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Chapter

Quarks Mixing in Chiral
Symmetries

Zbigniew Szadkowski

Abstract

We discuss a subject of the quarks mixing in SU4 * SU4 and SU¢ * SUg
symmetries trying to calculate the quarks mixing angles and the complex phase
responsible for the CP non-conservation on the basis of the Gell-Mann Oakes
Renner model. Assuming symmetry breaking in a limit of exact sub-symmetries for
simultaneous quarks rotations in both electric charge sub-spaces we can estimate all
mention above parameters. A perfect agreement of the experimental value of the
Cabibbo angles with a sum of simultaneous quarks mixing angles in doublets (u,c)
and (d,s) in the SU4 * SU4 symmetry suggests that a quarks mixing is realized in a
maximal allowed range. The same assumption used for the SU¢ * SUs and a simul-
taneous maximal allowed quarks mixing in both electric charge triplets (u,c,t) and
(d,s,b) gives a perfect agreement with the experimental value of the Cabibbo angle
and estimation on the angles ®; and ©; as well as a bond for the complex phase é.

Keywords: quarks mixing, chiral symmetries, Cabibbo angle, Kobayashi-Maskawa
mixing matrix, symmetry breaking

1. Quarks mixing in chiral SU,, = SU, broken symmetry in the limit of
exact SU;, # SU;, symmetry

The hierarchy of chiral symmetry breaking [1-3] has been investigated since
seventies of the previous century [4-8]. The symmetry breaking and mixing of
quarks are connected with the rotation of quark currents and Hamiltonian densities.
The determination of the rotation angle becomes an important problem. For the
first time the procedure of chiral symmetry breaking, based on the Gell-Mann,
Oakes, Renner (GMOR) model [9] has been used in SU3 * SU3 symmetry in the
limit of exact SU; * SU, symmetry [4] to determine the value of the Cabibbo angle
[10]. The transformation of rotation is connected with the seventh generator of the
SUj3 group. After the charmed particles have been discovered the SU3 % SU3 sym-
metry is no longer adequate to describe the strong interactions. The SU4 * SU4
symmetry introduced earlier [11] to explain the behavior of charged and neutral
currents becomes quite satisfactory model describing the hadron world. The prob-
lem of determining the Cabibbo angle in SU4 * SU4 symmetry has arisen. It is
considered in [5-6] and the method of calculating the Cabibbo angle in SU4 % SU4
symmetry is described in [7]. It is known that the formula describing the rotation
angle is not changed if the symmetry is extended. This is not unexpected because
the Cabibbo angle is connected with the mixing of the d and s quarks and the
rotation is performed around the seventh axis in SU3 subspace too.
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Quantum Chromodynamic

The problem of chiral SU4 % SU4 symmetry breaking in the limit of exact
SU; * SU, symmetry is considered in [6]. Symmetry breaking is connected with the
transformation of rotation around the tenth axis in SU4 space. The rotation angle is
determined in [7].

The other variant of the SU,4 % SU4 symmetry breaking in the limit of the exact
SU3 % SU3 symmetry is described in [8]. It is connected with the rotation around the
fourteenth axis in SU4 space. In this paper we introduce the general method of
rotation angle description in the broken SU,, * SU,, symmetry. The chiral SU, *SU,
symmetry is broken according to the GMOR model. In the first step we introduce
the Hamiltonian density breaking SU,, * SU,, symmetry but invariant under
SUy, # SUy, symmetry. In the second step we introduce quark mixing and the
resulting exact symmetry is SUj_q % SU_; The particular investigation of cases like
the above is not necessary.

