II GUT

31. Unification of Gauge Couplings

SU(3) x SU(2) x U(1) — 3 gauge couplings
— sin? @y free parameter

G DO SU(3) x SU(2) xU(1) — 1 gauge coupling
— sin? @y, fixed

_ Y
Ling = —gpy¥ [Wi’f?, + BTy + - ] (0 (Ty = /-4;5)
_ ; T
= g sin Qw?,b’)/ \(I3-|-T¥rCOt9Wz
€ charge Q
\(BM Cos Oy + W/f’ sin QW)Jw + -
A,

summation over multiplets [SU(5)]:

SN Q%2 =315 +2) I3Ty cotby, + cot? by, S T2

— 2
=0 =313
le Georqi
— sinzeigm=—3 Quinn [z«:ztan Hﬁm}
> Q7 -
Weinberg
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15 fermions in one generation:

FG: 2 1 6) §)
side note: ¥§¢ = C(¥r)!
C = iy0~2
(charge conjugation)
2
(2+3-2)(%) 3

. D NSYmMm __
sin GW —

2[(—1)2+3(%)2+3<—%)2] 8

= 0.375

value at the symmetry scale of GG
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RUNNING COUPLINGS

J('H
JFH
renormalization group equations:
Doy bi o 3
= ——oa; + O(o;
0 log p2 4" +0a) .
1 1 b; Q
= = + —log—=
(@)  oy(p?)  4m T p?
5 /2 2 2
SI\/I:alz—g— a2=g— =I5
3 4r 47 47
4 Ny
47by = —=Ng— —— Npo=3,Nyg=1
by 3Ve — 15 [Na H ]
4k 22 4N Ny
s = — — = — —
2 3 3¢ 6
4

T asympt. freedom
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Solution: log p
IogMGUT _ 27 [ 1 4 1
T 11(1+%) 2a(p?)  Bas(p?)
1 1 b M
L . 4 23 g MGuT
ag as(u<) = 2m 0

sin? Oy (u?)

p= My =091.187 GeV: a(u?) =

127.9
as(p?) =0.115...0.123

(5.7...8.7) - 101*GeVv
1

0.024 ~ —
40

— MqguT

Q

a0
sin? 0y (u?) = 0.206...0.209

[theor. predicted — later exp. “confirmed”]
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§2. SU(5)

SU(5) D SU(3) x SU(2) x U(1) minimal group
24 generators TY — 24 gauge bosons

or: Tao=[% O =1
color: T% = 3 0 (a=1,...,8)

SU(2);: [ =T%2 [,=12%3

I3 = (v/1072% — \/6T15)

O O
IiN(O 02’) (i:].,...,3)
2

charge matrix: Q = 4\/% 715

hypercharge: [I§ = 41131 = —I3 < charge conj.]
Y = 310724 + 2V6T115 = 2(Q - IS)

FERMIONS

[ df \ color—antitriplet
5 isosinglet

e color—singlet
\ —ve )L isodoublet
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SU(5) matrices

ool NoNe)

ol oleoleoN®

— O O OO0

ololeolNeN®

oloNeNeN®,
oloNeNeN®
o000
oNoR _NoN®

ool NoN®)

oleNoNeN®)

oloNeNeN®,

S

HelegeXe)

oNeNoNeN®)

OO =00

eoNololeoN®

OO0 Oo
oo _OO

o= 0O0O0O

— O O OO

olololeoN®

S

| OO0 0O

oloNoNoN®)
OO0 Oo

GNGNGIRLNG)

-

oleloNoNG)

— O O OO

oleloNoNe)

ololeolNeoN®

OO0

OO0 O0o

S

o Jooo
OO0 00O
O OO «O

OO0 O0o

-

eoNololeoN®,

o= 0O0O0O

eoNololeoN®

(GNGNGN N

oNololeoN®,
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OO0 00O
S
oo Joo

OO0 =0
ololeolNeoN®

oleloNoNe)

-

ololeoNeoN®

OO+ 0O0

ONGRGE NG

OO0 O0o

ololeoleoN®

)\13(

)\15 —

— O O OO0

eoNololeoN®

OO0 Oo

eoNololeoN®

(ONGRGRGRE

-
-
-
-

eoNoloNeoN®
o oo _O

oNoR _NoN®)
o000

— O O OO

=[S

o000
oloNeoNeN®,
ool NeN®)
ONGNGRGN

oleloNeoN®)

S

| OO OO

ool NGN®)
oleoNoNoN®)
oleNoNGN®)

O OO0 =

)\17 — (
)\19 — (
)\21 — (

)\23: (

ool _NoN®)
eolNololeoN®
OO oOoH
oNoloNeoN®

ool oNoNG)

S

© | OO0
ool NoNe)
eoNololeoN®
O OO0 =

oNoloNeoN®

oNONGR _Ne
ONGNGRGN
oleoloNoNe)
olololNeoN®

oleNoNoNG)

S
oo oo
oNeNoNoNa)
cNeNoNoRE

oleloNoNG)

ololoNeoN®

oNoNeN®) _

oNoNGR _Ne)
ool _NoN®)
O~ 00O

— O O OO0

S
— |~

)\24 —

OoOo |O
cNoNoNeIRS
cNoNoNole)

