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‘Discovery of v’s |

e At end of 1800’s radioactivity was discovered and three types identified: «, 3, v
B . an electron comes out of the radioactive nucleus.

e Energy conservation = e~ should have had a fixed energy
(A, Z2) > (A, Z4+1)+e = E.=MA,Z+1)—M(A,Z)

But 1914 James Chadwick showed that the electron energy spectrum is continuous

Energy spectrum of beta
decay electrons from 210p;

Intensity

0 0.2 0.4 0.6 0.8 10 12
Kinetic energy, MeV

o awvay the energy conservation?
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‘Discovery of u’sl

e The idea of the neutrino came in 1930, when W. Pauli tried a desperate saving

operation of ’the energy conservation principle”.
In his letter addressed to the “Liebe Radioaktive Damen und Her-

ren” (Dear Radioactive Ladies and Gentlemen), the participants
of a meeting in Tubingen. He put forward the hypothesis that
a new particle exists as “constituent of nuclei”, the “neutron” v,
able to explain the continuous spectrum of nuclear beta decay

(A, Z) = (A, Z4+1)4e™ +v

e The v is light (in Pauli’s words: “the mass of the » should be
of the same order as the e mass”), neutral and has spin 1/2

e In order to distinguish them from heavy neutrons, Fermi pro-
posed to name them neutrinos.
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\First Detection of v's |

In 1934, Hans Bethe and Rudolf Peierls showed that the cross
section between » and matter should be so small that a ~ go
through the Earth without deviation

In 1953 Frederick Reines and Clyde Cowan
place a neutrino detector near a nuclear plant

, Reutrine

400 litters of water
and cadmium chloride.

g

Ue +p—et +n

'S
e™ annihilates e~ of the surroundirfngrJnIaterial giving two simultaneous ~’s.
neutron captured by a cadmium nucleus with emission of ~’s some 15 msec after

The neutrino was there. Its tag was clearly visible



\The Other Flavours |

v coming out of a nuclear reactor is 7., because it is emitted together with an e~
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Question: Is it different from the muon type neutrino v, that could be associated to
the muon? Or is this difference a theoretical arbitrary convention?

In 1959 M. Schwartz thought of
producing an intense » beam from
7’s decay (produced when a proton
beam of GeV energy hits matter)

Schwartz, Lederman, Steinberger
and Gaillard built a spark chamber
(a 10 tons of neon gas) to detect v,

cible

— -
protons

20 m

blindage de fer

I

==

" detecteur
(10 tonnes)

=== ptincelles sur le

patcours du muon
issu de I’'interaction
du neutring Vi

They observe 40 v interactions: in 6 an e~ comes out and in 34 a .~ comes out.

If v, = v, = equal numbers of .~ and e— = Conclusion: v, Is a different particle

In 1977 Martin Perl discovers the particle tau = the third lepton family.

The . was observed by DONUT experiment at FNAL in 1998 (offi cially inDec. 2000).



Restes dela

Sourcesof v's S

oy = 330/cm3
E, =0.0004 eV

dEarth — 6 % 109 /cm?s Atmospheric v/'s
E, ~ 0.1-20 MeV Ve,Vy, Ve, Vy
Human Body ®, ~ 1lv/cm?s

®,, = 340 x 10v/day / /\

Nuclear Reactors
E, ~ few MeV

2 remie: i@.
Earth’s radioactivity Accelerators

®, ~ 6 x 10%v/cm?s E, ~0.3-30 GeV KEK
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‘V INn the SM I

e The SM Is a gauge theory based on the symmetry group

e LEP tested this symmetry to 1% precission and the missing particles ¢, v

(172)—% (372)% (171)—1 (371)% (371)—%
( Ve ) ( zz ) Y A Notice thereisno vy

Ve L i L | ~ |= Accidental global symmetry:
(/iL)L(SZ)L HE °R SR B X Lex Ly X Lr

U tz ) )
(7 ), (g )| ™ ek

e When SM was invented upper bounds on m, K
my, < 2.2eV

SH -3 He+ e~ + 1,

my, < 190 KeV (7 — pvy)
m,,. < 18.2 MeV (1 — n7mv;)
e Neutrinos are conjured to be massless and left-hande

(@8
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‘Neutrino Helicity I

e The neutrino helicity was measured in 1957 in a experiment by Goldhaber et al.

— 152 152 *
e Using the electron capture reaction e” + Eu—v+ Sm

1525 +

with J(**?Bu) = J(**?Sm) =0and L(e™) = 0

e Angular momentum J.(e”) J>
conservation = \ = J.(v)+ J.(v)
_|_

+1
\ -2

e Nuclei are heavy = p(**2Eu) ~ p(1528m) ~ p(128m*) = 0

So momentum conservation = p(v) = —p(vy) = v helicity= ~ helicity
e Goldhaber et al found ~ had negative helicity = v has helicity —1

Thus so far v was a particle with m, = 0 and left handed.
(because for massless fermions helicity= chirality...)
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‘ Dirac versus M ajorana Neutrinos |

e In the SM neutral bosons can be of two type:
— Their own antiparticle such as ~, 7°
— Different from their antiparticle such as K°, K°...

e In the SM v are the only neutral fermions
= OPEN QUESTION: are neutrino and antineutrino the same or different particles?

x ANSWER 1: v different from anti-v = v IS a Dirac particle (like €)
= It is described by a Diracfield v(z) = [as (P)us(P)e”P* + bl (P)vs (@e"p‘”}

$,p

= And the charged conjugate neutrino field = the antineutrino field

=cve™! —noz[ (P (B)e™ ™" + al (B)vs (7)e™"| = —n& C7"
(C =1iv*7°)

which contain two sets of creation—annihilation operators

= These two fields can rewritten in terms of 4 chiral fields
vy, , VR, (I/L)C : (I/R)C with v = v, +vp and v = (I/L)C + (I/R)C
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‘ Dirac versus M ajorana Neutrinos |

