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number of space dimensions                 1
number of time dimensions                   1
number of colors                                  1

number of families                                1

Newtons constant G                              1                                             
fine structure constant                           1
coupling constant of strong interaction     1
coupling constant of weak interaction      1
mass of W boson                                   1
mass of Higgs boson                              1
masses of 6 quarks and 6 leptons          12           
flavor mixing of quarks                          4
flavor mixing of leptons                          6
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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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Grand unification







Electroweak theory:

SU(2) x SU(2) x U(1)





O(10)



Relations between masses and 
mixing angles
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New parametrization:
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d 4.00.13 

tan /d d sm m 
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d 4.00.13 

ooExp 6.27.11: 
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tan /u u cm m 
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ooExp 1.14.5: 
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Neutrino masses:
A: masses about 1 eV

m(1) = 0.94 eV
m(2) = 0.95 eV              

m(3) = 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





What type of 
mass term? 





Superposition of Dirac mass and 
Majorana mass:
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Neutrino Masses: 

Mass terms for charged 
leptons and neutrinos 
are not parallel 

Neutrino Mixing
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332211  eeee VVV 

332211   VVV 
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Observation:

oo 45__33  

12.0

04.021 42.0/
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21 108 eVm 
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:

42.0/ 21 mm





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

m(2) = ( 0.011  +/- 0.002 ) eV

m(3) = ( 0.051  +/- 0.007 )eV  



1
2

3

e





























DB

BA

A

M

0

0

00



o

m

m
26

3

2
2 

o40

97.02sin2 

21  at

o

m

m
141 





























DB

BA

A

M

0

0

00
























DB

BA

A

M

0

0

00





















 

C

BA

A

M l

00

0

00























YZX

ZYX

XX

M

0






























































































100

0

0

21210

21210

00

100

0

0

21

2

21

1

11

1

21

2

mm

m

mm

m

mm

m

mm

m

e

mm

m

mm

m

mm

m

mm

m

U

i

ee

e

e

e

e 











at 

























321

321

321

VVV

VVV

VVV

V

eee



 sinsin3 leV  0695.0tan 



m

me
l

o

at

o 5238 

006.0049.0sin 133  eV

0022.00096.02sin 13

2 







03.0_:2sin 13

2 











105

Total Tunnel length  ~ 3000 m

Daya Bay

• Multiple detectors

per site cross-check 

detector efficiency

• Two near sites

sample flux from 

reactor groups
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Neutrinoless Double Beta Decay



3m
3eV

0025.0)05.0()05.0(:.. em





Conclude:

Fermion masses remain a mystery.
Neutrino masses might be Dirac 
masses or Majorana masses.

Mixing angles for quarks are fixed 
by ratios of quark masses. Very 
good agreement with experiment.
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This works also well for leptons. One 
finds, using the observed mass 
differences:

m(1)/m(2)=0.42,   m(2)/m(3)=0.19

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



Atmospheric angle 
about 40 degrees

Neutrinoless double 
beta decay: difficult