The generalized GMOR model is used. It is assumed that by enlargement to a
higher symmetry the new quantum numbers are the charges (as for example:
electric charge, strangeness, charm but not isospin). Then the SU,, * SU, symmetry
breaking Hamiltonian density can be written as a linear combination of diagonal
operators u'.

n
Hp = Z c]-zflujz’1 (1)
=1

where the scalar densities ' = §A'q and pseudo-scalar densities v’ = igA'ysq
satisfy the equal-time commutation rules

(@ W] =iyt [Q0] =if ot (2)
[Qi, u]} = id,'jkvk [ai,vj] — _idijkuk

where f jjl are the structure constants, d;j, - symmetric generators of the
SU, *SU, group. If the SU}, * SU;, symmetry is exact then

FVE=0Al=0 (i=12 ..,k 1) (3)
In the GMOR model the divergences of currents can be calculated as follows
IV —i[Hs Q] AL = i[HE,Q’} (4)

We require that the SU}, * SU,, symmetry be exact, then the following con-
straints are obeyed

Cjz_l =0 (] = 2, ,k) (5)

\/Ec + i 2 c 0
—Co . 621 =
n j:k+1\']<]+1) !

The symmetry breaking Hamiltonian density can be written as follows

) n—1 5 _ 1) ,
Hp=co(u® —vVn—1u""1) + co 4| 1= W(LM - (6)
’ O< > j—kZH T jG—1)
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Using the standard representation of A matrices one obtains

u’ = \/% >4, @
=1

]'271 2 ]_1 _ . —
=1
W —Vn—1 w1 =V 9,9, 9)

n — 1
\/ ) 4,4, —J 44; — Z 7,9, | (10)
jGi=1) 1 ( = I=j+1 )

Let us note that the term 7,4, does not exist in Eq. 11.

n—1
= (\/%CO —+ (n — 1) Z Cj271 (]2_ 1)%%)

j=k+1 J

_ Z cZ_H/ )(] q,4;+ Z qlql> (11)
j=k+1 I=j+1

The chiral SU,, % SU,, symmetry with the exact SU}, * SU;, sub-symmetry is
broken by the rotation of the SU}, * SU}, invariant Hamiltonian density around the

axis with the index m = (n — 1)* + 2k — 1.

Hgg = e 2" g B 2" (12)

Only the quarks g, and g, are mixed. The SU, * SU}, symmetry is no longer
exact. Only the term g,g, is rotated under transformation (12), because there is no
9.4, term in the Hamiltonian density (11).

AR I [ | ) 1 _ _ .
e 2*U Hpe 'Y =7,9, — @4, — Tuap) sin’a—5(@q, +7,4,) sin2a  (13)

The above consideration is limited to processes not having the change of the
quantum number N connected with the SU,, symmetry. So in the broken
Hamiltonian density Hgpan—o) the terms g,g, and g,4, do not appear. The broken

Hamiltonian density is a linear combination of the diagonal operators #’ only.

Hgpan-0) = Hg —I—AZ<’/]+ G+~ _, Ly )sm a (14)

where

n—1 2
A=V2n co+ (n—1) j;16j2_1 G- (15)
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In more detail Eq. (14) is given as follows:

n—1
2 2 1
Hspan—0) =co u® — A sin?a u¥ 1+ w o, +A sin’a — +
( ) 2% ij;l - 2 -1)

2 (1’1 — 1) 2_1 n .2
—u" g V-1 + E o — —Au" sin” «a
( —k+1 ](J - 1) 2(” - 1)

(16)
If the SU}, * SU;, symmetry is exact then the pseudo-scalar mesons corresponding

to the indices (] =1, ..,k — 1) are massless [9]. After the SU,, « SU;, has been

broken, the SU},_; * SUj_1 symmetry is still exact, because the operator Q™ does not
mix the quarks q,, ..., q,_, neither with themselves nor with other quarks. The

mesons corresponding to the indices ( j=1,.,(k—1)7%— 1) after symmetry
breaking are still massless, while the mesons corresponding to the indices
( j=(k— 1), ..k — 1> belong to the massive multiplet (k)" The masses of mesons

are determined in the GMOR model. Before the SU, * SU,, symmetry is broken the
masses are described by the coefficients co, ...,c,2 1 from Eq. (1). After the sym-
metry has been broken the new factors ¢y, ...,c/, ; are obtained as the coefficients

standing by the operators %' in the broken Hamiltonian density (16) [7].

