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ABSTRACT

In this thesis we study the connection between the spontaneous CP violating
phase and the Cabibbo-Kobayashi-Maskawa (CKM) matrix phase. At first an in-
troduction to CP violation in the Standard Model is presented, following by the
spontaneous CP violation, and then a new class of models is proposed to connect
the CP violating phase in the CKM mixing matrix with the CP phases responsible
for the spontaneous CP violation in jché Higgé;“poteptial. A multi-Higgs model with
Peccei-Quinn(PQ) symmetry is gomstructed t0 rgé‘ﬂ.izer this idea. This model has
some interesting phenomeh(‘)logical;ﬁé?%icatﬁéﬁér The CP violating phase does not
vanish when all Higgs masses becgi le%&e& #Il general sthere are flavor changing
neutral current (FCNE) interagtiol me%ted‘ikpy neutra‘l‘ Higgs bosons at the tree
level. Unlike the general rr‘lul;t'i:—Hig s{ mo;ieis, hd? ‘ever‘,“ ‘“t‘he FCNC Yukawa couplings
are fixed in terms of the quark'”‘.r"n'assqs_ and CKM .'ﬁ;ixing angles. Implications from
experimental data for neutral meson r‘nixing and the neutron electric dipole moment

are well-studied.

Keywords: CKM matrix phase, spontaneous CP violating phase, multi-Higgs

model, Yukawa couplings, Peccei-Quinn symmetry
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1. INTRODUCTION

1.1 Standard Model

Physicists apply symmetry groups to find the Lagrangians which are associated
the fundamental forces. Some symmetries are continuous, such as the standard
model gauge group SU(3)¢ x SU(2), x U(l)y. Some symmetries are discrete, such
as parity P, charge conjugate @, and ‘Fime revlelir_sal T symmetries. Not all symmetries
which are important in nature éLfe exact. Broken sy"mfnetries are also important. The
combination of charge conjugate C and parltyP symmetry CP is such a symmetry.

In this thesis, we study [1] a possﬂ%'le Ch&rhqm for ‘the origin of the broken CP
symmetry by making a connectloh betWE?;l tpé CP v1olat1ng phase in the CKM
model and spontaneous CP Vlolatlln pha;é in he Higgs potentlal.

The foundation of standard model is the qluark model proposed in 1962 by M.
Gell-Mann [2], who suggested the SU( ) as the symmetry to describe mesons and
baryons. The concept of quarks is fundamental building block of hadronic matter.
Later S. L. Glashow [3], S. Weinberg [4] and A. Salam [5] unified the electromagnetic
force and weak force into a gauge symmetry with SU(2);, x U(1)y, and this theory
has so far been verified by many experiments. Including the gauge symmetry SU(3)¢
describing color face of quarks, the Standard Model(SM) gauge group is SU(3)¢ X
SU(2)r x U(1)y. Including the leptons and Higgs bosons, the SM particle contents

are:

G:(8,1,0)  W:(1,3,00 B:(1,1,0)
Ly:(1,2,-1) eg:(1,1,-2)

Q1 (3,2,1/3) un:(3,1,4/3) dp:(3,1,-2/3)
H:(1,2,-1)

(1.1)
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where G, W, and B are gauge fields corresponding to SU(3)¢c, SU(2),, and U(1)y.
The subscript L, R means left handed and right handed particles. The left handed
quarks @p and leptons L are SU(2);, doublets, which means @, = (ur,d;) and
Ly = (vp,er); The right handed up-type quarks ug, down-type quarks dg, and
electron ep are SU(2), singlets. Note that in standard model there are no right
handed neutrino vz. The Higgs is a SU(2);, doublet with H = (h° h™). Here we
have not included right handed neutrino vz which may be needed. We will treat it
when we discuss our model.

We construct the Lagrangian by terms with that the corresponding dimensions

are (1,1,0). The renormalizable L is given by

1 1 | =
L= — 5rj[‘]:‘(C—}'w/C-:MV) — §TY(WMyWHV) —'|ZBMVBMV

+ @Lify“DuQL —I—‘@RZ”y“DMuR + @RiquuJé + ZLi’y“DuLL +eriy"'Dyer
+ (D H)'(DAH) +(Qp Hup k QHdg + Lifer +he) —V(H), (12)

| Tos l

where the h.c. means the Hermitiad onjLT@éte Olf thedierms in bracket. H = —ioyH*,

V(H) is a function of H which'is 4” itteﬂ :;s : !‘

V(H)= 1> (L H) + X H)2, (13)
with p and A are coefficients. D, is the covariant derivative and has the form
oA ob Y
D, =0, + zgs?G# + 297W[; + zg’EBH. a=1~8 b=1~3; (1.4)

where gs, g, ¢’ are coupling constants of SU(3)¢, SU(2)r,, and U(1)y respectively.
Y is the hypercharge of a particle which is just the dimension of representation

bs are the Pauli matrices and \%’s are

corresponding to the gauge group U(l)y. o
the Gell-Mann matrices.
Note that the term ig(o¢/2)W ¢ in D, only acts on particles with two-dimensional

gauge group SU(2)r,, and ig,(\"/2)GY, acts on quark sectors which have three-
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dimensional SU(3)c. The quantities G, W, are defined below

a a abc c A?
G#V - (aﬂGV - aVG,u - gsf b GZGV)7

W = (0,W2—0,W" - geabcwgw,f)%

B, = 0.,B,—0,B,, (1.5)

abc

where €% is the totally antisymmetric tensor, and f%¢ is the structure constant for

SU(3).

Now considering the Higgs potential it is given by Eq.(1.3). If one require that
the potential does not go to negative infinity and this potential has minima at non-
zero H, then the inequalities X\ > 0 and u? < 0 must be satisfied. Assume H has

the vacuum expectation value(VEV)< H > &s
| E E!

H={ e H . < (1.6)
& L A H > T :
‘ ‘h_ | e " 4\/5 0
‘ 4 : l‘ I
Doing differential with v for Vi(H ' {"‘-. q weifind the minimal condition
1R E
oV | s | ‘
MWPER.¢q 1.7
8h0 i: “ v+ ”l > (1.7)

This condition gives v = (—p%/ )\)1/ 2_and one ¢an use this expression to replace the
variable p by v.

After spontaneous symmetry breaking, the Higgs doublet becomes

\/Li(vah—f—m)

H= , (1.8)

-
where the h is the real part of the neutral Higgs, which is parity even; a is the
imaginary part of the neural Higgs, which is pseudoscalar with odd parity. From
the mass matrix it is well-known that the three Higgs particles h™, h~, and a become
massless Goldstone bosons, which are eaten by W+, W, and Z°, respectively.
Non-zero vacuum expectation value breaks the original electroweak gauge sym-
metry SUL(2) x U(1)y into U(1)gm, which is the gauge symmetry in the electrody-

namics.
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The mass of Higgs can be obtained from the Higgs potential after the spontaneous

breaking of symmetry, and then the related Lagrangian is written as

éhf*. (1.9)

L= —\?h?> — \h? — 1

The first term implies that m? = 2Av?. The second and third terms are related to
three Higgs interaction and four Higgs interactions respectively.

The term (D, H )I(D*H) produces the masses of gauge fields. H is doublet
under the SU(2);, gauge transform and thus the covariant derivative is D, = 0, +
ig(a®/2)W} + ig' (—1/2)B,. After pulling out the mass matrix of gauge boson W
and B, we find that there are mixing terms between the states W3 and B. making

the following rotation transformation from W.* and B to new field Z and A,

Z, cos By = sin Oy

A, sitfed  eostyy
\ ‘\‘."1-‘ :ﬂ-\. B

where 0y, is the Weinberg angle, th rm}al!g-&qéle between W3 and B. sin @y is an

important physical quantity related tto t}%& vahﬂlty of electroweak theory.

The gauge field Z is the: a-vvell-k[nbwn %, Whlkl}l lHas mass M, = Vg + g'v which
boson. The massless field A is the photon. Thellzﬁass of Z boson can be seen as
from the neutral Higgs imaginary part,ie: the a field. For the W' and W? combine

to form W%, W= has the same mass

Wl —iWw? Wt 4 iW? 1
Wj = #; W/: = W; M+ = igv;

W field are the our known W boson whose mass is nonzero by absorbing the mass

(1.11)

of charge Higgs. From the Z boson mass and Eq.(1.11) there is an important relation

between masses of W and Z bosons at the tree level, which is

M
FVZV = cos By (1.12)

The Lagrangian of fermionic kinetic energy terms gives the fermion-gauge cou-

plings because of the covariant derivative D,. The Lagrangian consists of photon,
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W and Z, and the gluon interaction with quarks and leptons, and the form is

¢ - AY .
L= — g(iy"utdy"Z-d)Gy —e Z Qify" fiA
_ %(ury“dWJ + dyruWy;) — 2COS SeosTe Z T (s — cyys) fiZ,(1.13)

where f; indicates v, e, u and d, and @); are their corresponding charges. ¢y and cy
are the coupling constants corresponding to the vector f~* f and axial vector fy*vs f
interaction terms respectively, and this interaction form for Z boson with fermions is
the well-known V-A interaction. Sometimes those interactions are expressed in terms
of left and right handed interaction, which are fy*(1 —~5)/2 f and fy*(1+5)/2 f
with the coupling constants cg and cj ,respectively. The general formulas for ¢y

,CA, CrL, and cg are i 2
. e

cy = [3 — 2Qz Mo”0y ;. 1—37

cr = 2I3 — 26% s,m'?é’ ,, wCR = —2@z sin® 0y, (1.14)
=]
= |
where I3 is the third component.of |1 osplwof perr'tlcle Wthh is 1/2 for v, and u, and

o T

—1/2 for e and d. cy, ca, cR, cL f4r quarks and leptons are shown as follows

Q Iz e o Ch a i Cr
V.| 0O % % % 1 0
e |-1 -3 -142sin’by -1 -1+2sin’6y  2sin’by (1.15)
U % % % — % sin? Oy % 1-— % sin? Oy —% sin® Oy
d —% —% —% + % sin? Oy —% -1+ % sin? Oy g sin® Oy,

1.2 CP violation

Parity and charge conjugation are important symmetries in particle physics.
Parity was thought as a good symmetry to describe our world until T. D. Lee and
C. N. Yang [6] proposed that the parity might be violated in weak interaction in 1956.
But it was considered that the combination of parity and charge conjugation was

still a good symmetry in all interactions before 1964, when the first evidence for CP
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violation was observed in the K, decay to mm by J. H. Christenson, J. W. Cronin,
V. L. Fitch and R. Turlay [7]. Recently, BaBar [8] and Belle [9] also found CP

violation in B meson decays.

1.2.1 P, C, T transformation

Before treating the CP transform of Lagrangian, we introduce the parity, charge
conjugation, and time reversal transform for the every kinds of quantum fields in the
SM. In the following formulae the superscript p, ¢, t indicate the field after parity,
charge conjugate and time reversal transformation is performed respectively.
Parity transform

The parity transformation in claé,siéal phl}lféics is 40 ehange position from x into
—x. In quantum fields theory, The parlty transformed ¢F, P, and AP of field

operators spin-0 ¢, spin-1/2 ¢ and spm_]_A Tfe given below

h e 2 |
#(t,%) = o(t, =) w”txb‘:wgt ) 0 = 40—, (110
Charge conjugation ! E | ! ]

The charge conjugation trahéfdrms. a particle 1ﬁt0 its anti-particle. The c trans-

formed fields ¢, 1, and Aj, are

¢°(t,x) = o (t,x); ¥°(t,x) = im00" (t,%); ALt x) = —Au(t,x),  (1.17)

where the 7" above means the transpose of the matrix.
Time reversal
The time reversal is to reversed the time parameter by ¢t — —t in classical physics.

