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Why neutrino physics in 20147

Very rich physics: from their invention by Pauli in 1930’s to the
last results on 6;3 in 2012 many exciting discoveries:
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Why neutrino physics in 20147

« Fermi theory for beta decay

+ Majorana theory

« u decay

* Veu,: discoveries

+ Neutrino oscillation proposal

« Solar v problem

+ Oscillations in matter (MSW)

+ Atmospheric v problem

+ Supernova SN1987A

* Invisible Z-boson decay width

« Oscillations in solar v’s confirmed
+ Oscilations in atmospheric v’s confirmed
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Why neutrino physics in 20147

but

Still many questions to be answered:

« We still do not know completely the spectrum of v masses
(hierarchy and absolute scale)

+ CP violation in the lepton sector
« |s total lepton number conserved?

* Are familly lepton numbers conserved in the charged
lepton sector (u — ey)?

+ We do not have model of neutrino masses

There are experiments!
Planned experiments can answer many of them in a near future
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v masses only signal of physics BSM: implications in any extension of
the SM (SUSY, GUTS, extra Dimensions, Technicolor)

Arcadi Santamaria Neutrino Physics | TAE 2014, Benasque, September 18, 2014 3/21



Implications

v masses only signal of physics BSM: implications in any extension of
the SM (SUSY, GUTS, extra Dimensions, Technicolor)

v's Very light (m, < 1eV) and they interact little: they are everywhere
like the photons:

Arcadi Santamaria Neutrino Physics | TAE 2014, Benasque, September 18, 2014 3/21



Implications

v masses only signal of physics BSM: implications in any extension of
the SM (SUSY, GUTS, extra Dimensions, Technicolor)

v's Very light (m, < 1eV) and they interact little: they are everywhere
like the photons:

Implications in cosmology

Contribution to the mass of the
universe (Q2y)

Effects in the cosmic microwave
backgroud radiation (CMB)
Effects in the large scale
sctructure formation (LSS)
Primordial nucleosyntesis (BBN)
Possible explanation of the
baryonic assymetry of the
universe (BAU) with the
leptogenesis mechanism

Arcadi Santamaria Neutrino Physics | TAE 2014, Benasque, September 18, 2014 3/21



Implications

v masses only signal of physics BSM: implications in any extension of
the SM (SUSY, GUTS, extra Dimensions, Technicolor)

v's Very light (m, < 1eV) and they interact little: they are everywhere
like the photons:

Implications in cosmology Implications in astrophysics
Contribution to the mass of the * Neutrino production in the Sun
universe ($2v) * Red giant stars cooling
Effects in the cosmic microwave * Big effects in supernova
backgroud radiation (CMB) explosions

Effects in the large scale
sctructure formation (LSS)
Primordial nucleosyntesis (BBN)
Possible explanation of the
baryonic assymetry of the
universe (BAU) with the
leptogenesis mechanism

Arcadi Santamaria Neutrino Physics | TAE 2014, Benasque, September 18, 2014 3/21



Implications

v masses only signal of physics BSM: implications in any extension of
the SM (SUSY, GUTS, extra Dimensions, Technicolor)

v's Very light (m, < 1eV) and they interact little: they are everywhere
like the photons:

Implications in cosmology Implications in astrophysics
Contribution to the mass of the * Neutrino production in the Sun
universe ($2v) * Red giant stars cooling
Effects in the cosmic microwave * Big effects in supernova
backgroud radiation (CMB) explosions

Effects in the large scale
sctructure formation (LSS)

Primordial nucleosyntesis (BBN) o :

) ; Communications in dense matter
Possible explanation of the (underwater)
baryonic assymetry of the
universe (BAU) with the
leptogenesis mechanism

Technological implications

Neutrino-graphies: earth core
(search of oil, minerals )
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Intrinsic properties of neutrinos

Before oscillation experiments
Three types of neutrinos ve,vy,vs
Lepton numbers Le, Ly, L; conserved separately

Ve produces e€’'s and no u’s
Nou—ey,v—ey,t— ey, u—3e

Total lepton number L = Le + L, + L; conserved (no 0vf3f3)
v masses much smaller than charged lepton masses

my, <2eV, my, <170KeV, my, <18MeV Y my<14eV
a

v’s helicity —1/2 and v’s helicity +1/2
Magnetic moments very small: u, < 10~ "%ug, u, <10-12ug)
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Before oscillation experiments
Three types of neutrinos ve,vy,vs
Lepton numbers Le, Ly, L; conserved separately

Ve produces e€’'s and no u’s
Nou—ey,v—ey,t— ey, u—3e

Total lepton number L = Le + L, + L; conserved (no 0vf3f3)
v masses much smaller than charged lepton masses

my, <2eV, my, <170KeV, my, <18MeV Y my<14eV
a

v’s helicity —1/2 and v’s helicity +1/2
Magnetic moments very small: u, < 10~ "%ug, u, <10-12ug)

After oscillation experiments
Neutrinos must be massive (m, ~ 1eV)
They mix (with large mixings)
LFV processes must exist (still not observed)
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Fermions in QFT

Dirac fermions reducible representation

‘VL:PL‘//:<3>7 llfﬂzpﬂvf:(g)

£ — exp(—i0N-6-f-G)E, 1 — exp(—i0n-3+f-3)n

In QFT the fundamental fields are two component spinors v;
and yg and not the complete Dirac field y!

