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Neutrines:

1928, Wolfgang Pauli

NEVLrino Mass ~ mass of electren

1968: V-A theory

massiless meutrimn®
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Outhne

fundamental constants
flavor mixing of quarks
2 generations
texture O
3 generations
predictions for the angles

neutrino mixing
experiments
texture O
mixing angles => mass ratios
neutrino masses
V(e3): Chooz, Daya Bay
double beta decay



since 1964;

slectroweak
‘gauge theory
su(2,L) x Ucr)




SU(2)xU(1)

0 |

weak  electromagnetism

. . § E
Interactions paytral current

eiiN 1972




Masses of W-Bosons are
generated by symmetry hreaking

(Brout - Englert - Guralnik - Hagen - Higs - Kibble
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The Standard. Model
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mber: off space dimensions
number of time dimensions
number of: colors

1
1
1
nUumber of families 1
Newtons constant G 1
fine structure constant 1
1
1
1
1
2

coupling constant ofi Strong Interaction
coupling constant offweak interaction

mass of W boson

mass ofi Higgs bosen

MAasses of 6:guarks and 6 leptons 1
flaver mixing off quarks 4
flavor mixing of leptons 6




Masses -
Charged leptons and quarks (MeV)

wecwen o1 muen: 1057 1AW 1171

wss 61200 l: m Mn

o728 & 80 b 4300

(u, d, ¢, s - quark masses at 1 GeV)



relations between legton masses?
Bjorken:

ohSexveria0i008d



Quark Masses:
Observed:

m(c) : m(t) = m(u):m(c)
1/207 1/207

m(s):m(b) = m(d):m(s)

1/23 1/23
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predicting t-mass (1987): 170... 180 GeV



Inm 173 GeV
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9 MeV:




tlavor mixing angles

fermion masses




2 families




(Cabibbo angle)
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texture zero:
5U(2),x SU(2),

lefiection Symmietries
-panityl
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Grand unification
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Electroweak theory:
SU(Z)LX SU(Z)RX U(1)

New energy scale?or tighthanded SU(2)
0 nentrine mASSAS: - CONSISTANTwin LEP uniie o0
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Fermions in 16-plet
linglsrighthandeineutiings]
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Relations DEtWEEN Masses ana
mixing a :rgl:‘:
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tan 26, = 0, =

2, /m,m, m,
m, —m, \ m




Cabibbo angle

Exp.: phase
90 degrees
Symmetsyi
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CKMImatmx

standard parametrization




NEW parametrization:

e 0 0
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theory:

tan g, = Jm, 1 Jm.
0, ~13.0+0.4°



0, ~13.0+0.4°

Exp :11.7° +2.6°



tang@, =./m, /\/mgC
0, ~5.0"+£0.7°



theory:
0, ~5.0"+0.7

Exp :5.4° +1.1°
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(excl. at CL > 0.95)




[~rectangular itiangle)
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(rectangular)



Other angles of un. triangle

SIn &, cos @
tan B = S it
COS 6, SIn &

T
sin2/3 = 0.663

Exp :sin2 =0.681+0.025



maximal GP-violation
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eharued curientand
neutkalicurrent

S e i




BATTEINA MOL i ferencag

Am, 12 ~8° 4-10eV*°
AM®3 ~ 2.47°° 45-107°eV *



Neutrino masses:

A: masses about 1 eV
m(1) = 0.94 eV
m(2) = 0.95 eV
m3)=1 eV (nearly degenerate)




Neutrino masses:

B: masses much smaller than 1 eV
m(1) =0 eV
m(2) = 0.009'eV.
m(3) = 0.06 eV (strong hierarchy)




Neutrino masses:

C: neither hierarchy. nor degeneracy
m(1) = 0.10 eV
m(2) = 0.14 eV
m(3) = 0.29 eV




reality

s ().05 eV/




What type of
mass term?
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DIFac Mass:




Superposition of: Dirac mass and

Mlajorana mass: f%@‘@gw M@@M&\W

D: Dirac mass
M: Majorana mass

Minkowski
\ELELILE!
Gell-Mann, Ramond, Slansky
1978



Neutrino Masses:

Mass terms for charged
leptons and' neutrinos
dre not parallel =»

Neutrino Mixing
'OIIBCOIVD ,199)... ==




Bruung Fontscoruo

1913193




HOH TR Ly TR
(like CKM Matrix)
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Ve =V V) + VoV, £V Vs
v, =V1ﬂl/1 +V2ﬂv2 +V3ﬂv3
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U=|-sin§

(270
0=0,
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sing 0] |e™
cosd Ofel O
a5l 0

HV x QSUH

P=| 0 e° 0

0 0 | [cos®, —sing 0
cos@ sinf |e|sind, cosd, O
—sin@ cosé 0 0 1

€ = reactor —angle
(unknown)
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U =

siné,
0

- c0s 6
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0
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sing 0
-sing, cosg O
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(F., Xing )



31.7°<6,,.<36.3

sun —

38° <@, <52°

Am,,” =~ 7.6-10eV?
AM‘s2 =~ 2.4-10°eV °
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- cosg,  sing 0] |[e” 0 0 | [cos@, -singd O]
—sing, cosg, O|e| O cos@ sin@ |e|sind cosd, O

0 0 1] _O —-sing cos@A 0 0 1]
2./mm
tan 26, = ymm, ~ 0.0695
mﬂ—me
2./ Mmm
tan 260, = Jmm,

mz _ml



Observation:

Weak imass hierarchy




AmM,,° =~8-10 °eV?
AM‘s2 =~ 2.4-107°eV ?
m,/m, =0.42



0.01 eV

- (TR =

B0l




m(1) = ( 0.004 +/- 0.0012 )
eV

m(2) = (0.011 +/- 0.002 ) eV
m(3) = ( 0.051 +/- 0.007 )eV



(relative)

I




p - '
) )
-
.

=SS




leptons:  mass matrices

4 texiure eres

Reflection symmetry in
30(10) theory






A mass matrix of this type

tloes not work for the quarks.
oM <9u Le






Alternative approach

(with Z. Xing,
to appear in Phys. Lett. B)
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V.| =sin &, = 0.049 +0.006
sin? 26,, =0.0090 +0.0022
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w far detector
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* Multiple detectors
per site cross-check
s detector efficiency

Seieleteleletsiels

. \ - Two near sites
. 3 sample flux from
‘4@  reactor groups

105
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sin 26,, = 0.0096 +0.0022
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W

ajorana masses:




e ( decay via
y %’" Majorana

mass term )



Neutrinoless Double Beta Decay.

Present limit about 0.23 ev

CuoricinoExni:Te(130)
GranSassolah,




EXpecied:

izl

factor 100 improvement !?



maximal CP violation !

- q
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Conclude:

FEFMIGN Masses remalnar mystery.
Neutrino masses might be Dirac
MASSES 0F Majorana MassSes.

MiXing angles for gquarks are fixed
by ratios off guark masses. Very
good agreement with experiment.



Structure:

3? 1‘! \\ \/ /| 1|-| 17 W 14 \! / \1 \
Jtexture zeros



This works also well for leptons. One
finds, using the observed mass
differences:

m(1)/m(2)=0.42, m(2)/m(5)=0.19

m(1): 0.0041 eV
m(2): 0.0097 eV
m(3): 0.051 eV



Atmospheric angle
about 40 aegrees

Neutrinoless double
beta decay: difficult
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