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¢ Grand Unification

¢ Technicolor

¢ Composite models

< (Low energy) supersymmetry
¢ Peccel-Quinn mechanism

¢ See-Saw mechanism

¢ Large extra dimensions

< Lattle Higgs models

¢ String Theory
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GRAND UNIFIED THEORIES
(GUTS)

Baved on two (possibly accidental) facto:

A

2t Group theoretical structure of SM gauge
groups and representations
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Strong, electromagnetic, and weak forces are conjectured to arise from a single
fundamental interaction based on the gauge group SU(S)

Georgt-Glashow

We present a general formalism for calculating the
renormalization effects which make strong interactions
strong in simple gauge theories of strong, electromagnetic,
and weak interactions. In an SU(S5) model the superheavy
gauge bosons arising in the spontaneous breakdown to
observed interactions have mass perhaps as large as 1017
GeV, almost the Planck mass. Mixing-angle predictions are
substantially modified.

Georgi-Quinn-Weinberg
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Input:

¢ Quantum Field Theory
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2t Choice of Gauge Group
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2t Choice of spins and representations
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THE STANDARD MODEL

Input:

Ay
—

¢ Quantum Field Theory

-
—

2 Choice of Gauge Group

-
P~

¢ Choice of spins and representations

A

s¢ Absence of interactions with dimension > 4
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THE STANDARD MODEL

Input:

¢ Quantum Field Theory

2

2t Choice of Gauge Group
SU(3) x SU(2) x U(1)

¢ Choice of spins and representations

Al

s¢ Absence of interactions with dimension > 4
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THE STANDARD MODEL

Input:

Ay

¢ Quantum Field Theory

Al

2 Choice of Gauge Group
SU(3) x SU(2) x U(1)

A

¢ Choice of spins and representations

3 families + Higgs + right-handed neutrinos
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DIMENSIONS

¢ Boson: 1

% Fermion: 3/2

2¢ Derivative: 1

AHOWGdI a,u¢alu¢ 1%7“@@& F,ul/F'uV
Yy ALy P %, ¢°, ¢* Yy

Not Allowed: (ﬂw)z b° Yyt Y sl

Disallowed interactions have a coupling
constant of dimension (mass)™

Can be consistently omitted.
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GAUGE THEORIES

1 E
[Lagrangian: — ZFﬁyF“V’a + ty* D,y

Covariant derivative:

Normalization:

1
e S
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1 12 15
—Z Z FIL{VFMV’I o ZZ @EE’V'UJD,LL@W
="J; =1
v (D)) (D*9) — 2T — In(BT9)2 4

g WE® [CO'TWe” + g op R’ + g5 v oy’ + c.c.

(+ neutrino contributions)

(- B, P feems)
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STANDARD MODEL LAGRANGIAN

15

12
1 e
ASELPS LY D

e 90) ied 0(0)
+ (Dud)'(DHG) — pP6Td — A(19)° +
2(2)
2P P2 [Co P + g2l pyn® + g2P eyl + c.c.
54(13)

(+ neutrino contributions)
Parameters:

o Fuyﬁ’“” terms) 3(1) 62(19)
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RUNNING
PARAMETERS




RUNNING PARAMETERS




The parameters cannot be computed (within SM).
They must be measured.

But the results of such a measurement are scale

dependent.

This scale dependence 1s calculable from loop corrections.
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Define some reference process to measure a parameter,

for example the QCD coupling.

We cannot directly compare the experimental
measurement to a single diagram.

There 1s an infinity of diagrams contributing to any

process, but luckily higher orders in the coupling constant
are suppressed.

Suppose the reference process is gluon-quark scattering.
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RUNNING PARAMETERS

Some contributions to this process are:




SCALAR FIELD THEORY

To avoid inessential complications due to spins consider

a scalar field theory

1
24

I 1
L= —5 u¢a“§b s §m2¢2 ggb4

Feynman rules
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Reference process for measuring g

p3

pl\ /

[ |

P2 P4

q = P1 + P2 = P3 + P4

Lowest order contributions:

P1 p3 D1 k—q p3

D2 P4
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Loop diagram:

Feynman's trick:

1

1

Change of variables:

AB :/0 alx(:EA—l—(l—x)B)2

ek gl
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e : 1
Ak le/d e
2 (2m)* Jo (I — 12 + 2(1 — x)g* — m?)?