o = Co (17)

k_l. 2
W1 o Sin‘a

/ .
Cp_q = Cp 4+ Asin aMZ(]—l (k<j<mn)

n—1
1) n
¢ =—co Vn—1-— ca_ nin—1) sin 2a
e ]_Zk_:,_l 7 ](] 1) 2(” - 1)

The masses of the mesons are determined as follows [12].
M5, = 2 co Aoap + ic’ d <u’> (18)
a%ab — n 0 “0ab el -1 (jz—l)ab 0
j=k+

The relation between the indices a, b, j and meson states is described, for

example, for the SU4 * SU4 symmetry in [12, 13]. Fora = b = k? — 1, the mass of the
(k) meson is given as follows

2 2 1 2
2 .
m%k)f(k) = \/; \/;CO + Z d (7 1)5,;70]2 L <u’>o0 =7 \/; Asin’a <u®>

j=k+1

(19)

Fora=b=m= (n— 1)2 + 2k — 1, the mass of the (n) meson is given by

2
ity =2 (o0 + 3 o s | <5 (20)

j=k+1
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Because

1 .
2—n
2 = 22
d(n —1)ymm 21’!(71 — 1) ( )
m%n)f%n) = % A (1 — (1 - ]%) sin za) <u’>, (23)

In formulas (19) and (23) to determine the masses of (k) and (n) mesons one
has (n-k + 3) unknown quantities with which to deal (<u° >, co,
Clpa-1r = Cn2—1> sin a). Nevertheless the angle a is determined by the masses and

decay constants of two pseudo-scalar mesons (k) and (n) only.

2 2
Gine — k miS
2 2
2 mipfiny + e =1) miy fia)

(24)

All the cases of symmetry breaking considered in [4-8] can be described by
formula (24). Let us give simple examples: a) for k = 2, n = 3 a is the original
Cabibbo angle © associated with rotation around the seventh axis in SU3 subspace
[4-7].

2 mif?
sin 2@ = e wfx . (25)
2 myfi+ mif,
b) for k = 2, n = 4 and rotation around the tenth axis [6—7] one obtains
2 mif>
sin’a = U (26)

2 mhfp+ mif;
c) for k = 3, n = 4 and rotation around the fourteenth axis [7-8] one obtains

2 2
2 3 mifx

sin“a = 3 5
z(m%f pt mif K)

In general the determination of the rotation angle (24) in SU,, * SU, symmetry is
possible only if the new quantum numbers introduced by a transition to the higher
symmetry are scalars of the charge type (additiv). So the Hamiltonian density (1)
can be constructed as a linear combination of the diagonal operators #’; only
(i = j2 -1,j=1,.., n) The method of determining the rotation angle, discussing
and interpreting the symmetry breaking is described in more detail in [7] on
SU4 *SU4 symmetry as an example.

(27)

2. Quarks mixing and the Cabibbo angle in the SU,4 = SU,4 broken
symmetry

It is known that the Cabibbo angle has been introduced into SU3 symmetry to
explain the suppression of processes in which strangeness is not conserved [4]. The
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Cabibbo angle is connected with the mixing of d and s quarks for weak interactions
of hadrons. Its value, calculated by Oakes, does not contradict the experimental
data. Before the charmed particles were discovered Glashow, Iliopoulos and Maiani
[11] have suggested the generalization of a strong interaction symmetry to SUy4 [6].
The charged weak current is then given as follows

where
0 0 cos® sin®
0O 0 —sin® cos®
A= (29)
0 0 0 0
0 0 0 0

The current (28) can be expressed in another form

J, = @a) v, (1—y5>( €0s© Si’“@)(d) (30)

—sin® cos® s

so, quark mixing is described by an orthogonal matrix. On the grounds of
Eq. (30) we cannot come to a conclusion about quarks in which the doublets are
mixed. If the matrix A is generalized to the following form

