06/07/2018
PASCOS 2018




V — )\SM|H|4 — m%{|H|2



F — )\SMIH|4 — m%{|H|2
Today’s topic

Assume that the SM is valid up to high energy scale



Higgs quartic coupling A
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Some new physics to
explain A = 0?



72 and its SSB

Strong CP problem| |GUT




Introduce Z2 symmetry

H — H’
SU(2) < SU(2)

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

Let us assume m >> Vgw



V(H, H') = M H” + |H'|*)* + N|H|*|H'|* = m*(|H|* + |H'|*)

m2 9

<H,>2:ﬁ miy ~0— X ~0

V(H,H') = X(|H|* + [H']")* = m*(|H|* + [H'")
Accidentally SU(4) symmetric
SU() ->SUGB) by (H')

SM Higgs is a Nambu-(Goldstone boson

Asm = 0



Higgs quartic coupling A

0.10
0.08
0.06
0.04:—

002 -

30 bands in
M; =173.3 = 0.8 GeV (gray)
az(M,) =0.1184 + 0.0007(red)
M, =125.1 +£ 0.2 GeV (blue)

0.00 L

—0.02 -

—0.04 -

10 10% 1010 10'%2 10'% 10'® 10!8
RGE scale y in GeV

1620



Higgs quartic coupling A
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Fine-tuning

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

2 2 2
“ew " YEw
2 2 2
m Acut Acut

N <1 m? < Acut?

Same as that of SM



Fermions, gauge groups

g+ q =(u,d), L0 De

SU(3). x SU(2), x SUR)r xU(1)g_r, D SO(10)

\/
¢, u,d, ¢, ', d
SU(3). U(1)
or SN, SEZ or



A~ ()

A

Accidental SU(4)

Z2 and its SSB by H’




_ m.“__»




Remnant of SO(10)
50(10) H H e b

q, %, q ¢ =Rl

g = (u,d), ¢ De
SU(B)C X SU(Q)L X SU(Q)R X U(l)B_L

SU(S)C X SU(Z)L X U(l)y
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Couphng unification
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Top-down perspective

SUSY GUT
4 parameters
' gi, g2, gz, VEw

3 parameters

gaut, MguT, msusy

GUT here

4 parameters

' 5 parameters
gi, 92, 93, Yt, Ahiggs

/
gGcuT, MGUT7 U, Yt



Top-down perspective

SUSY GUT
4 parameters
' gi, g2, gz, VEw

Altanative to SUSY GUT?

' 5 parameters
gi, 92, 93, Yt, Ahiggs

3 parameters

gaut, MguT, msusy

GUT here

4 parameters

/
gGcuT, MGUT7 U, Yt



Intermediate Pati-Salam
H, H' C 16

SO(10) 7,

' g = (u,d) 4 =k

SU(4) x SU(2);, x SU(2

1
B,2,1,—)C (4,21

=
H'(1,1,2,7) C (4,1,2)




Couphng Unification

40()'. u(1) V'= 6x1013GeV

- SU@R) — e :
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Coupling Unification
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Coupling Unification
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Parity and
the strong CP problem

(SO(10) is not required)



Parity

H(t,z) < H'(t,—x)

q(t, 1) < ioaq *(t, —x)

Assume SU(3) < SU(3)

GG — -GG

Oqocp = 0



Yukawa coupling?

Ex. Left‘Right symmetry SU3)e x SU2)L x SU2)r xU(1)p—1L
Cij i : !
MHH 1i4; Q(t7 ZIZ‘) <7 1024 (tv —ZE‘)

¢ = c',arg(det[c]) = 0

Also, H and H’ has no physical phase dof.



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 vev (1991, Barr, Chang and Senjanovic)

* 1989, Babu and Mohapatra

H(2,1)+ H'(1,2)
with soft Z2 breaking



Embedding into SO(10)

Q(tv 'CE) = C],(t, aj) Q<t7 .CIZ') 5 7;0-2q* (ta _ZE)
Part of SOG0) CP

.

q(t,x) < ioaq *(t, —x)

SO(10) x CP 25 SU(3) x SU(2)1, x SU(2)gr x U(1)g_1 X PrLr



LLoop correction to €

Suppressed by loop factors, flavor mixing

00 ~ 10~ 11



Summary

A~ (] e
to determine VvV’
A

Accidental SU(4)

Z2 and its SSB by H’
Parit)/ N/Iodiﬁed gauge group

neutron EDM Proton decay




Fermions

Doublets have Z2 partners

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




A(_a _) B(_I_v _) C( ) D(_|_7 _I_)
g (3,1,2,-2)((3,1,2,—2)| (3,1,2,%) | (3,1,2,%)
¢ H'| (1,1,2,3) | (1,1,2,3) |(1,1,2,—3)|(1,1,2,—3)

A: almost vector-like and anomaly free.

