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Gross’s picture:

Framework

“Model” is a working example. Even though the design is fantastic, without
a model example some will say that it is a religion.
Efforts to find a working model is our job toward THEORY/FRAMEWORK.
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CP violation is the needed
iIngredient for our existence.
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1. Jarlskog phase
in CKM matrix
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To have physical effects of CP violation, the J must be non vanishing. Our
form for the CKM matrix is, with the 1st row real,

C1, 51C3, 5153

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

Vi1 VaaVaz = cic3cd + cls3s3 + 2c1 02035553 €088

— C1C2C357828 e“s
The individual element of Cz LZZD
i . V]]V23V32 = Clczs% + C S7C3 2C1 C2C3SzS3 COS&
determinant is
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+ clczc3s2s2s3e




Is Im(V 11 Voo V33) the Jarlskog determinant?
The Jarlskog determinant is
J=[Im V41 Vaz V42V2q7|, or [Im ViViVi Vi
With the usual definition on J:
J=|Im V14 V33 V43*V31*|. Then, on 1=Det V

ka?. 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




Kim-Seo form of J: J=Im (V_{31}* V_{22}* V_{13}")
JEK, M-S. Seo, PoS DSU2012 (2012) 009 [arXiv:1211.0357[hep-phl]]

JEK, D.Y. Mo, S. Nam, JKPS 66 (2015) 894 [arXiv:1402.2978[hep-ph]]

By looking at the KS form of J, we can see
where the physical CP phase appears. In
particular, for tree processes



Maximal CP violation
in lepton sector?

T2K experiment [S.V. Cao at PASCOS 2016],
slightly favors ) ,,,\s N€ar -90 degrees.

Determination of ¢ suns May choose O cxu
In certain models.
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Is  dpymns = Fockm 7

JEK +S. Nam, arXiv:1506.08491
JEK+D. Y. Mo+ M-S. Seo, arXiv:1506.08984

@E&

J EKim. “GUT and CP”, ICHEP16@Chicago, 5 Aug 2016. 10/23




: o3 —e OCKMgocq + 1 o83
983 + 1 3203ez‘sCKM CcoC3 + 01828367'5CKM

s; =sinf; fori=1,2,3 J = CciC2 s%s_fss sin(deltacim)

Easy way to calcu

S1C5

—

Vedns = . e~ Orax FC10aCs —e " PMNS Sy (g + 1 (Ca S
— (983 + C155C3e"9PMNs oy + ('S5 S3e0PMNS

S; =sin@; fori =1,2,3 J = CiC.C:S7S:2S5 sin(deltapMNs)

Even though s; is not equal to S;, |deltaCKM| and |deltaPMNS| can be
equal. We may satisfy the following in this program

OpMNS ~ EOcKkM

if CP violation is spontaneous a la Froggatt-Nielsen by ONE complex
vev of a SM singlet X. [JEK-Nam, 1506.08491]



Comments on Jarlskog determinant [JEK-Mo-Seo]

‘There are three possibilities for 5CKM - A ﬁ ”Y of PDG book.

(i) Make Det=1 as in KS. Make the real part of
(22) element is very large as in many
‘ parametrizations.
OCKM S o (i) If 1st row = real,

Kobayashi-Maskawa with a phase multiplied,
(ii) Kim-Seo parametrization
‘ If both 1st row = real, and 1st column = real, then

5CKM = 7Y :Chau-Keung parametrization
Maiani parametrization with a phase multiplied

‘The identity 5CKM = Imaginary part of
V(31)*V(22)*V(13)* was very useful.



12. CKM quark-mizing matriz 15

1o5|||||||||||||.|||||||||||||||
B >

PDG 2014, Ceccucci et al.

1.0

a=(85.4139)° 5= (630150

|<:o.o_ a_)ﬁ . 7T
Y

05 -

CKM matrix form determines

-1.0

v i wwm<o - the phase in the matrix.
_1_5_||||||1|||||1||||||||||||‘|l||_ . .
10 o5 o0 os 1015 20 Quark sector alone cannot fix it.
[

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

and the Jarlskog invariant is J = (3.067)30) x 10-5.
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2. One phase in
the theory ?
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If there is only one
phase, these are the

possibility. N

(CKM: a) (CKM: b) (CKM: ¢)

s the angle 90° ? Q 1 :/

(PMNS: a) (PMNS: b) (PMNS: c)




There are many phases in concern:
CKM, PMNS, Majorana, and
leptogenesis.