Wick rotation: log = 1l4
Polar coordinates in 4D Euclidean space:

d*l = 1°dldQ); / dQs = 27°

Result:

92 1 o0 /3
? / daj/ dl
1672 J, = (& d=mlli—5 Q) e

QQ ik _q2
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Momentum integral:

1 a
D=y

[ 1 ;
e e

Diverges for large momenta:

Introduce a “cut-oft” parameter A

( dx log — 1
3272 J, i (1l — x)Q? + m? :

Note: x-integral 1s well-defined

Now consider the limit e ) N
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Noteedb @ <<om- << \° weget

1q° | o
3272 25 M2

and the Q% drops out (“decoupling”)
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pl p3

P2 P4

Note: increases with O

P2

p3

P4
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RUNNING COUPLINGS

Suppose the cross-section for the reference process ors

A
V(Q) — Ubare — ggareb() log(é)

Now define the physical coupling constant as

gL = e (Reference scale 1)

Inverting this relation (ignoring higher orders)

(L
Ybare = gphys(:u) o gghysbo log(K)

(*) n=2 for scalars, n=5 for gauge theories
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RUNNING COUPLINGS

This substitution should remove all dependence on A in all processes

L
Gbare = gphys(;“) RZ gghysb() lOg(K)

This implies the existence of powers of logs in higher orders.
These “leading logs” can be summed to all orders.

For the reference process itself we get

n M .
V(Q) = gphys(,u) = gphys(u)bo log(Q) | hlgher order
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RUNNING COUPLINGS

n M .
V(Q) s gphys(/ﬁ) = gphys(u)bg log(Q) | hlgher order

The higher orders must be such that V(Q) 1s

independent of the reference scale (.

a
oy,

Hence

V(Q) =0

d n
Or M@gphys(u) 3 bnghys(:u) =7

Sunday, 2 May 2010



THE [)-FUNCTION

d n
M@gphys(,u) - bogphys(:u) =

The second term is the first term in an expansion.
In general we get

M%gphys(:u) o 6(gphys(:u))

With

6(9) S bogn ik bngn—l e b293n—1 s
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THE RENORMALIZATION
GROUP EQUATION

Consider now any other physical quantity G.

We distinguish the explicit dependence on (U trough

log (1/Q) trom the dependence through gphys using

partial derivatives

d

0= u26(@Q) = |

i

or

0 dgphys(p) O

G(gphys7 s Q)

" ou =
0
& B(9)

dp

agphys ¢

G(g,pt, Q) =0
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SOLVING THE RGE

Solution:

G(g, 1, Q) = G(g(log(Q/p), Q, Q)
With =
%g(t) == ﬁ(g(t))
With the boundary condition
g(0) =g

i.e. g(Q=p) = Gphys




SOLVING THE RGE

Solution:

G(g, 1, Q) = G(g(log(Q/n), Q, Q)

With \

Qi = Kills all logs!
—g(t) = B(g(1))
dt
With the boundary condition
gl0) =g

i.e. g(Q=p) = Gphys




ONE LOOP RUNNING

d

—9(t) =B(g(t) = bog"

Solution:

n—1

) g
) = (1 — (n — 1)bgtg™1)

t = log (Q/1)




ASYMPTOTIC BEHAVIOR

n—1

= = 9
70 = T - Dot

by > 0 Running couphng increases until 1t

reaches a singularity (Landau Pole).