+ ANSWER 2: v same as anti-v = v is a Mgoranaparticle : vy, = v/§;

N 770 Z [ mus ﬁ)e ipx +a (]7)?)3(]7)3 ] — Z [as(ﬁ)us(ﬁ)e_ipm + bl(m?)s(ﬁ)eipm}

$,p

= So we can rewrite the field 1, = » _ [a.(P)us(D)e™ " + n&al (5)v. ()€™

s,p
which contains only one set of creation—annihilation operators

= A Majorana particle can be described with only 2 independent chiral fields:
vy and (v7)¢  whichverify vy = (vg)¢  (v2)Y = vg

e In the SM the interaction term for neutrinos

ig 19 _
Lint = laVuPrva W, + (Vo Prla)W ]+ oYuPrva)Z
t = \/5[( VuPrLVa) (VaVuPrla) u] /2 cos Oy (VaYuPrva)Z,

Only involves two chiral fields P,v =v;, and 7 Pp = nc(z/L)CTCT

= Weak interaction cannot distinguish if neutrinos are Dirac or Majorana

The difference arises from the mass term
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\u Mass Terms |

e A fermion mass can be seen as at a Left-Right transition
myfrfr + h.c. (thisisnot SU(2). gauge invariant)

e In the Standard Model mass comes from spontaneous symmetry breaking via
Yukawa interaction of the left-handed doublet L, with the right-handed singlet [ :

2
£§f) = fLLM(E)ERgb + h.c. ¢ = the scalar doublet

()

e After spontaneous symmetry breaking

SSB 0

o= SN A —ZLM(K)KR + h.c.

’U—I—H mass

V2

M )= Dirac mass matrix for charged leptons

e »’s do not participate in QED or QCD and only v, is relevant for weak interactions
= there is no dynamical reason for introducing v, SO

How can we generate a mass for the neutrino?
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\u Mass Terms: Dirac M ass |
OPTION 1:

e One introduces » which can couple to the lepton doublet by Yukawa interaction

V2

(%

~

LY = XL MW upd+he. (¢ = ind”)

e Under spontaneous symmetry-breaking,

LW o p@irae) _ oy = —%(?LMBVR + ) MBT (1)) + hec.
7, =Dirac mass for neutrinos
o £{D13%) jnvolves the four chiral fields v, , vr , (1), (vr)©
= The eigenstates of M7, are Dirac particles (same as quarks and charged leptons)
= Total Lepton number is conserved by construction (not accidentally).

=e "YUV

Ul)rv=e¢“vy and U(1l)r

v
U1 v =e@vC and U(1)vC = e
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‘u Mass Terms. Majorana M ass |
OPTION 2:

e One does not introduce v but uses that the field (v, )€ is right-handed, so that one
can write a Lorentz-invariant mass term

- 1
£Mai) — —§ﬁM]’(4VE + h.c.

MY, =Majorana mass for neutrinos

e But under any U (1) symmetry

Ul ve=e v and U(l)T=c¢ "“D
= It can only appear for particles without electric charge
= Total Lepton Number is not conserved

= The eigenstates of My, are Majorana particles (verify v{ = v;)

= But SU(2) 1, gauge invariance is broken!!!
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General SU(2)y, invariant v Mass Terms

OPTION 3:
e Introduce v, (i = 1,m) and write all Lorentz and SU(2), invariant mass term
£§/’f) _ _gEME’jivRﬂg— %%MN,jiZ/f%’i + h.c.
e Under spontaneous symmetry-breaking
LWss = —VL;Mp jive: — %VR,jMN,jiVJC%,i + h.c.
= _%(VR,ng,jz’VL,i +vf ;Mp,jivR,:) — %VR,jMN,jincz,i + h.c.

11—
——veM”vU 4+ h.c.

2 _ 0 M
Wlthﬁ:(yﬁ’k)andM”:( - D)
e In general If M # 0 = 3+m Majorana neutrino states (verify v = ;)

how many are light depends on hierarchy between M and My

= Total Lepton Number is not conserved
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\The See-Saw M echanism |

e A particular realization of OPTION 3: Assume My > mp =
—m Heavy v’s of mass m,,, ~ My
— 3 light neutrinos v’s of mass m,, = mp My 'm%
— The heavier v the lighter 1, = See-Saw Mechanism

— Arises in many extensions of the SM: SO(10) GUTS, Left-right...
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‘u Mass from Non-Renormalizable Oper ator I

If SM is an effective low energy theory, for £ < Axp
— The same particle content as the SM and same pattern of symmetry breaking
_ - ' 1
But there can be non renormalizable r— £SM+Z ~_0,
(dim> 4) operators + Axp

First NP effect = dim=>5 operator o Z; 71\ (3T 1C
There is only one! > Anp ( Lw) (¢ L’j)
which after symmetry breaking L U2
(My)i; = Zj;

Induces a ¥ Majorana mass “ ANP

Q5 breaks total lepton and lepton flavour numbers

Implications:
— It 1s natural that ~ mass is the first evidence of NP

— Naturally m, < other fermions masses ~ M v if Ayp >> v

— see-saw with heavy neutrinos integrated out is a particular example of this
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‘Lepton Mixing I

e Charged current and mass for 3 charged leptons /; and /V neutrinos v;. In weak
basis

3 3 N
g na W 1 W
Loc+ Ly = _E Zﬁ}i‘fﬂ“l/iWWj— Z ﬁj‘é‘;Mgijﬁ‘g’j—ﬁ Z Z/Z-CWM,,Z-J-I/]-W—I—h.C.

