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Summary

* The strong CP problem may be solved by Parity
symmetry

* In models with the minimal Higgs content, the Parity
breaking scale can be determined by the SM parameters

* Signals of or constraints on baryogenesis, dark matter, or
gauge coupling unification models are correlated with
SM parameters
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T'he strong CP problem

0
A i 2 viHod + 2P 6é
S — ngqu-uj+yleqidj F 2 GG

0 = argdet(m”md) Oocp < o=

Despite y*“ having O(1) complex phases

The strong CP problem



Parity solution

Mohapatra and Senjanovic (1978)
Beg and Tsao (1978)

Babu and Mohapatra (1989)

Barr, Chang and Senjanovic (1991)
Hall and KH (2018,2019)




Parity solution

* Minimal fermion model

Mohapatra and Senjanovic (1978)
Beg and Tsao (1978)

* Minimal Higgs model

Babu and Mohapatra (1989)

Barr, Chang and Senjanovic (1991)
Hall and KH (2018,2019)



Minimal fermion model

Mohapatra and Senjanovic (1978)

Beg and Tsao (1978)
SUQ2), SUQR)g

g = (u,d) Parity g = (i1,d)

£ = (v,e) ¢ = (N, e)

Q(ta x) = iGZQ*(ta — X)



Higgses

SU3), x SU2), X SU(2)p X U(1)x

TR(1919371)

arit
P |
T,(1,3,1,1) SUG3). X SUQR2); x U(1)y Y=X+ T
parity d(1,2,2,0)
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Yukawa couplings

Let ncentrate on quark
€t us concentrate on quarks (SUQB),, SUQ2)., SUR)g, U(1)x)

q(3,2,1,1/6) @(1,2,2,0) g(3,1,2,— 1/6)
Yiidi®q; + y;iq:P*q;
Parity
kR P* gk Fakda
+y:q;7®* G + 3,97 Pq;
y = y' because of parity symmetry, so det(y), det(y’) are real

The strong CP problem is solved?
Wait, the phases of Higgs vev?



Phase of Higgs VEV

Most of the parameters of the Higgs potential

are real because of Hermiticity and parity
‘// / O & P*

|D|*, |D|*, D+ D2

However, we must introduce
SU(2), symmetry breaking field Ty and its parity partner 7;

e | Tp|*®* + | T, |°®*+h.c.

e T
» e'*P? 4 e~ P™? complex Higgs VEV!



Way out

e | Tp|* @ + €| T, |* @™
+e | Tp \ZCID*2 +e | T, \26132

We must forbid these quartic couplings

Ex. Supersymmetry Kuchimanchi (1995), Mohapatra and Rasin (1995)
quartic gauge
\ /
\ ~ Ny
\ _ 4
Yy S— }
7N S.
AN 7 =



Minimal Higgs model

Babu and Mohapatra(1989)

SUB3), x SU2), X SU2)r X U(1)y

He(1,1,2, — 1/2)

\ 4
parity I SUG3). X SUQR2); x U(1)y Y =X+ T;p

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

\4

SUB3),. X U(1)pys 0=Y+Ty



Fermion sector?

Let us try the minimal content

SU2), SU2),
g = (u,d) Parity g = (ii,d)
(3,2,1,1/6) H (3,1,2, — 1/6)
£ = (v,e) £ = (N,e)
(1,2,1, — 1/2) (1,1,2,1/2)

But yukawa couplings are forbidden

et



Yukawa couplings

Babu and Mohapatra(1989)

Introduce SU(2); x SU(2), singlet, Dirac fermions U, U, D, D

viig:H, U; + Y qiHRU; + M,UU;

2

Voo
—qqH,; Hp

M > yvp » M
right-handed quarks ~ g

Yiidi UjHL

M < yvp » right-handed quarks ~ U



Yukawa couplings

Babu and Mohapatra(1989)

vigiH, U; + Y;iqiHRU; + M,UU;

@ 9 ) 6)

det(m ) o det(yy')  is real
Strong CP problem is solved!

(Quantum corrections are found to be small enough)

Hall, KH (2018), de Vries, Draper, and Patel (2021)
Hisano, Kitahara, Osamura, and Yamada (2023)



Mirror variant

Barr, Chang and Senjanovic (1991)

SU3), x SU2), x U(1)y x SUQ2); x U(1),,

SM particles New particles
q’ 11, d qa, ua’ da
L, e L, e
H 126
electroweak electroweak’
W,Z SUQ2)r xU(l)y SU2): x Uil &
v H H

vy  U(l)em Ulgm 7V
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Minimal Higgs model

SUB3), x SU2), X SU2)r X U(1)y

He(1,1,2, — 1/2)

\

SU3), X SU2), X U(l)y I parity

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

\4

SUR), X U(1)gm

How to obtain v; > v; despite the parity symmetry?



Higgs potential

T - \/\

V= (21H I = m? H P ) +( 1 He ' = m® He |*) +5 | Hy P Hy

2
=/1<‘HL‘2+ ‘HR‘z—VQ) +y‘HL‘2‘HR‘2

Can we find the minimum with

<HL> = <HR> ?



y >0

V=2|H, >+ |Hg | = v>> + y| H, |” | Hg |*

HLl
<Hp>=0

<H,>=0
o II_IR




y <0

V=2|H, >+ |Hg | = v>> + y| H, |” | Hg |*




y=0
V= A Hy "+ | Hy | = v2) + THH He |*

degenerated minima

........
~
~
N




y=0
V= A Hy "+ | Hy | = v2) + THH He |*

degenerated minima

........
~
~
N

<HL> < <HR>

This point can become a minimum by quantum corrections



Prediction on the quartic coupling

2 5 Hall, KH (2018)
Ve A(|H |” + [Hg|” — v’z)2 + small corrections
H Ia
ol YA %’i r//,//// ~~~s~‘
L oy, ,\qs § H ~ ¢v
>
HR

symmetry rotating the vector (H;, Hy)