If there is only one phase, all of these
must be expressed in terms of one phase.



Relation of CKM and PMNS
phases: GUTs

But CP phase is a property of families.
Grand unification of families?

FCNC: The family symmetry breaking scale
is above 10° GeV.
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Flavour symmetry Y-L Zhou, 4 Aug 2016

Gauge symmetry JE»

Z2]GRaN0
Flavour i] s

symmetry £

Anarchy ‘

Continuous Discrete

Abelian u)

Non-Abelian SU(3), SO(3),...



[ show just () SM x (Family symmetry)

(i) GUT x (Family symmetry)

| (i11) Unification of GUT families in
flavor session a simple gauge group!!!

UGUTFs: SU(7) in string compactification [JEK, 1503.03104].
One CP phase is given in [JEK+Nam, 1506.08491].
Froggatt-Nielsen form,

a fHavor 1n

[uR(+5) cr(+4) tr(+2)
1w — (71(+1) CXE";S —CX‘;I erﬁz va, W= C_Il(+1)
_QZ(O) _CXE] CXE] _Ktxﬁl QZ(O)
G3(=2)| ke X3 —Ke X2 1 q3(—2)

dx%4 0 o 1.,
0 sx9, X4, KpX%

|dr(—5) sgr(0) bR(+2))
0 X2 1

Entries must have
different phases

These are real, for
example



String Theory Framework

But there must be working examples, consistent with
the grand design, framework.
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CKM matrix: maximal CP phase +-90°
JEK: PLB704, 360 (2011)

Z, symmetry

CKM phase=- PMNS phase 5 — 45
JEK+Nam: EPJC75, 619 (2015) | “PMNs — —YCKM

Z 1, orbifold compactification
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The FN field may have terms in the potential as
4 52 13
V 3 dF, P O, etc. :
-

Let the phase of FN field be .
The phase of VEV should not
appear in the above terms. For the
qguartic term for example, it must be
N=2,4.1f 4, Z, symmetry is implied,

with FN phase of +- 900.



Model

zg - | 2 3k=1), 3(k=2), 3(k=3),
| 2ak: 3(k=1), 3(k=2), 3(k=3),
2 Bk=1), $(k=2), 3(k=23),
| 2a: F(k=1), §(k=2), J(k=3),
z ,{261;: S(k=1), L(k=2), L(k=3), 3(k=4),
81 - e 150k — 1) S(k — _
2 : ﬁ(k— l)’ §(k—2)1 ag(k— l)’ §(k—3)»
7 {2&:: #k=1), Fk=2), gk=1), 3(k=4),
811 : - 180k — 1) S(k —
2 : g(k=1), 3(k=2), F(k=1), 2(k 4).

20 HY(k=1), B3(k=2), Hi(k=3), {5 (k=1), B3(k=5), HF(k=6),
2k (k=1), 3(k=2), 3(k=3), 3(k=4), H(k=5), 3(k=6).
2c,,: Hk=1), (k=2), F(k=3), F(k=4), TF(k=5), 3(k=6),

P15 ey B(k=1), B(k=2), $k=3), §0k=4), B(k=5), J(k=6).

Vo = -5 -5 -5 -§ -§ -5 -5, +5)(4 4 4 4 0 4 7 3)’ V2_388
et m e ww)lr e ) 0w
a3 = a4 = %’ %, ';'1 %a 3 '3'1 -3',-3')(_$ :sla -Tl’ -31’ 0, 0, ga_l)l°
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1. Jarlskog

6. Conclusion

det. is J=Im V:* V..* Vi:* in the KS form.

2. OckM IS maximal.

3. GUT fami

ly unification in SU(7)xU(1) from Z(12-1).

4. (SPN[NS —
violation

5. Determin

Focku possibility with spocptaneous CP
(cf:T2K on deltarus = -90 )

ation of phase: FN phase delta=+-90°.



