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Introduction

The standard model (SM) of particle physics is a very successful

theory, but there are some unsolved problems and questions:

« There are a lot of free parameters in the theory.
(ex). fermion masses, gauge couplings.

e The SM does not have a dark matter candidate.
 What is the origin of neutrino masses?

e etc...
 What is the origin of CP violation (CPV)?

CP violation is one of the most important ingredients of
particle physics and was observed in 1964, K; — =,
but its origin remains still unclear.

Moreover, it is unknown whether CP violation also occurs
in the lepton sector or not.



Introduction

In the SM, CP violation appears in the CKM matrix included in the

charge-changing quark current with the gauge bosons
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and originates from the complex Yukawa couplings, Y* # Y.
vYydrdr +vY,urup + he. (<¢p>=v)
vYy = My — U}ideURd = diag(mgq, ms, myp)
E vY, = M, — UzuMuURu = diag(m,, me, my)
Vexkm =U IT;UULd
[ Beyond the SM |
Even if YY" =Y, we can break CP symmetry by introducing extra Higgs
doublets and by assuming that they get complex VEVs, < ¢; >= |v;]e’"",

&> [Spontaneous CP violation (SCPV)]




What is the “timeon” ?

Theorv of Timeon| Friedberg and Lee, arXiv : 0809.3633 |

Friedberg and Lee proposed a new spontaneous CP violation mechanism.
They introduced a new gauge singlet pseudo-scalar 7(z) and new Yukawa
type interactions, q7¢q

H = ﬂz[Mu + i’Y5ToF]ijUj -+ Ciz [Md —+ ’i’Y5ToF]7;jdj.
T

F' is a 3 x 3 real matrix and 79 is the VEV
of a new gauge singlet pseudo-scalar, 7(x).

qlivsT(x)Flg — qlivsTo g

E(CIZ‘)}/@] — ’Uifij = Mz"

They assumed M, and F'are real, anddet M, = 0.

 CP and T symmetries are spontaneously broken after
the pseudo-scalar (timeon) gets the VEV,

e the pseudo-scalar is also responsible for the up
and down quark masses.



What is the “timeon” ?

Theorv of Timeon | Friedberg and Lee, arXiv : 0809.3633 |

Friedberg and Lee proposed the following quark mass matrix
H = up[M, + itoFlug + dp[My + itoF|dgr + h.c.

bqn§(1 -+ 53) —bynyq —bq&qMy
M, = —byng by +ag€;  —aqéq q=u,d
—bq&qMy —a4&q aq + bg

where aq, by, 1, & are assumed to be real, and the mass matrix is

invariant under the translational family symmetry:
Qo atz, @@tz g+l x| symmety

F'is also 3 x 3 matrix described by two angles and given by

cos? o sinacosacos(3 sinacosasin(
F = | sinacosacosf sin’ a.cos? 3 sin’ asin 3 cos 3
sinacosasin B sin® asin B cos 3 sin? asin? 3

Since det M, =0, m, and my may be proportional to the VEV, 7p.

[ 7o may be much smaller that the EW scale j




What is the “timeon” ?

Theorv of Timeon | Friedberg and Lee, arXiv : 0809.3633 |

Let us estimate the magnitude of the timeon VEV, 79.

e CKM matrix
M, can be diagonalized by the following matrix:

(g =u,d) ~ cos 6, —sin 6, 0 1, = tan 8, cos b,
U, = | sinf,cos¢, cosb,cosp, —sing,
sinf,sin¢, cosf,sing, cosgp, Eq = tan ¢q
[ Ansatz | 0y = 0. ~ 13.1° 0a =0
Gy =T+ € Qg =1 — "
cos 0, —sin 6, 0 1 0 0
U, =~ —sinf,. —cosf, € , Ug = 0 —cosy —sinvy
—esinf, —ecosf. —1 0 siny —cosvy

Very = UlUqg + 06U (1)

We ignore §U(ry) term here, then € and v can be determined.

e ~ 1.03° ﬁ Nu ~ —0.233 &, ~ 0.018
v~ 1.26° na =0 &a =~ —0.022




What is the “timeon” ?