e Changing to mass basis by rotations

W __ /¢ , W  __ xy/¢ _ w __ V.,
gL,i = VLz'ngaJ ER,i = VRz'jERaJ vi = Vz‘jVJ

VfTMgVé = diag(me, m,, m;) V’/TMJM,,V” = diag(m?,m3,m3,...,m4;)
Vi = Unitary 3 x 3 matrices and /= Unitary V x N matrix.

e The charged current in the mass basis

g - ij
Leo =~ 7" Urgp v Wi

75

3 )
1k .
ULEP = 3 x /N matrix UIZJJEP — E VfT Vuk]
k=1
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‘Lepton Mixing I

e For example for 3 Dirac v’s : 3 Mixing angles + 1 Dirac Phase

1 0 0 Cc13 0 813622"s c21 s190 O
Uep =10 Cc23 $923 0 1 0 —S812 C12 0
0 —s923 c23 —8136_i5 0 C13 0 0 1

e For 3 Majorana v’s : 3 Mixing angles + 1 Dirac Phase + 2 Majorana Phases

1 0 0 C13 0 81367:5 c21 s12 O 1 0 0
Ugp =10 C23 5823 0 1 0 —S19 c¢12 O 0 92 0
0 —s93 c23 —8136_1.(S 0 C13 0 0 1 0 0 et®3



Concha Gonzalez-Garcia

\ Effectsof v Mass |

e Neutrino masses can have kinematic effects

e Also if neutrinos have a mass the charged current interactions of leptons are not
diagonal (same as quarks)

—W+Z op B LY 4+ Udger, Uiy* L DY) + hec.

g d

e SM gauge invariance does not imply U(1)r, x U(1)r, x U(1)r, symmetry

e Total lepton number U(1)r, = U(1) Le4r1,,+1, Can be or cannot be still a
symmetry depending on whether neutrinos are Dirac or Majorana
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‘Neutrino Mass Scale: Tritium g Decay |

e Fermi proposed a kinematic search of ~. mass from beta spectra in 3 H beta decay

SH =3 He+e+7,
e For “allowed” nuclear transitions, the electron spectrum is given by phase space alone

K(T) = /B ey 4/ (Q = V@ =T —m
T = E. — me, Q= maximum kinetic energy, (for >H beta decay () = 18.6 KeV)

e m, # 0 = distortion from the straight-line at the end point of the spectrum
my, =0 = Thax =0 K (T)
ml/#o —= TmaX:Q_ml/

— At present only a bound:
P Y mf;ff = \/ZmﬂUejP <22eV (at95%CL)

(Mainz & Troisk experiments)
— Katrin proposed to improve present sensitivity to mff ;~0.3eV



Concha Gonzalez-Garcia

\Neutrino M ass Scale: Other Channels |

M uon neutrino mass

e From the two body decay at rest

T = U TV,
e Energy momentum conservation:

\/pu +m2 + \/pu + m?2

mZ =m2 +m2 — 2+ my/p? + m2

o Measurement of p, plus the precise
knowledge of .. and m,, = m,
e The present experimental result bound:

mﬁﬁf — ij\UM-F < 190 KeV

= If mixing angles U.; are not negligible

Tau neutrino mass

e The 7 is much heavier m, = 1.776 GeV

= Large phase space =- difficult precision
for m,,

e The best precision is obtained from
hadronic final states

T —nw+v, Withn >3

e Lep | experiments obtain:

méll = ij|UTj|2 < 18.2 MeV

Best kinematic limit on Neutrino Mass Scale comes from Tritium Beta Decay
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Neutrino Mass Scale: v-less Double-5 Decay

p

o

_ wo ]
(A4,72) > (A, Z+2) + e +e v only for Majoranav’s

> e_

%% | . .
n >
\\Sensitive to Majorana CP phases

p
e Amplitude involves the product of two leptonic currents: |[ey*Lv| |[ey*Lv|

— If v Dirac = v annihilates a neutrino and creates an antineutrino
= No same state = Amplitude =0

— If » Majorana = v = v annihilates and createsa neutrino=antineutrino

1

= same state = Amplitude o< v (v¢)T # 0

o Amplitude of v-less-83 decay is proportional to |(m..)| = |ZU3jmg‘\

— Present bound:  [(m..)| < 0.35 eV +theor. uncert. < 1.05 eV (90% CL)

— Several proposed experiments to reach |(m..)| ~ 1072 eV
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‘ Neutrino Mass Scalein Cosmologyl

> m,, has effects on: = Unpolarized cMB | [T !
°r 11 9, 1| =
Cosmic Microwave o {Oalt] ©
= - =
Background Temperature | =* pp 10 @ 1] =
i 20 T _JJ0] o, 0.1] T
Fluctuations ; ] e
— OF FrH ] Lisssssssslsssmsseeb sl 0 fv 1 o]
é 3 X-polarized CMB 1 [ 2] @
Most recent from WMAP | & *F * Q
2 e iftn 0] ©
O TN I -
1210 40100200 400 600 800 1000 1200 1400 1600 | O I\ 2
Large scale structure: , — — [ a 2] £
— 2° Field Galaxy a 0 T E
Redshift Survey = 3
= o
(2dFGRS) g i
—Sloan Digital I 5
Sky Survey (SDSS  Li/n Mpe) S
ky y ) Tegmark et. al astro-ph/0310723 g

= limit on Z m.,, depends on
prior and data used to constraint Z’mm < 0.7 — 2.1eV at95 % CL

other 12 parameters
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\Effects of v Mass. Flavour Trangtions |

e Flavour (= Interaction) basis (production and detection): v., v, and v,

e Mass basis (free propagation in space-time): v, vy and vy ...

e In general interaction eigenstates # propagation eigenstates

1%

1/1 Ve

U 2 = v,
V3

Vr

= Flavour is not conserved during propagation = v can be detected with
different (or same) flavour than produced

e The probability P,z of producing neutrino with flavour o and detecting with
flavour 3 has to depend on:

