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1. CPs
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Symmetry is
beautiful: Gross’
framework,
beginning with a
grand design.

Parity:

Slightly
broken!
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If there exists a possibility of

(CP)L(CP) =L
Then, the CP symmetry is preserved.

The first thing to do is to define fields with

CP guantum numbers. Next, find out terms
breaking CP.



So, CP violation is an
interference phenomenon:

Neutral K mesons are a unique physical system which appears to
be created by nature to demonstrate, in the most impressive manner,
a number of spectacular phenomena.

If the K mesons did not exist, they should have been invented
“on purpose” in order to teach students the principles of
quantum mechanics.  [talk, A. De Domenico, At Corfu LevB. Okun

Summer School, 1 Sep. 2016]

and most importantly,
5. Weak CP violation in the SM.




2. Weak CP violation
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CKM and PMNS matrices

CP violation magnitude by Jarlskog determinant J



After Cronin et al paper, “Need for a
theory of weak CP violation™. KM+...

(1) by light colored scalar,

. _ By Kobayashi-
(2) by right-handed current(s),
(3) by three left-haned families,
(4) by propagators of light color-singlet scalars, and
(5)

5) by an extra U(1) gauge interaction.



The CKM or PMNS matrix is, with the 1st row real,

€1, 51C€3; 5153
—c251, € ©sys3+creac3, —e Ysacs + c1co53
—e"5159, —Co983 + c159¢3€%0,  Coc3 + 159536

V11V22V33 = C%C%C% +£%S%S% + 2C1C2C3S2S3 coso

— 2 ié
The individual element of g;?“?fj)
d t . t N —V]]V23V32 = CICZS? +£157C3 — 2C1C2C352S3 cosod
eterminant is

+ €1C203575,55€%,




It strongly hints CP violation in V by the components of Det. V.

The Jarlskog determinant is
J=[Im V14 Voo V12*Vo 17|, or [Im V;VVii* Vi
(1/2)Area=Two sides times sin of the angle

\ 7

N o
J = €1¢2€3875283 8in d

235159 =




Is Im(V 13 Voo V31) the Jarlskog determinant?

With the usual definition on J:
J=|Im V14 V33 V43*V31*|. Then, on 1=Det V

V1*3 V2*2 V3*1 - |V
+ |Va1* V12 Vas Vi Vs
+ |V13|2V21V32V3*1V2§ — |V13Vaa Va1 | =

V11 Vas ViV — Vi1 VasVaells i
unitarity of V

VigVa Vg = (1 — |V21|2 /
+ V11 VasgVisVor [Var|* + (1 =TV Via Vas Vi3 Vas
+ [Vas|* (V12 Va1 Vi1 Vo + Va1 Vaa Vs Vas)
— V13 Vaa Vg |2
Similar considerations for other elements give the imaginary

part as [(1-[V21]%) -[V34]% +(1-[V11])7]=

imaginary part of
thisis J




1, S1C 3133
—C2S € 5253 + C1C2C3, @ 52C3 + C1C253

X .6. I 50-% - .‘2C36'L5, CoC3 + C182836z5

J=|c,c,C38:°S,8;5sin(delta)]

All three families participate.
And also u-type quark masses

must be different, and d-type
guark masses different.




There are 6 Jarlskog triangles. One of them y
corresponds to B-meson decay to K.
PDG gives alpha or our delta almost 90 ™~

9 . N
J = 10203575283 8in 0

degrees. Catstss -
. . J=a
We can consider another J: B decaying B
to pi meson. This has two long sides.

So, delta=90 degrees is a maximal CP
violation! in KS parametrization. In other
parametrizations too.

Jal. det. ~ |
A0ViVa1 /A% sind
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12. CKM quark-mizing matriz 15

1-5lllllllll IIII.IIIIIIIIIIIIIII

This is PDG compilation.
Q¢ isour § .

1.0F

0.5

PDG determines

Combining the B — 7w, pm, and pp decay modes [105], a is constrained as

a=(85.4132)°.

Usit determines
alpha= (88.6+-3.3)°

= 0.0

-0.5

-1.0

7 “*‘:..”“ : CKMsit determines
'1'?1.-ol - lol.s' N loiol - l0!5l - l1!0l - '1.|5li.I | l;o alpha= (90'6-'—3.9'1-1)0
P This implies that the weak CP

Figure 12.2: Constraints on the p, 7j plane. The shaded areas have 95% CL.

violation in the quark sector is
almost maximal with some
forms of CKM matrix.

and the Jarlskog invariant is J = (3.067)30) x 10~5.



KS parametrization: J = |cicoc3575253sin

In the KS parametrization, we
proved that it is maximal with
given real angles.

C13C23512523

CKM parametrization: J = |ciac]3c235125135235in 7|
Any parametrization gives the same area.



Maximal CP violation in lepton sector?

T2K experiment [S.V. Cao at PASCOS 2016;
K. Iwamoto at ICHEP2016],

slightly favors ¢

PMNS

near -90 degrees.

Determination of 5 wns May choose 5 CKM
in certain models.

Measurement (Data)

-2Inl.

12~ T2KRunl-7c preliminary
- —Nommal Hierarchy
—--Inverted Hierarchy

B T A e ot e T

v"( -
81_— ‘_.-'. "._‘_‘_'-
- —-2nL, (90% CL) J,f 5
ﬁ_ —
6 :\\ 2L, (20CL) -
AN / ]
= N ' -
- ] \c

Sep = [—3.13,—0.39](NH), [-2.09,-0.74] (IH) at 90% CL
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IS Opnvins = EOckM ?