Standard Model Higgs is a (pseudo) Nambu-Goldstone boson
associated with symmetry breaking by (Hg) = v’ = vg

ES_M(V ) ~/ q (up to calculable
R threshold correction)




Vanishing self coupling
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Precise measurement
and parity

top quark mass
Higgs mass
strong coupling constant

Parity symmetry
breaking scale

Higgs quartic coupling A

Hall and KH (2018, 2019)
Dunsky, Hall and KH (2019)
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Precise measurement
and new physics

Hall and KH (2018, 2019)

Dunsky, Hall and KH (2019)
top quark mass

Higgs mass

strong coupling constant
Baryogenesis,
Dark matter and its detection,

gauge coupling unification
and proton decay; ...
Parity symmetry f

breaking scale
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* Leptogenesis
* SO(10) unification

* Mirror electron dark matter



Leptogenesis

Fukugita and Yanagida (1986)
Right-handed

neutrinos

N

lepton anti-lepton

# N

‘0
* *
0’ ’0
* *
0’ ’0
* *
‘0 ” T
* *
0’ ’0
*
*

Lepton asymmetry

non-perturbative
weak process

(sphaleron)

Baryon asymmetry



Leptogenesis

/ H y 14 / /
o ¢ 7 H

AP NG
H “H

mVMN

4 L
2
(3 \y N }/
wP My 10°GeV H H

Davidton and Ibarra (2002)

(asymmetry) oc y* <




Leptogenesis

= (v,e), Z:(Né)

iéﬁHLHL | c ZZHRHR—I— KKHLHR

C
/ / My = 3or
C Mpy

—VWH; Hy > NN +y!NHy




Leptogenesis

2
U
10 GeV < My < my,—5
U
/ \ L
leptogenesis No fine-tuning in m,,

VR Z 1012 GeV

Martinez, Dunsky, Hall, KH (2023)

(can be relaxed by some degeneracy of right-handed neutrinos)






S>O(10) unification

SO(10)

45

\4

SUB3),. x SU2), X SU2)r X U(1)y

<HR>=VR

\4

SU3), x SU2), X U(1)y

Range of vy, is restricted by gauge coupling unification



>O(10) unification

Hall, KH (2019)

1 01 3
45 GUT Higgs

There can be quantum
corrections from
heavy particles around

10171
- the GUT scale

My / GeV

A = max; =

—Hyper-K

101°

E r(p—>e+n°)<1 B6x1 034years typically

= few — 10
(smaller than SUSY GUT)

10° = = = -t - ——
10° 1010 101 1012 1013

VR /| GeV




>O(10) unmification

0.122F ppy =108 Gev

0.121F A<10
' L 45 GUT Higgs
= O.120§

N

£ 0.119} .
S 0.118} .
0.117} :
0-1165' ............ =
171.0 171.5 172.0 172.5 173.0 173.5 174.0
m; | GeV

Hall, KH (2019)



Mirror electron Dark Matter

SM particles Mirror particles
4, 4, d q’, u’, d’
L,e ﬁ L, e
N parity H’
Vs Wv Z }//, W’, A

Mirror electron is stable due to U(1)gyy and
a dark matter candidate with a mass
VR
M, = mev_L



Mirror electron Dark Matter

Dunsky, Hall, KH (2019)

dark matter

/ € = €ree T €quantum correction

e
€
/
nucleon ¢ q
. g G
photon-mirror photon Y~ Y

mixing



Mirror electron Dark Matter

Dunsky, Hall, KH (2019)

Direct detection rate for Xe targets
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Summary

* The strong CP problem may be solved by Parity
symmetry

* In models with the minimal Higgs content, the Parity
breaking scale can be determined by the SM parameters

* Signals of or constraints on baryogenesis, dark matter, or
gauge coupling unification models are correlated with
SM parameters



New Physics at LHC and beyond

We should maximize the impact of future colliders
p > p

»" New particle

* Searches for new particles /‘

¥ Searches for deviation from the standard model

pr edictions N events — N SM prediction :

* Precise measurements of standard model parameters
top quark mass,
strong coupling constant,
Higgs mass, etc.

Any other new physics models
impacted by precise measurements of parameters?
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K ine-tuning

(lHL‘ . ‘HRl —VR “Y‘HL| ‘HRl

//

\% R2 A2

A

cut

Despite the intermediate scale vy,

same as that of standard model



N@Q//CBG\/

Pati-Salam

N420=5

1016

: (p>e* 1t°)<1.6x1

034
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Pati-Salam
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Composition of DM

/

U
€ u' u

/

NS
nm,.»= 4me/ » Signal rates are independent of
relative fractions
Q2 == 22 = 4Q2
u'u'u' e’

But the abundance of fractionally charged particles,
such as u'ud, must be suppressed



V=2(|H, |+ |Hg|* = v’

.....
N

/2

Y

>

Hp

angular direction ¢

y =0

V(@)

y =0, tree level

g



y 2 O Colemann-Weinberg potential

/

V= A(H, >+ | Hg > = v + V. uum(H» He)

quantum

y = 0, quantum correction

H H
e \‘ top quark )//
) 3

3 |
<



y =~ 0

V= A Hy P+ | Hy > = v 4 Vigganam(Hy. Hy) + 3 | Hy | Hg |

uantum
V2
y o , quantum correction
V/Z
™ 1T
Lok ... (fine-tuned Higgs mass)
N ok

"
! - ¢

<H L> < <HR> is achieved ! Hall, KH (2018)



