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V — )\SM|H|4 — m%{|H|2



V = Xsm|H[* —lmy|H|

Might be requirement (anthropic principle),
rather than a prediction of a theory

e.g. Agrawal, Barr, Donoghue and Seckel (1998)
Hall, Pinner, Ruderman (2014)



V =(Asm|H|* — m¥|H|?
Today’s topic

Assume that the SM is valid up to high energy scale



Higgs quartic coupling A
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Why

2107 — M) ~0.01 <1 7



Plan of the talk

* Vanishing quartic from Z2 symmetry
* Strong CP problem

* SO@(0) unification



/> symmetry and
Higgs potential



Introduce Z2 symmetry

H « H’

V(H H') = X(H* + [H'|*) + y| H|H'|* = m*(|H|* + [H']")

Let us assume m >> vgw,
and find the vacuum  (H) = vgw



V(H,H') = M|H|* + |H'") + y| H*|H'|* - m*(|H|* + [H']*)

m2 Uy

o I\ 2
) = o

V(H,H') ~ X(|H|* + |[H']*)* = m*(|H|* + [H'")

Accidentally SU(4) symmetric

Agm = 0



Higgs quartic coupling A
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m® < Agy

More Fine-tuned than SM?

No.

e

cut cut



EW Gauge group

v S>> 0

H’ charged under additional SU(2)’

e

SU(2)r, x SU(2) x U(1)

Az Lo IEEal 2 12

SU(2) x SU(2) x U(1) 25 SU©2), x U(1)y



Fermions

Doublets have Z2 partners

q,¢ < q, 0
q(3,2,1,—),8(1,2,1,—%),]{(1,2,1,—%)
= —,-) | B(+,-) | C(—,+) | D
12 —)(3,1,2,—3)| (3,1,2,2) (3.1
§ IF (.12 | (1,1,2,3) |(1,1,2,—3)|(1, 1.2 -~




A(_v_) B(_I_v_) C(_a_l_) D(_|_7_|_)
¢ [(3,1,2,-%)(3,1,2,—3)| (3,1,2,%) | (3,1,2, %)

6
gle/ (1,1,27%) (171727%) (171727_1) (17172’_%)

A: almost vector-like and anomaly free.

q, I’ are identified with SU(2)1, singlet SM fermions
B S ), U~ ey

B, C, D: needs extra fermion which are identified with

SU(2)1, singlet SM fermions
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/.o symmetry and
the strong CP problem



Action of Zo symmetry
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2. Involving space-time Parity Prp

q(t,x) < ioaq *(t, —)



Action of Zo symmetry

1 1
Q(37 27 17 6)76(17 27 ]-7 _5)7
1. Simple exchange Crr 1 ]

¢'(3,1,2,—2). (L T T
/
q <7 (g

2

2. Involving space-time Parity Prp

q(t,x) < ioaq *(t, —)



Parity

q(t,z) < ioaq *(t, —x)

1 ; 1
== . O\ gtgig e /
L= —-(qyud )H'H "+ —-(qyaq ) HH +h.c.
jff =y, real dety
GG : 6 =0

Strong CP problem is solved!
(Also for Models B, C and D)

SSB of Parity by H’



Parity solutions

* 1978, Beg and Tsao, Mohapatra and Senjanovic

Parity can solve the strong CP problem, H(2,2).
Dangerous contribution from complex phase in the
Higgs potential (1991, Barr, Chang and Senjanovic)

* 1989, Babu and Mohapatra

H H’
Model A with soft Z2 breaking
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Matter unification

1 1
372717_ 78172717__7
q( q) >

_ 1 1
(3.1,2,—=),0'(1,1,2, =
q( 6) ( J 72)

q,¢,q', ¢’ =16

H I 18



Symmetry breaking chain

SO(10)

* Very High energy scale

SU(B)C X SU(Q)L X SU(Q)R X U(l)B_L

v

SU(S)C X SU(Z)L X U(l)y
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Couphng unification
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/.2 symmetry

. q < q

Part of the SO(10) symmetry

Often unbroken even with GUT symmetry breaking

Asm = 0



/.2 symmetry
s gt r) & iagq/*(t, —x)

SO(10) with 16 fermion is chiral. No parity?

CLR x* O P = PLR

| P '\ SsUBY X SU@Q) xSU@QexU: -



Intermediate Pati-Salam

SU3). x U(1)g_1, C SU(4)

1 1
Q(ga 27 17 6)76(17 27 17 _5) = (47 27 1)

= 1 1 =
q/(37 17 27 _6)76/(17 17 27 5) = (47 17 2)



Intermediate Pati-Salam

1
H(1,2,1,-5) C (4,2,1)

1 =
EE ISR 5) C (4,1,2)

SU(4) x SU(2)r, x SU(2)r
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Couphng Unification

4()()'. u(l) V'= 6x1013GeV

e e :

104 107 10" 10 106
u/l GeV




Coupling Unification
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Coupling Unification
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Summary

A~ (] o
to determine VvV’
A

Accidental SU(4)

/.2 and its SSB by H’
Parit)/ \Eixtra gauge group

neutron EDM? Proton decay
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Loop correction to

Suppressed by loop factors, flavor mixing



Correction to the gauge coupling
unification by high dimensional operator

SO(10) 28 SU(3) x SU(2)r. x SU(2)r x U(1)s—r, X CrR

210abcd
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Fy Fg A (;) <10

SO(lO) <GP ﬂ SU(S) X SU(Q)L X SU(Q)R X U(l)B__L X PLR
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Correction to the gauge coupling
unification by high dimensional operator

SO(10) 2% SU(4) x SU(2)L x SU(2)r x CrR

54ab
M,

2T
Fi§ Ftg A (;) <1

SO(10) x CP 2% SU(4) x SU(2)L x SU(2)r x PLr
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