— Misalignment between interaction and propagation states (= U)
— Difference between propagation eigenvalues
— Propagation distance
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\Vacuum Oscillations |

e A state mixture of 2 neutrino species |v.) and |vx ) or equivalently of ) and |vs)
©(7)) = Pe(@)|ve) + Px(2)|vx) = Po1(2)|11) + Po(2)[r2)

where |ve) = cosf|vq) + sinf|vy) and |vx ) = —sin f|vq) + cos O|vs)

[ cos 6 sin @ ]
U =
—sinf cos@

e Evolution of ®(x) = is given by the Dirac Equations. Calling ®;(z) = v;(x)¢;

S . m?2 Qnda some approximations spino-
In the relativistic limit / E? — m? ~ E — ¥ rial part factorizes out. Check Baltz
and Wesener PRD37 (1988) 3364

b ()= [e-=e - (0 )] (50)

where Am? = m3 — m?.
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ArE 7w FE(GeV)
Am?2  1.27 Am? (eV?)

i () =lEe - (o 2) Che)

e After a distance L

e Defining Ly = Km,

B(1)) = etk (e Pousy (0)] 1) + €7 omy (0)] )
e If » was produced with flavour oo = v,(0) = 1 and v3(0) =0

It can be detected with flavour 5 with probability

Pog = |(vs|®(L))|* = bap + 2(} — Sap)sin’® 20 sin® ZL

o P35 = P, the probability of flavour 5 # « to gopear after a distance L

e P,, =1— P, Is the probability of flavour « to surviveafter a distance L
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Pog = |(vs|®(L))|* = bap + 2(} — 8ap)sin’® 20 sin® ZL

e The probabilities oscillate in Z and 1/E
Aap W\J

Fosc = Sin2(2«9) sin® ( E ) Appear ZN\=mE/(1.27 Am?)

P.o,=1—-P,,. Disappear 5 /
o8¢ sin?2

L (distance)

e In real experiments
neutrinos are not monochromatic <1=P,>

— <Paﬁ>: deVj%GCC(Eu)Pa (El/> <P..>

e Maximal sensitivity for Am? ~ E/L L (distance)

1—(sin’28)/2

- Am? < F/L = No time to oscillate
= (sin” (1.27Am?L/E))

2

0 = (Pose) = 0

- Am? > E/L = Averaged oscillations
= (sin® (1.27Am?L/E))

2
D=

— (Pose) = %sin2(29)
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\Vacuum Oscillations |

e The oscillation probability for N neutrinos:

- * * . Az * * .
Pop = bap — 4ZRG[UQiUBanjUBj]s1n2 (TJ) 4 2Dm[UQiUmUajUﬁj]sm(Aij)
j#i Tz
Ay _ (Bi—E;)L _ 1 27(7"?_7”?) L/E
2 2 - eV>  Km/GeV

. - A,
— The firstterm d,5 — 4ZRG[U2iU5anjU§j]Sin2 (73) equal forv (U — U™*)

I7 —s conserves CP

— The last piece 2 Zlm[U;iUﬁanj Uj;lsin (A;;) opposite sign for v

s — violates CP
e P, 5 depends on Theoretical Parameters and on Two Experimental Parameters:
e Am;; =m7 —m7 The mass differences e /' The neutrino energy
o U,; The mixing angles e [, Distance v source to detector

(and Dirac phases)

o NO information on mass scale nor Majorana phases
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To allow observation of neutrino oscillations:

— Nature has to be good: 6 < 0

— Need the right set up (=right <%>) for Am?

Source E (GeV) L (Km) Am? (eV?)
Solar 10~3 107 10~10
Atmospheric  0.1-10? 10-103 10~-1-10—1
Reactor 1072 SBL:0.1-1 102-10"3
LBL: 10-102 10~4-107°
Accelerator 10 SBL: 0.1 2> 0.01

LBL: 102- 103 10~2-10"3
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‘Atmospheric Neutrinos |

Atmospheric v, ,, are produced by the interaction of cosmic rays (p, He ...) with the
atmosphere
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‘Atmospheric Neutrinos. Data | |

[not to scale] J /vae
EVENT CLASSIFICATION e Angular Distribution at SK N
/ ° amosphere
CONTAINED UPGOING MUONS i .
S 2 :gg ?ub-GeV e-like 53(5)3 wme_
i 2 g350 > g
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. : = 20| | K
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Veu é “mE PwE e e
g VH VH:.".: VH 8 0. up-going
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‘Atmospheric:u Oscillations. Parameter Estimate I

e From Total Contained Event Rates:

Ru/e/ RMC#/ e

1.5
FREJUS
e
+ IMB
¢ e
0.5 — + + +
- NUSEX SOUDAN2 KAM KAM sk . SK
r multi sub multi sub
990 days
0
Am?*L
. 92 . 2 m
(P,,) = 1—sin”260sin o

Y

0.5 - 0.7

= sin” 20 > 0.6

e From Angular Distribution:

L~ 13000Km  ~ 500Km ~ 15Km

| SK sub-GeV p-like

N
400 - :
% 0 | SK sub-GeV e-like
Z

L 1 o , o |
—ﬁ—ﬁ_F -
200 = - RS o -

No oscillation

»n 00—+ttt
%ZOOSKmuIti—GeVelike T SK multi-GeV p-like
Z

O wwwwwwwwwwwwwwwwwww ]

-1 -0.5 0 0.5 4 -0.5 0 0.5
cose1

UP HORIZ

For £ ~ 1 GeV deficitat L ~ 16— 10* Km

Am?2(eV?)L(km)
2E(GeV) -

= Am?2 ~ 1074 — 10" 2eV?