OO0 O0o

oNololNeoN®,
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( o) ug —Uu5 | —uy  —dj
—u§ o) ug | —un  —do
10 — 1 us  —u§ 0 | —u3 —d3
V2| -~""""-"------ +---------
U1 uo u3 | 0 —et
\ dq do ds | et 0

sum of two irreducible representations: no funda-
mental theory — intermediate theory

charge quantization:

5%*Q5* =TrQ =0 = 3Q(d) + Q(e™)

= QD) =-1Q(e) =1

natural explanation of equality Q(P) = —Q(e™)
[1: 1021

GAUGE BOSONS

1
R arma __

G 4 G® _ 2B Gt G5 ] t
v2 T V6~ VAo 72 V2 | X1 L

Gt GG _ 2B G i i

75 2TV Vs B | X5 Y,

GA+i5 Go+it . 2 8 2B 1- T

7 7 \/;G 755 | X3 Y3
___________________________ _ _I_ _ _ _3_ - - - - - - - -

X X5 X3 | % + j% wt

Y1 Yo Y3 | w= _WT; + %
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5% P5* + Tr10i P10

Lagrange density: Lo
1Dy,

Lint = —95(u Gu + d Gd) QCD
_ _ 3. Y
—95(Lqg WLq+ Le WLe) — 95\/;F B F GSW
—I5 (T Xe + ejutst Xiuk + hc.)

V2
L-Q coupling

—%(JR YVl 4 g Yef — ejuty Y/ df + h.c)
Q-Q coupling

X,Y bosons possess leptoquark und diquark pro-
perties

d u d u u
X~ Ke){/ Ku T Ky v.,” Key/ Kd
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33. Proton Decay

g2 g2

effective Lagrange density: NG = 8M)2(Y ~ 8Mc2:UT

4G« — p— : — :
[’eff — ﬁeijk [UCLkWUJL(ecLW“dZL + e“pytdR)

+ uC Iy, dh (Vo py iy + Ewug)} + h.c.

selection rule: B— L = const =— |AB = AL
dominant decays: p — 9™, pPe™, we™, 710, . ..

Mxy 4
7p(P — 70%e™) ~ ( ’ ) x 1028+1 4

2.1014GeV
exp.: 7p(P — 7P%et) > 2.4 % 103%q = SU(5) exclu-
ded [Superkamiokande]
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34. Spontaneous Symmetry Breaking

SU(5) —)SU(3)OXSU(2)LXU(l)y—)SU(:S)CXU(l)elm

Mcaur G;l/Q
X,Y massive fermions, W, Z massive
24 5 <«Higgs fields
[ Hy
Hj
Hy Color—3, SU>—1

b = ¢oT* H =

K II—{I: ) Color—1, SU>—2

1.) GUT Symmetry Breaking

2
Lo = Tr|Dud|? — M3, Tr|¢|? — Mog (Tr|e?)
— Mo, Tr|p|*
iDup = i0ud — g5 [Vi, 9]

' 7
for M3, < 0,X54 > 0,04 > —35Ah,

>
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|
1 |
¢o=v24 ' |
VA3 ‘:'"'3""
)
3
\ | -3 )
M2
> 54
V24 = —

Ao + 35 Aba
minimum: SUz x SU> x U1 symmetric

X,Y masses: E%Y = —g%T’FI[Vu,QbOHQ

5
2 2 __ 2 2
— | M X — 2\/_157 = 1 gsUoyg

P decay == wvog ~ 1016 Gev ~ 10_3MPlanck
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2.) Symmetry Breaking in SM

1.5

L= —_M3 HTH — %(HTH)Q = —V(H)

spontaneous symmetry breaking:

( 0 \ M2
M2 <0 O | vg=-2
5 } —= Hgp = 0 A5
A > 0
0
\vs ) 5=/
5 \/5
gluons massless
W, Z massive SU3z X SUps x U1—=SU3 X Uqeim
~v massless v
Lyuy = —G157°10H" — Go€jjpim (1OLC),L-]- (10L)p Hm
. G1U5 - —
= — 7 <dd—|—ee)—|—---
mass relations at symmetry point:
my = O mqg = Me
my = 4Govusg ms = My
mg = Me = G1v5/\/§ mp = Mr

mb(N GeV) .

RG evolution:
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§5. SU(5) Assessment

_|_ —

SU(5) D SU(3) x SU(2) xU(1) | family problem: P decay

1 coupling many parameters
sin? Oy =~ 0.20 CP, quark mixing
charge quantization multiplets added

mp/m, ~ 3 hierarchy problem
“massless” v's gravity

other groups:
(i) SO(10): rank 5, 45 gauge bosons

SO(10) — SU(B) xU(1) — SUB)xSU(2)xU(1)
or —)SU(4)XSU(2)LXSU(2)R
SU(4) D SU3) ¢ x U(1),

lepton extension of QCD [Pati—Salam]
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SUR)L, xSUR)r — SUR)L xU)y — U(L)em
My ~ My

[~ 1010 GeV]

My, > My, parity violation spontaneous
fermions: 16—dim. fundamental representation
— v — v Oscillations

(ii) Fg: rank 6, 78 gauge bosons

FEs — SO(10) — --- [motivated by string theories]
or - SUB)ax SUB), x SUB)R

SU(3)L — SU(Q)L X U(l)L

= 7' boson with M, < O(1TeV)

fermions: 27—dim. fundamental representation
—— heavy leptons, quarks [Iso—1, Iso—2]

7' exotic fermions: good exp. questions
for TeV colliders
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