q, I’ are identified with SU(2)1, singlet SM fermions

SU(2)

1
T =

= SU(2)r

= ~u / HTH/T |
Al(qy q')

1

; U(l) o U(l)B—L

~/HH/
~7(@Yagq)



1 1 1
Q(Sa 27 17 6)76(17 27 17 _5)7 H(17 27 17 __)

2
el BRSOl ai ) | D
g (3,1,2,-2)((3,1,2,—2)| (3,1,2,%) | (3,1,2,%)
¢ H'| (1,1,2,3) | (1,1,2,4) [(1,1,2,—3)((1,1,2,—3)

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

SU(2)1, singlet SM fermions

L=Hqu+ H'¢u +---

- —/
U <> U




Parity and the strong CP problem
q(t,z) < ioaq *(t, —x)

Model A

1

/ 1
e TUJ/HTHTI
M(C]y Q)

7
ij =y, real dety

qyaq VYHH' + h.c.

GG : 0 =0

Strong CP problem is solved!



Parity and the strong CP problem
q(t,z) < ioaq *(t, —x)

Model B,C
L=yHQu+ vy HQu + vy H Qlal + yH 1Q TaT

dety x dety™ is real

Cancellation between the SM and partners



Parity and the strong CP problem

Model D

q(t,z) < ioaq *(t, —x)

1 1 1
Q(ga 27 17 6)76(17 27 17 _5)7 H(17 27 17 __)

2
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/
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L=yHqu+y*"Hqu +NHqgu +\NH' ¢q'u + h.c.

A

Y

*

-

A

Y

*

Y
)\*

-

£

Yy
A

)\*
Y

-

A

*

Y

Y
)\*

:




Yukawa couplings ..

X
/
SU(3)c|SU(2),|SU2)r|U(1) ||SU(4) SO(10) coupling
up 3 1 1 2/3 || 15 45 XqH"+ X H !
3 2 2 |—1/3|/6/10 || 45,54,210/210 || XqH T+ X¢ H'
down 3 1 1 |-1/3||6/10 10,126/120 XqH + X¢' H'
3 2 2 2/3 || 15 120,126 XqH' + Xq'H
electron| 1 1 1 —1 | 10 120 X¢H 4+ X0'H
1 2 2 0 | 1/15] 10,120/120,126 || X/H' + X/'H
neutrino|| 1 1 1 0 || 1/15 ||1,54,210/45,210|| X (¢H' + ¢ H')
1 2 2 == =10 210 X(H'T + X0'HY
1 3 1 0 1 45 X/HT
1 1 3 0 1 45 X0 HN

>
>
*
>
>
*
*
>
*
*
*
*
*




Yukawa couplings ..

X
Small enough not to blow up the gauge coupling / \
SU(3)c|SU(2),|SU2)r|U(1) ||SU(4) SO(10) coupling
up 3 1 1 2/3 || 15 XqH"+ X H !
3 2 2 |[—1/3|/6/10 XqH'' 4+ X¢ H!
down 3 1 1 |—1/3||6/10 26/120 XqH + Xq'H'
3 2 2 2/3 || 15 120,126 XqH' + Xq'H
electron || 1 1 1 —1 | 10 120 X¢H 4+ X0'H
1 2 2 0 |[1/15 (\/1@120/120, 126 || X¢H' + X0 H
neutrino|| 1 1 1 0 |[1/15 I,/54, 210/45,210| X (¢H' + ¢'H'T)
1 2 2 == =10 210 X(H'T + X0'HY
1 3 1 0 1 45 X/HT
1 1 3 0 1 45 X0 H




CKM phase

SO(10) x CP 25 SU(3) x SU(2)1, x SU(2)r x U1)s_1 X PrR

Real yukawa without CP symmetry breaking

A simple example

= (M"j + i)\ijqb45) X10,i4%10,7



o= Mo

More Fine-tuned than SM?

No.
2 2 2
Yew . " YEw
m?2 A? A?

cut cut

=2 i’ < Acut?



How non-trivial?
Ex. SUSY GUT

3 parameters

gaut, MguT, msusy

v

4 parameters

g1, 42, g3, UVEW



How non-trivial?

4 parameters

/
gGcuT, MGUT7 U, Yt

\ 4

5 parameters

gi, 92, 93, Yt, )\higgs

Altanative to SUSY GUT ?



Couphng Unification
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Coupling Unification
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Correction to the gauge coupling
unification by high dimensional operator

SO(10) 2% SU(3) x SU(2)L, x SU(2)r x U(1)p_r X CrR

210abcd
M,

27
Fio Fj A (;) <10

SO(lO) x P ﬂ SU(S) X SU(Q)L X SU(Z)R X U(l)B_L X PLR

45a¢ 45bd
M, M,

L
FYy Fig > (;) =



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 PLp

210 210 2
FioF 5
M. M. F10f10 A (E) < 1