When considering the field operators, we have ¢ transformed fields ¢', ', and A!, as
P (t,x) = p(—t,x); YP'(t,x) = iy 30 (—t,X); AZ(t,x) = A*(—t,x). (1.18)

When we treat the C,P |T transformation of Lagrangian or other physical quan-
tities which are made of the field operators, the transformation rules in Eq.(1.16,

1.17, 1.18) are useful.
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1.2.2 The Cabibbo-Kobayashi-Maskawa Model

CP violation in the SM was first considered by Kobayashi and Maskawa in 1973
[10]. CP violation came from charged current interaction. Let us discuss this in
more detail in the following.

In general, the coupling matrices AV and AP in the Yukawa interaction of the

followings are not diagonal.
QN HUz +Q, N°HDg + h.c. (1.19)

AV, AP are arbitrary n x n real matrices for n generations of quarks. The quark
mass matrices are given by: MY = —AVu/y/2 and MP = —\Pv/\/2. In order to

get the quarks mass eigenstates we need to dﬁ_agonalize these matrices with

oy, = U = Vgl

Dy[= VED‘%‘}_::_PIF'}.—*l‘“/lﬁD%. (1.20)
<= ||
where V3 V¥V Vi are the Iu itaﬂrl\matfﬁces that-diagonalize the coupling

B i i

matrices as s S I !‘ F|‘ :
MU — VLUTMUVg’ MP = ; VLDTMDVRD (1'21)

CP violation in the SM resides in charged current interaction of quarks with W
boson. The Lagrangian for the W¥ gauge interaction in the weak interaction basis

is given as

L= —%(UL’YMDLW“Jr -+ EL")/HULWlii). (122)

When using the quark mass eigenstates, the W-boson gauge interaction becomes

L= _%(UT'Y;LVCKMDZLW”+ + EYI/n/YMVCTKMUFW#_>' (1‘23)

where the Vexn = V3TV is the so-called Kobayashi-Maskawa matrix [10]. The
mixing of quarks was first proposed by Cabibbo in 1963 [11], and thus this quark
mixing model is also called Cabibbo-Kobayashi-Maskawa(CKM) model.
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Using the formula of parity and charge conjugation transformations for field op-
erators, the CP transformation for weak interaction can be found out. Substituting
parity transformation Eq. (1.16) into every field operator in weak interaction Eq.

(1.23) and then the Lagrangian becomes

Ep(ta X) = - _<UZ(t7 _X)’y,uVCKMDR@u _X>mW“+

S

+ Dp(t,=x)7, Ve Ur(t, —=x)™WH), (1.24)

where the left handed couplings change into right handed ones, so this Lagrangian
violates under P transformation.

After the parity transformation, we add the charge conjugation into the La-
grangian above. By using the formul@ Eq(ll?) as.well as the anti-commutating

| F I -
property of spin-1/2 fieldoperdtersytlie CP transformed Lagrangian is given by

LP(t,x) = "+ ( )%uVCKMDL (t, —X)W“Jr

g
E(‘ ' “‘-:-l- :.‘. ‘
EZ‘V“ WQ}MUL & —%) W), (1.25)
1 | ‘, :

Eq.(1.25) shows that if the CKM an trix i real:, ‘rhen the form of Lagrangian under

CP transformation will be the same as orlglnal ofe except for the —x parameters.

+

When we consider the action § = f £d4x with-feal CKM matrix, the difference
between x and —x will vanish. This means that the CP will be invariant for the weak
interaction. If CKM matrix is not real, then the CP will be violated in Eq.(1.23).
For N generations of quarks, Voxy is an N x N unitary matrix. At first glance it
has N? independent real parameter. By using the orthogonal matrix property, there
are N(N — 1)/2 angles in the Vexm. So the number of the remaining independent
parameters is N> — N(N —1)/2 = N(N + 1)/2. However, we can choose the phase

of quarks to eliminate the phases in CKM matrix as

e 0 ... 0 Vii. Vis ... Vin eBr 0 ... 0

0 €9 .. 0 Vor Voo o .. 0 €eP . 0
(1.26)

0 0 GmN VNl VNN 0 0 €iﬁN
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For N generation there are 2N phases which can be eliminated, but we can absorb
for example one phase in up quarks into every down quark phases. So total number
the phases one can absorb is 2N — 1. In the end, the total independent phases in

N generation Vg is

N(N +1)
2

— (2N —-1) = (V= 1)2(N —2) (1.27)

From Eq.(1.27) it is clear that in order to have irremovable complex phases in the
matrix at least three generations of quarks are required, which was first pointed out
by Kobayashi and Maskawa in 1973 [10].
With three generations of quarks, It is usually with the expression,
‘/uzii Vus'.l.._vub

Vi = @ V.. W (1.28)

- 1 at
| F Naem w L

where the subscripts indigate Whid‘l qu@f‘;@&&ré interaction with W boson.
Because Voky is complex, 'the \xle k in_lmé:gacti(;n of quar,‘ks with W boson produces

CP violation. It is a convegtJion ‘OI‘ par:.arr.l.etri%ql the CKM matrix by three angles

and one phases. The original deayra_shi—Masl_{ané.parametrization is given in the

following form [10]

C1 —S81C3 —S8183
Vikm = S81Cy C1CaC3 — 8233ei5KM C1C283 + SQCgQiéKM (1-29)

S189  €189C3 + 283" KM 15055 — CoC3€ KM

where s; = sin6;; ¢; = cos6;, ok is the phase which makes the matrix be complex.

Another popular parametrization is from the the Particle Data Group(PDG)[12],

—i5
C12C13 $12C13 S13e” 18
J— 6 .6
Vokm = | —s19C03 — €12893513€™13 12093 — S12893513€013 §23C13 , (1.30)
i i
512823 — C12C23513€"°?  —C12S23 — S12C23513€"1%  C23C13

where s;; = sin6;;; ¢;; = cosb,;, and the d,3 is the complex phase in this parametriza-

tion.
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ViV
I/cd Vcb

Fig. 1.1: The triangleiof one of'six CKM matrix unitarity conditions.
| E!

Comparing the PDG parametrization and KM nﬁérametrization V. in expression
of KM parametrization is more con‘;p'h?ated I’Fham that,of PDG parametrization. We
can determine the PDG parametriz ‘tht;;iélelis more, precisely than KM ones, and
this is why PDG parametrization is morgpopdlar than that of KM.

Wolfenstein [13] proposed:a U$e}ful parame‘pjlzatlon for CKM matrix with the

four parameters, \, A, p, and nwhlch has a cl_ear“i:ridication of the hierarchy of the

individual elements. The Voxy can béexpressed in these parameters with order A3

1—X2/2 A AX3(p —in)
) 1— \2/2 AN? (1.31)
AXs(1 —p—in) —AN? 1

This parametrization makes —(V,4V.5)/(VeaVi) = p+i7, where p = p(1—\?/2) and
7 =mn(1— \?/2) at this order.
Due to the fact that the CKM matrix is unitary, there are orthogonal conditions

between different rows or columns. One of them is
VuaVy + VeaVy + ViaVyy = 0. (1.32)

This relation can form an triangle on complex plane, as shown in Fig 1.1. There are

six different triangles of Vogpy matrix, but their areas are the same as J/2, where
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J is called Jarlskog invariant, which was found in 1985 first by C. Jarlskog [14]
(Vi ViaVi Vil = T €ikmein- (1.33)
Write down J in terms of the PDG parametrization and KM parametrization

J = 012623033512823813 sin 513, in PDG parametrization

J = sisyszeicacssind, in KM parametrization (1.34)

1.2.3 The determination of Vcgy parameters

The test of unitarity property of CKM matrix is very important to examine the
validity of the three generations quark mixing mechanism. From lots of the meson
decays or semileptonic decays and other expkéfiment@, one derive the magnitudes of
all nine elements of CKM matriX. Some of the déférmination will be discussed as

follows. [ ) ,"': \

1
‘Vud’ i !l"t-" | '
The |V,4] is usually obtained frT nugéar blﬁa decay with conserved spin-parity
0" — 07, or the beta deca;y':of ﬂeLtron and pion. The experimental average of

nuclear beta decay is more preéiée than the others;' and it is given as [15]
|Vual = 0.97378 + 0.00027(nuclear). (1.35)

[ Vus]

Determination of |V,,5| had been performed from different aspect for kaon, like the
semileptonic decays, leptonic decay, and also from the ratio of K — ev to m — ev.
The important parameter for kaon semileptonic decay is the form factor f, which

can gives the determination from |V,s|f+. The KLOE collaboration gives [16]
V| = 0.2253 = 0.0007. (1.36)

|Vcd|
It is precise to determine |V,4| by detecting the process of d or s quarks in hadron

interacting with neutrino or antineutrino, which produces a muon and hadron with
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¢ quarks, then the ¢ quark proceeds with semileptonic decay and emit another muon
with opposite sign. This dimuon process implies the quantity B,|V.q|?, where B,
is the average semileptonic branching ratio of charm hadrons. The Particle Data
Group[12] used B,|V* = (0.463 £ 0.034) x 1072 [20] and the average value of
G. D. Lellis [21] and CHORUS [22] which is B, = 0.0873 £ 0.0052 to get

Vog| = 0.230 + 0.011. (1.37)

[ Ves|

The |V.s| can be determined from the semileptonic decay of D and leptonic
decay of Ds. One could choose the semileptonic decay D — wlr. By using the form
factor f2~™ and fP~X calculated from, Fermilab Lattice Collaboration [17], with the
isospin averaged for semileptonic de‘cagfl braril(;hing_.ratio from CLEO Collaboration

[18], the result is obtained by Artuso [19] with'

1 I ‘“

i A L - 7.\'_{_ jﬂ‘l

Vsl = 0.957 + 0.017(exp)=t 0.093 (theory). 1.38
Ved ' 5 1093 gy (1.38)

i m L
‘Vub’ l Io7 i |
|:J] ! ’|‘ s
For the determination of" IVub|z the measurefnegt of‘inelusive semileptonic decay
B — X, lv is diffcult to be extracfed fromethe ‘.I‘argé amount background B — X /(v.
There are several analysis to determine |Vi|. One theoretical extraction is the

analysis by Golubev et al. [23] from BABAR data [24] for the leptonic momentum

spectrum,
V| = 4.28 +0.29 £ 0.29 4+ 0.26 £ 0.28. (1.39)

‘Vcb‘

|Vap| can be determined by semileptonic decays of B to D or D*. BABAR mea-
sured the quantity F(1)|Vy| = (34.4 + 0.3 & 1.1) x 107 [25] from semileptonic
decay B® — D* {*v,, where F(1) is the axial form factor, which is calculated by
unquenched lattice QCD. BABAR use the input F(1) = 0.91975:032 [26] to get

V| = (37.4£0.3+1.271%) x 1072, (1.40)
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Vi

The determination of |Vi4| is from the box diagram for B, — B, mixing. By using
the estimation from results of HPQCD[28] and JLQCD [29], the bag parameter is
de\/?& = 244(26)MeV [27] and which leads to

|Via| = 7.40(79) x 1072, (1.41)

‘VtS‘
Using the B meson inclusive rare decay B — X7, |Vis| can be determined.