0 0 cos® sin®
0 0 —sin® cos®
A= . (31)
cos¢ sing 0 0
—sin¢g cos¢ 0 0

the quarks in the doublets (u, c) and (d, s) are mixed independently. The zeros
in Eq. (31) are associated with the fact that the neutral currents which change the
strangeness and/or charm are not observed. So, the current (28) can be given in the
following form

cos(@+¢)  sin (0 +¢) ) (f) (32)

Ju= &) Vu (1=7s) ( —sin (@ + ¢) cos (O + ¢)

If the currents only are taken into consideration we cannot solve the problem if
the quarks are mixed in one or both doublets. This is not unexpected because the
currents are built as a bi-linear combination of quark states and the angles ® and ¢,
can always be substituted the effective angle (® + ¢). To solve the problem the Gell-
Mann, Oakes, Renner (GMOR) model [9] will be used.

The charged weak current in SU; symmetry can be written as follows

J,(©) = cos® (]; ti jf,) + sin® (];j+z' ]f,) ® — Cabibbo angle  (33)

u

d
J.=q7v, A—rs)¥ q q= (34)

A
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The current (33) can be obtained from the isospin component of the current
(]/14 +1i ]ﬁ) by rotation through an angle 20 about the seventh axis in SU3 space

according to

J,(©) _ o 20F (]; 1 ]ﬁ)ezi@ﬂ (35)
where
k
= Jd3x g (%) % 4(x) (36)

The charged weak current in SU4 symmetry (30) can be expressed in the
following form

Ju(©) = cos® (JL+i J2) + sin@ (Ji+i J3) — sin® (JI' i J22)
+cos® (i Jit) (37)

The current (37) can be obtained by rotation of the components AS = AC
through an angle 20 about the seventh axis in SU4 space

J,(©) = o~ 20F <]/14 1 ]/24 _‘_]/143 i 11144) 2OF (38)
The transformation (38) changes the strangeness but not the charm because

[F7’?11] = [F7’44] =0 (39)

The transformation (38) is connected with the mixing of d and s quarks (as in
the case of SU3 symmetry). In the SU4 symmetry the mixing in electric charge
subspace +2/3 can be taken into consideration. This is not possible in the SU3
symmetry where only one state with the +2/3 charge exists. The possibility of
expressing the current (37) by the transformation which changes charm but not
strangeness should exist. The transformation has been described by Ebrahim in [6].

Ju(9) = e 2 (Jh i 22— 1) (40)
[F1,q,] = [F*°,q5] = 0 (41)

The transformation (40) is connected with the mixing of u and ¢ quarks. The
fact that there exist two transformations giving the current (37) but connected with
different generators of the SU4 group changing strangeness or charm respectively
suggests that independent mixing in both doublets is possible. It is known that the
Cabibbo angle is connected with strangeness non-conservation in weak interac-
tions. The formula describing the value of the Cabibbo angle has been obtained by
Oakes [4] in the procedure of symmetry breaking. Namely the SU3 * SU3 symmetry
in the limit of the exact SU, * SU, symmetry is broken. The SU, % SU; sub-
symmetry is no longer exact. The symmetry is broken by the rotation of the
SU; * SU, invariant Hamiltonian density through angle 20 about the seventh axis.
Then the pion becomes massive. The symmetry breaking is connected with the
mixing of d and s quarks. The rotation angle ®, as a measure of symmetry violation,
is a function of the mass and the decay constant of the pion and of the mass and the
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decay constant of the kaon as well (it is connected with the mixing of the strange
quark and the strangeness non-conservation). If the breaking of the chiral SU; * SU,
symmetry, the mass of the pion, the Cabibbo angle as well as a strangeness and
charm non-conservation have a common origin then it seems that as a result of
SU4 % SU,4 symmetry breaking in the limit of the exact SU, * SU, sub-symmetry by
the rotation of the SU; % SU; invariant Hamiltonian density through an angle 2¢
about the tenth axis the angle ¢ connected with the mixing of u and ¢ quarks as a
measure of a symmetry violation should be a function of the mass and decay
constant of the pion (breaking of the SU, % SU, symmetry) and a function of the
mass and decay constant of a charmed meson (charm non-conservation). The cases
of the separate and then simultaneously mixing of quarks in the sub-spaces of
electric charge will be considered below.

