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Abstract: | will introduce my recent works on the phenomenology of solutions to the strong CP problem, QCD axion and Parity. | will first des
the production of the QCD axion in the early universe and show that the dark matter abundance is naturally reproduced for a wide range
parameter space. | will then show a tight relation between the Parity solution, dark matter direct detection, the proton decay, and the
measurements of the standard model parameters.
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QCD seems to preserve CGP

N;li\'cl}; neutrons must have electric (lip()lc moments

d3 1 d,/Je~01fm~10"cm?

/o {

P 3%
i H = dn

However.

. —26 )
([4”/6 = 2.9 x 10 ; CIn Baker et.al (2006)

CP=1
dné .S = -d.”E . S = d,—1
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y B
CP 1s not preserved in SM
More precise discussion with quantum field theory
dn/e ~ 5 % 1(]7169 cm Crewther, Vecchia and Witten (1979)

0= argdet(m,mg) + fqcp < 107

AN

CD
i HY Qi + vl HQud; + 3‘% ~GG
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Part 1
Parity solution, DM, GU'T




A space-time parity?

L. R
b
K li

d.E.-§S=— —d E-§

~

X j 2CD
GG+ —GE 39,2

The symmetry must be broken cvcmuall_\'
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"BEY e s e o dians o o
CP symmetry :
particle anti-particle

L CP T R
i i

q(t,x) <> 102q" (t, —x)

Essentially complex conjugation symmetry, HTQ“
: % wr e A i 1 U
predicts real Yukawa coupling, no CKM phase Y
nd introduction of complex phase really
Sophisticated way to break CP is required

Nelson (1984), Barr (1984)
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(Generic Parity symmetry ?

Mohapatra and Senjanovic (1978)

. DUy &
i
i i

q q #4q

Yukawa coupling may be complex

!)"-'.f-—' and Tsao (1978)

(Correction from quark masses should be checked)

Need extension of gauge groups, and breaking of them

[nteresting phenomenology ?
o L=
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Strong CP problem solved
Correction from quark masses?

complex conjugate

L=yHQu+ vy HQuW +yHQa +yHTQat

4

cancel with each other
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Dark matter
Dunskv. Hall. KH (2019)
(J(l);:][\l

Mirror L'h;n‘gcd lcpt(ms & b;ir_\'(ms are stable

J— - - /
¥ Their masses? mgr = Ysmv

¥ The interaction strcngth with SM p;trticlcs?

Both are predicted
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Prediction on v’
Hall. KH (z018)

V(H,H') = M|H|® + |H'")* + X|HP[H'|" = m*(|H|" + |H'|%)

To raise new quark masses, (H') =v' > v

2
T 9

El"“ H H

Integrate out heavy d.o.f. * / NH|*+ H’

o~ 2)\’:"“|H|‘3 (1+—)|Hy’
V| < 1 H H
)\SM(U ) —% |

a3
Yt

1672

iy =

R [

: /
One-loop correction: Asm(v') ~ —
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pseudo-NGDB Higgs

Hall, KH (2018)
V(H,H) = X(|H|? + |H'|®)? + YTH4HEL? — m?(|H|)? + |H']?)

Accidentally U(4) symmetric 4= (H,H
Uy ->UQG) by H’

16—-9=7=4+3
Wi L
SM Higes is a l)scud() Nambu-Goldstone boson

)\SM (’U’) =
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Prediction on interaction

q q Dunsky, Hall, KH (zo19)
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l)nmh_\; Hall, KH (zo19)

e' DM Direct Detection Rate
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SM parameters and DM

Dunsky, Hall, KH (2019)

e' DM Direct Detection Rate
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C . - R Dunsky, Hall, KH (2019)
- o N =
v (1H” — [H'?)GG
ol
6IC
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Small v’ : DM direct detection

Pirsa: 19030105 Page 19/60



P{\l
.'-7‘_ l‘! ] ] ] 3
| -’?ﬁ
f‘i I (
( { 1 > | I ‘




3-2-2-1, LR symmetry

" o
Babu and Mohapatra (1989)
L-weak charged R-weak charged
L P L.
' 7(3,1,2,-1/3) = (@, d)

q(3,2,1,1/3) q

E(12:1,-1) H L'(1,1,2,1) = (¢, N)

H(1,2,1,1)
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Strong CP problem solved

No gauge invariant renormalization coupling
L= o L

Cij Wil =
{U’ & ’ q(t,x) <> i02q ~(t, —)

/“—\ c = c',arg(det[c]) = 0
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Non-zero CPV
Hall, KH (2018)

i

|
00Ty,
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N mE ]_ 1 Zt; 2(;
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ch

Suppressed by loop factors, flavor mixing
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SO(10) embedding
Hall, KH (2018)

SO(lO) H. H' C 16

' q.f.q.0 =186

S[}( ) Xé(]( )] XbU( )RX(](I)BﬁL

W () #0 \]

=

SU(3). x SU(2), x U(1)y
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Coupling unification

400? u(1) v'=10"°GeV
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Coupling unification
108

Hall, KH (2018)
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To do list on GUT

¥ The threshold corrections at the GUT scale? Will be
smaller than SUSY GUT

¥ Two 'lo(Jp corrections?
¥ Bottom-tau unification?