Running coupling decreases;
bp < 0 ;
Asymptotic freedom.
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A
92

STANDARD MODEL
GAUGE COUPLINGS

n—1
7" (1) = :
(1 — (n — 1)b0tg”_1)

1
n=3; — is a linear tfunction of ¢

9

il 1

e 062 (2]2(Rf) o §IQ(RS) — 11]2(A))

TrrT°T° = L I5(R)6®

Decreases with t tor QED, Y
Increases with t for QCD and Weak interactions
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STANDARD MODEL
GAUGE COUPLINGS

n—1
3" (t) = :
(1 — (n — 1)b0tg”_1)
1
n=3; — is a linear tfunction of ¢
9
il 1
Yites 0672 (QIQ(RJ”) iy §IQ(RS)

TrrT°T’ = 1 I5(R)

i Decreases with t for QED, Y
g% | Increases with t for QCD and Weak interactions
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0.18 -—«

® JADE
" LEP (preliminary)

0.16 - \? — QCD NNLO
x’/N,. = 14.4/16

002 =

-
— T S—— .-

OO

total error
% uncorrelated error

0.08 I I I | I I T I
290 5SS 003125 1505175200

Eoy (GeV)
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¢ The top line represents U(1)y, not QED
(O=T3+Y)

Al

¢ Contributing matter: 3 families + Higgs

A

2t Some choice of normalization®

Al

¢ One-loop running only

(*) Wy (0 —eYAu)y; [YY]=0

No canonical normalization

el (O — g T AT Y T2 T h=2f2"T"
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Amaldi, de Boer and Furstenau (1991)
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STANDARD MODEL
GROUP STRUCTURE
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SOME GROUP THEORY

~ 1 sparma U: Group element (Unitary)
bhes L0 T T: Lie algebra generator (Hermitean)

(Generators T'“ appear in gauge couplings.
They satisfy the relation

[Ta7 Tb} i Z-fabcTc
Conjugate representation

bl BE
Ta S _(Ta)*
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LIE GROUPS

Group

Number of

Generators

N2-1

4N(N-1)

LLN(N+1)

/3

1555

248

14

0
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LEFT-HANDED REPRESENTATION

The Standard Model 1s written 1n terms of left- righthanded
quarks and leptons.

But instead of the electron field one could use the positron field.

This 1s just a change of variables:

ES L R R
(W',

)
Y

() isa unitary matrix that satisfies

SHE s G O
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SOME REPRESENTATIONS

Vector: SU(N),SO(N),Sp(N) : dimension N

Adjoint: (Ta)bc —= —ifabc
dimension = number of generators

Spinor: SO2n).7 = dimension. 22=

SO(2n+1): dimension 2"
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Yy = —C7uC™"

The matrix

Y5 =7 = 1077273
transtorms as follows

CysC ! = (y5)F

The chiral projection operators are
Pr=3(1+7%); Pr=3(1-")
therefore:
Yr = Prip = PRO (7)) (¥)" = C~1(Pr)" (") (¢°)°
=G G = O B T
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A right-handed quark/lepton gauge coupling

iRy Dybr = —i(¥$)T Cv*D,CT(4§)T
—i(y§) Cy*D,C (9§)*
= i(WE) () Du(hg )t

with Dy, =0, —igT*Aj

Is transformed to:

Conjugate representations U=1-—1i60"T"
(opposite charge) (B — . ton s
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STANDARD MODEL IN LEFT-HANDED

REPRESENTATION
left and right-handed frelds Left-banded only
SU(3) x SU(2) xU(l)y — SU(3) x U(1)em SEHE) > SEL S El
Ol e
Uy,
(3,2,3)L — ( (dL>
(3,1,3)r — ( -
Bbein G a
2o = (VL>
I e s R r,
(1,1,0)r — (1.0)x S L
(1,1,0) %3

Advantage: allows additional internal symmetries
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Unitary 5 x 5 matrices with determinant 1.

Standard model embedding:

(s Us = e¥Us  QCD
SR e Un— Xl Weak

30+ 2y =0 mod 27

One phase left free: U(l)y
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Lagrangian:
——1Fa F“V’a’—l—dz YD, (ar==l 24)
4 v YL v’ L AR e

Covariant derivative:

D105 g

S 1
Normalization: (Vector Representation) Tr T°T° = 550’[)
8 gluons
+ W+ W+ Z
24 gauge bosons s bt

+ 12 additional ones (X, Y)
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1 1

Normalization:
arb 1 ab
ABE BB — 55

Implies standard normalization for QCD, Wealk,
but also:
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COUPLING RELATION
i (0, — igsTy A}, )Yy