Particle Data Group averages those results [30, 31] and gets [12]

|Vis| = (40.6 +2.7) x 107°. (1.42)

Vil i B
The measurement of |V, ¢anbe extractedMrom the ratio of t quark decays
R=B({t— Wb)/B(t — Wq) DO measurement gives R = 1.037319[32] which leads

‘ ' i '\‘
to the lower bound for |Vy| *_-.._ I I

||V | >E78, u _ (1.43)

which at 95% confident level Another method 1s t@ usmg the p — p scattering. The
parton model for p — p includes two malnly channels, which are ¢ +q — W* — tb

and ¢’ + g — qtb. The DO measurement provides [33]

0.68 < [Vi| < 1. (1.44)

1.2.4 CP violating experimental data and CKM model

CP violation was first discovered in Kaon mixing [7] in 1964. The CP eigenstates

for the K, and K, system are
K, = —(K° - K9,

Ky = —(K° + K9), (1.45)

S-Sl

Ky is the pesudoscalar particle with odd parity and in charge conjugatation trans-

form CKy = Ko; CKy = K. It is obvious that K; is CP even eigenstate and Ky is
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q; 951 q, q,
= ~
. w ~ w qr 4
;:i/> <::i -
Z <
q; qr2 q; g,
(a)

Fig. 1.2: Box diagrams for neutral K-meson mixing

the eigenstate of CP odd. If the CP eigenstates are also the Hamiltonian eigenstates,
it means that the CP is conserved under:-the system.

In general

, (1.46)

where the M and 1" are 2 X2 F{e mi ri.n mjlurlces so H is not Hermitian obvi-
¥ J, 3
ously. This non-Hermitian HamllF ian’ makei 1}he two State system decay during

|
time evolution. The mass elgenstat S, . are

<1

Ks¢ =Sl cK,),
’ A
1
K, = ———(Ky+¢Ky). (1.47)

Where |é] = (2.44 £ 0.04) x 1073 [34] is the small value related to the mixing of two
CP eigenstates. This formula indicates that the mass eigenstates(energy eigenstates)
are not exactly identical to the CP eigenstates. This experimental data is explained
by so-called box diagram shown in Fig.1.2 in the SM.

Direct CP violation in Kaon decay into w7 has also been discovered[35]. When
treating K meson decay, we usually take the mass eigenstates Kg and K as the
CP eigenstates instead of K; and K5, because here we discuss only the CP violation

from decay. It is convenient to define the quantities related to the decay amplitude
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(a)

Fig. 1.3: Tree and penguin diagrams for K — 7 decays, where ¢ can be u or d

for K meson to study direct CP Viplati'fm;.-f- Wiy
£ "rT]_OG: _ | =2 Woﬂ%|KLH>' _...-
N7 P v S

< G

= (1.48)
¥
2
CP violation in K — o is
"‘.". S 77_&-‘?‘._-", & b-q:' I -:'I-‘:.“"“
The Particle Data Group [121 gives the fitting for the value
Re(e' /&) = 1.65 + 0.26. (1.50)

¢’ is explained in the SM by the tree and penguin diagrams in Fig.1.3.

B decays can provide many tests for CKM model by measuring «, 3, and 7 in
the unitary triangle in Fig 1.1.

3 is the relative angle between Vi4V;; and —V.4V; on the complex plane. There
are several ways people often take to determine this angle. The most popular process
is the b — cc¢s process. This is because the amplitude of the tree level and loop
diagram has approximately the same phase. One of the process often been used is

B — J/YK,. The sin2f is extracted from the relation [12]

Sy = —nysin2p, (1.51)
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where Sy is the quantity related to time-dependent CP asymmetry in B decays
[36, 37], and 7; is the CP eigenvalue of f. The experimental result from average of

the related decay by BaBar has the value [38]
sin2( = 0.686 £ 0.039 4+ 0.015. (1.52)

From Fig 1.1 definition the « is the angle between V,4V,;, and —V;;V};. It can
be extract from B — 77 process, via the measurement of S;+,- and C,+,-. The

measurement of BABAR gives that [40]
o = 96°EL". (1.53)

The decay B — pomy are also applied to determined «, and the experimental result

from Belle gives 68° < av < 952 at C'L = 68%(41].
|5 £

7 is the angle between ViV and Vuqub The measurement of v determination

uses the B decay process B |— DK [ ‘BEIJLE| [42] measured B~ — DK™, B~ —

.-‘"l
I
I
‘u

D*K~ and B~ — DK* to obtam{ ’h
Hﬁw 483 4 9)| (1.54)

The process B — K7 are usually apphed.‘to test the CP asymmetry, too. The
experimental average is Acp(B? — K¥g=) = —0.097 £+ 0.012 by HFAG [43]. This
asymmetry can be explained by SM [44, 45, 46].

The global fit for the unitary triangle is summarized in Fig.1.4 which is from
CKMfitter [47]. The PDG review[12] provides the fitting values for Wolfenstein

parameters, which are

A =0.227240.0010; A = 0.818135T.

p =0.22170005 7= 0.3401004%. (1.55)
Compare these values with the PDG parameters, we can derive s;o = 0.227 +

0.001, s93 = 0.0422+0.0004, 513 = 0.00399+£0.00007, and the phase sin 4,3 = 0.839+

0.006. From these values, one obtain[12]

J = (3.08701%) x 107°. (1.56)
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Fig. 1.4: The experimental fif for: _"'Enlldm from CKMfitter Group [47]
‘ -

From the above discussion for KMj{!%atriL we cati'see that the CKM matrix

works very well in describiri"*g;: the Ilbeson deca&y, "lqp’ﬂc‘oﬁic and semileptonic decay.

The phase in CKM matrix ge.rieifétef_-:,'CE Vidiatid.ﬁ., and which is consistent with
the experimental result for the CP violation phenomena like K meson mixing, K
and B meson decay. However there are still some problems. One of them is the
baryongenesis. That is, the amount of particles is more than that of antiparticles in
our world, and one necessary condition for this phenomenon is the existence of CP
violation. The quantity to estimate the asymmetry of universe is ng/n., with ng, n,
denoting the baryon number density, and photon number density respectively. In
high temperature the CKM model can produce about ng/n, ~ O(10~2)[48], which
is too small compared with observation np/n., ~ 107%[49]. There should be another
source of CP violation beyond the CKM matrix in our world. Also, the CKM model

does not provide the answer where CP violation is originated, but just put in by

hand. It is desirable for some understanding of the origin of CP violation. In this
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thesis we try to study how to connect the CKM matrix phase with the spontaneous
CP violating phase for the explanation of the source of CP violation from CKM
mechanism.

In chapter 2 we are going to discuss what the spontaneous CP violation is and
treat some of the multi-Higgs models. In chapter 3 we will build a new model with
the connection between spontaneous CP violating phase and CKM matrix phase. In
chapter 4 we will use this model to discuss some phenomenology. In the last chapter

we will summarize what we do in this thesis.




2. MULTI-HIGGS MODELS AND SPONTANEOUS CP
VIOLATION

Although the CKM matrix and its complex relation explain the CP violation of
observation very well, it is still possible that CP is violated from other place. The
multi-Higgs model is a popular topic in this area. Such models may also answer
that CP violation comes from_the so-called spontaneous CP violation(SCPV), a
mechanics first proposed byt T.D. Le€ [50, 51] L

When there are more than one Higgs, their vgéuum expectation values might

—

have the relative phases difference. ;“Ifi:.ﬁ"ese pﬂlasés are noﬁ—vanishing after symmetry
NVl

then they also produce CP Violaticrn Beﬁtaf’use #H}is kind'of CP violation comes from

|
|

breaking and irreducible in Higgs shlf—'ilﬁf'dbtﬁo'n or Yukawa terms with fermions,

the spontaneous symmetry breaklﬂgt of Higgs, ijc 1s called spontaneous CP violation.

2.1 Two Higgs Doublet Model

In 1973, T. D. Lee proposed a model with two Higgs doublets [50, 51]. The most
important property of this model is that if there is a phase difference between VEVs
of two Higgs doublets, this phase can give the contribution to the CP violation. The

two Higgs doublets are written in the following form [50]

b = G, = \%(Pl + Ry +iAy) ‘
1 — 1 — )
hy
1 .
, A ——=(ps + Ry +iA
¢2 _ 67'92H2 _ 6292 \/§(P2 2 2) (21)
hy

H, and H, are Higgs with real vacuum expectation values, and R;, Ry, A;, and

Ag are real parts and imaginary parts of them. The phase difference between two
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Higgs doublets § = 0y — 6, is the spontaneous CP violating phase. If this phase is
non-zero and can’t be eliminated by fermion rotation, then this could produce the

spontaneous CP violation. The Higgs potential can be built in the form [50]

V= — Molor — \aolds + A(¢]41) + B(ghsn)”
+ C(6161)(0h2) + C(81¢2)(dh)
2 1(6102)(Dol6s + Eolon + Fohen) +hc, (22)

where A\, Ao, A — F, and C are all real numbers. The minimal condition by differ-

entiating with respect to d can give

cos & = —(dDp1ps) Bt F ). (2:3)

i - J 4 ..I -“ u
If the right handed side is notrequired to be'l or"—.l" CP is violated spontaneously.
There are eight real scalar ﬁeldswm two H-}ggs doublets and three of them are
eaten by W and Z°. So there aré Veﬂﬁ[smh]i states in two Higgs doublet model

o il

after spontaneous symmetry breaﬁl Iﬁ}le tVYd Higgs model is different from SM
because it has charged Higgs bOSO4 The r1-1r1ter%)ﬁtlon ‘of. charged Higgs and fermions
is similar to charged weak 1nterae|t10n So thls fn@del also have more contribution
to flavor change process than SM. |

Usually the two Higgs doublet models are classified into three types by different

Yukawa interactions.

Type I Type I is that one Higgs couples with each fermions, like the Higgs in

standard model, and another Higgs does not couple with fermions as below
QLud\Ur + QL D + LiTed Ex + hic., (2.4)

where I'y,, 'y, and I', are real coupling matrices. We construct thise inter-
actions of type I by introducing the discrete symmetry ¢, — —¢9 and other
fields are unchanged, so that ¢, only exists in the Higgs potential with even

powers.



2. Multi-Higgs models and spontaneous CP violation 21

Type ITI Type Il is that one Higgs doublet couples with up-type quarks and another

one couples with down-type quarks. For example

Q. Tt Up + QTadoDp. + LiTeoEp + hec.. (2.5)

We can construct type II model by introducing this discrete symmetry:

o1 — P15 @2 — —¢2;Ur — Ur; D — —Dpg; Er — —Eg;

Qr — Qu; Lp— Ly (2.6)

Type III The last model type III is the most general Yukawa interactions in which

there are two Higgs coupling with each fermion,

QT+ F‘u2¢2)UR.. =+ @L F011‘251 5 Fd252)D

+ LL( e1¢1 & Fe2¢2)ER + h.c. (2.7)

so there could be the FCNd (Fa.béchuse one can not diagonalize mass

matrix v1I'; + val's.and couph g Hfhrlces P1 2 snnultaneously

= ||

Type I and II can not have" SpOIlltLIIGOUS CP !W’kolatléﬁ because (¢! ds)(¢11), and
(¢ 2)(dp2) are not allowed, and this results in 81n5 = 0. The spontaneous CP
violating phase § vanishes. So type I'and type II with discrete symmetry have no
spontaneous CP violation.