Am?® (eV?)
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‘Atmospheric v Oscillation Solution: v, — v, I

0.005

0.004 f )
0.003 -

0.002 -

Best fit:
Am? = 2.2 x 1073 eV?
tan?0 = 1

0.001 |

tan®®
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\u Oscillations: Lab Searches at Short Distance |

e In laboratory experiments » source: Accelerator or Nuclear Reactor

Appear ance Experiment

Disappear ance Experiment

v, source v dletector v, detector

)

all

v Source vV, detector
B Searches for
— - Bdiffa

Experiment (=17 a B
CCFR 100 FNAL Uy, Ve Vs
E531 25 FNAL Vi, Ve Vr
Nomad 13 CERN Uy, Ve Vs
Chorus 13 CERN Uy, Ve Vs
E776 2.5 BNL Vy Ve
Karmen2 2.5 Rutherford 7, .
LSND 3 Los Alamos v, e

L -

Compares ©,, and @, tolook for loss

E/MeV>

Experiment (= T o
CDHSW 14 CERN v,
Bugeylll 0.05 Reactor v,
Chooz 0.005 Reactor 7,
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‘LSND I

e The only short distance signal for oscillation: L = 30 m with (£,) ~ 30 MeV
e Used the proton beam of Los Alamos p + Target — 7+ + X
Tt — Vy ut
pt = etvr,
e observed 7, — . with probability (P.,,)= (0.26 £ 0.07 £ 0.05)%

— 10 2

= ¥ 6

MiniBooNE single o . :

LA LSND 1993-98 ] e
rx(lhd}-2.3/4.6 Inli-units

107 167 16"

A [e

sinzzel
e K armen which searched for the same signal and did not observe oscillations.
MiniBoone in Fermilab is running to solve this.
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‘Summary of v, — v, at Short Baseline I

e Reactor disappearance experiments % aneerrs i
= Lower E and longer L o1 '
.. : LSND
— are more sensitive to lower A2 I A
—1/ H
10

e Accelerator appearance experiments
= higher E shorter L more precision 10
= better limits on mixing

e To reach small Am? > 10~* eV?
= very large L and intermediate E ot 10 102 10
= Long Baseline Experiments at Accelerators:

e To reach smaller Am? > 10~° eV? = Long Baseline Experiments at Reactors



ATM Test at

_ong Basealine Experiments

K2K
MINOS

Opera/lcarus

v, at KEK SK L=250 km
v, at Fermilab | Soundan L=735 km
v, atCERN | Gran Sasso | L=740 km

K2K 2004: spectral distortion

Events /0.2 (GeV)

h0

o

Confirmation of ATM oscillations

Am? (107° eV?)

kR
N O
e

MINOS 2006 spectral distortion

o
(=]

o

> 40 — Beam Matrix Best Fit 3
8 NC Background
S
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o
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w 20
.'+' . 1o ] B
4 5
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Reconstructed E, (GeV)

Confirmation of ATM oscillations
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Solar Neutrinos. Fluxes

pp chain

[(Dp+p—=D+et+u]

[@p+e +p—=D+u

(99.75%) | | (0.25%)

D+ p—*He 4«
|
| I |

*He + "He — a + 2p

*He + *He — ™Be + v | (5) *He + p = "He + et + v, |

(p-p 1: 86%)

[ |
[ (3) "Be + ¢ — Li + v |

Be+p—= B+7

| |
Li +p — 2a [(°B = ®Be" +eF + 1]
(p-p II : 14%) |

fBe* — 2a
(p-p IIT  0.015%)

CNO cycle

o
Y <E ,>=0.707MeV

’r/
12
p p
p p
015

N,
"

N\S
. N
'_bA
y b4
[O7] Y <E ,>=0.997MeV ©@7]

P P
4

v <E ,>=0.999MeV
Pt

| (0.00002%)
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e Sun shines by :

4p — *He + 2et + 2v, + ~

Solar Standard Model Fluxes

Flux (cm=2 s71)

1012 ¢ ™ - ——

101 g Bahcall-Serenelli 2005 E
: pp-| £1% 3

10t E Neutrino Spectrum (+1lo) -

10e [ "Be~|+10.5% ]
BN - - -——:::——:\A'\“\

108 -7 __4r A E
E -7 - pep~+R% E
5 ‘50’—5;’ 1 |

107 -~ 1 ! 3
E e i E
i A 1N

106 | TR, _ - 1 Y 85— +16% -
E - 1 E
F - "Be- |

10° +10.5 | .

104 ;_// E

102 ¢ 3

10 F 3
i /

101 sk

0.1
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\Solar Neutrinos. Data |

Experiment Detection Flavour By, (Mev) — pate Galligm _(Chlorine ___1-SuperK
S Homestake  #7CI (1, e=)?7Ar ve  Ey,>081 0304003 wf— s
o 10°
-Eg Sage + "lGa(v, e )" Ge Ve E,>0.23 052+0.033 wf
©G Gallex+GNO Soep
g 1)
D S 10k
E Kam=SK ES vge™ —wvge™ , O W7 Ee>5 041+£0.012 .
" BPT ~ L L
= (5 =4) =
@ SNO CC ved — ppe™ Ve Te >5 0.29+£0.02 s}
NC vod > ved  vev,, Ty>5 0.87£007 T4
eutrino kEnergy e
ES vp,em™ = vze™ e, Vy/r Te >5 0.41 & 0.05
% i ]
> b
< sno ne | All experiments measuring mostly v, observed a
05 r b .- .
%o.s n ] defl.u_t |
>0 cAlLex : ; ] Deficit is energy dependent
g GNO HomesTAkE  SNocc o Deficit disappears in NC
O: ]

EXPERIMENT



Concha Gonzalez-Garcia

\Solar Neutrinos. Flavour Conversion Evidence |

SK and SNO measure ®sy In different reactions

ES v,e” — v e @EE’ES = (2.3540.08) x 10° cm 251
CC v.d — ppe™ (I)Sgo,cc = (1.68 £ 0.1) x 10 cm 251
NC vpd = vped — ®5y 0T = (4.94 4+ 0.42) x 10% cm 257!

x In the SSM with SM interaction all results should be equal

o = 37N = 3.20 out
a8
NC,SNO CC,SNO 2
Py = ®g5 = 7o out L7
x |f flavour conversion o 6
everything fits perfectly: :"1 5
9- M
q)CC — & 4
— O, :
3F
PES =&, + rd,, :
NC 2
¢ =, + D, i
0:

VR
|
919
& |-
0 |
~|—~
= |~
— | N—
s
o=
N————
o
H_
N
w
D
o1
(@]
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\ Neutrinosin M atter : Effective Potentials |

e In SM the characteristic v-p interaction cross section

GLE?