JEK +S. Nam, arXiv:1506.08491
JEK+D. Y. Mo+ M-S. Seo, arXiv:1506.08984
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3. Strong CP problem
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Summarized by
Weinberg operator:
[13.08.1979, Received]

SRE L=-2

T A

gives V mass

Realized in seesaw:
Minkowski [13.04.1977, Published],
Yanagida [13-14 Feb 79, Conf. talk]

Kim-Nilles SUSY operator:
[24.11.1983, Received]

Q=2

Realized in string comp.:

, A
S1HyuXdoublets S2HaX joublet: @LERST, " -

SR

gives TeV scale p term

Many papers,---.



10733 [eV]

—~
=
—
=)
O
—~
-
N
[
[

§ 10722 [eV]
If this is absent, =
it is called E 3
axion. And ~=————p > :
theta=0 is the ER 10 (V]
minimum. E
Still some term in <
V is present with 10 [eV]

discrete )
symmetry, then G
theta=0 is not

guaranteed to be
the minimum.
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This anomaly
breaks the PQ
symmetry.

VEV of S, gives
the f, scale.

W Anom.

Gluon Anomaly

In SUSY, this KN
term is the PQ
symmetry defining
one.

(YUT-scale Anomalies

A
G
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k A
ADMX

CAPP: 7?77

Detection suggested : 1983

CAPP started : 2013

Sikivie’s cavity detector




JE. Kim [ Bhysics Letters B759 (2016) 58-63

1077 107°
T

A small gay(= 1.57x107%¢,.) vs. m, plot

allowed
region

............

Kim-Semertzidis-Tsujikawa,
Front. Phys. 2 (2014) 60

Kim-Nam, 1603.02145[hep-ph]

U(1) forbidden

anom

If Hi is greater than fa, there is the
Isocurvature constraint.

A
&




4. Type-ll Leptogenesis

Covi, Kim, Kyae, Nam:
1601.00411v3
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Oscillating CDM
axions are oscillate
around CP violating
phases.

CP violation in weak
interactions.

Is DE also
related to CP violation?

Quintessential axion: Kim-Nilles,
[hep-ph/0210402],
[arXiv:1311.0012[hep-phl]]



Sakharov conditions for B generation:

1. B number violation
2. CP and C violation

3. Out of thermal equilibrium

For 3, we just make sure that the process proceeds
iIn non-equilibrium conditions. If it is a decay, almost
surely the condition 3 is satisfied.



Sphaleron processes at electroweak scale changes
B and L numbers but no change of (B-L).

If generation of B at GUT scale accompanies L such
that creation of (B-L)=0, then we end up most
probably B=0 after the effective sphaleron
processes. B and L generation processes at high
temperature must occur through processes which
generate nonzero (B-L).

SU(5) is not working.



GUT: Use (B-L) breaking interaction in
SO(10) for B and L generation processes.

SU(3)xSU(2)xU(1): Just use N at
high energy scale.
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Type-| leptogenesis:

Realized in seesaw with

Neutrino mass renormalizable terms:
summarized by Minkowski, Yanagida------
Weinberg operator: L=+1 \‘L=-1
L=2 =5 El_; ulVR
N = [=+1]L=-1]L=0
— Wi, H,
.

gives I mass
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Who cares about renormalizable terms very
importantly at low energy?

In cosmology, however, it is important. Not to worry
about L number of Higgs doublets, we choose the first
one. ltis a first guess. It leads to the Type-I leptogenesis.

With only one N,
' phase can be zero. At
least two heavy
neutrinos are needed.

<X":'j>ez'50 | (X'n,->x




Type-ll leptogenesis:

Different Higgs doublets needed.
Anyway, these are the fields at high
energy scale.
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This violate CP.

This violate L.

One N and one {\cal N} can do it, but
different Higgs doublets needed. Anyway,
these are the fields at high energy scale.
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H,[l=2|  Definition of lepton numbers:

Hg L=+2 L=+1 . L=+1
N L=+1 Amo Ny Ny + p3 H, Hy + H.c.
h, |L=0

These conserve L.




In models with SU(2)xU(1) breaking at high
temperature, this kind of leptogenesis is present.

[Mohapatra-Senjanovic in non-SUSY models;
also in SUSY models]
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c1 s1c3 5183 e () 0
U= —c281 e PMNS g5 50 4 c1cocy —e WPMNSgo0a 4 egco83 0 €% 0
KS Maj

—BiJPMNSS]_SQ —C283+0182C3ei6PMNS C263+CIS2536i6pMNS 0 0 eitsc

Am?
No(w) ~ em h asin|[(Enp +n' —n; +n;)6
eL( ) 2\/§Si1120W mg ,ZJ:AU [( P .7) ]

dpMNs = npox and 0, = na0x,

one FN phase

sin[dpmns + 0a — (11 — ng)dx]

f

amily indices



For e ~6x107°

we need [1601.00411]:

CoC3 SIN O, + €159538in(0, + Opprnsg) =~ 2.4 x 1072



5. Conclusion

1. CP violation: the source of atoms in the
Universe: Baryogenesis. J is given in a simple
form. Maybe sources of DM (axion) and
quintessential axion also.

2. Need certain CP violation models with
SU(2)xU(1) breaking at high temperature.

3. Type-ll leptogenesis: deltaswsis related to the
leptogenesis phase.