ML({?’M —1/3/5 95YAZ)¢L

i (O — i1 Y A) )iy
Theretore
97

91 = V/3/595 3
Sin29w = G5 g

2 e
g2 = g3 = gs 9i + 93




CONTENT OF THE (5)

(3,1,—3) + (1,2, 3)

Not a left-handed SM particle,
so use the (6%) instead:

(3*,1,3)+(1,2,—3)
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CONTENT OF THE (5)

(3,1,—3) + (1,2, 3)

Not a left-handed SM particle, (3,2,5) (Zi)
so use the (5*) instead: (3.1, -2) 8
(3,1,3) di

(3*717%)_'_(1727_%) (1727_%) (VL>
55
(LR el
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CONTENT OF THE (5)

(3,1,—3) + (1,2, 3)

Not a left-handed SM particle, (3,2,5) (Zi)
so use the (5*) instead: (3.1, -2) 8
(3,1,3) di

(3*717%)_'_(1727_%) (1727_%) (VL>
55
(LR el
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CONTENT OF THE (5)

(3717__%)-+'(1727%)

Not a left-handed SM particle, (3,2, 1) (y)
HOP i ; L
so use the (5%) instead: S s
(3%, 1, %) ds

(L3 +L2-5)  [wap]| (¥
(T e%
(1,1,0) 7

2 :( (1:7 gv gae_;V)
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Vector ¢Z S ”Lj ¢]
Tensor ¢Z$‘7 P ikUjl¢l$k

By = L — ¢IF) + (P + ¢ )
N N —

Anti-symmetric Symmetric

1 1
§N(N — 1) components §N(N + 1) components




Vector ¢’L S ”Lj ¢]
Tensor ¢Z$‘7 P ikUjl¢l$k

¢ = 5(¢'¢ — ¢P) + 5(¢'P + ¢ )
N N —

Anti-symmetric Symmetric

1 1
§N(N — 1) components §N(N + 1) components

SU(5) 10 15




CONTENTS OF THE (10)

10 = (3%,1,—2) + (1,1,1) + (3,2, ¢)




CONTENTS OF THE (10)

—~

o
(N

LY

e
=
|
ZW
OV
*
[S—"
|
Wl
N~
_|_
ZTi a0
st
(S
—_
N~
_|_
2T
\.OO
\.[\')
S
N——"
RS
o
*
—_
|

~/~
o |-
*

A ]
~
—_
~
N——"

DO — Wl Wwlno =
(a2

N——"

~—
—_
DO

|
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CONTENTS OF THE (10)

(3,2, 3) (ZL>
L
S g2 £
10:= (3 ,1, 3)+(17171)+(37276) (3*,1,_%) u%
(3,1, 3) dj
(1,2,—) (L)
i
(1,1,1) el
(1,1,0) VL
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CONTENTS OF THE (10)

3.2,8) (ZL)
B
Ot e = e | 300 oL ) ;
( 5 Ly 3)+(77)+(776) 3,1—%) ur
(3*,1,3) df,
(172 _%) <VL>
€L
/ O ug _ug —Uq _dl\ (17171) e}t
_ug O u% —U9 —d2 (17 17 O) Vz
1
A _— — ’U,C _uC O il _d
/2 2 1 3 3
U1 U9 U3 0 e
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CONTENTS OF THE (10)

(3,2, 1) <2L>
L
10 = (3%,1,—2) + (1,1,1) + (3,2, ¢) 3.1, _2) .
) 3 / L
(3%, 1, %) i
(1727_%) (VL>
| eL
(10 u§ —us ™= —dy (1,1,1) er
_ug O ui —U9 —d2 (17 17 O) Vz
1
oy us  —us 0 —u3 —d
\/i 2 1 3 3
U1 U9 us3 0 e
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CONTENTS OF THE (10)

(3,2, 3) <2L>

&

= {8 L o bR (67 : C
0 (3,, 3)+(77)+(3776) 3 1_%) ur,
(3°,1,%) dj,
1,2, - 1) (L)

°r

(1,1,1) ;

>
|
ik
(N}
TN
|
wgm = =
WO
| S
= S RICYN
—
~ |
SRR
RO O
| | |
o = s
T L) 1, s
| | |
T SN <o
RO T =
Lar ™
\
£ 80

