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Summary

* Parity symmetry can solve the strong CP problem

* Dark matter and baryon asymmetry can be explained
for a range of parity symmetry breaking scales

* The symmetry breaking scale is correlated with
the top quark mass and the strong coupling constant

* The parameter space can be probed by the warmness
of dark matter and measurements of SM parameters
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T'he strong CP problem

Neutron Electric Dipole Moment

d e
\ d 3 H=d,FE- -5
/ dy/e ~ 0.1 fm ~ 10~ cm ?
w3

dn/e < 2.9 x 10_26 cm  Baker et.al (2006)

—

Suggests CP symmetry forbidding H = d,E - S

But CP violation from quark masses is essential for CKM phase

Strong CP problem

4

't Hooft (1976)



Parity solution

Mohapatra and Senjanovic (1978), Beg and Tsao (1978),
Babu and Mohapatra (1989)
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Parity solution

Fermions wim; ;U + u) m;}
Left Right >< ><
—T
U; (t, $) <> UT (t, —$) u iU T ujm U
» Hermitian mass
Gluons (CP is violated!)

Gor = —Gon =3 6’9@1{5@

Goz — Gag  etc

)

Ocpy = HQCD e arg(detmij) =0
6




Parity 1s broken

ur, UR

P 3

Lee and Yang (1956), Wu (1957)



New gauge bosons

ur, UR

WL WR

Left-Right symmetry IR

e, g U

mw,; < Mwyg by spontaneous breaking of the LR symmetry

Lee (1973), Pati and Salam (1975),
Moahapatra and Pati (1975), Senjanovic and Mohapatra (1975)

The strong CP phase may arise again
after the spontaneous breaking

¢ (I will detail more later)



Right-handed neutrinos
(= (ve) & L= (N)e)

¥ Dark matter

N is neutral and may be stable enough

Sterile neutrino dark matter
Dodelson and Widrow (1993)

Khail and Seto (2008)
Bezrukov, Hettmansperger and Lindner (2009)
* Bar yon asymmetr y Dror, Dunsky, Hall and KH (2020)
/ g
N —— Lep togeneSIS Fukugita and Yanagida (1986)
== Dunsky, Hall and KH (2020)
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Minimal fermion model

Mohapatra and Senjanovic (1978)

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

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

£ = (v,e) ¢ = (N, ¢)

Q(ta x) = iGZQ*(ta — X)



Higgses

SUB). X SUQR2); X SUQR)p X U(1)g_1

TR(1919391) parlty
\

T;(1,3,1,1)
SUG3). X SUQR2); x U(1)y

®(1,2,2,0) _ parity

\4

SUB3),. X U(Dpy ©*



Yukawa couplings

Let us concentrate on quarks
SUQR) SUR), SUR)g, U(l)g_1)

¢(3.2,1,1/6) ®(1,22,0) G(3,1,2, — 1/6)

B , B Parity
viq:Pq; + y;9:P*q;+h.c. b < b*

yukawa couplings are Hermitian because of the parity symmetry

det(y), det(y") are real

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



Yukawa couplings

Yy4i®q; + y;q:9*q; +h.c.

(1.2.2.,0) o2

Suppose @ is pseudo-real : e®*e = ©

. . v 0
Viq®g;i+h.c. with ®@= (O v*)

mu,ij — yijv’ md,ij — yijv>X<
det(m,) X det(m,) is real, but

m,=mg,; m.=m, m = m,



Yukawa couplings

Yy4i®q; + ¥;q:2*g; +h.c.

®(1,2,2,0)
(I) = (H19 Hik)
Suppose @ is complex

v; 0
D =
0 v
— y)® — /y)®
mu,lj — yijvl + yijvz ’ md,lj il yleZ T yijvl

Realistic quark masses can be obtained, but

det(m,) X det(m,) is NOT real unless arg(v,) = — arg(v,)



Phase of Higgs VEV

Most of the parameters of the Higgs potential

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

O, |®],D° + O
However, we must introduce
SU(2), symmetry breaking field Ty and its parity partner 7;
e | Ty |*®* + | T, |* D>
+e | T |* D% + 7| T, |* ®?
Foo T,

- D’ + D D ey, +h.c.



Way out

eia‘TR|2(D2 eia‘TL‘zq)*z
+e | Tp \ZCID*2 +e | T, \26132

We must forbid these quartic couplings

EX. Supersymmetry Kuchimanchi (1995), Mohapatra and Rasin (1995)



Minimal Higgs model

Babu and Mohapatra(1989)
SUQB), X SUR), X SU2)p X U(1)g_y

He(1,1,2, — 1/2)

SU3), X SU(2), x U(1)y I paits

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

\4

SUB), X U(D)gpm



Fermion sector?