If we hope that the spontaneous CP violation exists, then only type I11 is allowed.
However, type III has the tree level FCNC contribution which is severely constrained
by experimental data. Also, there are also too many unknown parameters in the

model.

2.2  Weinberg Model

In 1976, Weinberg [52] proposed that by using some discrete symmetry, the model
with three or more Higgs doublets gives the spontaneous CP violation without tree

level flavor change neutral current. The three Higgs doublet model is called Weinberg
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model. Three Higgs ¢, ¢, and ¢3 are written as follows

. . A('Uk + Rk -+ ZAk)
o = e, =i | V2 k=1~3, (2.8)
Hy,
where \/Lﬁvkewk is the vacuum expectation value of neutral part in ¢, and we let
HY = v+ Ry +1iAg. Ry, and Ay are the corresponding real part and imaginary part

in Hy. Branco extended this idea to arbitrary number of generations with two sets

of discrete symmetry [53]

Dy : 91— @15 P2 — —P2; P3 — ¢33 QL — Qr; dp — dr; ur — —UuR

Dy @ 1 — d1; 2 — o P3 = =03, Q1 — Qr; dg — dg; ug — ug. (2.9)

The D; implies the constraint that ¢; éoupléé-“to the up-type quarks singlet ur and
¢o couples to the down—type ones dR, which has the Same propose as the discrete
symmetry for type II of two nggsw daublet |ﬁ10del Thé Dg can suppress ¢z not to
couple with quarks, but it can.coupl terl'ghwnbl Applying those discrete symmetry
can inhibit the tree level FENC prTc SS og ﬁhgg@ #exchange and the CP violation can
arise from the Higgs mteractlon tHe}nselves Tﬂud Yukawa terms of Weinberg model

are written as
Q. TudUr + Q,TasDr + LiTed3ER + hoc.. (2.10)

These interactions are similar to type II of two Higgs doublet model, and the spon-
taneous CP violation will be produced in the Higgs potential.
After spontaneous symmetry breaking the Lagrangian is expanded as follows

11— 1
L = ——ULM URH ——DLMdDRH ——LLMERHO
U1

V2 - V2 .
_ U_DLVCTKMMuURHl + ~=UrVexuMaDrHy
1 2

2__ A
Y2 Ve LERH 1 b (2.11)
U3

where M, = —\%Fuvl, M, = —\%deg, and M, = —\%Fevg. Vokw 1s assumed to

be real matrix here. That is, CP violation does not come from the CKM matrix.
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The CP should be arisen from the Higgs self-interaction. The parametrization

for three Higgs doublet potential in discussion [54] is

V= — 13oldn — 13ohds — 1idhds + hi(d]61)? + ha(dhda)? + ha(ples)?
+ fia(d1d) (Dhda) + fos(Bhdo) (Bhd3) + far(dhs) (dlhn)
+ G12(B]62) (B501) + gaa(Phhs) (DPLds) + gar (dhdr) (Dl s)

+ (ki2(@l2)? + kos(9he3)? + ks (¢3¢1)? + h.c.). (2.12)

It can be assumed that the coefficients in above formula are all real. In the potential
only two phases 015 = 05 — 01 and do3 = 03 — 6, exist. Differentiating with respect

to the two phases, we get a condition below

2 2
k’lgv—g sin 2512 —= k‘ggv—g Sin2523 :',Irl_-k13 sin 2(512 + 523). (213)
U3 o U1 | ‘ ‘

Eq.(2.13) reflects the faet that_the phases 012 and' 523 can be nonzero, and CP is

violated here. ; ﬁ—_ :ﬂf;. | \

In this model, there are four char ed,aﬂﬁ--ﬁqe‘neutral physical Higgs bosons. The
mass matrix of Higgs can give CP p opeimiks of t(hlS model [54]. The resulting mass
matrix of charged Higgs hasithe oﬁt‘dlagonal cbﬂnplex elements. It means that the
CP violation will arise from the"“e:;cha‘jnging ofg_cha:r:‘x:g‘e Higgs. Also, the neutral mass
matrix has the mixing terms between scalar and pseudoscalar Higgs which lead to
the CP violation under neutral Higgs exchange.

Although Weinberg model can provide the spontaneous CP violation without the
tree level FCNC which is inhibited in Lee’s two Higgs doublet model, it still has some
contradiction which had been provided by many authors[55, 56, 57]. The Weinberg
model is decisively ruled out by data on sin23 measurement in B — K J/1. In
Weinberg model, the upper bound for magnitude of sin 23 is |sin 23| < 0.05[56, 57].
The present experimental data is shown in Eq.(1.52) that sin 25 = 0.686 + 0.039 +
0.015, which means that the Weinberg model has been ruled out. The neutron
EDM calculation also rules out the Weinberg model, from which the estimation for

neutron EDM has order 1072%e cm [58], whereas the experimental upper bound is

|dn| < 0.29 x 107%%¢ cm [59)].
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2.3 The strong CP problem and Peccei-Quinn symmetry

For the Lagrangian in QCD, the term (995/32%2)6"‘”@“1, is allowed, where éuv =
%EW,,UG”". This term also violates P and CP. This is a possible CP violation in strong
interaction.

Because P and CP violation will cause the electric dipole moment(EDM) of
particles, the measurement of EDM of particles is important to test the CP violation

in standard model. The neutron EDM test is especially important, and in present

the experimental upper bound is given [59]
|d,| < 0.29 x 10™%°e cm. (2.14)

SM theoretical calculation of tCKM Tnéytrix CIP violation gives the small value con-
tribution about order less thaﬁ 1073 cm [61 62463] Without considering strong
CP violation. With non-ze¥o 0, d B beimuch larger Experimental bound for
neutron EDM constrains thelf very etrgl.y fclir‘ |6] < 1071°f12]. This is considered
to be unnatural since other couplirl Wlmletropg 1ntera‘c.t‘1on are much larger. This
is the problem. ! ! el ! I

For the multi-Higgs moéel Wlﬂll Spontaneous CP violating phase, the strong
phase 6 would be large [60] at loop level. We need a mechanism to make this phase
small.

In 1977, Peccei and Quinn proposed a mechanism to solve this problem [64, 65].
They introduced another global symmetry U(1)pg in the standard model. This

symmetry is generated by the chiral transformation defined as follows.

U — eiaqﬁsu; d — eiad’ysd;
¢ — ellntadg g emilontad g gL (2.15)
where «, and ag4 are the chiral rotational phases for up-type quarks and down-type

quarks respectively. The ¢; and other ¢; are the multi-Higgs doublets. After the

chiral rotation, the strong phase becomes

0 — 0 —da, — 4ay. (2.16)



2. Multi-Higgs models and spontaneous CP violation 25

Since a4 are arbitrary phases, one can choose these phase as 6 = 4(a, + aq),
therefore there is no strong CP phase and also without large contribution to neutron
EDM.

Models with PQ symmetry have an axion resulting from spontaneous breaking
down of PQ symmetry. No axion has been detected in experiments. One has to

make the axion invisible, by extending the original PQ model[66, 67].




3. NEW MODEL BUILDING

The multi-Higgs model can have the spontaneous CP violation(SCPV). This is
a nice feature which provides a understanding of the origin of CP violation. But
the two Higgs doublet model has tree level FCNC, leading to too many unknown
parameters. To improve the situation, Weinberg proposed a three Higgs doublet
model which has no tree level FCNG:. However, the prediction of Weinberg model
for sin 23 is not consistent With‘exper‘ini‘ental d}ita as mentioned before. Here we take
the idea [1] that the CP Violatioﬁ i§ arisen from spdﬁféneous symmetry breaking, but
further make the spontaneous CP "Vlolatlng. phqse be identical to the CP violation

-
N :_‘,

in CKM matrix. In the following W blgﬁns_peflﬁc maodels to realize this.
I q@ | ‘,
3.1 Making SCP\J' Pbase 1deinit1ca] to CKM phase

Model(a)

In our new model, we try to build a model with the spontaneous CP violating phase
from Higgs identical to the the phase in CKM matrix. We couple two independent
Higgs doublets to the up-type quarks and one Higgs doublet to the down type quarks

as below

L = Qp(Curgy + Luao)Ur + Q,Tadadp + hoc., (3.1)

where I',; and I'ys are real 3 X 3 coupling matrices, and the tilde sign on Higgs

means $k = —109¢;. The ¢1, ¢2 and ¢4 are Higgs doublets, which are written as

. = (vk + Ry + 1A
R (3.2)
by
where k£ can be 1, 2, and d. It is convenient to redefine these Higgs doublets so

that they have real vacuum expectation values. That is, ¢, = €'* H;,. Here we call
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Eq.(3.1) as model(a).
After spontaneous symmetry breaking, the mass terms of model(a) Lagrangian

appear as
Ly = —Up(Mue” + Myse™)Ug — D(Mge™ %) D + h.c., (3.3)

where M1 0 = —FuLuQ'ULQ/\/i and M, = —ded/\/ﬁ. The phase 6; and —6; can
be absorbed into the Ugr and Dpg respectively.
From previous section, Eq.(1.20) shows the relations between flavor eigenstates

and mass eigenstates of quarks

U = ViU siUr =V U

Di = VD DR=ViDm.

We make the My to beidiagonal without loss of generality. That is, Dy and Dy are

h
ln‘
|

{ i |
already the mass eigenstates Dy’ and)Df s .an'{dithe mixing matrix V7 and V§# are
i L] "'*‘

. I
‘ s | | | I
Lo = —Up (M % L\/‘uzew)UR —HZIPLMdDR the, (3.4)

unit matrices. The mass terms bed[o e Ir[

where the relative phase 6 =6y — 01 s the spontaneous CP violating phase in the
Yukawa terms, and M, is the diagonal mass matrix. If § is non-zero, it could cause
the spontaneous CP violation in the model. The total mass matrix of up-type quarks

can be diagonalized by left and right handed matrices Vg and V}*. That is
M, = VM,V (3.5)

where Mu is the diagonal up-quark mass matrix and M, = M, +e* M,,. To simplify
the discussion we assume that V3 is a unit matrix. This simplification can help us
to make the identity relation between ¢ and the phase in CKM matrix. Because
V2 is a unit matrix, from Vexy = V' TVLd it is obvious that V' I is equal to Vexu.