7

~107%cm? at E, ~ MeV

g v

e So if a beam of @, ~ 10'°2's was aimed at the Earth only 1 would be deflected
so it seems that for neutrinos matter does not matter

e But that cross section Is for inelastic scattering
Does not contain forward elastic coherent scattering

e In coherent interactions = » and medium remain unchanged
Interference of scattered and unscattered v waves
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\ Neutrinosin M atter : Effective Potentials |

e Coherence = decoupling of » evolution equation from equations of the medium.

e The effect of the medium is described by an effective potential depending on density
and composition of matter

e For example for ». In medium with e~
v €

Voo = V2Gp N,
w N. = electron number density

€ v

e The effective potential has opposite sign for neutrinos y antineutrinos

e Other potentials for . (7. ) due to different particles in medium

medium Vo VN

etande”  [EV2Gp(NV. —Né)¢G—\/g(N — Ng)(1 — 4sin? 6yy)

pand p 0 :I:%(N — Np)(1 — 4sin? Gy )

n and 7 0 :|:\/_( — Np)
Neutral (N. = N,)| +£v2GpNe f/EN
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Neutrinosin Matter: Evolution Equation

Evolution Eq. for |v) = v1|v1) + 1a|ve) = ve|ve) + vx|vx) (X = p, T, sterile)
(a) In vacuum in the mass basis:

(1) - (O )] (29)

4F

(b) In vacuum in the weak basis

.o [ Ve m2+m2 Aﬁlﬁ cos 20 Aél"é sin 20 Ve
9z = b= =5 Am? Am?
Ux SE-sin20 S2-cos 26 Vx

(c) In matter (e, p,n) in weak basis

—iﬁ(ye)—[E—V _m%+mg_(V Vy — &1 Am” 0520 A4E sm29)] ( e)
Ox — X o2F Am? Am?
Vx ~E—Sin 20 =5 Cos 20 Vx

v 174 v (&

(c)# (b) because different flavours
have different interactions
For example X = u, 1

Voo = Ve — Vx = V2GFr N

(opposite sign for )

(&
B,N Ve, Vy,Vr G,N Onlyl/e
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= Effective masses and mixing are different than in vacuum
= If matter density varies along v trajectory the effective masses and mixing vary too
The mixing angle in matter

The effective masses: (A = 2E(V. — Vx))
2 2 2
mi + mj _ Am~sin 260
— +E(V.+V tan 260,,, =
p1,2(x) (Ve + Vx) ™ Am?cos20 — A
1
- 2 _ A)2 2 qin 20)2
:|:2\/(Am cos 20 — A)* + (Am? sin 26) < %sinz 250001
2 | -
My
m2
?
__Ax ~A

x At A = 0 (vacuum) = 6,,, = 0

At resonant potential: Ar = Am? cos 20
Minimum Ap? = p3 — p? * ALA = AR = bm = 5
* At A >>AR:>(9m:%—(9



The oscillation length in vacuum

The oscillation length in matter

osc __

osc __
LO
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41 FE
 Am?

Lese ATE

L°s€ presents a resonant behaviour

- v (Am? cos 20 — A)2 + (Am? sin 26)2 — Au?

At the resonant point

LOSC
Losc — 0

R sin 260

The width of the resonance in potential:
Am? sin 26

Vg = E

The width of the resonance in distance:
2%
5TR — R

|5

r
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e In terms of the mass eigenstates in matter: ( Ve ) = Ulfm(z)] ( ;Ex;)
Vo \T

Vx

e For constant potential 6,,, and ; are constant along v evolution
= the evolution is determined by masses and mixing in matter as

2 .2 AILI,QL
P,s. = sin“(26,,,) sin ( 5T >

e For varying potential: (:X> = U0 ()] (Zggg) + U[im ()] (::Eg)

= the evolution equation In flavour basis (removing diagonal part)

| Ve 1 A — Ag”Z cos 260 A;”2 sin 26 Ve
1 = —
2F Am? i1 20 Agﬁ cos 260 Vx

UVx 5

= the evolution equation in instantaneous mass basis

2F

= i(im) =g (i e ) (h)

2 2

N 2 N A—AZL2COS29 Agngsin% 21 ——
Z( ) = U (Hm)( Am2Sin29 AmZCOSQ@ U(@m) ,/gb 1 U U((gm)
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e The evolution equation in instantaneous mass basis

() (32 ) ()

= It is not diagonal = Instantaneous mass eigenstates # eigenstates of evolution

= Transitions v{* — v* can occur = Non adiabaticity

o For Ap?(z) > 4 E b, () [%‘é—‘;

o< am 852322299} = Slowly varying matter potent

= v behave approximately as evolution eigenstates
= v/ do not mix in the evolution This is the adiabatic transition approximation

The adiabaticity condition

14V < Am? sin? 20
V dx 'R 2FE cos 26

= 27 drg > L%

= Many oscillations take place in the resonant region
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\Neutrinosin The Sun : MSW Effect |

e Solar neutrinos are v, produced in the core (R < 0.3R) of the Sun

The solar matter density The energy spectrum of solar v.s
o~ A T ‘Gallium (Chlorine | SuperX, 5NO
é 3 d B o 8 Bahcall
Zo 10!1mi1%