SUR2), SU(2)x
g = (u,d) Parity g = (i, d)
G210 f—y (1216
= (v, e) £ = (N,é)
(12,1, = 1/2) (1,1.2.1/2)

But yukawa couplings are forbidden

gt



Yukawa couplings

Babu and Mohapatra(1989)

Va1 U; + Y;iqiHRU; + M, UU;

2

VA
—qqH, H
M > yvj, » p R

right-handed quarks ~ g

(not viable for top)

M <K 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)

I will consider the minimal Higgs model in the following
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Production of dark matter

Relativistic freeze-out + dilution
e N
WR
u d

Decouple at

4/3
"GV 100 Gev

Too much unless m,, < 100 eV, for which dark matter is too warm

* larger m,, and dilution

Bezrukov, Hettmansperger and Lindner (2009)
Asaka, Shaposhnikov and Kusenko (2006)
Nemevsek, Senjanovic and Zhang (2012)

Dror, Dunsky, Hall and KH (2020)

Other POSSlblhtY Khail and Seto (2008), Kusenko, Takahashi and Yanagida (2010), ....

includes free Ze—in. Dror, Dunsky, Hall and KH (2020)
23



Dilution by heavy
right-handed neutrino

Three right-handed neutrinos N, with masses M,

(The numbering not necessarily corresponds
to the numbering of SM neutrinos)

N, : Dark matter
N, : Long-lived, dominate the universe, decay, and dilute dark matter
N; : (Provide quantum correction required for leptogenesis)

QNl . M1 300 GGV Tdec
QDM N 10 keV M2 10 MeV

Don’t disturb BBN : Ty4ec > 4 MeV
* Large enough M, is required

24



Right-handed neutrino mass?

¢ = (v,e), £=(N,e)

. ci_ d.. _

— (.0, H H "Vl HpH Jp 0 Hr H

QAEZ LI17, 2A€€ RITIR A 44 LLILR
/] g

M, i
—ZZHLHL | NN —I—waNHL Yig = A%

2\
LN e
5M

=—— yzky]kvL
my 1] 1] Mk: L L
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Right-handed neutrino mass?

/ vL y21, %
yzz (_L> M, - Vg }yz/

Y1:Y3 %M UL) Y33 o
— v — | M3 — ==
ﬁ/ ol ( . 21, "L

Y1is Y2i
Ny o Enough stability of N, ,

Hy

2
WS — (U—R> X (observed SM neutrino mass)

e, Dror, Dunsky, Hall and KH (2020)



M [keV]

On,  M; 300 GeV  Tyec

M, [Ge\/] QDM = 10 keV M2 10 MeV
| 102 10* 109 108 100
\ Mo — /A2 (vR)2 ~ Too early decay of
2 — sol \
= N, by Wy
e
% \ I
§ W
% R
&é’
= 21cm lines M5
[~ =2 oo
Ur
| Dror, Dunsky, Hall and KH (2020)
.. TOO W\arm DM\ e Dunsky, Hall and KH (2020)
108 T 1019 101! 102 10%3

vg [GeV] = M o< \/Am2,,, : backup
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Leptogenesis

Fukugita and Yanagida (1986)

lepton anti-lepton

Lepton asymmetry

non-perturbative
weak process

(sphaleron)

v

Baryon asymmetry
30



Yt1ir Y2i
are small

Etfficient?

2

m M m2v?
» (asymmetry) oc@< i’ V4R
I T P

2

Y3kY3r Uy,

9
VT,
My 33 — — - M <—>
Mk VR

Leptogenesis favors large VR, which is however

distavored by DM production
31




Resonant leptogenesis?

asymmetr cx
* ( y Y) M3

H \\ Flanz, Paschos and Sarkar (1995)

Achieved by approximate symmetry that imposes M, ~ M,
e.8., SUQ)gavor f  (£2,43)

This is necessarily broken by the charged lepton yukawa




Cancelation ?

Consider the following UV completion of the dim-5 operators:

_ 1 2 =
AS(CH + THR) + =msS>  wmlls > (tH, + [Hp)’

2 ms

Only a linear combination of v and N obtains a mass

?JQU% Vi UL .
y — — { S— — O
4 M (UR>

Still, quantum correction generates a non-zero neutrino mass

Not as efficient as
the resonant case

Hyp, H
¢

= L
=A— 4
a Wi S /

33



M [keV]