Eq(3.5) becomes M, = Vorm (M1 + €¥M,s) , and we obtain the relation

-1

Vi = (Muy + €* M) M, (3.6)
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At this step we need the explicit CKM parametrization with a phase. First we use

the Particle Data Group parametrization which is shown in Eq.(1.30)

—is
C12C13 $12C13 S13e” 18
— is i
Vokm = | —s19003 — €12893513€™13 12093 — S12893513€013 $23C13 )
is is
$12823 — €12C23513€"°"?  —C12893 — S12C23813€°7"%  C23C13

This parametrization makes more than one phases in the Voky elements. That is,
one phase d13 in Va1, Voo, Va1, Vas and another phase —di3 in Vi3. We solve the
problem by pulling the phase —d;3 out and then decomposing the Vg into two

matrices as below,

e (0
¥ =
Vokm = 0 A 0. e
0 01” g
C1a€13€" 11 "“‘--' "a_x ] ' 51201‘3611513 513
x —812C23 — 01282%8 36 Ir[ Ifffzzs - 8125238136 W3 gacry |4 (37)

: L | o
512893'— C12023151 oS 1]

T
'

! id
593+ S12C238131°  Ca3C13

Absorbing the left handed diagonal matrix by redaﬁnihg the quark sector Up. The
remaining matrix has the uniform phéise i each elément. By comparing two side of

Eq.(3.6), we introduce the identical relation
§ =03 (38)

This relation implies that the CKM phase comes from the spontaneous CP violating
phase. Also, this relation is related to the phase d;3 which has been measured in
experiments, so if the spontaneous CP violating phase § can be nonzero after solving
the minimal condition in Higgs potential, it is independent of the masses of Higgs,
and the CP phenomena always exists.

By substituting Eq.(3.8) into Eq.(3.6) we determine the coupling matrices M,
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and M,

0  —s12c23 5128923
Mul = 0 C12C23 —C125923 Mu;
513 S23C13 C23C13

C12€13  —C12523513 —C12€23513

My, = §12€13  —S12523513  —S512€23513 M,. (3-9)

0 0 0
Note that these matrices M,; and M,s depend on quark masses and the angles in
CKM parametrization. This is not true for other multi-Higgs models, with which
the spontaneous CP violating phase and CKM phase are concerned.

We apply the same idea to anothe; CKM p@rametrization, the original Kobayashi

Maskawa parametrization in Ed.(1.29)

& [  —ficsy

‘ i |'I‘ - .“'n ——S.l S3
‘ [ g P = I‘I_f_ )
R B “n" .6
Vkm = $1Co » C1€2C3 — QSM Ic§0233 + sqe3e"0KM

e |
| y
S$182€159€C3 1+ 2836"{{1{3\4 %3%8283 - CgC3eZ5KM

Then the step of previous‘"gliScussibn for PDFF[ paréimetrization makes the same

relation as Eq.(3.8),
5 = =0k (3.10)

This relation gives the expression for the mass matrix with respect to KM parametriza-

tion,

8] 51C2 5152

Mul - —S81C3 C1C2C3 C1592C3 M’zn

—S8183 C1C283 C(C15283

0 0 0
Mu2 = 0 —89S83 Co2S83 Mu (311)
0 S2C3 —C2C3

In general we can express the two coupling matrices M,; and M, in terms of

the CKM matrix, quark mass matrices, and the spontaneous CP violating phase as
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follows,
t y e? t y
My = VC’KMMU_EIm(VCKM)Mu;
1 N

This relation is useful when we treat the Yukawa couplings of Higgs, and it is inde-
pendent of the parametrization of Veky. Choosing a specific CKM representation
implies a choice of a model.

Model(b)

Now we treat another kind of Yukawa interactions which is called model(b),

£ == QLFu¢uUR + QL(Flal + FQ%Q)dR. + h.c.. (313)

In this Lagrangian two Higgs doublets ¢1 and ¢2 eouple with down-type quarks and
one Higgs-doublet ¢, is coupled Wlth up- type quarks Laa2) and 'y are 3 x 3 real
matrices. Here the ¢, and Qo are deﬁned as those in model( ), and ¢, is with the

same definition as that in Eqi(3.2) hlﬁ"d‘ Lb-whlc'p |l<: is replaced by u. After symmetry
gl
|

breaking the mass terms is ertteq elovh
(Md e ”%fM o 292)D3+hc (3.14)

,Cm = —UL(Mue )UR —

where M1,y = —Fd(Lg)ng/\/Q_“éuhd Y — —Fuvu/\/_ Following the same treat-
ment for model(a), we absorb the phases.—6j and 0, into Dg and Ug respectively,
and we also treat the M, as diagonal mass matrix. So V}* = Vg = 1 and the mass

terms become
Lo =—ULMUg — Dp(My + Mgpe ®)Dg + h.c.. (3.15)
The M, indicates that it is diagonal, and ¢ is the spontaneous CP violating phase
with 6 = 05 — 6;. The diagonal down-type mass matrix M, has the relation to
Mg = Mg + e Mg,
My = V"MV, (3.16)
We make VZ = 1 and the V; is equal to VérKM. That makes us to express the mass

matrices My and My, in terms of Vo as

Verm = (Mar + e M) M (3.17)
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Using the PDG parametrization with the same argument from Eq.(3.7), and com-
paring phases in two sides of Eq.(3.17), we can write down the phase relation as

follows

Note that this relation is the same as Eq.(3.8) discussed in model(a). Also, this

relation makes coupling matrices My and My, as

0 0 S13
Mp = | —sjaco3  cracos  sazciz | Ma

$128 = C23C
1% _2‘3‘:! =t 1‘%.3_2%_‘!23 13
e iy

oo m‘lr .E';-r:‘._ =
2 Ci12C13,5 519613 Tk
. T

X

=

1 Az, (3.19)

and three angles of CI%M"Fﬂa :'i'."'"r:_:' :‘
Using the KM paramftméat ume |t A g%f;fls:‘\;relation as Eq.(3.10) in
model(a), which leads to de‘lﬁ'ey;ﬁ%e ﬁ]ie C(Zupii_x;ig me;t,‘rlées My and My as
T
1 —S1C3 —S1S3
My = S$1Co  C1CaC3  C1C9S3 Md;
S1S9  C1S9C3 C€1S9S3
0 O 0
Mg = 0 —S283 S9C3 M. (3.20)
0 983 —cocs

The general formulas for My and My, in terms of Vg, Md, and the spontaneous
CP violating phase § are

—id

~ e ~
My = VexmMg+ —Im(Vexm) My;
sin
1 ~
Mdg = - Im(VCKM)Md (321)

sin
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In this section we have discussed how to make the spontaneous CP violating
phase identical to the CKM matrix phase, this identical relation leads to the deter-
mination of couplings matrices, which depends on three angles in CKM parametriza-
tion and the quark masses. For different CKM parametrization, the related coupling
matrix are also different. In next section we will study a particular multi-Higgs

model, and then apply it to our Yukawa coupling models built in this section.

3.2  Multi-Higgs model building

To build a model realizing the idea in the previous section, we also need to
consider appropriate Higgs sectors. lItihas-been shown that in order to have the
spontaneous CP violation and the PQ “symméfry more than two Higgs doublets are
required [68, 69]. For SM thefé is'only one Higgs""‘duoublet, but at this moment we
need a multi-Higgs doubléig's as degtribed bef(')re Wer élso need the small enough
neutron dipole moment with no strbnﬁ]il' _plrdblem so the Peccei-Quinn Upg(1)
symmetry is introduced.. The anoL & smlar ﬁield is requ1red to generate invisible
axion, and therefore the mlmmal mtodel 1s. a Ip(li)del Wlth three Higgs doubles and

one Higgs singlet.

3.2.1 Higgs potential and CP violating phase

The three Higgs doublets ¢1,02,03,and one Higgs singlet S are denoted as

1 .
¢k — eiQka _ eiek 7§<Uk + Rk + ZAk)
hy
~ . . 1
S = %S =¢e%_"_(v,+ R, +iA,). 3.22
75 ) (3.22)

Note that if we hope the axion be invisible, the vacuum expectation value v, will
be large because the interaction of axion is suppressed by 1/vs [66, 67, 70, 71]. We
introduce the PQ charge of fermions as the constraints to limit some of the terms

in Higgs potential. The PQ charge of Higgs can be chosen as follows,

Gri+1, ot 41, dg:—1, S 42, (3.23)
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We choose ¢3 to be ¢4 in model(a) and ¢, in model(b). Using the Eq(3.23) and
comparing the form of Yukawa couplings we also write down the P(Q charge of

fermions for model(a) and (b),

Model(a) QL : 0, UR . —1, DR :—1 (324)

Model(b) Q@ :0, Ug:+1, Dg:+1 (3.25)

With Eq.(3.23) we write down the Higgs potential for three Higgs doublets and

one Higgs singlet as follows in terms of Hy, Hy, Hs, and S

V= — mlH H —m2HIH, — m?H}Hs — m?,(H] Hye" +h.c.)
— m2STS + N\ (HLH)2 ¥ X5 (HiHs)? + N\ (HIHs)? 4+ A, (STS)?
oA (HTHl)(HT“Hg)ju”)\"'(HTﬁf)‘(HTHg) N!(HJ Hy) (HIHs)

As (HTHQ)(,HZHl) 2 X (H Hg)(H Hl) < X'(HTH3)(HTH2)

+

+

—A;,((HTH J2i20 & ffn_.y ,\6 F’[THl)(HTHQe“S +h.c.)
A (HTHg)(HTHQeI’ o hﬂ i) " WK (HiHy ) (HH,e® + h.c.)
dio(H{Hae' % h. Jf {STS + glz(:‘(#-lTHg)(H Hy)e® + h.c.)

i (H{H) SIS iy (B ) STS + Fo(HEH) ST

+ o+ 4+ o+

frs(HI HySe'O ) ey s fas (H] HySe™ + h.c.), (3.26)

where 6, = 03 + 0, — 05. The m’s, N’s, f’s, and g5 are the coefficients in Higgs
potential, and all of them are real because in this model the CP violating phenomena
is assumed to come from the spontaneous symmetry breaking.

By doing differentiation with respect to d,, we can extract one of the minimal

condition,
fi3v1v3vgsin(ds + ) + fogvev3v, sin b = 0, (3.27)

which leads to the relation between ¢, and 0,

f13v1 sind
fo3v2 + fi3v1 cosd

tands = — (3.28)
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From the formula above, it is obvious that the phase §, depends on the phase
0. If § is zero, then &g vanish. That is, we can regard ¢ as the only source of CP
violation in this model.

In the end of this section, we briefly discuss our model when it is concerned with
leptons, also with the right handed neutrino. Using model(a) as the example the

Lagrangian is written down as

L = Ly(YiH + YoHoe®\up + L1 Y3 Hyep

+ TGY,Se 2000 L he.. (3.29)

In above formula Higgs singlet S is coupled to right handed neutrino couplings, and
the PQ charges for leptons are Lz(0);'ep(—1),/and vxr(—1). The phase 6, — 26, comes
from VEV phase 6, of S and phase ¢ 'vvhich."i's absorbed into vg.

The mass terms of this Lagrangian is

o

Lf &= 'TEZ:Me@IIRT v Mpyr
4 ﬁ%;/; l-‘l—lh.c., (3.30)
‘ AR
Ak | 1 I
where the M., M,,, and Mg are ! I | F|
w5 N | 1
1 £ 1R s
M, = —EY?)U% Mp = ‘j%‘(yﬂh + Yaupe™)
Mp = —V2Y,v,e0s720), (3.31)

Here the mixing matrix corresponding to CKM matrix is the so-call Pontecove-
Maki-Nakagawa-Sakata(PMNS) matrix [72, 73]. It has the relation Veynng = VEV) L
with V7 and V} are the mixing matrix of e;, and vy, respectively. We find that our
model corresponding to leptons is more complicated than to quarks, because there

is another Majorana mass matrix Mz which does not exist in quark couplings.

