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* Supersymmetry?
e Anthropics of vacuum stability?
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Summary of Setup

AUV ...................
(i)
H/
/
3 R
H
U e

[SU(4)?%/SU(3) ] e Jare W’
Fine Tuning
P v?
) A2 Pl AZ,, as in Standard Model
Anthropic Weak Scale?

e Complex stable nuclei?
e Escape He universe at BBN?

7 Goldstones

e 4are H



SM’ and LR Versions

How do quarks and leptons transform under SU(2) X SU(2) and Z5?
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SM’ and LR Versions

How do quarks and leptons transform under SU(2) X SU(2) and Z5?

SM’
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Assume

Doublets
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Doublets
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Zy — P and Strong CP

7

Extend Z> to include
spacetime parity
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Zy — P and Strong CP

Extend Z: to include SU(2) PRI SU(2) T s —F
spacetime parity H(2,1) +— H'(1,2) n PN 't

Theories with SM’
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q’ u’ ceee M q ’ u 9 eoee
SM fermions and Yukawa couplings all replicated p : 124
quu H +— qy u H
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Theories with SM’

Two minimal gauge groups

1—1/
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Key feature of each choice
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Theories with Left-Right Symmetry
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Two Types of Theories
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Long History of LR for Strong CP

e 1978 Beg, Tsao and Mohapatra, Senjanovic

P can lead to Hermitian quark mass matrices

* 1970s and 1980s
LR models developed with standard Higgs sector $(2,2), A(3,1), A(1,3)

e 1991 Barr, Chang and Senjanovic
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Standard LR theory does not solve strong CP Hermitian / \ Phases

e 1990 Babu and Mohapatra. Phys. Rev D41, 1286

First LR theory to solve strong CP
Introduced H(2,1) + H'(1,2) Higgs sector based on a softly broken 7,
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First LR theory to solve strong CP
Introduced H(2,1) + H'(1,2) Higgs sector based on a softly broken 7,

For decades the axion has ruled as the best solution solution for strong CP

Parity provides a strong competitor




Neutrino Masses (SM’ and LR)

e Inallsuch Zy theories (/H) and (¢'H') are gauge singlets [ )
e Hence, the most general seesaw leads to d=5 operators | | N ______
LN E———
N 17! Ui /i / LV
[55(6 o) () s MDK)HH] :
I
e Massscales: My, Mp
e 3 X3flavor matrices: 7,&
’l} .......................................




Neutrino Masses (SM’ and LR)

e Inallsuch Zy theories (/H) and (¢'H') are gauge singlets
e Hence, the most general seesaw leads to d=5 operators

, no — 7 S ,
v_ (¢ ¢ \H'H T ¢\HH > ¢\ H'H
[55 (6 2MM€> +<€2MM£> +<£ e ) ]

e Mass scales: My, Mp
e 3 X3 flavor matrices: 7,¢&

* For one generation 9 /
(V)

1 e o’ , ) 4 MM
1%
L= 2 v) (M Mf)() o
Mp M s 2 2
y v ( MM
m — g B ey - T
bl My Ml%

N
Ly
/
DI
P
’l} .......................................
B SRR




Neutrino Masses (SM’ and LR)

e Inallsuch Zy theories (/H) and (¢'H') are gauge singlets
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The Scalar Potential

( )

SU(2) +— SU(2)
H(2,1) = H'(1,2)

\. J

9
VECEL by — 2 ST R e A 5(HTH + HTHY? + YH'HH'TH'

e P isexact
e For v < v’ must fine tune \' — ()

e Two copies of SU(2) xU(1) = U(1)
e Remarkably simple — no phases




Quark and Charged Lepton Masses

f A
e Arise from Froggatt-Nielsen mechanism
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An Estimation of 60

Below Mx we have

1
L=—q¢dHH +

Mx

/

Leading term
for quark masses

Quark mass hierarchies
from M x hierarchies

1 1
M2 06 e M3

/

Leading contribution to 6
occurs at two loops

O7 + ...
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from Xys3, Xp3

Xy Xp Xp
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An Estimation of 60

e Threshold correction at My , Z

e Phase arises when k ~ Mps

T
e C(Careful analysis of flavor gives Yp ~ (6722 M3,
e For order unity phases
( )
2 2 U ~oD
9_ 9392 HU HD y_g U23 923\ 10—11
23 V23 ’
T Qem2)z 2878 2 ,

(Vep = 055 — 033])
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Gauge Coupling Unification: 3 —2; —2p —1p5_7

A
Y
3—2r —2r—1p_p
e ( [s there a value of v’ that gives
o precision gauge coupling unification?
(O




Gauge Coupling Unification: 3 —2; —2p —1p5_7

* Assume X fill out complete unified multiplets,
small enough to preserve perturbative couplings
e No threshold corrections

(87-‘-2 )
400}
97;2(:“) :
300[
At o |
Inp \gZ(p)) 200¢
100}
O:

\.

[ v’ ~ 10'GeV solves unification problems of Standard Model




Gauge Coupling Unification: Threshold Corrections

Near unification scale define
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Gauge Coupling Unification: Threshold Corrections

Near unification scale define 1af
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Embedding in SO(10)

[ Key point:  SO(10) x CP D Cpr x CP — PLR}

Quarks and Leptons
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16y
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1010
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45~
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SU(B)C X SU(2)L X U(l)y
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Flavor in SO(10)

Froggatt-Nielsen f I H ) 4
for UDE .16 I16 SO(10) x CP
, . ¥ o o M l_
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Avoid hierarchical neutrinos via O1g
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A Small Higgs Quartic Coupling in UV
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2. Z32Suggests a Particular Solution to Strong CP
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3. A New Scheme for Coupling Unification

For any fixed v’
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imposes a correlation between
Mp, 3, T
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3. A New Scheme for Coupling Unification

For any fixed v’
>\SM (”U/) =)
imposes a correlation between
Mp, 3, T

For v’ free, no prediction

( )

Higgs Partner GU'Ts

4 parameters: g, yita, Mg, v’
5 observables: «, g, axg, my, mp,
1 prediction
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Gauge Coupling Unification: 4 —2; —2p

Assume zero threshold corrections
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Gauge Coupling Unification: Threshold Corrections
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Gauge Coupling Unification: Threshold Corrections
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Embedding in SO(10)

[ Key point:  SO(10) x CP D Cpr x CP — PLR}

Quarks and Leptons (H,H")

.

(@.0) | (@.0)| H H’

SU(4) x SU(2)1, x SU(2)r|(4.2,1)|(4,1,2)|(4,2,1)|(3,1,2)

SO(10) 16 = 16 16,144 = ¢y

161,23  16H



Embedding in SO(10)

[ Key point:  SO(10) x CP D Cpr x CP — PLR}

I )

Quarks and Leptons (H,H")
(¢.0) | (@.0)| H '
SU(4) x SUQ)L x SU2)r|(4,2,1)|(4,1,2)|(4,2,1)|(4,1,2)
SO(10) 16 = 914 16,144 = ¢

GeV A
SO(10) x CP
45~
107 3

1010

SU(3)C X SU(2)L X SU(2)R
XU(l)B_L X PLR

3—2; —2r—1

H'(1,1,2,1/2)

v
SU(3)C X SU(Q)L X U(l)y

A GeV
SO(10) x CP
20 1016
SU(4) x SU(2)r, x SU(2)r X PLr
4 — 21, —2p
H'(4,1,2)
¥ 10%?
SU(B)C X SU(Q)L X U(l)y




Standard Axion Dark Matter
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The PQ Condensate!
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The PQ Condensate!
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