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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.fo.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 oscillations in vacuum
[Homework]

Recap

2v oscillations in matter

Solar and KamLAND oscillations
Absolute neutrino masses
[Homework]
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2010: 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.,
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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)
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LA RICERCA SCIENTIFICA

ED I PROGRESSO TECNICO NELL' ECONOMIA NAZIONALE

Tentativo di una teoria dell’ emissione
dei ragg “beta”

Nets dol prof. ENRICO FERMI

Risssunto: Teoriz della emissione dei raggi P delie sostanse radicattive, fondata sul-

Fipotesi che gli elertroni emessi dai nuclei non esistano prima della disintegrazione

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

un quanio di luce che accompagna un saltc quantico di un atomo. Conirosto della
teoria con Vesperienza.
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Many decades of research have revealed other properties of the
neutrino. For instance, there are 3 different neutrino "flavors”

Ve vy Vr — q

e u T — q
and their Fermi interactions are mediated by a charged vector
boson W, with a neutral counterpart, the Z boson

0
-1

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

Neutral Current (Aq=0)

 Z

(For the other vertex in W, Z exchange: See lecture by L. Ludovici)



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

Neutrinos are created in m

a left-handed (LH) state V LEFT
Anti-nus are created in — m
a right-handed (RH) state '\[ ™

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



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

[/ \\

V. LEFT @ O(m/E)

V: @ ® O(m/E) )

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

Vet+tNnN —>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.

1



Summary of options for neutrino spinor field:

m=0, WV =Yg massless field
Weyl: or 1 =1 with 2 d.o.f.
mz0, Y =19 +Ys =9° massive field
Majorana: or Y =1, +19Pj =Y° with 2 d.o.f.
mz0, B massive field
Dirac: Y =vr+ YL # Ve with 4 d.o.f.
Conjugation operator: ¢C — C(¢) — 172¢* , wantiparticle — C(wparticle)

Appendix: Majorana masses and "see-saw" mechanism [+ see falk by F. Feruglio]

Experiments: A unique experimental handle >



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

d( n) u ( p) Virtual :i:: transition
- : : e
(1) e————
x"e N
ah
A%
e ah
wxe B )
0" -
m ot
) u(p) e Tas Tse

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) 2v[3$ decay.
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Very rare to detect (if it occurs): doubly-weak and suppressed by m/E.
Need to be tenacious... like E. Fiorini (see next lecture)
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Recap: if neutrinos have mass, they can develop the "wrong
handedness"” with amplitude of O(Muss/Energy). The only known
chance to observe this tiny effect is Ovpp 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).

We shall now discuss the phenomenon of flavor oscillations,
going from simplified approximation to more realistic scenarios.

15
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Neutrino flavor oscillations in vacuum (2v)

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

.. namely, for p=O0: 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
neutrinos v; e v; with mass m. e m; mq;j
in the same beam (,,. — ;). ~ [ : AE ~
/ 28

PMNS™*: neutrinos with .
definite mass (viandvy) [ Vo | [ costh smb ) [y
might have NO definite g —dinf cosh V;

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

*Pontecorvo; Maki, Nakagawa & Sakata



Analogy with a two-slit interference experiment in vacuum:

Vi " Qs
> . N&
) Vs
<

Va A(phase factor) = exp (ZQE
&SN

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:

m: —m3

1 ~AEAt ~ — 2
2F

18
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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:

. 9 2, o [ AMGL
P(vq — vg) = 4sin” 0 cos” 0 sin B (B. Pontecorvo)
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, not on the absolute masses. Why?