L =iydy +iWadvwr — MWL YR+ VRYL) =
=i&'6"du& +in'otoun —m(nTE+ &)
= iE Gy +iEJGH Il — m(EJ icaEy — E[icaES)
with & =&, & = ioon* (& transforms like &4)
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Fermions vs scalars

L =iEfG"IuE +iE)5H o
i
—5 (m1 E7 0261 + Mo 026 +2mp1E] 02&1 + h'0~)

Kinetic terms invariant under &, , — e"‘"1~2§1,2. m > break it
If my2 =0, ap = -0y conserved — Dirac fields

L=y —myy, v=y+Vyg
Invariant under y — &%y

1 1 1
L =5001:901+5902:9¢2— 5 <m12¢12 + M5 05 +2m3, ¢ ¢2)
If moy =0 and my = my, = m. Invariant under rotations of (¢4, ¢2)
1
L =0,0 0" —mPo o, =—(¢1+1i
979" 9 "9, ¢ \/§(¢1 )

Invariant under ¢ — e%¢
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Weyl and Majorana Fields

&> not necessary if there are no conserved charges: fermion
fields can be massive with only two components ( )

B = iETGRI,E — é (mg T6sé —i—h.c.)
iGHIuE — imopE* =0

If m= 0 (in momentum representation) (E +p-6)&(p) = 0,
E = =£[p|

PS¢ () = {‘5(‘:’) =
+E(B) E<O
Weyl field:
« Limit m = 0 of the Majorana field
« Particle helicity —1/2, antiparticle helicity +1/2.
« A U(1) charge conserved (invariance & — e'%&)
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Quantization
/ 252k, (BB e (B)e P+ 2 (P)ve (D))

Two helicities but particle and antiparticle are the same
In the limit m — 0 uy.(p) = v_(p) =0

3 A . . ,
500 = | (2:)3’;5) (a-(B)u-(B)e ™ + & (B)v: (B)eP)

Particle has helicity —1/2 and antiparticle helicity +1/2
In four components define yf = ()¢ = Cwi' (is right-handed)

_ 1, 4 1
L = WYL — M5 (WYL +VLYE) = i5Vmd Y — 5 My ¥
with yy = v, + yf that satisfies (id —m) yy =0
_ d®p = = —ipX | At (P 3 ip-x
(=X / @ryoE, (AB.9UB 9o P+ (B.5)v(p.5)eP)

Two helicities but particle and antiparticle equal
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Generalization to several fields

yoy; = Vjcq/,- — Symmetric mass matrices
VY = vy — Antisymmetric vector current
VP BY = v ey Symmetric axial current
yfot'y;=—yfo!'y; —  Antisymmetric magnetic moments

— 1 /—
L = VgV, — 5 (VEMY, +he.)
with W, = column(l//1L, YA, l[/N[_) and M symmetric
M= VMgV, VYy=VU +VUSe

— 1
g = EWMJWM — EWMMdiagwM
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Masses of neutrinos in the SM

Simplest solution: add vy like in the quark sector

Ly = —I__L Yeber — ZL YV(T)VR +h.c.
But
« Why m, are so small?
« Why omit terms of the form vTC?vR in the Lagrangian?
to the two questions:

= = - 1
gYL — ZYL = —LL qu)e,q— LLYVCDVF,’ = E

1/ — 0 Mp Ve
Py = —— C L
M=o (V”R> ( My M > ( VR > h.c.

if M > Mp (“see-saw” mechanism):
« 3 Majorana neutrinos ~ vg with masses ~ M
- 3 Majorana neutrinos ~ v; with masses ~ ME, /M

VT%MVH-i-h.C.
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Dirac and Majorana neutrinos
it M=0, (M, = Mp)
Lirac = VLIV +VRIVR — (VRMy v, +h.c.)

*+ 4 degrees of freedom
+ Conserve total lepton number (No Ov3 3 decay)
+ Less natural (why m, are so small)
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Dirac and Majorana neutrinos
it M=0, (M, = Mp)
Lirac = VLIV +VRIVR — (VRMy v, +h.c.)

*+ 4 degrees of freedom
+ Conserve total lepton number (No Ov3 3 decay)
+ Less natural (why m, are so small)

it M > Mp, (My = —MpM~"MJ)
1,
Q%Majorana = I-TLJVL — E (VLCMVVL —|—hC>

* 2 degrees of freedom
+ Do not conserve total lepton number (Ov3f decay)
+ More natural and more CP violating phases
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Neutrinos at low energies: Dirac

LDirac = IWJVL +V7F{(7VF,’ = (WMVVL +hC) 4

G G
\FFJ”JI \;J”Jzﬂ + Lum + Lst + -
JH =2V yte - J§:VLWVL+---

diagonalization
Var = Vaivii, Var=Usivin, UM,V =Mgag, Vi=Vi+Vig

JH=2vy¥" Pe+---, ngvyﬂvaJr...