10 i 10° 10° 107
R EAMLERL R USRS R AR
k Normal Hlemrc}l}; * Inverted hierarchy:
UR
10° = My, =V AmZ, (7> = backup
: ¢ :
2
Z,
©
O("
> 3
i N N ’Oo
> &0
% S [ < Degenerate mass
o ot
10 — &F b/\? 21cm lines —
B ]
* & | «—— No degeneracy
,bl i
=
oo ... ./ Toowarm DM = ©
10° 10° ——0 " — 16 10"
URr [GGV]
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Dunsky, Hall and KH (2020)
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Vanishing quartic

0.15)

\ Miop=173.1 GeV

as(mz)=0.1184

I will show that ol my=125.18 GeV
ol <He>)=0 3 |
sml < g > ) = ;|

~ 0.05} < Hp>
because the Z2 symmetry constrains | *

the potential of HL. and HR  0.00|

] ] | I
102 105 108 10" 1014
u ! GeV

Generically applicable to a theory with H & H’
For LR symmetric theories, H = H;,, H' = Hy

36



Higgs potential

HP
VAR \/\
V= (A1H* = m? | H? )+ (21 H1 = m? | H? )45 | HPLH P

2
= A ([HP+1H P =v2) +y HP | H]?

Can we find the minimum with

(H) < (H') 7

=k



V=AM|H

)
‘ e

M

"Av

y >0
‘2+ \H’\z—v’2)2+y\H\2\H’\2
}
“ <H >=0
L

Va; R ,
""5/‘\\&",

m"

<H>=0

* 'H/



y <0
V=A|H|*+ |H|*=v*?*+y|H|*|H|
HA

<H>=<H'>
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V=A(|H|

y =0
S H|P = v+ yTHHIHE|

........
~
~
N

L" i
/7;".‘;.\.'!. i,
///

symmetry rotating the vector
(H, H)

40



y =~ 0

V=A(HP + |~ v ST

“‘“ /i,:;gx'. '4! ‘l 4 ,/,/ V

\ 5 g M"‘

~
..~
L 7

(H) < (H')?

Degeneracy is resolved by quantum corrections




y =0
V=AH|"+|H'|" = v??

V(g) ¥y =0, tree level

.....
N

/2

Y

>

H/

angular direction ¢

42
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y 2 O Coleman-Weinberg potential

/

V=2H|"+H'* =) + Vyunum(H, H')

quantum

y = 0, quantum correction

H H
e \‘ top quark )//
) 3

o
N
ST

<

43



y =0

V=A(HI"+ H> = v+ VuumH. H) + y | H|* | H'|?

uantum
2
y o~ - quantum correction
2
H, I v
Lok ... (fine-tuned Higgs mass)
Nk,

-
<H> < <H/> is achieved !

44

Bt
N |

¢

Hall, KH (2018)



Prediction on the quartic coupling

Hall, KH (2018)
Ve~ AM|H|>+ |H'|* = v?)? + small corrections

A
oy ] T N~
A S
NK ‘ s
‘&:f ,} ‘
\V r‘/’/// ‘\
Wy ‘ :
W7 2 1), v H ~ ¢y
H’l

symmetry rotating the vector (H, H')

Standard Model Higgs is a (pseudo) Nambu-Goldstone boson
associated with symmetry breaking by (H') =/

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




Vanishing Higgs quartic

/1 0.10
SM |
0.08 I 30 bands in )
\ M, =173.3 £ 0.8 GeV (gray)
a3(My) = 0.1184 + 0.0007(red) ]
0.06 \ M, =125.1 £ 0.2 GeV (blue) )
£
= 0.04
Q
2
5 002
o
o0
oh [
= 0.00
~0.02 |
_004; | | | | | | | | | | | | | | | | I
102 104 10® 10%® 10'° 10> 10" 10' 10'® 10%

RGE scale u in GeV
46  Buttazzo et.al (2013)



M [keV]

10 i 10° 10° 107
R EAMLERL R USRS R AR
k Normal Hlemrc}l}; * Inverted hierarchy:
UR
10° = My, =V AmZ, (7> = backup
: ¢ :
2
Z,
©
O("
> 3
i N N ’Oo
> &0
% S [ < Degenerate mass
o ot
10 — &F b/\? 21cm lines —
B ]
* & | «—— No degeneracy
,bl i
=
oo ... ./ Toowarm DM = ©
10° 10° ——0 " — 16 10"
URr [GGV]
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Dunsky, Hall and KH (2020)



== B -E===—=————-——
- Normal Hierarchy
- ag(Myz) =0.1181
Tuned Leptogenesis Insufficient Dilution
% 21cm lines
= 10— —
=
Too warm DM
e SN B I L =
175 174 173 172 171
(I [GGV]

Inverted Hierarchy: backup 48 Dunsky, Hall and KH (2020)