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




Typical iso-{Pyp> contours

2-slit analegy .
«— | gray screew
— |4 nges
A Vousha
| @ “fﬁu;cg
5
(0) v /2

Octanr sywmetry: 8->L-6 in Pepe

In Swe.m‘, bebter to use
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(Note: Octant symmetry broken by 3v and/or matter effects)



Octant (a)symmetric contours:
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[Particle Data Group 2008]



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.
Energies: E~ 0.1 - 100 GeV. Pathlengths: L~ 10 - 10000 km

* zenith
¢ angle

down-going
L g

up-fome

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

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

Should be reflected in
symmetry of event

zenith spectra, if

energy & angle can be
reconstructed well enough

22



Atmospheric neutrinos: Super-Kamiokande

SGe
MGe
S6u
MGu
USu
UTu

Sub-GeV electrons
Multi-GeV electrons
Sub-GeV muons

Multi-GeV muons

Upward Stopping muons
Upward Through-going muons

electrons ~OK

I I N S N

cos0»

Super-Kamiokande (92 kTy)

e, 1 zenith distributions

ormalized to no oscillation

+ SKdata

---- Best fit (standard oscillations)
Best fit + systematic shifts

AN
SGe \_

MGe

USu UTu

down

muon deficit

4— o oscC.

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...
P,. = sin?(260) sin?(Am°L/4E,)

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

uT

.. but where are the “oscillations” ?

24



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

Data/Prediction (null oscillation)

1st oscillation dip still visible Strong constraints on the
despite large L & E smearing parameters (Am?, )
-2
1.8 W T 7T 1 T ]
1.6 rAm? ~ 2.5 x 103 eV?
1.4 0 ~ n/4
1.2 1
1 >
)
0.8 i o
+ . 1 2
0.6 + <
P 99% C.L.
04 — 90% C.L.
0.2 + - 68% C.L.
0 doil el 2' — 3' — 2 10’3 N R DR DR R N
1 10 10 10 10 07 075 08 085 09 095 1
L/E (km/GeV) sin226

Same mass/mixing parameters confirmed in disappearance mode

(v,—V,) by other atmospheric expts (MACRO, Soudan?) and by
expts with accelerator beams (K2K, MINOS)



events / 0.2 GeV
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Accelerator Results (muon disappearance mode)

K2K MINOS

[IIII
1.5 ‘{»

*  MINOS data
Best oscillation fit

Ratio to no oscillations

Best decay fit

Best decoherence fit |

p 5 O_....|....|....|....|.|.|.
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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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 < 1/4?

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. See talks by L. Stanco, 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 later, & 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—>' (vg R)S
See talk by C. Giunti

eurt,L

Useful to rephrase some of these questions in 3v language >

27
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3V, 1st step: one dominant mass splitting

° . T T
3 flavor and mass states (V& vy, ;/T) =U (1/1, V9, V3)

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 0 813€_i5 C12 s12 0
U = 0 C23 S923 0 1 0 —S12 C12 0
0 —S923 C23 —8136i5 0 C13 0 0 1

Wher'e Cij=COS(9ij) etc.

[For antineutrinos: U>U*]



* For the 3 masses, let's assume for the moment a single dominant splitting:
mi ~ms and Am? = |m3 —m7,

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 ~ AT 2 U 2 . 9 Am=L
P, ~ sin” 260 sin ( W ) — af = ’ ag‘ ‘ 53‘ Sin w
. . Am?2L , Am?2L
Poo = 1 sin? 20sin’ (S5 ) = B AU, \Ua32>5m2< e >

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 0,,, due to the assumed degeneracy mq~m,



In such notation, the previous "v, —v." mixing angle is 0,5 ~ T1/4,

while ;3 modulates the oscillation amplitude in the v,—>v, and v

—>'Ve

1

channels where, unfortunately, no signal has been found so far...

P =

ee

Am2|
(eV?)
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- More about CHOOZ results (L~1km) -

Expected spectrum (no oscill.): Data: no oscillations
within few % error

The v energy spectrum

R T e * .u.
I sactor v, spectrum (a.u )l |Obser‘ved spectrum (a.u.)l

g
o 5 500 ¢’ energy
g S 250
5 ? ® v signal
i; g 200
L S 150
+
= § 100
5 6 7 50
E, (MeV)
0
a 2 3 5 10
MeV
[ ] [ J [ J [ J [ ] 2
With oscillations (qualitative): -
g e’ energy
=
15 R =1.01 £2.8 % (stat)
125 T
1 f-- %%%@%% S R
075 ——
05
025
o I | T MU IR A
0 2 4 6 10
MeV

Future reactor expts: Reduce syst's with near/far detectors.

