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problems

three unrelated

coupling constants?
guantization of
electric charges?
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Q(neutrino) =0
Q(electron) = -1
?
" Q(u) = 2/3

Q(d) = -1/3



SU(3) x SU(2) x U(1)
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semisimple
group




(Pat1/ Salam - 1974 )
leptons as a fourth color

SU(3) x SU(2) x U(1)
<SU4) x SUL2 L) x SU (2 R)
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righthanded analogue
of SM neutrino
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new “righthanded,,
W-bosons






SU(4)==>8U(3) x (B-L)

1
QEM :TBL +T3R "‘E(B — L)

B : baryon —number
L : lepton — number




Grand Unification

SU(3) x SU(2) x U(1)
subgroup
of

simple group



SU(3] X SUE2 x UM
CSU(S5)




all(3) x SUL2) x U1
€ SO(10)




rank of a group:

number of diagonal elements
SU(2):

rank of SU(2) = 1 I




rank of a group:
number of diagonal elements

rank U(1) =1
rank SU(n)=n-1

rank SU(2)=1 rank SU(3)=2
rank SU(3) x SU(2) x U(1) =4

rank SU(5) = 4






SU(S) - theory

SU(3) x SU(2) x U(1) < SU(5)

fermions of one family In

(10) + (5)



5— (31 +(12)

j-represenation; > 7\
5—->(31)+(1,2)

|0-represenation:
10 > (3,)+(3,2) + (L))
(antisymmetric second rank tensor)



sum of electric charges = 0
=> charge quantization




sum of electric charges = 0









lepton — quark
famialy

5+10—(3,2)+2(3.1) +(1,2) + (L1)




SU(S) 2> SU(3) x SU(2) x U[1)

5+10-(3,2) +2(3,1) +(L2) + (L)

U U neutrino
- positron

electron




Gauge bosons In
SU(5) > SU(3) x SU(2) x U(1):

adjoint representation ~ (24)
ObXo*=24+1

24= (8,1)+(1,3) +(1,1) +
(3,2) + (3*,2)



24 =

12 gauge bosons:
8 gluons, 2 W-bosons,
one Z boson, one photon

-+
12 superheavy color
triplet gauge bosons




W -Z -y
24= (8,1) + (1,3) + (1,1)

+
(3,2) + (3*,2)

superheavy gauge bosons



Interesting features of SU(5):
1. electric charue => quantized

(charge operator 15 generator
of a simple group)



2, Electric charges of quarks
are related to charge of eleciron

trQ =0

1
— Q, —ng



Grand unification takes place
above a very high unified mass
scale M. There Is only one
unified coupling constant g.

The coupling constants for QCD
and for the SU(2) x U(1) theory
are the same, apart from
Clebsch-Gordan coefficients.



The different values

of the three coupling
constants at low energies
are due to renormalization
effects.



SU (5)
U
SU (3) ® SU (2) ®U (1)

U
SU (3) ®U (1)







Coupling Conatant
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convergence of the coupling constants

grand
unification
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The convergence of the
three coupling constants at
M implies a condition at
low energies: 9
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5 sin%f =




—>sin‘ @ =

This formula is independent of the
details of the grand unified theory,
e.g. the gauge group.

It depends on the spectrum of the

fermions, described in the Standard
Model.
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At unification energy M:

8
Uour = U

3




LEP data

NO convergence
of coupling constants

m SU(S)




2 _ 3 (6sin?0-1)
10

s

sin© g, ~0.2315
o ~1/128
=—=>, =~ 0.067

experiment: 0.116






convergence In case of
supersymmetry

energy scale of supersymmetric partners:
~1 TeV



each particle of the Standard Model
=» supersymmetric particle

guark squark ( spin 0)
lepton slepton ( spin 0)
photon photino ( spin ¥2)
gluon gluino ( spin %)

W — boson wino ( spin %2)



convergence of the coupling constants

SUSY




Grand unification

SU(3) X SUC2) x Ul1)
==>30(10)

tzsch - Minkowski
Georgi - 1975




n complex numbers
can be described by

(2n) real numbers.