S 5 9
() 3 109 F
o B j: £10%
g I:TF "Be "Be
Z. 1055
4 Bonnn o o oo o Lo o 103/
0O 0.1 020304 05¢06 070809 1 lozf
R/ RSU~ 10 10.:1 I 0.'3 1 3 10

_ -~ —14 N Neutrino Energy (MeV)
Voe = V2GpN, ~ 10714 5= eV
At core: Voo ~ 107 14-10"12 eV E, ~ 0.1-10 MeV

e FOr v, <> v, (7, INVacuum v, = cos vy + sinf vy

eFor1072eVv2 < Am? <107 *eV? = 2E,Veoco > Am? cos 26

= v Can cross resonance condition in its way out of the Sun
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For 0 < 7:Invacuum v, = cosfvy + sinfvy IS mostly v

In Sun core v, = cosO,, gv; + sinb,, gvy 1S mostly v,

(Am?/eV?)sin? 26 —9 (Am?/eV?)sin® 26 —9
It (E/MeV)cos 26 >3 x 10 It (E/MeV)cos 26 5 3 x 10
= Adiabatic transition = Non-Adiabatic transition
* v IS mostly v before and after resonance  x v 1S mostly v till the resonance
x 0,, | dramatically at resonance x At resonance the state can jump into v
= v, component | = P.. | (with probability Pr,7)
This is the MSW effect = v, component + = P.. 1
I V,
/)/
Vv
m2 -
| /i VU "
v,
e
m’
'
Ag A An A

P.e = 1 [1 4+ 0820, ¢ cos 2] P.e =314 (1 —2Ppz)cos 26y, o cos 26]
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\Neutrinosin TheSun : MSW Effect |

1 1
v does not cross resonance: P, =1— 5 sin® 20 > 2

Adijabacity breaking
Effect of P,

14 1015 1016 1017 1018

2 -1
v CroSSes resonance 4E/Am (e\/ ) 1

MSW effect Adiabdtic MSW transition P.. =sinf < 5
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‘Neutrinosfrom TheSun: TheFull Story I

A(Ve — Ve) — ASun(Ve — Vl) X Avac(Vl — Vl) X AEarth(Vl — Ve)

+ASun(Ve — V2) X Avac(l/2 — V2) X AEaTth(VQ — Ve)

0.2 - Day ... tan*9=0.35 -
I \“ _ tan*=2.5x107%]
| ]

Ll Lo | HHH‘ | \\\HH‘ | \HHH‘ | \\H\H‘ | \HHH‘ | \\\HH‘ | \HHH‘ Lo Ll
1010 10" 10" 10" 10" 10"% 10" 10" 10" 10

4E /Am?® (eV™")

20
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\Solar Neutrinos. Oscillation Solutions |

Allowed regions by Fit to Total Rates: CI, Ga, SK and SNO CC

10_3 E [ HHH‘ T HHH‘ [ HHH‘ T T HH%
10" BPOO AL N
, LMA
07 - E _ j
10 SMA | Different regimes can explain the Total Rates
“‘;\ 107 g% | Need more observables to discriminate
L LOW N}
~_ 1071 - CL
E
<107 . 35
1010 VAC & =
10", Global Rates <
10-12: [ HHH‘ | | HHH‘ [ HHH‘ [ HHHi [ HH%

10% 10° 10% 101 1 10
tan®®
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Energy Dependence of P, for Different Solutions

SMA

Neutrino Flux

SuperK, SNO

 Chlorine I
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e Real Time experiments can also give information on Energy and Direction of v/’s
and can search for Energy and Time variations of the effect

- oK v’s come from the SUN No Energy Distorsion
e Fom <
_ : Deficit mdep E, 2 5MeV
(Confirmed 5025 _ %
g Super-Kamiokande % ’ : SRR ‘ prerTTTr :
by SNO) <., 8 |
206 - -
s z
” [ L (7 } t +
>t 0.4 F * ++ ++ + f
| 03 S s e o 2 s e
. E, (MeV)
- 0.6 cos Og,,
N
Q.55 1 =06 11 .
2 DAY NIN2 N4 - oss L No oscillation E
805 F = > ]
0.45 ++++++ 80° ;F 3 ;
04 L N3 N5NG O:i 3 B Sian it U o i
s ELoN=—D _ : b ;
0-35 2D+N 0.020 £0.025 7 0.35 | :
L TR L . C_ ! ! ! ! L]
0'3—1 —O 6 -0.2 O‘.2 0‘6 1 0.3 0 2‘ 4‘1 é é 1‘0 12
cost,,, month
No Earth Matter Effect: Seasonal Variation

Small Day-Night Asymmetry Nothing beyond 1/R?
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Solar Neutrinos, Oscillation Solutions

SK and SNO E and t dependence
GLOBAL

RATES ONLY

10-32 L L L R o~
10_4; BPOO “‘%
10_5§ LMA g
- = = 90
10°0 < ot .
~~ B SMA ‘ 10 ¢
>107.
N LMA
NE ]_0'8% LOW
< 10'93 ] |
10" % % SMA, LOW, VAC
10 2 VAC %_Ea?* 10° at > 4o =
10'11;— Global Rates B .
-12: | ‘HHH‘ | ‘HHH‘ | ‘HHH‘ | ‘HHHi | H‘Hi | | | | | | |
10 100 0% 02 et T 0 0.2 0.3 0.4 0.5 0.60.70.80.9 1
tan®® | tan™y

Am? = (6.3175) x 1075 eV2 (10)
tan? 6 = 0.4575 0]



e Search on 7. at L~ 180 km reactors, £ ~ few MeV:

2002: Deficit Rxpanp = 0.611 4-0.094

14

ol

Terrestrial Test of LMA: KanLAND i oA

Ve +p—n+et

Oscillation Analysis

12+ o~ N B [ N R
5] I —
100+ ._&ﬁ--------4»..-..@...-.,,. ----- S
o 5] + .
5 o8-
o ILL i - _
£ 06 ¥ Swamanhriver +‘ o~
z O Bugey Lo E - s >
0.4 X ggvnoen
A e -
A Kr?oyarsk e < 1 O 4 | B
O Pao Verde L _
0.2 m Chooz C .
e KamLAND L 4
0.0 | | | \ | B i

10t 10° 10° 10* 10°
Distance to Reactor (m)

2004 Significant Energy Distortion

10
tan®®

10 1

e o B e m e

—— best-fit oscillation
I accidentals
—e— KamLAND data

Events/ 0.425 MeV

Am? = (7.970:3) x 1075 eV2 (10)
tan?6 = 0.4679 72 (2.275%)




Concha Gonzalez-Garcia

' ~ o T
§ >
Solar 3 o
NE E “
< ot < 10 - -
g + KamLAND : < — o> E

Ve — Vactive

Ue 4% Ue

0.2 0.3 0.4 0.5 0.60.70.80.9 1 10

: tan’s
tan*d
v oscillation parameters compatible with 7.: Sensibleto assume CPT: P.. = Pz;
% 10 [ ]
5 ] AmZ = (8%773) x 1075 eV?  (1o)
J ] tan? 6o = 0.4571)0:

1 1 1 1 1 1 1
0.2 0.3 0.4 0.5 0.6 0.70.80.91

tan®®
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Two Neutrino Oscillations: Summary

e How to fit all this together?
— 3 oscillation signals in 3 different scales

KormenZé

2 2 2
Amgorar K Amury K Amisnp

— Mixing of v., v, v, — 2 mass diff
— Explain only two evidences:
For example Solar + Atmos

e Theorists have tried hard to fit LSND in:
— Adding a fourth sterile neutrino

— Breaking CPT. ..

... but nothing works well

The Naked True:
MG Conzoez-CGorcio6/200t . . | |f Miniboone fi nds a signa we have no
10 *10°10%10" 1 10 10° 10° 10°
tan?(9)  9ood theory of what to do
Ergo | am going to ignore LSND
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‘Solar +Atmospherict+Reactor+L BL 3v Oscillations |

U: 3 angles, 1 CP-phase
+ (2 Majorana phases)

1 0 0
0 c23 823
0 —sa23 c23

NORMAL

2
Two mass schemes NEH
<

2
A msolar

m
¢ m Y

C13 0 C21

313ei5 s12 O
0 1 0 —s192 c¢12 O
—.91;),e_i(s 0 C13 0 0 1

INVERTED 8
~ B

2 ¢ c
m <

2v oscillation analysis = Am?, = Am?% < AMZ,,, ~ £Am32, ~ +Am},

Generic 3v mixing effects:

— Interference of two wavelength oscillations

— Effects due to 65
— Difference between Inverted and Normal
— CP violation due to phase ¢

In Present Data:

2 wavelengths Unobservable
013 Only a limit

N versus I Below sensitivity
CP violation Unobservable

e But all these 3v effects within reach of planned experiments



Global Analysis: Three Neutrino Oscillations [~

3 o ranges:
g Am%l

Am?2
7§W§91 19§—e32§325

0.34 < tan® 612 < 0.62 0.49 < tan® a3 < 2.2  sin® 615 < 0.045

—m <o

0.79 — 0.86 0.50 —0.61 < 0.20
Urep| = (0.19 — 053 0.39—0.72 0.58 — 0.82>
0.22 —0.55 0.43—0.74 0.55 — 0.81

with structure

Z(1+0(N) H1=-0(0) e
Urep| = | =301 —O0N)+¢) 2(1+0(\) —¢) % A~ 0.2
31-0N) ¢ —3(1+0N)~¢) g5/ €502
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‘Summary I

— Accidental global symmetry: B x L, x L,, X L, <+ m, =0

e In the SM:

e To include m, # 0 — Need to extend SM

— different ways of adding m,, to the SM

— breaking total lepton number (I = L. + L, + L,) — Majorana v: v = v
— conserving total lepton number — Dirac v: v # v©

— Lepton Mixing= breaking of L. x L, x L, = v oscillate in flavour

e Neutrino oscillation searches have shown us

— Am3; ~2x 1072 eV? and Am3; ~ 8 x 107° eV? = v’s are massive

#1+00)  J5(1-00) A~ 0.2
~|Uree| ~ | —2(1=00) +¢) %(1+0(,\) ) €S 0.2

7(1-0N) —¢) —3(1+0()) —¢)

SIS o

= Different from Uck us
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‘Summary I

| Is 615 # 07

Is there CP violation in the leptons (is d # 0, m)?

Is 053 large or maximal?

Normal or Inverted mass ordering?

Are neutrino masses:
hierarchical: m; — m; ~m; +m; ?
degenerated: m; — m; < m; +m; ?

\ Dirac or Majorana? what about the Majorana Phases?

e Still open questions ¢
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‘Summary I

e Majorana v's are more Natural: appear generically if SM is a LE effective theory

If SM is an effective low energy theory, for £ < Ayxp
— The same particle content as the SM and same pattern of symmetry breaking
— - i 1
But there can be no_n renormalizable - ESM+Z —
(dim> 4) operators — A

First NP effect = dim=5 operator Zi; TG
There is only one! Os = ANP <LL Z¢) ((b LLJ)
which after symmetry breakin 2
y y g (M,);; = 2%, - v

Induces a ¥ Majorana mass
Qs breaks total lepton and lepton flavour numbers

Implications:
— It 1s natural that ~ mass is the first evidence of NP

— Naturally m,, < other fermions masses ~ A/ v

— My > \/ Amatm ~ 0.05eV = ANP 101° GeV