3.2.2 Mass matrices of Higgs

For phenomenological studies, the next step is to find the basis of states in which

there are two Goldstone bosons in neutral mass matrix. One of which has its mass
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be eaten by Z boson, and the other one is the axion, and they can be easily removed.
For the charge boson the basis we need is the charge Goldstone boson with its mass
eaten by W boson. The Goldstone boson eaten by W and Z are not the physical
states, and so we will erase them in the Lagrangian. Those Goldstone bosons can

be related to the Higgs field as

1
h,L_U = E(Ulhl_ + Ugh; + Ughg)
1
hz = ;(1)1141 + U2A2 + 'U3A3)
a = (—vviA; — vvi Ay + V333 — v, A,) /N, (3.32)

where the h,, and h, are the Goldstone boson corresponding to the W= and Z°, and

the last one is the axion. The Ngin'formula related to axion is N, = v/v,v5 + v202.
| =

Using Eq.(3.32) and to simplify the-formula, we construct the rotation matrices

to find the zero mass states;

-

| _ ‘"al ' .‘“u -
A1 Uz/Ulg —M{ﬂf@%\ﬂfi‘ I 1}1/?} —Ull}%/Na aq

Ay _ —v1 [Vl + 2031{%-]{7:1 il b2 /9l —vav /N, as

As 0 UE 2Us/ﬁ34 :1'53/?1 'U.”%éUS/Na h. ’

A, 0;‘.‘ | !Qj%Qvg/NA I @, —0%, /N, a

hi Vo /12 vlvg/vvu vi-/v Hy

hy = —v1/via VU3 Uy U2 /U Hy |- (3.33)
hy 0 —via/v w3V h,

where Ny = /03, (v}02 + v202).
For the real part neutral Higgs, there is no corresponding Goldstone boson. We

rotate the real part Higgs the same way as that for imaginary part Higgs,

Ry vy/viz —v1v3vs/Na v1/v —v1v3 /N, HY
Ry _ —v1/v1g —UaU3vs/Na vo/v —wav3/N, HY (334
Rs 0 v /Na  wv3/v v3u3/N, HY
R, 0 v2y03/N 4 0 —v?v,/N, H?

The states after rotation are still not the physical states because the mass matrices

are not diagonalized. Here we rotate them in order to find such the states h,, h.
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and a. The rotational matrices we choose are for convenience, and the states after
rotation are still the parity eigenstates.
After rotation we find that the charged mass matrix can be written in the basis

(H{,Hy ,h,) as follows

2 2
mH;rHl— merH; 0
2 2
My Myt s 01 (3.35)
0 0 0
Note that m? W = (qu;r Hf)* and the matrix elements are
cscd
mii,- = — 2ﬁ[sin 50103 (V19(Ag — As) + v3 (V3 N, + Vi)
et U103 V12
— g1V usws sin 26 oL vgvs(4v1v2 cos d sin(ds + 9)
+  2esc o.(v sin ((55 + 5) o v%sm ds))]; (3.36)
2 v / —1id 16
= S T - .
mH1+H2 2U2U12 [( q );%)Ulvg'i{:g 9121)2113(01 UQ )
+ \/_f13Us vf iasi‘%—'—w (5'&3"—'4 ) + yde! B (3.37)
r sin6 I
, o | .
Mg = 21}12”3 [2g|l 17}21;‘3’?:08 5i |
+ 41)31)1 f13’l)1’l)s CSL5 Sln5 —|— Njvsvs)], (3.38)

where the unphysical state h,, 1s massless, and i also has no mixing with other two
states.
Using the basis (HY, HY, HY, H), a;,as, a3, a) the neutral mass matrix can be

written in the form

2 2 2 2 2 2
m m m m m m 0 0
HYHY HYHY HYHY HYHY Haq Hay
2 2 2 2 2
m m m m m 0 0 0
HYHY HYHY HYHY HYHY HSaq
2 2 2 2 2
Mueuy ™Muguy "ugay "9y "HYa, 0 00
2 2 2 2 2
m m m m m 0 00
HYHY H{HY H{HY H{HY Hfa, (3.39)
2 2 2 2 2 2
malH? mang mang malef Marar Majay 00
2 2 2
Moy 10 0 0 0 Mara;  Mapay, 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
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This mass matrix is a real symmetry mass matrix and with off diagonal terms. It

means that m?;

2
Mg g

2
Mg g

2
" g

= m?;. The non-zero matrix elements are listed as follows

1

4(Xg — M\)vivs (v — v3) cos §

[4()\1 + /\2 /\3 - /\4)’0?’1}3

Asv103 (Ul + (V7 — v3)? cos 26)

4 sind 1 ' '
15 s +v3, Siné(U% sin(ds + 26) + v3sindy))]; (3.40)

[201 090305 (—2A107 4 2M\9v3

\/_f1303Us(

1
2012Ny

Vi (N = Ny + X = N+ fi — f2) + (A3 + Ag) (v — v3))

25010 -0
svre( ﬁqo%ﬁfﬂ#ﬁf’iﬂbﬂj
2030, COS@&GI(UI =3 1112)%)\7 vgﬁ?:'-_, v1v2)

(3.41)

/ ,_1, "
A3 T3 -

(

(3.42)



3. New model building 38

2
"M HYHY

2
Mgy

2
Mg g

mHza(l)

1
UNA

(A3 4+ M) (v — v3)vs + (N5 — X + Xy — X)viyus

[0102((—2A10% + 22903 )3

(fi — f2)v*v2 + Xs(v3 — v3)v3 cos 20)

(/\G(Uil - 3”%“3) - )‘7(02 3”1”2)

(As + g12) (v} — v3))v3 cos § + diov*0? cos 6]; (3.43)
[(A6 — A7)v1va — As(v? — v3) cos &) sin 0; (3.44)
~fnla g0 L0, (5.49

V20019 ’

4 3 3 A by 4 by A 2 2
21}31)3]\72[ U3V | ( 17!1 "f )\évgﬁ- ( {+ Uiy + (A3 + A\g)vivs

()\I + )\ )'ﬂ)’I'U

(fir% + f27f2 f:ﬂﬁz)”%)

.
'\

ﬁ +ﬁv§20§v§)], (3.46)
[ ]

1& 3] i
ke | | i L N
2)\51)11)2 cms 2«5; W—l— ?‘:Swvg,' & As(v3y — v3)) cos §
= sin 0
viy(f1vf + fz 1*‘ j}vg) \/_*HIUW:WQ s
20105 (d1903y + g12(viy — v3)) cos dJ; (3.47)
2

21}%1}%1}%()\3 + Ag) = 20\ + X)) vPvdvs — 2(Nf + N vdvavd,
2070305 A5 €08 26 + 4v109035 (A6 + A7 — Ag3y) €OS
(v = v3vly) (fro] + fovs — faul,)

\/—f13111 2, (0202 — v20?) sin d

U1oUs — UgU

sin(ds + 9)
20102(—2g12v12v3 + dio(v20* — v1203)) cos ]; (3.48)
V12 —= [—2A50102030, Si0 26 + 2(—AgvE — Aqv3
2N 4
()\8 + dyo + 912)1)%2)1)3’05 sind + \/_@— sin (5 +9 )] (349)
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m2 o 3[}\ 4 )\ 4 )\ 4
HgHy = gAML T Al A
+ (As+ A)oivg + (X + Npojvs
+ 20105 cos §(Agv? + Apv3 + Agvi + g1ov3)]; (3.50)
V1o
qugHg = 2U2NA[ 4u3 (Mt + Ay — A7) — dvtvsvi(As + Ag)
+ 27)17}3(7]12 )(X + Ay + 2”2”3 (U12 2)(/\g + AY)
— 400903 (20607 + 2A703 — (Ag + g12) (Vg — v3) + d19v7) cos d
5 Sind
— 20203 (fiv] + fovs + fav3) + 2\/51}11)3113 f13
- 4)\51)11121)3 cos 20]; (3.51)
ST
ngal = [2)\51)}‘1)3 6650 T}wl +L9E7v2 + )egv?, + g12v3] sin 6; (3.52)
A
bl
Moy = 202 N3 [Mg“( 11
+ 40iduit %évw + X;)
) ‘
- 41}%1}‘7.":1'7;1"9:5-0 = nglz) cos §
+ duiv Qﬁfﬂﬁ f 8
‘hﬁw" A
~Sm6-
+ 4\/_U1U12U31ﬁ'115ﬁ"f13. 8111‘1121)? (g121112v3 dlgu%ﬁ) cos d];
) . 2 £ j' |J. T '_.Il =
Mg, = N L2 [(\gv? + Ajvs — )\81)12)1)3 sin d
—  (g12v}yv3 — di9v*0?) sin § + Asv1v903 sin 26]; (3.53)
1
2 2.4 2
malal = W[Z)\5’U1'I}2U12 S1n 5
+ V2u30, f13(v} (v} + 202) cot § sin(d, + J)
4 _ 4Sin d
t 0 sin(d + 0
+ ] cotdssin(d + 0s) + v, s1n5)]
2 . f13NA 2 2 Sin5 2 sin(258 + 5) .
Masea = 2v/2090%, (01 UQ)sin Js gy Js J
m22a2 _ fizv1 N3 S'in(s . (3.54)
\/5'0%27)3'175 Sin 55

The non-zero elements m%liaj mix real and imaginary part of neutral Higgs field,

and they violate CP.
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3.3 The Yukawa couplings

Before discussion the phenomenology, we show the Lagrangian for the quarks
couplings with Higgs as

0

LY = T M- — (M, — VoraIm (Vi) My——) 22U (HP
Y Ll Vials —( cxmIm( CKM) sm5)7j102] r(H +iay)
1 2
U, M,U HY — ~HY+ > (HY) +i
+ Uyg Rl 121}( + iay) - 712?13( 4 +ia)l

v 1 2
-Dﬂ4mﬂ”aﬁ—mg+#ﬁ+§%uﬁ—mn

V3v
VDL Vi My —2 — (Vi Moy — T (Vien,) Mo éé)vm]URH‘
CKM*"*u V91 CKM*"*u CKM Sln(s V1 Uy
- V2 U—DLVCKMM WUrHy = V32U VorMaDpHy + hic.
12 3
(b) — ~ U1 = 5 ‘ % €_i6 V12 .
Ly = DL[Mdvlm—(Mcﬁr‘{CKMIm(V_CKM)Mdﬁ)Ulvz]DR(H — iay)
+DMMM (m—my—M+fJM—m]
——%M&d m+4 Mﬂm+m]
—id
‘ V12
— VAU Vo (Vi M Voran) M DrpH;
\/_ L[ CKMiV1d Vo0 12 CﬂA d ( CKM) dSlH(s)/UlUQ] R

+ \/__ULVCKMMd +\/—v1 LV‘CKMMHURH2 +h.c.. (3.55)

The above formula shows that fhe FCNC pié)ceés is produced from the H; and
a1 exchange, because for Hi,a; couplings there is a non-diagonal coupling matrix
proportional to ch\ﬂm(VCTKM)]\}[uei‘S /(sind) for up-type quarks in model(a). In
model(b) has the same situation with —V{,Im(Vogw ) Mae™ /(sin §) for down-type
quarks. Also note that the flavor conserving interaction with Hj and a can be

neglected because of the small factor 1/v;.
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The FCNC coupling matrices for PDG parametrization are expressed as follows

i

-~ e
For model(a):  VexmIm(Viy ) My— =
sin
2 2
Ci3 —823513C13  —(33513C13
2 .2 2 )
—S893513C13 823813 523623813 Mu (356)
—(C93513C S93Co357 2,82
23513C13 23C23573 23513
)
For model(b): =V Im(Verw) My—
sin
2
Ci2 S12€C12 0
, .
S12C12 812 0 Md (357)

0 D240

where Eq.(3.56) is FCNC rela“sed co“{l[;ling Ilrlfz;trix for up-type quarks in model(a)
and Eq.(3.57) is for down bype quarks in model(b) Frf)m Eq. (3.56) we find that
there exist all the mixing contrlbuqloﬁs.b,et,vveein u— ¢, u—t, c—t. However, when
considering the meson mixing; theTe afﬁ-'- mds?n which is eonstructed by t quark,
we only apply the u — ¢ couplings to neutral irl?eson Imeg later. The model(b)
FCNC coupling matrices sh(fwn in:]i) (3¢57) p rh dupe only the d — s couplings.