SU(5) ==> SO(°




SU(3) x SU(2) x U(1)
<SU4) x SU(2,L) x SU(2,R)

| |

-SO(6) x  SO(4)

=> SO(10)



SO(10):
real 10x10 matrices O
O'0O=1 detO=1



representations
SO(10)

16-dimensional
spinor
representation












Adjoint representation:
30(10):45

SU(2): 3
SU(3): 8
SU(5): 24




Breaking of SO10);
2 different breaking patterns

SO(10)

g

SU(S5) x U(1)



(10} ==> 0ol 1T

16=5+10+1

( 1: righthanded neutrino !)
71: can have a large Majorana mass

neutrinos would then be massive,
mass generation via the see-saw mechanicsm



50(10) == SUS) x U()

gauge coupling unification
like in SU(5) theory
(problem with convergence)



]

breaking of 0L

2 different breaking patterns
S0(10)

4

SU(4) xSU(ZL) x SU(ZR)



30(10)==>SUt4) x3U(Z), x SUL),

2 new energy scales:
breaking of SU(4)
and SU(2,R)

M(EW) => M(R) => M(4) => M(GUT)




°0(10)

so(s) X so(4) T

30(4) X swz,u X swz,n)

smalxsmz llxllm =




OU(9): two steps
00(10): three steps




SO(10)

two Intermediate energy scales
. ->

no problem with convergence
of coupling constants



UM x SURL xSUZR)

1 A 1/\




Dirac neutrino mass

D - { (VRVL )'l' (VLVR ) }
raforrod in SO\

AoEvEyYad It BENRNEIN

Majorana mass
M '(VRVL)




See-saw mechanism

(_ - )/o D VVL\
Vv ,Va
D A \vg,

neutrino masses:
m, =D/ A,
m, =~ Ag



Breaking ok sU ()
to SU (3)

21, enerpy
A R

Breaking of SU (2, R)
Mass of righthanded

Majorana neutring

el




Higgs fields tor Yukawa
couplings to the termions:

16, x16, = (10)+ (120) + (126)

S0(10) representations:
(10), (120) and (126)




16, x16, = (10) + (120) + (36)

v
==> [GktUre 2eros in




Grand Unified
Theories

beyond

SU(5) - SO(10)



Continuous groups:
SO(n)
SU(Nn)
Sp(n)

Exceptional groups:

G(2), F(4), E(6), E(7), E(8)






gxcentional groups
6(2] - Fd)
E(6) - E(7)

£(6)




rank of G(2): 2
rank of F(4): 3
——1 >
cannot be used for
grand unification




Grand unification,
based on exceptional
gauge groups

smallest representations:
(27) - fundamental -,
(78) - adjoint.



fermions
27 representation
gauge bosons

I

18 representation




11 exotic fermions expected
( masses must be

very high )



oquge bosons of SO(10)



other breaking:

flavor group |SU (3), ® SU (3),







smallest nontrivial representation
= adjoint representation:
[246)




=» Fermions and bosons are
both In a 248 representation

=>» supersymmetry ?



Energy scale of grand
unification only 4 orders
of magnitude smaller
than Planck mass



| he
Hip — E

~1.22010°GeV ~ 2.2¢10 °kg




supersiring theory

Planck
length

Y m—

point string




G

I 3.5 il
Planck \ s sar
C

1.61610°m

~ 10 “° e radius of proton



example:

!

E(8)
!




11 dimensions of
sSpace-time

/ space dimensions curled up:

I 7




4 dimensions of
space

1 space dimension curled up



Experiments in Mozumi Mine
near Kamioka south of Toyama
In Japan

( zInc, silver, )



[init irom experiments

[Kamiokal:
lifetime > 10" years




KEK









proton decay
|
arand Unified Theories
S




Pati - Salam
leptons as fourth color

v. i u u u
e 1d d d




p — 3v + 7z
or .

P — 4v +e’

( of 3rd order in gauge coupling,
no strong limit)



\
Q.| 9
_

< =2

leptons and
quarks in the
same representation

==) profon decay



proton decay mediated
by exchange of
superheavy gauge bosons

24=081+(13]+ (11

%4[[3)),, 2) + [[3*:»2)1
T i)

superheavy color triplet gauge bosons












proton lifetime:







D= 7 e
(B-L) conserved!



e.q..
p=(uud) = e*x°

B=1,L=0=B=0,L=-1

B and L not conserved

but:
(B-L) conserved 1n

SU(S5) theory




n 2> nositron + nhotons
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Proton decay In SO(10):

like In SU(S), but proton lifetime
depends on unification energy,
which is larger

r, ~10* _ years



Problem:

If proton has a lifetime larger
than 10734 years, the decay
cannot be detected —

neutrino background from cosmic
rays



IN early universe






quarks > antiquarks
10 Dbillions +1 10 billions

OP -vioiatig)







]

-1 minute after baal



inflation
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