...
P,. = 1-sin?(260,)sin?(Am2L/4E,) P .=sin26,3sin?(26, 3)sin3(Am2L/4E))
N Feldman-Cousins Contours for ANN
1] ‘€HOOZ 20T T
Am2z| reactor | 0“POT
(eV?) [ é = 0% C.L.AM%,50
T‘ = — 0% CLAMD

= Best Fit Am2,>0
-------- Best Fit AmZ,<0
===CHO0Z 90% limit —;
2sin’,,=1 for CHOOZ

2
10

N
AN
L ‘\l\
~.

~—

1
107 : analysis A MINOS
L ity Acceler.
—t analysis C M Y A P A Ly
: 90% CL Kamiokande (multi-GeV) 0-1 0 2 0-3 0 4
! 909 CL Kamiokande (s
Aoy | 25ire28, sifs
sin%(26,,) 1870

World data consistent with sin®0,3< few %.
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More about the short-baseline reactor experiment
CHOOZ

I EEEERILEEEREX]
optic :

I T Y PP PP ITPEY
[low activity gravel shielding |
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Production

Reactors: Intense sources of anti-v, (~6x10%9/s/reactor)

Typically, 6 neutron ~200 MeV per fission / 6 decays:
decays to reach stable Typical available neutrino energy is
matter from fission: E~ few MeV

no 2354 1E+11

236U ‘-
\ 238U
1.E+09

, 241Pu
Y 1.E+08

S " \n
2 2395/ \\\
'J' 1.E+07

235U

<
M
(0]
<

<
ix‘l;‘\\
LD/
;U-b
o / *
' <
Neutrino Generation (/s/MeV/W)

<
B
('DI @
»
@ i
<‘ @
o
~n
w

1.E+06
4 5 6 7 8 9 10
Enerev (MeV)



Detection

Reaction Process: inverse B-decay

Scintillator
v,+p— e +n
n+p-od+y
Scintillator is target and detector
* Distinct two-step signature: 2 2Me
* prompt event: positron - 21045

E,~E, +0.8MeV

* delayed event: neutron capture
after ~210us

- 2.2 MeV gamma
Delayed coincidence: good background rejection
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Results

Expected spectrum (no oscill.):

The v, energy spectrum

I Reactor v,

spectrum (a.u.) |

v, p—n+e’ Cross
section (104 c¢m?)

|Obser'ved spectrum (a.u.)l

[ 6 7
E, (MeV)

With oscillations (qualitative):

---- Oscillated

— No Oscillation
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CHOOZ: no oscillations
within few % error

a2
o
4 +
g 0 e energy
250 -
® v signal
200
150
100
50
0
0 2 4 6 I
€
2
[
=
g 1B r e energy
15 R=1.01+28 % (stat)
125 |- % T
S APEFPE..o1 | —
075 -
GENS
025
0 I I I ! s
0 2 4 6 D
€



Interpretation

One mass scale dominance:
P,. = 1 - sin?(20,5) sin?(Am?L/4E,)

For any value of Am? in the range
allowed by atmospheric data, get
stringent upper bound on 6,

sin® 0,5 < few %

Feverish world-wide activity to build
new reactor experiment with higher 0,5
sensitivity = need to use a second
(close) detector to reduce systematics

Am?
(eV?)

10~

CHOOZ exclusion plot

V.oV
¢ X

90% CL Kamiokande (multi-GeV)

90% CL (sub+multi-GeV)
o | - P

Kamiokande
A ' L

0.2 03 0.4 0.5 0.6 0.7 0.8 09

sin?(20,,)

1
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3V, 2nd step: two mass splittings

We have seen that atmospheric (and long-baseline accelerator)
experiments have established the mass splitting of vz with
respect to vy , with oscillation parameters:

Am? = |m3 — miQ ~2.5x 1073 eV?

Sin2 923 ~ (.95

We shall see tomorrow that solar and long-baseline reactors,
sensitive to much larger L/E, have established the splitting
between v; and v, with oscillation parameters:

om? =m32 —m? ~8x 107" eV~

SiIl2 (912 ~ (.3

This opens the door to leptonic CP violation, iff 6,350



56

In a full 3v scenario, a CP violating difference may arise
between neutrino and antineutrino oscillation probabilities,

P,s(v) — P,g(v) = 2 sin 26, sin 26,3 sin 26,3 cos ;3 sin &

A Z_M A 2 % S 2
xsin( m4E 2 L)sin( m4E 2 L)sin(%L)

provided that:

- 8in26,5 is honzero

- sind is nonzero

-the oscillation phases are neither too small nor too large

Hunt for 6,5 crucial in current neutrino research,
in order to plan future CP-violation searches!