U1 U9 us3 0 —e
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CONTENTS OF THE (10)

ur,
(3,2, 3) /<d )
L
= e o (300 \ 2
( 5 Ly 3)+(77)+(776) 3,1—%) ur
(3,1, %) dy,
(1727_%) (VL>
' i
/ O ug _ug —Uq _dl\_— (17171) e}t
_ug 0 u% —U9 —d2 (17 17 O) Vz
1 C C O d
e —U —u3z  —
/2 2 1 3 3
(A} u9 us 0 —6+

Sunday, 2 May 2010



SU(5) MATTER

54+ {10




SU(5) MATTER

3 x| (5*)+(10) ]




SU(5) MATTER

3 x| (5*)+(10) ]

+ N right-handed neutrinos




SU(5) MATTER

3 x| (5*)+(10) ]

+ N right-handed neutrinos

+ 2 Higgses, ¥ and H




SU(5) MATTER

3 x| (5*)—|—(10) ]

+ N right-handed neutrinos

+ 2 Higgses, ¥ and H

SU(5) “explains” structure of a standard model family?
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ANOMALIES

k4, a

Break gauge invariance and unitarity if the loops contain a V5

Must cancel!
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ANOMALIES

pY, b pY, b
‘% T
e e el e
: e b
, a C kY a q¥, c

Break gauge invariance and unitarity if the loops contain a V5

Must cancel! SEER PR o Y
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STANDARD MODEL ANOMALIES

Standard Model SU(5)

¢ SU(3)°

Y SUQ2)° (trivial)

o U(l)S

¢ SUB)?x U(1)

2 SU2)? x U(1)

¥ (Gravity)? x U(1)

Q@ SU(6)3
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STANDARD MODEL ANOMALIES

(37 27 Q1) =i (3*7 17 QQ) S (3*7 17QS) e (17 27Q4) S5 (17 ]-7 QS)
Charges are constrained by

6¢; +3q5 + 3¢5 +2¢5 + g5 = 0

2q1 +q2 +q3 =0

3q1 +q4 =0

6g1 + 392 + 3¢q3 + 294 + g5 = 0

Fix all q’s up to normalization
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SU(5) ANOMALIES

Representation|  Anomaly SU(N)
(5%) . o
(conjugate vector)
(10) 1 N-4

(anti-symmetric tensor)
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CHARGE QUANTIZATION

IIl the SM, the I’elatiOIl Qelectr()n:'Qproton iS eXaCt
(because of anomaly cancellation)

But 1t is possible to add non-chiral particles with any (even irrational)
charges.

In SU(5) theories Qem1s a non-abelian generator with fixed normalization.

All SM representations satisfy the rule

t/34+5/24+Y =0 mod 1

This implies that all unconfined charges are integer

Furthermore the theory contains magnetic monopoles

('t Hooft; Polyakov)
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SU(5) — SU(3) x SU(2) x U(1)

Requires a Higgs boson W

This 1s a scalar in some SU(5) representation.
After symmetry breaking there must be a ground
state that 1s invariant under SU(3) x SU(2) x U(1).

Hence the SM decomposition of the Higgs must

contain a singlet.
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Simplest choice: The adjoint (same representation as the
gauge bosons):

§(&) — 209 3 6 (e)”
k

24 — (8,1,0) +(1,3,0) 4+ (1,1,0) + (3, 2, —%) + (3%, 2, %)

B s —

Massive “Faten”

This gives a mass to the 12 non-SM gauge-bosons
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Below the SU(5) Higgs scale:

SM gauge bosons massless
X, Y massive: they “decouple”.