But: Why hope for 0,3>0 after all?
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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 v3 with
respect to vy ,, with oscillation parameters:

Am? = |m3 — miQ ~25x 1073 eV?

Sil’l2 923 ~ (.9

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 6,3>0!



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 26y sin 26,3 sin 26,3 cos ;3 sin &
AW’Z" 87;1 Am + 37}1 5
xsin( A5 2 L)sin( 15 2 L)sin(fé L)

provided that:

- 8in20,3 IS honzero
- Sind is nonzero
-the oscillation phases are neither too small nor too large

Hunt for 6,5 crucial in current neutrino research

33



Also: 6,3 very important to restrict theoretical models for v masses
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E.g.: CH Albright, 2008, “distribution” of published predictions

See talk by F. Feruglio



3V mass-mixing overview in just one slide
(here, with 1 digit accuracy). Flavors = 2 u =«

Abs.scale Normal hierarchy.. or.. Inverted hierarchy mass? split
im— VN $
+Am?
2 | T . vV, T T I 2
me, - _— vz | e | OM° §
1
-Am?
|
: I v
I V3

Sm2 ~ 8 x 1072 eV?
Am?2 ~ 3 x 1073 eV?

m, < O(1) eV

sign(=Am?) unknown

Sin2 912 ~ 0.3
SiIl2 923 ~ 0.5

SiIl2 013 < few %

6 (CP) unknown
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Implications of 3v mixing for Ovfp decay

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

d(n) u(p)
V‘E A .. mixing of v, with v;
C e
S .. mass of v;
. {BLP_ ¢ .. mixing of v; with v,
(times an unknown v; phase)
an) u(p)

Summing up for three massive neutrinos:

Amplitude ~ “"effective Majorana mass”

22 2 .2 iy | 2 i3
Mpp = |C3c1ami + €13572Mmaee’ ™ + sizmae’™?)

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

~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
Mmpp = |C13C oM 1 + C{3S819M2€ o2 4 S$13Ms3e Z
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Short baseline accelerator expts: Beyond 3 neutrinos?

The LSND experiment found a signal of possible v,—v, oscillations
at a relatively high AM? scale of O(0.1-1) eV?

Am’ ( eV’ )

10

-1
10

-3 -2 -1
10 10 10 o, 1
sin” 20

Large literature on attempts to reconcile LSND with other data, by using
hew (sterile) neutrino states and/or new neutrino interactions.
No satisfactory model emerged so far. Moreover...



.. simplest LSND “oscillations" excluded by a dedicated
test experiment, MiniBoone:

10’5'”1?9: ""'1'92? ""1'?4 ' ......;102

10? — 10
5 : But, the MiniBoone data
3L 1, have some new, unexplained
R : anomalies at low energy!

-
Yo
e
e
Dy,
..
»
a
~
~
-
-
~

107 CliswpsoscL. e =
F [JuiswpescL e S
E DT

.....

So the LSND/MiniBoone saga
may have not yet ended ..

~d

— iNiBOONE 90% C.L.
= === KARMEN2 90% GL.
10 PS> o = = Bugey 90% C.L.

N - ————

Sterile neutrinos and new
) physics at work? See talk
| by C. Giunti

1AMl (eV?/ch)

107 3107
o [J LsnDsosscL \..s
F [ LSND99% GL. *'\\
e [ 1 IIIII IIII| 1 11 ITh o
102 L 102
10° 10? 107" 1

sin’(20)



RECAP and end of LECTURE I

Poster of the Neutrino Oscillation Workshop 2004 (NOW 2004, Otranto, Italy)
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HOMEWORK
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Solution 2 (ctd)
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= P> W)= 1- sim*20 sin’ (AWSZ}
9% )



Solution 3

Oscillabous @(ﬁw &wé o Hu O(/{H-(mmuz_ o]ﬁ FW@ el Hus o]L
WUAU M0 e, Twoleed, resultzs de Lt chaoage b% an
oveyudl sl/vi{# 0{ Ao Harmm Uowiam

H - H+ comst-4
Simee Hae ?fvw-iwfmf gy s irreloamt im Hu's combext, P
absoluwre. vanbiowe Moss scade @ Is wmwbservable  (im vscillahion
Seourday ) .