Theorv of Timeon | Friedberg and Lee, arXiv : 0809.3633 |

Let us estimate the magnitude of the timeon VEV, 79.

up- and down-quark masses
M, can be diagonalized by U, and leads to the following eigenvalues

)‘q(l) =0, Aq(2) — bq[l T 772(1 + 53)]» )‘q(g) — aq(l + 53) + bQ‘
Quark masses are given by mq(i) = Ag(7) + 5Af1(7'o) . Here we assume
mq(2) = Aq(2), mq(3) = Aq(3).
On the other hand
det[(M, + imoF)(M, + ioF)1] = m2(1) m2(2) m2(3).

Therefore the light quark masses are given as
my (1) = 79 sin® acos?(3 + 0.) + O(73),

mq(1) = 19 sin® acos® B+ O(13).

Given m,(1)/mq4(1) ~ 0.5 and 6. ~ 13.1°

[5 ~ 48°.j




What is the “timeon” ?

Theorv of Timeon | Friedberg and Lee, arXiv : 0809.3633 |

Let us estimate the magnitude of the timeon VEV, 79.

« Jarlskog invariant [ Jarlskog, PRD35 (1978) ]
J = Im[Vi1 Va2 Vi35 V5]

md(l)

sin?

a ~ —36°

o cos? 3

sin «vcos(B + 6.) A cos asiny — sin « sinﬁcos*yB
mq(2) mq(3)
— CcoS v cosy — sin « sin 3 sin 7y
C
md(2) + md(3)

A~—-2x10"% B~88x1073 C~1.1x107,
mq(2) ~ 95 MeV, mgy(b) ~ 1.25 GeV,

[ ~48°, v ~1.26°, 0.~ 13.1°,

TP ~ 3.08 x 1077,

) E ~ 33 Me\a s ,
( mg(1) >~ 19 sin” acos” B )




What is the “timeon” ?

Theorv of Timeon | Friedberg and Lee, arXiv : 0809.3633 |

The potential of the timeon field is given by

1 1
V(r) = —5)\7'2 (Tg - 57'2> :
Expanding y/(;)around 7 = 7,, we have
1

1
V() ~ —Z)\TSL + 5 Mr(r — 70)% + e,

where )7, — +/2)\ 1, is the mass of a new quantum, timeon.

Since the timeon is responsible for the light quark masses, its VEV
cannot be much larger than electroweak scale.

mq(1) ~ 19 sin® acos® 8 = 3.5 ~ 6.0 MeV
For instance they estimated that 7 ~ 33 MeV , which implies the lower
bound of the timeon mass

[MT < 47 MeV (for A\ < 1)]




Summary-1

Friedberg and Lee introduced a new gauge singlet
pseudo-scalar field and named it timeon.

Once the timeon gets the VEV, CP and T parities are
spontaneously broken.

The timeon is also responsible for the up and down
quark masses.

The mass of the timeon would be much lower than
the EW scale such as My < 47 MeV (for A < 1).



FCNCs

Problem

A light timeon could cause dangerous FCNC processes!!

In general, M, and F' cannot be diagonalized simultaneously.
qL[Mq + ’iToF]qR — qr U(}L [Mq + ZT()F]U; an
=qr [Mq + ito FqR

= diag( mq(1), mq(2), mq(3) )

Each M (; and F'Y are not diagonal in general.

In fact, in the mass eigenstate basis, off diagonal elements are given by

F*=U'FU, =

F'=U; FUy =

0.08
—0.14
0.23

0.15
—0.18
0.31

—0.14
0.25
—0.41

—0.18
0.21
—0.36

0.23
—0.41
0.67

0.31
—0.36
0.64

Gote \

70 = 33 MeV corresponds to
N ~ —0.233, &, ~ 0.018,
aq ~ 173.76, b, ~ 1.186,
ng =0, & ~ —0.022,
aq ~ 4.103, bg ~ 0.095,

\042—360, 0 ~ 48°. /




FCNCs

The off diagonal elements of F'¢ causes flavor changing timeon
interactions such as

iFuy tugs, iF{ﬁ-JZ”i t dgi. (i #3j)

For example, K° — K9 mixing process occurs at tree level.

d S
iFe — — — iF4
5 d

However, FCNC processes are strongly constrained by experiments.