1 (0] (0] C13 0] S13e_i6 Ci2 : S12 O
V=10 Co3z  So3 0] . 1 (0] —31261((s cio O
0 —So3 Co3 —S136"S 0] Ci3 (0] 0o 1
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Neutrinos at low energies: Majorana

A 1 /—
gDirac — /VLaVL - E (VLCMVVL +h.C.) +

€] (€]
\;J“JT \[FJ“JZN + LM + st + Lovpp +
JH =2V yMe -, J?:\'/LWVL_F...

diagonalization

T c
VoL = Vaivii, V MV =Mgae, Vi=vii+vj

JE =2y Pe+---, Jg:—%\_/y“'ysv_F...
1.0 0
VMajorana = Vbirac [ O e'* 0
0 0 €
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2 Neutrino oscillations in vaccum and in matter
* Neutrino oscillacions in vacuum
Three neutrino oscillations
Neutrino oscillacions in matter (MSW)
The adiabatic approximation in the Sun



Solar and atmospheric neutrino problems

The Solar neutrino problem

« The Sun produces v¢’s, whose flux can be
calculated using solar models

+ The flux of v¢ measured in the earth in all
experiments reduced by a factor 0.3-0.5

NASAsnomazm:“.M.ﬂ.:11.11 ut - EXplalned by oscillations Ve — v.uy’L'

The atmospheric neutrino problem

« m’'s produced in the atmosphere should
give a flux of v,’s twice that of ve's

« The observed flux of v,’s is largely
reduced

* Explained in terms of oscillations v, — v
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Neutrino oscillacions in vacuum

Define |ve) the state that produces e~ and |v,,) the one that
produces u . (Flavour eigenstates no energy eigenstates).

|Ve) =C0S 0 |vy)+Sin6 |vo)

|Vu) = —sinB|vy) +cos @ |vp)
Where cos 0 = (v1|Ve) = (va|vy) and sin = (va|ve) = — (V4 |Vy)

iyt iEpt

[Ve,t) = e 1'cos O |vy) + e 2'sin0 |vy)

—IiEqt

[V, t) = —e~Erlsin g |v4) + e Felcos 0 |vo)

then

P(Ve = Vi 1) = | (Viu|ve, t>|2 = sin?(26)sin? <(E2_2E1)t>
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Definite momentum ultrarelativistic neutrinos (p > m;),

Ei=\/m?+p2~p+m?/2p, L~tand p~ E

P(ve — vy) = sin?(26)sin? <2ni>

with A oscillation length

= K Am- = —
127(amEjeva) 0 B =M=

Not valid for

L> kg (decoherence, o wave packet width)
L> A (Too fast oscillations: average)

(P(ve = vu; t)) = 1§sin2(29)

Independent of L, E and Am?
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Three neutrino oscillations

P(vea — vg;t) = \(vﬁ\va,tﬂz =

if (vg|vi) = Vy; and E; ~ E + m2/(2E)

P(Ve — vg; t) = Ze_iAm'?/t/zE Vi Vi Vo V[;j =
ij

5 AmgL
i>jf

) ... [AmEL

i>f

Effective hamiltonian H = M{M, /(2E) = VMgiag V7/(2E)

Phases of Majorana irrelevant (oscillations conserve LN)
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Neutrino oscillations in matter, MSW

Zioc = —V2Gr (B1uPLVe) (Ve PLe) = —V2Grne(Ve1* PLve)

H=Cum+V|0 &% o0 |Vi+|(0 0 0
0 o 2 000

V = £b = +V2Grn, with + for v's and
For two generations
. 2 2EV o 2
sin“0 + 3 sinfcos6 Am
. ——— +universal
( sin6cos 6 cos? 0 o "

— for v’s

2EV

)

AmP "
sin26 = sm26A~2, AmzAmzdpr(AmQ
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The resonance

AP = AmPsin26
AmPcos20 = £2EV2Grne — 1} 5 I

sin“26 =1
AmPcos26 > 0 for v's and Am?cos26 < 0 for v's
Ordering of H eigenvalues such that Af? > 0 implies

2EV/AM? <1 , AR~ Anm?, 6 ~ 6 and |,) ~ |vy)

2EV/AmMP > 1 AP > Am?, 6 = % and |¥p) ~ |ve)
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Adiabatic approximation in the Sun

If ne(x) changes slowly we can use the adiabatic theorem:
“If in t =0 the system is in one of the instantaneous eigenstates
of H(t=0), H(t)|n,t) = En(t) |n, t) it will remain in the state

[n,t) for t > 0"
Neg> NeK
|Ve> o |f/2> Adlabat | " > Adlabat |V2> —sing |Ve> 1 cosH ‘v“>

1 1
P(ve — Ve) =sin® 60 = 5~ 5C0s26

If & < 1 all the v, are transformed in v,,! (MSW)
General case

1 1 A
P(ve — ve) = > I (E — P1z)cos26ycos26

_ mAnm?  sin®26
= 4E[(n]/Ne)res| COS26

Pz~e",
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The solar neutrino triangles

log(sin?(26))

All limits are at 90%CL
unless otherwise noted

1072 10°
tanZ0
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