* DM?
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Intermediate Pati-Salam
Hall. KH (2018)

50(10) H,H' C 16

g l,q . 0 =18

* ¢ = (u,d),l! De

SU(4) x SU(2)r x SU(2)g
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Coupling Unification

Hall, KH (2018)

400' u(1) V'=6X1013G9V-;

[ SU(4 Z

d“ ! o :::' .

= s, " _— :
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ol
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-20 smaller top mass
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Coupling Unification

10" F i Hall, KH (2018)
F D422=10 5 ! ’wﬁ
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DM

direct detection

irsa: 19030105

Strong CP

|
Parity

32211 , 3221 Or 422
/\SM('U ) ~ ()

Summaryv of Part
S y of Part |

neutron EDM

GUT

proton decay
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Part 11
Axion solution and
dark matter




Axi0on

Peccei and Quinn (1977)

r . Weinberg (1978), Wilczek (1978)
psmld() Nambu-Goldstone boson g )

(0 + ;_L)a(: <9+%>_U

3272

10° GeV
mg, = 6 meV ,

J A

P\
102 GeV

DM candidate !

12
Ta ™ 10 X tuniv
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Axion searches
fa(GeV)
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BH SN1987, an
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Axion searches

fa(GeV)
10'° 10" 107 10" 10" 10"4 1073 1072 10" 10" 10° 108 107 10°
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Axion production 1n the
early universe
¢ Mis-alignment mechanism
« Decay of topological defects

¥ Parametric resonance
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Axion production 1n the
early universe
« Mis-alignment mechanism
¥ Decay of topological defects

¥ Parametric resonance
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Mis-alienment mechanism
—
)
Preskill, Wise, Wilczek (1983)
Abbortt, Sikivie (1983)
Dine. Fischler (1983)

Axion will not be at the minimum

e’ O JT
2

6‘)mis

B

Oscillation behaves as matter
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Small decay constant

* Easier to understand the P(Q symmetry as an accidental
S\ mme Lr}' Kamionkowski and March-Russel (1992)

Barr and Seckel (1992)

Holman, Hsu, Kephart, Kolb, Watkins and Widrow (1992)

KH, Ibe, Schmitz and Yanagida (zo13, 2015)

¥ Unification of the PQ breaking and the SUSY breaking

KH, Ibe, Schmitz and Yanagida (2015)

KH and Leedom (2017)
f‘z

. 2
; fa,
772»3/2 ~J Fpl — IOOG(‘V 1010 GeV
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Small decay constant

Co. Gonzalez,. KH (2018)

Large QCD scale, shift of potential by i in the early universe

early

universe
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Small decay constant

Co. Gonzalez, KH (2018)

Bili =
392 (@ + Oqcp + arg det(m,mq))GG

L=y, H,Qu+ ysHaQd

Hu ¢ Hd ©

Wi= —B/_LHqu
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Small decay constant

Co. Gonzalez. KH (2z018)
1

39702 (a 2 HQCD + arg det(fm,ufm..d))GG

L =y,H,Qtu+ ysHyQd [ 7shift
llLl T I[(l A

V= '—'B[,LHqu -+ CI{‘I‘2 Hqu Assume approximate CP
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Small decay constant

Co. Gonzalez. KH (2018)

10—
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10° J_MJ L .“Mi L 2 SR T e N | (- _UMI S LS 'le Ml RS i

e R R S G I e SN 1 S [ [0 B (3 S [ i (o G (0 Sy (o W 1 e [ e 1

T 860 = 77 - Opmis

(Quantum correction

from weak CPV
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l.a 12C deca y COIlS tant

AI1TOoe 73 Tl . Co, Gonzalez, KH (z018)
Large QCD scale ? e
. > . - r . reroe - Y 10 E
in the early universe e
Dvali (1985) 106; Inefficient early relaxation
Banks and Dine (1997) ‘ ma << H,
Co, Gonzalez, KH (2018) '
105;
%‘ i
O 10%F
= |
10%F
10%F
o 2
= ; D17 1011 et “{:“liz = A.,...Jm s ...,.JM f— e B
Omis #0 from small CPV 10 10 10 10 10
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Parametric resonance
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PQ symmetry breaking field : P

Radial-direction : S
;\ngular direction: a
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Parametric resonance

Co, Hall. KH(z017)

_ T.1
P = S(t)exp(i aé'[(t))) ~ S(t) + ta(t, x)
“s 9 V, Lj X
a+ (k°+ é ))(}J(/ﬁ:,t) = ()

Axion can be amplified for some value of k
typically around the f:‘c(_]uemry of the oscillation

E

The radial direction energy is transferred into axions
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