FCNCs

For instance, the contribution form the timeon to the mass mixing
parameter in the neutral K meson system can be estimated as

' 2Fd Fd * B B B
AMLmeon = 2 l d;\(@sd) < K°|dg s dpsy | KO >
Fd 2 Fd *2 B B _
+( ds) +2( sd) <K0|d%8%d€8%|K0>
M?
176 x 1073 GeV?
~ e .

From AM P ~ 3.5 x 107** GeV, we find the lower limit of Mr as
M7y > 7 x 10° GeV.

This bound conflicts with the previous result

Mr < 47 MeV  (for A < 1).

We do not consider the strongly interacting coupling, i.e., A > 1.

(MT:\/ﬁTo)



FCNCs

In order to avoid the problem, we introduce a small dimensionless
parameter € for the timeon term

qlivsToF|q — qlivs € T0F]q.

a )

FCNC Light quarks

Mz > 7 x 10° GeV T0 ~ 33 MeV since

@ My, Mg X TO.
M L
T > 7% 105 GeV 23 MoV
€ €ETO == €

N~ _

If € is very small, both the constraints from FCNC and light quark
masses can be relaxed.

Here, we assume 79 ~ M7 (A ~ 0.5) , then we obtain
My > 151 GeV, e<022x1073.  (Mr=v2in)




FCNCs

By assuming the lowest value of Mr: My = 151 GeV and € = 0.22 x 1077,
we can also compute the mass parameters in B;, B; and D systems.

AME™™ ~ 0.365 x 107" GeV < AMZ™? ~1.17 x 107" GeV

AMET™ ~ 0178 x 107" GeV < AMp? ~3.34 x 107" GeV

AMBE™™ ~ 0.205 x 107" GeV < AMP ~1.40 x 107'* GeV

All the FCNC processes are sufficiently suppressed.

parameter input parameter input

M, 2.5 x 1073 GeV fr 0.16 GeV
my 5 x 1073 GeV fB. 0.24 GeV
M 0.095 GeV J B4 0.198 GeV
me 1.25 GeV fp 0.223 GeV
me 4.2 GeV M g 0.497 GeV
Mg, 5.366 GeV Mp, 5.280 GeV
Mp 1.865 GeV

| Kifune, Kubo and Lenz, Phys. Rev. D77, 076010 (2008) ]



Summary-2

The original timeon model suggests a light timeon,
but it conflicts with the constraints from FCNCs.

In order to avoid the problem, we introduce a small
dimensionless parameter €.

We calculate the lower bound of the timeon mass
with the small parameter, and find that

Mr > 151 GeV, €< 0.22 x 1073,
form the neutral K meson system.

We also find that the lowest value, Mr = 151 GeV, is
large enough to satisfy the constraints form other
neutral meson systems.



Lepton sector

Extension to the lepton sector

We extend the timeon model to the lepton sector

Hy = G[My +ivs € oF)ijt; + 0.0 [My +ivs & T0F]ijv;.

We put the same parameter We introduce a new parameter
as that of the quark sector. as the neutrino masses may
e~0922 % 103 have the different origin,
e.g., See-Saw mechanism.

\_ (70 =151 GeV ) -

Simple model

The matrix F; takes the same form as that of the quark sector
2

Ccos” sin oy cos iy cos B  sin oy cos oy sin (3
F; = sin oy cos oy cos O sin® o cos? 0 sin? oy sin ) cos 5 :
sin oy cosag sin B;  sin® o sin G cos [ sin? oy sin? 3

but described by different angles: «; and [;



Lepton sector

Simple model

7‘[1 — Zz [Mg —+ ’i’}/5€ToFl]ij€j -+ 177;(6) [M,/ —+ ”L.’}/5€,/Toﬂ]ijyj.

We assume the following simple mass matrices.
e =0 0 0 0
&e=-1 Me(o be+ar  ay )

bnF(1+&) —bim —bi&m 0 a ae + by
—bim b+ a&f  —wg
—bi&im —ai§  ar+ b

=4, v T \/7[) 0
v = VIR M, = 1p, 0
& =10 2
0 O a, + b,

These matrices lead to the exact tri-bi-maximal( TBM ) mixing.

1 2 \/§ 0 SiIl2 (923 = 1/2
VTB — % —1 \/§ —\/§ sin2 912 = 1/3
—1 \/§ \/g sin? 013 =0

After the timeon gets the VEV, the mixing matrix deviates form TBM.