Summary

* Parity symmetry can solve the strong CP problem

* Dark matter and baryon asymmetry can be explained
for a range of parity symmetry breaking scales that is
correlated with the top quark mass and the strong
coupling constant

* The scenario is probed by the observation of the
structure formation and the measurement of the

standard model parameters
2004.0941T

2007.12711

49


https://arxiv.org/abs/2007.12711
https://arxiv.org/abs/2004.09511

Discussion

The correlation between the SM parameters and
the symmetry breaking scale is applicable to
generic Z2 symmetric theories with H < H’

* SO(10) gauge coupling unification and proton decay
Hall, KH (2018)

¥ Mirror dark matter and its direct detection rate
Dunsky, Hall, KH (2018)

¥ (Gravitational waves from mirror QCD phase transition
Dunsky, Hall, KH (2018)
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https://arxiv.org/abs/1905.12722
https://arxiv.org/abs/1902.07726
https://arxiv.org/abs/1908.02756

M [keV]

Summary

M [keV]

fif— — T
- Normal Hierarchy
 ag(Myz) =0.1181
Tuned Leptogenesis Insufficient Dilution
21cm lines
10 N
Too warm DM
=——— ==l —_— | — L
525 174 173 172 171
my [GeV]

102

Inverted Hierarchy

- Tuned Leptogenesis

Oés(Mz) = 0.1181

Insufficient Dilution

21cm lines
10
Too warm DM
175 174 173 172 171

my |GeV]
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Enhancement of
lepton asymmetry
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Two ways of enhancement

1. Cancellation between the two terms in m,

2
Y3kY3kVE g [ L
My, 2 \ g

My 33 —

2. Degenerate masses
Flanz, Paschos and Sarkar (1995)

M2 3
M3

54



1. Cancelation

= 1 2 =
)\S(KHL + KHR) + —m552 * )\—(KHL —|—€HR)2

2 ms

Only a linear combination of v and N obtains a mass

3/2?1% Vi UL :
p = — I —_— — O
. M (UR>

Still, quantum correction generates a non-zero neutrino mass



2. Degenerate masses

Approximate symmetry that ensures M, ~ M,

e.g., SU2)qo of  (f2,£3)

This is necessarily broken by the charged lepton yukawa




Degenerate mass

<+——— C(Cancellation

<+——— No enhancement

e 10* 109 108 100
* Normal Hierarchy -
) 2
103 = Mg = Amgol (—R) %
i v ]
< ]
2
-y
©
0((
) 9,
=~ 107 ©x. =
D D ©
= g AN
= 5 5 /1
M Q0
L/ &
10— & = 21cm lines 4
; % §
IS A
IS
&~
E | | Toq warm DM
10° 10° 10 10 10— 18-
UR [GGV]
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Dunsky, Hall and KH (2020)



Vanishing quartic



Additional figures



102 10* 10° 10° 101Y
\ BN @3 | | | S
N tamvam &)
103* atm v =
— 10%1 g .
= 00 S
i, i Avad
- %
= &g;
1()? 21cm lines N
| | Too W‘arm DM | | \ _
108 10° 101° 10t 1012 1013
UR [GGV]
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M [keV]

102 10* 109 108 1010
i Inverted Hierarchy
v 2
103 = M2 =V Amitm (%)?
%,
S
102 ¢ N
T Y
i . Of
~ 57 o)
QO o) \//
AN IS 2
o)) &
N 80 o
% S ¢
10 & S 21cm lines -
i O 1
S
~
&
1 Ll | | Too warm DM |
10° 10° 100 10! 10%2 10%3
UR [GGV]
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M [keV]

IIIIIIIII

““““ |
Inverted Hierarchy

as(Mz) = 0.1181

- Tuned Leptogenesis

IIIIIIIIIIIIIIIIII

Insufficient Dilution

21cm lines
10 —
Too warm DM
e . - = =
175 174 173 172 171
T [GGV]
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M1 [GeV

1072

10 e
L

107!

=
g I

10~ 21cm Cosmology ~ : : 1074 21cm Cosmology ...... I

10-5| | 107 PR
g Warm DM : - i Warm DM ' _ ]

10=°¢ | 1076 | o
: i S : |‘ :
SRS S s W — ~ & b B S D > | P sy e oy =
10° 10° 101" 10t 1012 10 108 10° 1010 101 1012 1013

vg [GeV] vg |GeV]



Non-zero theta term



Quantum corrections to the theta term

yHrqu + Muu+ yHrqu

M > yvg

g ~ 2% gugd < o107
Hall, KH (2018)




Quantum corrections to the theta term
yHrqu + Muu+ yHrqu

M < Yvpr

O~ 101

Ellis and Gaillard (1979)
Barr, Chang and Senjanovi¢ (1991)



