Lecture 4
The neutrino-mass sector



LO7m95) = LAY.N v+ NiM;;N,
1. M;; =0 DIRAC masses

[] Neutrinos are Dirac spinors (vz,vg = N©), like charged fermions

[] Lepton number is exactly conserved, like Baryon number

[ In the mass-eigenstate basis W,ey,V;;v; withV" like V

[] Physical parameters:

3 masses, 3 angles and 1 phase

[] A crucial question: Why my ‘s << m,,m,‘s given the
symmetry between neutrinos and charged fermions?

Technically, by AY << A, A9 A\°
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LO7mS) = LAY N+ N:M;;N;
2. M;; #0 MAJORANA masses

[] A basic asymmetry between neutrinos and charged fermions

L(v—mass) _ (VTNT) 0 Av v
WM ) \N

with v, N each 3-vectors and A, M 3x3 matrices
[] a6x6 mass matrix [| 6 different eigenvalues (in general)

How come, with the same number of d.o.f. as for charged
leptons? (e,e) [] (v,N)
A Dirac spinor: e (M) + e(M):4d.o.f.
A Majorana spinor:  Vy (1) vy (tl) : 2 d.o.f.
Possible at all because Lepton number 1s violated
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2. M;; 720 MAJORANA masses - continued

Don’t we see 3 neutrinos in Z — v;Vv; ? (N, =2.9841(83))

We see 3 interacting neutrinos, in a left helicity state
( active, as opposed to sterile)

Why m, << m,,m,;? Because M >> Av

7»2\/2
: .. ight = noN Ay
By diagonalizing the "~ " IR VRPN %
mass matrix Vheavy = —SINQAV +cosaN  my ~ M
. : Av Av
1
By lr}zltegmtmg O,W s s = v (\Tv)— ()
the heavy N’s Y, N Y, M
L(V—mass) RV V m = N M 102
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2. M;; 720 MAJORANA masses - continued

[] Physical parameters (with 3 light neutrinos hereafter):
L’ = L DL+ e¢ Pe + " U moUL e +v V. mi Vv
By going to the physical basis:
Wty = W phULVy v pi V=UV,

Counting intrinsic phases again
, nn—1) 1

N(phys.phases) = n” — S n*) = En(n —1)

= 3 (instead of 1) for n=3
(**unlike the (2n -1) of the quark case, because the v-phases

defined by v mv)
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The physical parameters precisely defined

3 masses: mp,ny,ms , not by the order (as for charged fermion)
but by

ms >mo >m; normal

2 2 2
Am, |, |Ams, | > Amyy >0 { m, >my >ms3 inverted

3 angles and 1(+2) phases:

1 1
V=Rxy3(0x)| €° |Ri3(013)R(012)| &
1 e'P

. _ Majorana phases
in W,eVy,v
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Means to determine the physical parameters

A. Absolute spectrum

1. Endpoint of -decay spectrum (Z,A) — (Z+1,A) +e+V;

phase space:  d¢; x py0(A—m; —E,)dE, A=M;—M;
T — [(A—E,)? — m2]\/2
=> dE ~ Zi‘VeilsziG(A—mi—Ee) p\/z [( ) ml]

Currently Z|V,;|*m; < (2¢V)* (+ info from osc.s: mi|pax S 2€V )

2. Cosmological observations

a - Density power spectrum distorted at small scales
b - CMB distorsions

Currently, mostly from a, Zm; $0.5¢V  ( Mi|yar S 0.15V )
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Means to determine the physical parameters
(continued)

3. BPov-decay (Z,A) = (Z+2,A)+2e
only 1if Majorana, since L violated!

n P
2 _
A ZiVeimiMnucl — meeMnucl
B 1
Vx T, /»
e 1/2
= |mee|2|Mnucl|2
2 (.2 2io 2 2i
. - Mee = C13(C1oMm1 + 5127 my) + s73m3e e

Oth (Mnucl ) — O(Mnucl )

Currently: a claimed observation at 0.17¢V < |m,,| < 2.0eV
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3. PPov - decay with oscillation and
cosmological data (current 2004 )

m ! _
e Sty (Fogli et al)
(eV) ' :
L Ov28 claim :
- v
—1
10 F -
i
16 7L N.H v oscillation data + A , o
Y (CM B+2dF+Ly ﬂ) hlghly non trivial but
I | worth trying
' C.L. =20
'H]_a o ! : Lo | !
10~ 1 Em; (eV)
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Means to determine the physical parameters
(continued)

B. Mixing parameters from neutrino oscillations

The standard picture: Calculate the amplitude for a |v;, > at t=0
to become a |WB > at time t

‘Vla >tlr:0 R=ct ti ‘Vlﬁ > la7[3 —&GHT
‘Vla,l‘ >= Zﬁqjﬁ(l‘)‘\/lﬁ >

2

d L :
zd—llJ VEVTWY E; = (P+2p)5ij

m?t

< VB’Vlaat >= Zi=1,2 3VBV’O"6 2 (1?7)
up to an 1rrelevant phase factor ,
Note: Majorana phases and absolute m; ‘s
irrelevant to | < Vlﬁ’\llomt > |

Riccardo Barbieri 10 ElectroWeak Interactions: Theory 2004



(Apparent) Paradoxes of the standard picture

1. Why 1s the v-state given a definite p rather then E?
2. If p defined, how about coherence? vi = p/E| # v, = p/E;
3.If p defined, Ax = . Why then t=R/c?

etc...

Suggested framework to address them:

The amplitude of a physical process =
S = source

A(ly)
. / B(lp) D = detector
D

treated 1n second-order time-dependent perturbation theory (!?)
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Matter effects in V-oscillations

v-propagation in matter: like in optics

— : eipz:>eipz(1+inf(O)2—n)

— p

— O: - — PUZIEN e(inpw+p(z—w)) ~ eipz<1 4+ iwp(n . 1))
— 27
_— = n—1= Nf(O)?

[] A modified Schroedinger equation in a medium of electron
number density V.

i%‘l’ = (VEVT + AW
with A =0 except for A, = +v2GN, (+v,—v) (1D
Nucleons do not contribute to A (!?)
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Solving the equation (!?)

(in a sitmple, but relevant, 2x2 case)

1
Enarer = £-[(A0s 26, — V2GN.)* + A’sin’26,] /2 Ani?
A= —
Asin 20, 2
tan20,, = > P
Acos 26, — V/2GN, 0, = vacuum angle
small O,
adiabatic
conditions
Ares << AR
dr
(Smirnov)

Ne
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Current knowledge (2004)

2 |~ 2 |~ 3 172 2 2 -5
Am,| =~ |Am3,| ~2-10%eV?  (Am?,,) Ams, ~8-107eV?  (Am3,,)
023 = 36° + 54° (90% C.L.) tan’ 012 = 0407557 (612 =132°+3")
sin013 < 0.03 (90% C.L.)

Current 1ignorance (2004)

0. Dirac or Majorana’?’
1. Absolute scale?  0.05¢V < m;|yar < 0.15¢V (if cosmo)

2. Sign of Am3, (inverted or normal spectrum)
3. 013=7

4. =7 Need 0,3 #0 to be defined at all
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