Lepton sector

Comments

« After the timeon gets the VEV, the mixing matrix deviates from
the exact TBM pattern.

o (Y] = 0
1 0 0 No flavor changing timeon
F; = 0 0 0 ﬁ couplings in the charged
0 0 0 lepton sector and
sin 813 = 0.
e (] # 0

Flavor changing timeon couplings in the charged lepton sector
are induced, and it leads to sin ;3 # 0.




Lepton sector

Parameter space

The model has seven controllable parameters:
ag, be, ay, by, o, B, €,
which can be fixed by seven physical quantities:
me = 0.511 MeV, m,, = 105.658 MeV, m, = 1776.84 = 0.17 MeV,
sin? 015 = 0.288 ~ 0.326, sin® fa3 = 0.44 ~ 0.57,
Am2, = (7.45 — 7.88) x 107° eV?, )
Am3, = (2.29 — 2.52) x 1073 eV~

0.0003

From the right figure we find that ooooef-
sin #13 must be small but sin 61370. -

@ 0.0001 |-

E\Ton-zero flavor changing timeon couplinga | :

I i | I I I I I I ]
0 0.0005 0.001 0.0015

e13

S1n




Lepton sector

Leptonic processes

Now that, all the parameters included in the model are determined
we can calculate some leptonic processes.

lu—e+v] [0~ =4 + 0T+ 47
t 2
-7 T ZF/
~ " - o
& , . +
/ ‘* ¢
f “1 £
v iF* iFt e K
iF*
Y Vs
3 2 2 2
Oéem'Tlu mMmT /¢ /¢ 2 mT 3
Br(pu — ey) = STV (GF/“_ eFeT) In M2 + 5

_ o 5 10 m? 2
+ _ J4 14 V4
BT’(E — 63 62 61 ) = § 2117‘_3 Mél_, (€F£3£ €F£2£1)




Lepton sector

Leptonic processes

Now that, all the parameters included in the model are determined
we can calculate some leptonic processes.

Lepton Flavor Violating decays

Br(p — ey) ~1071% ~ 107 Bre®P(y — ey) < 1.2 x 1071
Br(p~ — e ete)~1072 ~ 10720 Bre®P(u~ — e ete™) < 1.0 x 10712
Br(t™ —eete ) ~3x 102 Bre*P(r7 — e ete) < 3.6 x 107°
Br(t— = pu putp™)~1071 ~ 107 Bre®P(r— — u putp™) <3.2x1078

Muon Anomalous Magnetic Moment

—16 —21 ex S M —11
Aa, ~1071% —10 a? —as™ ~ 10

All results are consistent with the experimental data, but the contributions
from the timeon are too small to be measured in the near future.



Summary-3

We extend the timeon model to the lepton sector, and
use the same small parameter € for the charged
lepton sector, whereas a new parameter ¢, for the
neutrino sector.

We propose a simple model which is consistent with
the neutrino oscillation data.

The model predicts non-zero sin #13 and flavor
changing timeon couplings.

Unfortunately, all contributions to the leptonic
processes are not measurable in the near future.



Summary

 We have investigated the timeon model.

« The original timeon model predicts the small timeon
mass, but it conflicts with the constraints of FCNCs.

« We have introduced a small parameter ¢ and shown
that the parameter can relax the constraints.

« We have found that Mt > 151 GeV or € < 0.22 x 107 3.

« We have also extended the timeon model to the
lepton sector and found that our model predicts non-
zero flavor changing timeon couplings.

« Unfortunately, all contributions to the leptonic
processes are not measurable in the near future.






Origin of €

Since the timeon is a gauge singlet scalar, it cannot be
Incorporated into the (renomalizable) SM.

Fij9LiTYR; is not invariant under the SU(2);, X U(l)y:|

That is, the timeon model is an effective theory after EWSB.
If we consider a non-renomalizable interaction such as

F. Y : u r

Ay LR ®, Ci SU(2)r, doublet scala
the timeon term appears after ® gets the VEV, < ® >,
In this case, < ® > /A might be able to explain the

existence of €.

Aj VLiTYR; P —

: typical enegy scale

<P >
A

Fijvritr; = €FijYritdr; ?
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