[see talk by M. Mezzetto]



Also: 0,3 important to restrict theoretical models for v masses

12 TTTT | T T TTTTT II T T T TTTTT T T TT T T TTTTT T

11— —

L anarchy |

10— |E== texture zero —

L SO@3) 4

9 A, —

12 - s S S 1

g 8- V72 30 ¥y _

S + |mmm Le—Lu—LT 4

> - SRND .

| SO(10) lopsided 7

2 6 B SO(10) symmetric/asym ]
<P =

° S5 : .

g r e = T

2 A : : N

3L 3 22 ]

27 IR =

= //, . o 5 5

L7 RS e 3 N

L o - . i

ol G i e g = o b |

le-05 0.0001 0.001 0.01 0.1

E.g.: CH Albright, 2008, “distribution” of published predictions



RECAP and end of LECTURE I

Poster of the Neutrino Oscillation Workshop 2004 (NOW 2004, Otranto, Italy)
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3V mass-mixing overview
(here, with 1 digit accuracy). Flavors = 2 u ©

Abs.scale Normal hierarchy.. or.. Inverted hierarchy mass? split

;A

I:I:_'V3

i+Am?

2 ... C__ T Y, T . 2
m A% [ | I Vz [ I I Iﬁm ::
1 ;
-Amé&
: .
V3 ——
5m2w8xlﬂ_5ev2 Sln2t91;3N03
ZAm? ~3x 1072 eVZn sin® 03 ~ 0.5
sign(£Am?) unknown o (CP) unknown

[...+sterile? Giunti]
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Recap of absolute mass observables (mﬁ, Mg, >)

1) P decay: m? = O can affect spectrum endpoint. Sensitive to
the "effective electron neutrino mass":

1
2 2.2, .2 2 2 2 273
mpg = [013(3127”1 T C13872M5 + 3137713]

2) Ovpp decay: Can occur iff Majorana (not Dirac)!
Sensitive to the "effective Majorana mass” (and phases):

22 22 iy | 2 ida)
Mmpp = [C13C12M1 T C13812M2€ ™" + S13M3e

[Cremonesi]

3) Cosmology: m? = O can affect large scale structures in (standard)
cosmology constrained by CMB + other data. Sensitive to:

X =mq + my + mgy [Melchiorri]

THANK YOU FOR YOUR ATTENTION
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Solution 1

® 1t v's are Dimc , thew 7% #7e , aund oue com attach
a Lptowe mummber o the doublets (e, e) amd (e, e*),
whadhe s Comserved Tw the observed reackous (AL=—O)
omd worlol be Wolated in the obrier two (AL=2).

© 1L v's are Mﬂtjo«‘m, Hew % =Ye , omd we m\)ust”l/mw/iwg:
“Ve. = LH OomFowwf" 0{- Y Shate
Uye" = RR Oow}w\nwf‘ 0][ v shate_
The inikat “¢” is LH, being poduced im o lec(\iz*)o(u/aﬁ.
Wimle FwFa'fj‘U”/Wﬁ/ i wmains  dowimently LH, )owf-w/boCMLOf
6 swuall RH wvnlpoww# (“37&“ at Om/E). Then also Ha
reackion e +h-> p+e com fake place in pumaple but (s
So su\opresseol fo be Pm.chcoﬂg uwolgervalble - Lqﬂo« T o
wiolokion (AL=2) is aMowed m privciple bt suppressed ot
O(m/6) m prochce



Solution 2

® ass basis (:1) o -P,o.,vor basic (:‘) are reladed los_:

%\ _ () - [0 siub | [ v , 1 R _u?
(}:B)~ J(_"’z) (-siw@ wsG)(;i/) il ZNR=Re-h

e Evolurow QA‘UAHOM im wass basis (mb) :

B d "Y . v ‘
i % 1 Pt , 2 .
dei% /’: o (71) <~ Schugohuger eq. im webund Lk (#’—'C:U

where +ae Heaws llowianm s Sr’AM%alAa
'Hw"‘ €4 O) &_(?*13 :

' 4

2

4

\ 2 _AwT o )
g = ] (?+"'21*‘“z)4_+ ( 2e M’)
\ - O '.56—/ 4€ (o) +3€/

sk F S

L"—_Y_—'_—,

< 4 +

Racler
Fuwal resudts do M(“dlfw om the -}m proporhonal bo 4 - chedk ik
( Reasam: it éjvas am overull phase  wliich ohcappears i observable
read gquannhe,). So we hle : Ant (-1 © )

i / Huwp, = 74% Lo Ny



Solution 2 (ctd)

¢ Evoluh om @Mbr . Onavn \méfs-.

i) A
<’y7/ ’){: = Snm\o (yz/) w hhere.