The FCNC coupling matrlces for KM parametrlzatlon are

0 0 0
el R
VCKMIm(‘/CTKM)Mu . = 0 Sg —S59C9 Mua (358)
sin
0 —s909 c
0 0 0
~ @_i‘s ~
_VCTKMIm(VCKM)MdSin 5= |0 8 s | Ma (3.59)

2
0 —s3cs3 c3

These formulae show that there are only s—b and ¢—t couplings in KM parametriza-

tion.



4. SOME IMPLICATIONS

After building this model, we try to connect it to some experimental result and
find whether this model is consistent with experimental data. We concentrate on
effects for neutral meson mixing and neutron electric dipole moment. The multi-
Higgs Yukawa coupling model we built leads to the FCNC phenomena, which makes

contribution to the neutral meson mixing.

; il _‘.“

4_.1 INélitral meson uﬁdixir_l_g

J'_-v

Mt Y )',w I ! ]
The FCNC from Higgs prov1dq:sft‘h.ta—tnéﬁ Fevel contrlbutlon for neutral meson

oscillation. It occurs by the exchaP e O%Jf alak F—Ilggs pseudoscalar Higgs, or both
Y

scalar and pseudoscalar Higgs'with the €ross té ms between them. We write down

the Yukawa interaction and‘.’chenﬂqua ratic nggl m_‘g.erac"tlon for HY and a; as follow-

ing form
L = Gi(ag + bijys)q; HY + iGi(bij + aijys)qi01 + )‘H?alH?OJl? (4.1)

where a;;, b;; are coupling constants of HY, ay, and i, j quarks, and Afoq, s the

mixing term between HY and a;, with A HY, = 2m? Hoay"

The total amplitude for mixing from the sum of three contribution which are

shown in Fig 4.1 can be written as follows

1 _
M= — —— Gilay + bijys5)q;G(ai; + bijys)q;
mH?
1 _
+ 2 Gi(bij + aijys)q5Gi(bij + aijys)qs
ail

. )‘Hal _

- Zm21mH1 ql(al] + bU’y\r))QJQZ(sz + azf%) qj- (42)
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N ql q i/ N q i q] y \ ql q] '/
> 0 // \\ \ HP° a /
\ ]—[1 // \\\ a, ) / \\/ I 1 \/
/ / \\\ / / \\ / : \\
b / \‘\ 7 | \\ //4 \\
/g q . /49, q; /4, q,

(@) (5) (©)

Fig. 4.1: Mixing due to the exchange by (a) HY, (b) a1, and (c) both HY and a;

This amplitude is the sum of the contribution of the s-channel diagrams. The t-
channel contribution also needs.to be considered. So the total amplitude is the
s-channel contribution in Bq.(4.2) with tha’é‘ of Fierz transformation for fermionic
fields together. The fermlomc Fierz transformatlon for scalar interaction is S —
— 1S +V+T - A+ P) Wlth S’ V‘T A,|P Wthh are the interaction of scalar,
vector, tensor, axial wector, and eud:)!" a;alt, respectively. In other words, the
Gi(ay; + bijvs)q;G (ai; +bi75)¢5 18 sle n ag. __alau[i interaction and can be transformed

1

into g o

X (—Z)[(Qi(aij + bij75) ¢ @i @iy + bijys)a;)

Wl =

+  (G@vulas + biyys)q; @™ (@i + bijvs)q;)

— (@ (aij + bijys)q; @iy s (aij + bijys)q;)

+ (@vs(ai; + bijvs)qi@ivs(aij + bijys)a;)], (4.3)
where the factor 1/3 comes from the constraint of the colorless meson, and note
that there are no tensor contribution in this formula. Then we put the amplitude

in Eq.(4.2) with the Fierz transformation in above discussion into the scattering

amplitude matrix element My = (P|M|P). We get the matrix element for neutral
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meson mixing terms from our tree level contribution as follows,

1 2 L 2 f]%m?]’g L s 2\ £2 1 2
My, = —milo [(sz - E(aij + bzy))—<mz i mj)g + E(sz - aij)meP] - _31 [(aij
1
Lo, fz%m?f? 1
— (a4 p2 )L T (g2 b2 ) 2
12 (aw + m)) (mz + mj)g + 12 (OJZ] z])meP]

(072
2,3
2Myo,, Sa,by  fEmd

+
2 2 . 2’
Mg, 6 (m; +m;)

(4.4)

where mp and fp are the mass and decay constant of meson. Note that the term

2

with Mo,

is the imaginary part in M. So it has no contribution to Am, and also
it will cause CP violation in meson mixing. We will mention this later in K° — K0.
The quantity x = Am/T" = 2M;5/T" is useful when we discuss the meson mixing,
where Am is the mass difference in neutral meson, and I' is the decay width of the

meson. i TR

Without considering t quark.nteraction, the .ﬁén—zero off diagonal matrix ele-

| W
et
PDG model(a) | . tr,[--"'" I |
RN F
v i
a12 & 2 3 [TS 3313'0'1'-3mc]l;[\512 = [—s23513C13M¢];
211 U l ‘ /720102
PDG model(b) VT "
aig = 21}22 [s12C12m); b2 = 20122 [s12¢12m];
KM model(b)
V12 V12
— _ © Dos = — ) 4.5
a93 20102[ 53C3My); bag 2U1U2[ $3C31Myp] (4.5)

Note that in above formulae we use the relation m, < m., < my; mg < my < my, ,
and a;; = aj;; bi; = —bji.

In numerical analysis the quark masses we are using [74] m,(1GeV) = 5MeV,
maq(1GeV) = 10MeV, ms(1GeV) = 187MeV, m.(m.) = 1.30GeV, my(m;) = 4.34GeV
and m; = 174GeV. The meson decay constants which we take are [27] fx =
156MeV, fp = 201MeV, fp, = 260MeV.

D° — DO mixing

Using the PDG parametrization, for model (a) we only discuss D° — D° mix-

ing because the mesons with t quark have not been found yet. Here we define
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tan 3 = vy /ve. BABAR [75] and BELLE [76, 77] experimental results give z =
(5.5 4 2.2) x 1073 [78]. Theoretically, we have

1 1 1
e 15X 107 ———a (5 — —
sin® 23viy Mo Mg,

)(100GeV)* (4.6)

The effective Higgs mass, which has the relation with the scalar and pseudoscalar
Higgs 1/m3; = 1/m§I? —1/m2 , can be with order 100GeV if one choose tan § = 40.

KR’ mixing

In model(a) there is no contribution to this meson mixing, so we consider the
model(b). The only nonzero off-diagonal element is ay; and bg; which is related

to KO — K" mixing. The contribution to the this mixing is

A 1 |
SME _ g% 10—12 s 2 k) 90Gev), (4.7)
my __sin*26v%, 70 .

Way
Using the PDG fit [12] for AmK we get AmK/mK - O %1071, We find that the
effective Higgs mass should be at t;h@-sc}gl.e Of?l‘der TeV

From Eq.(4.4), the ratio of ImM, t'f'a'-_eMllz is written as

ImM
RGM 1£

HOLJ

(4.8)

Using the experimental Value for ein neutral K meson mixing [79] we derive the
bound

2m? Hoay

2

‘ <6x107% (4.9)
m — Mg,

This bounds will constrain the neutron electric dipole moment from exchange of HY
and a). We will discuss in next section.

—0
0 . .
B — B, mixing

Here we discuss the KM parametrization with the model(b) because there is no
down-type quark mixing by neutral Higgs in other models. The non-zero elements
are s and b quark mixing, which is corresponding to the B? — E‘j mixing. The

couplings agy and bsy are from Eq.(4.5). Then we have

A 1 1 1
2MmB, _ 9.5 x 10712 — 3 2 ( 2 )(1OOGeV)4 (4.10)
mp, sin“ 25vi, Mo m2,
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If we choose v; = vy = v3 and using the experimental value for Amp, = 17.77ps™!
[12], with the estimation that the new physics is allowed to give contribution about

10% of them [80, 81, 82]. Then the mass of Higgs can be about 300GeV.

The above discussion for neutral meson anti-meson mixing provides the bounds
for neutral Higgs mass. For model(a) with PDG parametrization the Higgs mass
with hundred GeV is allowed in D° — DO, and for model(b) the Higgs mass can be
with the order TeV from K° — KO mixing. In KM parametrization, experimental

data for Amp, makes the Higgs mass with lower bound of 300 GeV.

4.2 Electrie dipole moment of neutron

=

The experimental upper b(;und for neutron EDM we mentioned in previous is
0.29 x 107%ecm (CL = gj()%), wtich, is l?rgé{ for cbﬁ}paring with the standard
model prediction. In our, model Wehvx;l‘gg.s:g tlihé parameters like VEVs and Higgs
mass in previous neutral meson milx ng d%(\;uss‘licgn as inpgt to examine whether the
neutral EDM we calculatedﬁg‘aqn b Glﬁlose. t(; theiI e%xperimental upper bound.