Solution 4

Hc = 4193322 MV fm = 4 in meburad wiils.

Tharefore: A Mk, 4w = 5 0677 x 40
: i

Thw: AmtL 4 [ wz\(g.m) Moy 4

4€ 4 Vet J{m E Mw)

A e A
r () (5 (5) (e
4 My /et )/

A eNm A gdp e Mw[ K
4 Moy 4 oh W'Lm/ - 47% (Mw.m>=0-25><lo~'zx 5, 0637 %10 °=4.267
AW

__C}_g=426?/‘3€‘j"v )( (WU)~ Azu( )(km QW)



Appendix on Majorana mass terms

Dirac amd Majorwm rnass Termg (1 fawi )

* Dirac mmass Terms are of the 7Qn*m ma (4 dot ¢)
Slfomng, 1 K W R Sl R

Thaee ?osss‘b{lx{h’es:

Dirac C g=ditdr 7 Ty 4 +Prte
Majorama (L) : Y=4+§ - F4= Tge+ T 4o
Majorama (R) - =det Yo = F¢= o+ Td

Most- gemeral mass ferm ‘gov‘ one neutrino ]Cc{/vvmlﬁ

My (%%*%\h) +%mL<{‘F\f":"‘ q&f"”u) +imR OF'Q%:"' ZFR‘"PR)

[Lotsf‘ two terms abseunt _J[or charged AJ[er*mfoms .l



o Provioms wass term cam be vewritten as:

L TR Fe 1T me ] T ]
, my g | Ler gk

@ Diagwm;mhw ’F’Low‘oles J&«‘e\ds wik ougwm masses.
@-g mass < O, re,defq‘we fj%eld “})—’KS“{" so ot yy)_,_yy])

® Since the basis fields ((&H} CCF,:‘) ond (Go+ ot ) are
M,a)‘omma, dA‘ago/mAlA‘%an will 99’"’”““3 prooluce.
Wass @iﬂ@uVec)oG whidh are. also Mxv'oraqu

Diogovokize. M= m; Vm ]



M = [vm mp

mp MR

E\B@MMS :

)

T::TFM = ML A Wpe

D =derM= M Mg — Wl})

(le-_:.__LCTj—_\)Tz—-ﬁib)

D\aﬁmlamhw 0\/\/1/3)*2_ : WA Wp

(vwfa\vvuxm,ﬁ amg\e,‘) m

Tl Bl ]l ]

e \‘3euvador5

Lﬂfﬂ!ﬂ[mumo [ J.—. [ v4 ] mou

Mp MR

o m-

) [S 21 l]

7y

J
2ty

|




The See-Saw mechamswm

Mamy exteumsious of the Shwdard Moode F?.wb{oi' Hhe
xiskmee. o{ singet neutrives (Vg ).
.9, in the (6 rqyre,semml{w of S0 (10)

U, UL Mo YL
dL d. du eL
Ug U UR PR
dp dr dr €r

—> Com 99,&‘ -~ Motjov‘aw\,o\ mass ferm ~ Y)’)R(féyk-;;/;zygc) )
where mg 15 Freswvmlolﬁ o lorge mass scale
chamcl—ermmj H SM exteusion.



For m« M , diagovalization of [fn';;’:( gives :

Ei‘ﬁwvecbrs (v j(a'elois) Eigemvalues (masseQ
%wg(ynw,gﬁ % (i VE) M
v C M c (ml ' .

Light- 'r_‘i-(VL'* V:,) t M CVR”’R) ﬁ")"ﬁ' «Lm < See-Sow

The l/\'sw‘ shie. is achve (commns VL) omd  has a
Wry swell mass  ~ miy/M

?regu/wm\\o(g ! m ~ & ((m‘}mrk;, Ynl.e,P(ous)
}\/\ & Q(Abeﬁowal SM )

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