A o &
=) Hmb t o, A Sign ant —SLOP
Smb = € ~ = " At i o
- Q\‘ 6‘1:_6% wirarelok vishe
et rmwes

® Evolhon olwraMr i .@o\wzr basis (fL):

e

il

U S U
Cos 28 Sin2d \

il (AVWZZ ({ O . Peiwm, /Z_&_sz\ <‘ |
4e /\o 4 \ 26 /\ siu2g cos 20 )

Il

o Amblibwdes {w ~F[Av0r Tramsi hous

Wy i) 0ff -ohiagouad eumants ef & dive
( | $+b <V/5/<'> = (MM‘D[AT‘?W{% ’g‘”‘ X(ayﬁ Aol \;9””5(



Solution 2 (ctd)

o ‘Pmbalﬂ‘u‘% ol Houwor bamsivon js Hie >quare weduluns 0{. L. (MMf:{A\LWOUL:

: 5 2
?C%"ﬂ?g) = PlpsW)= I -1 slu26 sim A_v%é_c)}

9

= sm?29 sim® (4w 2 7‘) (=L inbee acture),
\  4rF

e The ob{a%m( duments oL e evolubom o}wmw would guve He
“WU‘W” surwvad 4 a,mlol/{h/wle. Chacke  Huak

A=PMa>¥o) = P> )= P %),

= P> W) = 1- sin*20 sim (Awazz}



Solution 3

Oscillabous dbkw,d oy ou Hu WW& o]ﬁ F[/wweo ol Hus of
Vet e, Tucleed, the resulte do Lot chaae Lag o
overall  shilk of M o Uowam

H - H+ comst- 4
Simee thi 3eo- poiut emngy s irvelovant im Hu's  combext,  Ha
absolwe. ventove mnoss el @ is umobservable  (im vscillabion
Seowrday ) .



Solution 4

Fc = 193322 MV fm = 4 in moburad wiils.
Tharefore: A Mk, 4w = 5 0677 x 40

T e (b )

- (") (k) (s

d
: «
A x 407" M 4m -z -
2 oy (Mevm) = 025x16" x 5.0697 10" 267

A eNwm
4 Moy

-
—

e 2 (S (B)() - aee () Y a)



Appendix on Majorana mass terms

Dirac amd Majomm nass Termg (1 fowi )

* Ditac amass ferms are of the form  mP¢ (4 dof ¢)
o Majorame. n O —ém g (2 oot ¢)

Thzee bossibilities:

Dirac C g=dirdr 7 Fy= w4 +Prte

Majorama (L) Y=Y+ §° - F¢=TY+§ ¢

Majorama (R) = G=dot Y& = Fg= Fade+ T

Most- gemeral mass ferm .Eor one neutrine ]chwlﬁ

UN(E R Yrt) *’%W‘L (4 + Fo) “"ZLW’R (Pr e+ IFRL%>

[Lasf fwo Terms absemt —gor charged j[ermfoms o



® PI‘QMQMS wa.ss f‘erwz com be vewriften as:

1 LHr &, Yo+ TR ] [ m_ wp Y [‘h,"' ‘PE(
& My MR I Lygt+yr

» Di%wvwh;«%w F’Low‘oles {—ie\ds wikh ou{-«'wike, masses.
C.[{ mass < O, rQ,dQPY)Q {fe!,d ¢= Y so Hat m--m)

® Since the basis {—ie/l/ds ((“E,L' (%)‘) amd (uf}:;+ f}/‘,}) are.
Majorama diagomalizabion  will gemerally  prooluce
Wass eigemvechors which are. also M,ot)'oroqu

Diggonokize. M= m; Vm ]



M = [VVIL Wp

mp MR

E\‘gewalu.e,s :

)

T=TrM-= My *WMpe.

D =derM = M Mg — m

My = L(TeVT-4D)

Disgomalimahion amgle . g 79 Mo

(wa a vw;xm,g amg\e‘) -/ T%4D

o Bl ]S ]

e \‘swve,dorg

prvsf e )[% | = [ovi)[me o 1]

Mp MR

O Wm-

) [S el ]
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The See-Saw mechamsw

Momy extemsions of Yhe Shwdard Model szuo{» the.
2xiskemee, ofr singlek neutirivos (Ve ).
E.g., n the (& qure,se,mthoM of S0 (10)

Wy U Mo Yo
d. d. dL e,
Up U MR YR
dp dr dr €r

—> Com gel & Majorama, Mass ferm  ~ mR(”7§VR+’7RVRC) /
W‘/\Qre, Mg IS PfeSW&blﬁ A L{LV‘SQ, mass scale.
chmmd—u‘i?-{m,j P SM exteusion.



For m« M , diagomvalization of [fn”r:] gives :

E 1'nged*ors (v 54 elds) Eigemvalues (mo\sseQ
\)hwc:(ynw,gﬁ % (Y V) M
1% W 3 mt |

ok A (v + i (y,ﬁyg) (’)—ﬁ &wm & See-Sow

The lx{gwl- she is achve (‘comhins ¥ ) amd has a
Wy swoll mass  ~ mi/M

'F("qu/w]o\\olg - SR P &Cm”?wxrlc;, W’Lepkws)
M e @(/\beﬂowol sM )

The see-saw mechanism might explain the smallness of neutrino masses