From here on the three SM couplings
go their own way.
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Inverse
coupling 3 An

B
a %
D
s
S
4:7T \\
=6 >
92 — |
S o
—————— S et
A7 “*|
93 |
100 GeV 10 GeV Q

SU((5)
Inverse

Coupling
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Inverse
coupling 34m
5 g%

R

B

i

o

100 GeV

SU((5)
Inverse

Coupling

——— — \ Threshold

N,

_____ R 2 >\&| Effects

PO 2GR = 0)
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Inverse
coupling 3 An
59t

Effect of complete

SU(5) multiplets

100 GeV

Sl

SU((5)
Inverse

Coupling

e \ Threshold

Efttects

PO 2GR = 0)
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Inverse
coupling 3 An
59t

Effect of complete

SU(5) multiplets

Sl

SU(®5)

Inverse

Coupling

e \ Threshold

Efttects
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2

¢ Two parameters: SU(5)-couping and scale

Al

¢ Three observables: SM couplings

A

% U(1) normalization 3/5 1s essential

¢ Additional unbroken SU(5) matter does not
aftfect unification.

R

¢ Seemed to work 1n 1980, but not anymore.
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Amaldi, de Boer and Furstenau (1991)

60

S0

40

30

20

10

--------------- o
MSSM

.............................................................................

..........................................................................

O = (5/3)CMM—S/ cos? O
as = oM / sin HW,
MS

S )

Note:

One extra parameter!
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Amaldi, de Boer and Furstenau (1991)

SUSY 2nd order

— 060
3
S’ =
- B
X 50
- o7 (u)
40 |
- oy (1)
30 r
l —
O 3 5 7 9 11 13 15 17
10 10 10 10 10 10 10 10
1 [GeV]
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l0g,,(Q/GeV)

26 -

1/oci

25.5
25

24.5

\

a,=0.1186(26)

24 -
15.5

sin“6,,=0.23136(16)

|
16 16.5

De Boer and Sander, 2005
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PROTON DECAY

The heavy X and Y bosons mix quarks and leptons.

I'hey couple as follows

T*A% = X, T'(i,4) + X, T°(5,4) + Y, ,T"(4,5) + Y, T°(3, 5)
With:

O 0

WO 0 0510,.0)

Tl (Za ])kl =53
T2 (7’7 ])kl

NO|— DN

Coupling to the quarks and leptons:
(5%) Pk felT8) AT
(10)  Bag T2 535 + Thsbral A
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Interaction vertices (one family):

Gy 5 LlEemvud + dyuet — aCyuu] + cc

N

ey = o mrd e

S

B, L broken, B-L preserved

T — uy,d] + c.c

Some example of proton decay processes p — e
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We have no idea if the up and down quarks are
related to the electron, muon or tau.

They can be expected to mix.
So we get something like:

95 ~— 16— c ~ e
T EXH &5 [UVDlag1uD§ + DalUb Velag ey + USIViiUnlagrulds

5, e < =
L — EYM [—Na[ )L\/—Vp]aﬂﬁ/,ugg— ‘I‘Z/{Q[UJ{VS]aﬁV,uSE —I—Z/{Q[VJUD]agﬁ/MDﬂ

But we cannot rotate proton decay away (p — T ):
there are too many other channels.
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P (%)4cw<o>\2<%>2

¢ Y(r): quark-quark wavefunction
¢ Eqq quark-quark energy

¢ C: numerical constant

MSSM estimate 10°° years
(GOW: 6 x 10°! years)

Current limit 10%#! years
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At least two Higgses are required namely for

¢ Breaking SU(5) to SM (W)
¥ Breaking SM to QCD x QED (H)

Obviously W cannot give mass to the SM fermions.

H 1s the SM Higgs, but must now be an SU(5) multiplet.
Note that the SM Higgs transtorms as a lepton doublet:

(1,2,-1/2). Hence there 1s an obvious choice:

H=(5)

(and there are less obvious choices...)
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FERMION MASSES

down quark, charged lepton masses:

giww?@*)cwgl(1O)H,,’fn(57;k61m T CHE

up quark masses:
B (10)CP (10)H, €5
92 wf&]( ) wkl( ) mez]klm =0
neutrino masses:

B (5*)CYP (1) Hypbim + c.C

9 neutrino
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2

¢ Only three couplings, vs. four in SM

A

s¢ Hence one relation

U
M= Mp=M = —g
V2
Mq = Me
¢ This implies Ms = My,

E
||
E
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A

¢ These relations are subject to “running”.