At first we consider the one ‘"‘l(")(‘)p‘ C_ontributi‘onl':ﬁﬂo quark EDM. Note that in our
model, the exchange of only one Higgé we obtained can not produce the quark EDM
because all the couplings with H’s and a’s are real and pure imaginary, respectively.
So we discuss the contribution shown as Fig.4.2(a), in which the EDM contribution
comes from the cross terms between H} and a;. For example, with the flavor con-

serving interaction, the u quark EDM is generated by exchange of a u quark in the

loop. Using HY and a; as the example, the contribution is shown as

2
gitar _ €(2/3) MM, o vrm,
u - 32n? mé? —m2 V1202
2 V12l 9 2 2y 2 2 411
S13 ) )[f(mH17mu) f(ma17mu)]7 ( . )
V1U2
1 2
h = 2/ d .
where f(z,y) /0 Zx(l e g

This formula shows that the one loop contribution is small because it is proportional

to m3 which is small.
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q q.- q . \ya,( 2 N”) g /
S , i~ Z, (TR
@ - (.
S q q q h

Fig. 4.2: The neutron EDM contribution from (a) quark EDM for ¢ with one loop diagram.
The cross sign means the interaction between HY and ax (b) quark EDM at two
loop diagram, and (c) gluon color EDM

We therefore consider the fhree: d(;minarll-‘t twqf‘loop contribution as shown in

Fig.4.2(b), the electromagigtie operator (97 L83 84], <the color EDM O¢ [83, 84],

and the gluon color EDM operator\ @™\ l-n-F g Z{t % proposed by Weinberg [85, 86],

<
which is often called Weinberg 0pe1r tor. mC['hesé bperators are written as

-.r-_ i I
d
07 = q‘zczaw"ln—,il’“”q, OC$|—f—ngq0W75G q,
1 i "n: 1
09 = —60fach“ Gb Geo it (4.12)

The corresponding electric dipole moment contributions from Eq.(4.12) are written

in the form [61, 62, 63]

4 1 4

2
d’ = nyl-d; — =d - dY = - AN 4.1
i nd[3 a3 ula n enf[gfd+9fu]A7 (4.13)

M
&~ 1750, (4.14)

n

where d? is the radiative contribution from O7; d¢ is the gluon emitted contribution
from O°. d,, f, are the contribution to neutron EDM from photon and gluon
radiative contribution to quark ¢ respectively, and the subscript A indicates that
the hadronic energy scale. Eq.(4.14) is the approximation contribution for the color
EDM of gluon operator O , and M = 1.190GeV indicates the scale related to the

chiral symmetry breaking. The factor C' will be defined later. The 7,4 and 7 [87, 88]
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_ s(Mz) 16723, Qs (M) | 1625 Qs (M) | 16727 ~
d (as(mb)) (as(mc)) (as ) ) 0.166,
_ as(Mz) 14/23 as (my) 14/25 as(me) 14/27
il (as(mb) (as(mc)) (asm) ) 0.0117, (4.15)

which are related to the strong running couplings on scale m., my,, m;, Mz, and A.

Also & is [89, 90]

g 5 s (me) —54/23 as(me) —54/25 as(A) —54/27
é- - ( A7 ) (as(mt>) (Oés(mb)) (Oés(mc))

1.2 x 107%, (4.16)

Q

where g(A) = 47/6 [85] is the strong ,ce}lphng} constant at hadronic scale.
The quark EDM g;, qua“rk* Color EﬁQM L_r{_a‘nd the" factor C' in gluon color EDM

p -
formula Eq.(4.14) are Wx;ltten Mr \
_ eam@" : ¥

! 3 -F‘ ]—.
dq 2.4'71_3 m Gq7 ! ‘ 7 q = 8‘37F|Hg’ (417)

L - L] ry

i =
where m, is the mass..of _g_u of quark and g, o are
u mg’ co‘gstant respectively. The

NENED
Rl T 5 oy (o | 'm£

G — (g S < t > Ilek

.= U (mzlo) Mo mzi
2 2

my my Ik

- Im~Z
+ (g (mzlo> g<mgk>)m qt]:
Hy = 20 ) = (2 ) mz (4.18)

M m2,

where ImZ[¥ = YA\, with V¥ = 2al,d¥; /(m;m;) and Ay = quloak/(m?qo —m3).

The functions f, g,and h are

i) - z/ dxl(_12f$)_z)lnx(lz_$);

/01 d$x(1 (1,2_3:)’

! ! w3z (1 — )
/0 dx i du = l—uac)—k(l—u)(l—x)]f (4.19)

N
—
N
~—
I
DO | W

>
—~

w
S~—

I
| R,
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Summation of Eq.(4.13) and Eq.(4.14) is the totally contribution to the neutron

EDM. That is
d, = d} +dS + do. (4.20)

and we only consider the flavor conserving interaction because the flavor violating
contribution is suppressed by $12,893,513 for PDG parametrization, or si,s9,s3 for
KM parametrization.

From Eq.(3.40) to Eq.(3.54), we find that for mass mixing terms of scalar and

2 2 2

H95> "9, " HYay which are nonzero.

pseudoscalar, there are m? m and m?

HOa ) HO

We will not consider the H) — a; contribution because the the factor 1/v, in

Yukawa couplings suppresses the H{ and a contribution. For model(a) with PDG

parametrization, we use H§, a,.as an example. Writing down all Y;3' in following

with ¢, j indicating quarks,

,;'—-r

1 o \ \ LA™ v
31 31I 1 12
Y;fu i 2<__)<_1_"3-7\ '¥'-ut" "‘_|2 7 A
v U12U -: UV U12U2 V1U2

B v “77'- I
v e ||
7V qu Z@; i|[

; 1 V1 |
v - 0 s 1

) 4.21
L Vg UgoU2 ( )

Using the input from previmlls-i‘fD0 &'ﬁﬁdisc"ﬁssioﬁnn for this model with tan G = 40,
v = 240GeV, and vy = 10GeV. When'the neutral Higgs mass is about order
100GeV, we substitute the functions f, g, h difference between input by m7/mj,
and mi/m? by (Af,Ag,Ah) =(1,2,0.1).

Substituting Eq.(4.21) into Eq.(4.17, 4.18, 4.13, 4.14), we obtain the relation

quoa
dn(Hy — a1) &~ =3 x 107 ———— e cm. (4.22)
m —m
Hg ai

For the other three kinds of Higgs pair exchange

_ HYa
do(H) —a1) ~ —2x107% 2 e cm;
n 2 m2 o m2 9
HY ai
2
— HY%
do(HY —a1) ~ —2x1070——= 5 € cmy;
mH? - mal
0 —27 M0
do(H] —a) ~ 8x 107" ———— ecm. (4.23)
1 mZ . — m2
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So neutron electric dipole moment is dominated by the contribution of HY — a;

2

exchange. At this moment \3; = ﬂﬁ{gal/(TrLH?(3 —m?2 ) < 0.1 is required.

In model(b) with PDG parametrization, we note that there is no up-type quarks
coupling with HY and a;. If we take the neutral Higgs mass to be with order TeV,

we choose (Af, Ag, Ah) = (0.2,0.2,0.03), and then treat the HY — a; contribution

as
AFTH)
dy~ —1x107—"12 __ ccm (4.24)

In KM parametrization of model(a), we consider the HY — ay process. If the
choice for VEVs is v; = vy = v3, with the Higgs mass to be 100GeV, then the

contribution to neutron EDM fer H ? — Q2 e)_cchange is

2 .
Mo — My

i ] m .
di'~ 7 X W Ty (4.25)

For small Ay <

~

0.4 this contribu\éig-nﬁ ‘:(_:gnll'éa-tv‘irated the upper bound of neutron
L = [ R |
EDM. Also note that from CP pheT mai'&i'm !K|0 — K9 mixing HY — a; contribution

‘| l ‘ |
is small. l .-l-[-_.‘ i ‘II
For model(b), HY —'ay ihﬁeyac]tilon are, also ng’@ in¢luding the interaction with

top quarks, so the this interaction will'nof gi\}é the dominate contribution. Taking

Higgs mass 100GeV and v; = vy = v3. The HY — a, gives

Mo
dp = 1x 107 ——=— ccm. (4.26)
mH? - ma2
If we choose Higgs mass about 300 GeV, which is the same condition as that for

B — BY mixing discussion. The contribution to neutron EDM will be small

i
dy ~ 4 x 107 ——=— ecm. (4.27)
m —m
HY a2

Using A2 < 0.7 the result can be close to the upper bound.

In above discussion, we treat the two loop contribution to neutron electric dipole
moment. Using PDG parametrization in model(a), with effective neutral Higgs mass
about 100GeV and A3; < 0.1, the result can be close to the experimental bounds.

~Y

In model(b), the effective Higgs mass we choose is 1TeV, which is the same as that
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in K% — KO mixing. For KM parametrization, we take Higgs mass about 100GeV in
model(a) with A5 < 0.4 and 300GeV in model(b) with A\j2 < 0.7 to get close results

to experimental bound of neutron EDM.




5. CONCLUSION

The CKM matrix can not deal with problems from the baryogenesis, and also it
can not deal with the question where CP violation come from. So another source
for CP violation is required. With more than one Higgs doublets, these problems
may be answered. CP violation can be a result of spontaneous symmetry breaking.
That is, spontaneous CP violation, With tworHiggs doublets, these are three types
model with two Higgs doublets, Whi‘Ch““‘iS soi(;alled Lee.model. Type I and type II
introduce the discrete symmetfy, and it lead ‘to the vanishing of spontaneous CP

violating phase. Type III can mak‘e'_t'he sp(ﬂ::hf;éjpeous CP ' violation, and it has tree

— i
f Yimem w L

level FCNC with too many paramLz er@iﬂr%rﬂy. The Weinberg model solves the
problem for Lee model. -It introdl.l es tfﬂ%@e Hivlggs doublets which is the minimal
model to have the spontaneots Jﬂl Vioiating iPi{lase b}it without tree level FCNC
process. However, the Weinbergnﬂr-‘ﬁbdgl_ has been ruled out by the experimental data

for sin 2. This motivation makes us to study new models with the spontaneous CP

violation. We summary our work in the following

e We introduce an idea that make the spontaneous CP violating phase be identi-
cal to the CKM matrix phase. Two kinds of Yukawa interactions are discussed.
One is called model(a) where two Higgs doublet couple to the up-type quarks
and one Higgs couples to the down-type quarks. Another one is model(b) with
two Higgs doublets couple to the down-type quarks and one Higgs doublets

couple to the up-type quarks.

e For model(a) using the PDG parametrization a phase is absorbed into the

up-type quarks to make the CKM matrix with uniform phase d;3. We obtain

5 = _5137
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and all coupling matrices are determined. Here §;3 is the phase causing spon-

taneous CP violation.

The same process can be apply to KM parametrization. The phase relation is

similar to that of PDG,
The model(b) has the same phase relation as that of the model(a).

We construct a model with three Higgs doublets and one Higgs singlet, with
the Pessei-Quinn symmetry to make small enough neutron electric dipole mo-
ment. The minimal condition of the Higgs potential makes the spontaneous
CP violating phase 0 be the enly one -.Ip.hase in. the Higgs potential, and the

spontaneous CP violating phaseé is the Source-of CP violation.

We extract the Goldstene boson eaten by VVi and Z°, also the axion by
appropriate rotation, and thenﬂwe@me Fl‘le corresponding Yukawa couplings.
From the couplings-we find t}Ht th@ﬂ i ahd ajinteraction are neglected by the
factor 1/v,. Tree level FCqu only, occu‘ré in the" inferaction by exchanging
Higgs HY and a;. The couphng matrlces are felated to the Vexy. When
we choose an explicit parametrization for CKM matrix, all couplings can be

written in terms of CKM parameters and quark masses.

Using experimental data on meson and anti-meson mixing, the mass of effective

neutral Higgs with the relation 1/m?; = 1/ qu? — 1/m2, are constrained.

We use the result from the previous discussion of meson and anti-meson mix-
ing to discuss the neutron electric dipole moment. It is well-known that the
one loop contribution for quarks EDM with exchanging Higgs is small and
negligible, so we calculate the two loop contribution from quark electric dipole
moment, quark color electric dipole moment, and the gluon color electric dipole
moment. The result is shown that the EDM could be close to the present upper

bound for neutron electric dipole moment.
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