¢ Theretore not as bad as they look.
(mp =~ 6 GeV)

2 But still wrong when comparing ratios.

e et
T o
TN e d

m

¢ Not valid in string GUTs.
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¢ In the SM, the Higgs breaks uniquely to QCD x QED.
But the SU(5) Higgs W can break SU(5) to
SU3) x SU2) x U(l) or SUHA) x U(1).

[ Vacuum selection problem].

¢ The (6) of SU(H) contains not only the SM Higgs, but also a color
triplet, which mediates proton decay (and must therefore be heavy).
[ Doublet-triplet splitting problem].

2 If the color component of H gets a vev, QCD 1s broken instead of
SUQ2)w
[Alignment problem].

¢ The two Higges have totally different mass-scales
[ Hierarchy problem].
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HIGGS PROBLEMS

Higgs vev of U can be diagonalized, and can be either

(®) = diag (v,v,v,v, —4v) SUA) x U(1)

(@) = diag (v, v, v, —%fu, —%v) SU3) x SU(2) x U(1)

(Ignoring H)
Most general Higgs potential (dimension <= 4)

A
V(®,H) =— (us)*H'H + Z(HTH)2 — 1p? Tr @2 + La( Tr )2 + Lb Tr &*

+aHTH Tr 2 + SH'®?H .
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HIGGS PROBLEMS

For suitable parameter values, a possible minimum 1s

<(I)> 7, dlag (Ua v, v, (_% = %E)U, (_% Sl %E)U), <H> > %(07 07 07 07 UO)T
Vo <<V
Induced H mass

2
—uf + %ow 2= %ﬂvQ

Should be << v? Fine-tuning!
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SO(10)
SU(5) can be enlarged further
SO(10) D SU(5) x U(1) D SU(3) x SU(2) x U(1)
One family fits nicely 1n a spinor representation of SO(10)

16 - 5" +10+ 1

Automatically anomaly free; no “manual” cancellations
required.

And we get three right-handed neutrinos for free!
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SEVERAL PATHS TO SM

SO(10) — SU(5) x U(1)
. SU(5)
— SU(3) x SU(2) x U(1)

SO(10) =-5U(4). x SU(2) x SU(2)
— SU(3) x SU(2) x SU(2) x U(1);
=SB ST U o % e
— SU(3) x SU(2) x U(1) .

Several Higgses required
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SEVERAL PATHS TO SM

B-L
SE(10) — SUH5E) U(l)/

. SU(5)
— SU(3) x SU(2) x U(1)

SO(10) =-5U(4). x SU(2) x SU(2)
— SU(3) x SU(2) x SU(2) x U(1);
=SB ST U o % e
— SU(3) x SU(2) x U(1) .

Several Higgses required
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SEVERAL PATHS TO SM

B-L
SE(10) — SUH5E) U(l)/

. SU(5)
— SU(3) x SU(2) x U(1)

SO(10) — SU(4) x SU(2) x SU(2) Pati-Salam model
— SU(3) x SU(2) x SU(2) x U(1);
— SU(3) x SU(2) x U(1)g x U(1)y
S TR B 2 L (1

Several Higgses required

Sunday, 2 May 2010



SEVERAL PATHS TO SM

B-L
SE(10) — SUH5E) U(l)/

. SU(5)
— SU(3) x SU(2) x U(1)

SO(10) — SU(4) x SU(2) x SU(2) Pati-Salam model
— SU(3) x SU(2) x SU(2) x U(1);1 LR-Symmetric model
— SU(3) x SU(2) x U(1)g x U(1)y
S TR B 2 L (1

Several Higgses required
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FURTHER EXTENSIONS
FEe¢ D SO(10) x U(1)
27 — 16 + 10+ 1

Noteworthy because Es appears naturally as the
gauge group of Eg x Eg Heterotic Strings
compactified on Calabi-Yau manifolds.

(But GUT scale too large...)
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¢ The GUT 1dea 1s still alive, although not 1n 1ts

minimal form.

‘¢ Apparent coupling constant convergence does
seem to hint at something.

Al

¢ The tamily structure comes out very nicely

(especially in SO(10))

st Hard to believe that this 1s all accidental.

A

2« But clearly we have not been able to get the
details right yet.
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