If the electromagnetic mass splitting of u-d quarks is neglected the Hamiltonian
density breaking the chiral SU4 * SU4 symmetry is given in the form

H = cou® + cgu® + cisu® (42)

where ¢, cg, ¢35 are constants, #* (a = 0, 1, ..., 15) are the scalar components of
the (Z, 4) + (4, Z) representation of the chiral SU4 % SU4 group. On the grounds of

the GMOR model the following relation for masses of the pseudo-scalar mesons can
be obtained [12].

2

i <0/|Q".D"|10> :5“bf§m§—|—quizp“h - (43)
= <u®>, (%0 5+ %dagb + %%m) +
+<ut>, (\C/—Oidas;b + csdascdpse + ClSdaSCdIﬂSc) +
+<uis>o (% dasp + g daise dpge + ¢15 darse dblSc)
where
p” = (20> 6*(p, —q) <0ID"In> <nD’|0 > (44)
nta

f, - decay constants, <u’> - vacuum expectation value of the operator u'.
Because the vacuum expectation values of operators 8, 4% and the spectral density

"0 are proportional to the squared parameters of symmetry breaking, they are
further neglected [12]. Approximately from Eq. (43) we obtain

1 c
ml f7 & = 5 (% +cg dagp + 15 dulSh) <u’>, (45)

The masses of the mesons are given as follows
1
m, f,zr :m(\/g co ‘|—\/§ cs —|—6‘15) <u0>0

1 1
mi f%{zﬁ(\/g 60—75 Cs+6’15><u0>0 (46)
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1 1
mlz) fé:ﬁ(\/? Co—f-ﬁ 08—015><u0>0

In the limit of the exact chiral SU; % SU, sub-symmetry there is the following
constraint

\/560-{—\/5 cg+c15=0 (47)

so the pion is massless.

Let us make some remarks. The task of the Cabibbo angle calculation in SU4
symmetry using the procedure of symmetry breaking has been done in [6]. In
Ebrahim’s earlier paper [5] the parameters of the SU4 % SU,4 symmetry breaking
have been found.

c_g__Zﬁm%<f12<—m,2[f,2[ Cﬁ:_i?’mlz)sz_m%(f%(_zmifi

— (48)
o V3 mif %{ + mlz)f f) o V3 mﬁf ?< + m%f 123

In [6] the numerical values of parameters (48) have been used to calculate the
rotation angle (interpreted as the Cabibbo angle). The SU; % SU; invariant Hamil-
tonian density breaking SU4 * SU4 symmetry has been rotated through an angle 2 ©
about the seventh axis and the coefficients of the operators #* (a = 0, 8, 15) have
been identified with the parameters of symmetry breaking

Hgg(AS =0) = cou’ + \/75(,‘8 sin?@ u® + cg (1 — % sin 2@) u®
- (\/§60 - \/§Cs> u® (49)

It seems to us that there are some errors in the numerical calculations of the
author. The use of the numerical values of the parameters (48) has not been
necessary. On the grounds of theoretical formulas only, indeed from the Eq. (7) in
Ref. [5] and the Eq. (10) in A3-Ebrahim, it follows that

sine = — 2afs (50)
2micfx +mif
Then the value of O is given by
sin?@ = (0.215) (51)
instead of
sin’@® = —0.04 (52)

from Egs. (10) in [6]. Formula (50) has the same form as in SU3 symmetry. In
agreement with our expectation the angle © is described by parameters of the pion
and the strange meson.

In Ebrahim’s method the SU,4 % SU4 symmetry breaking the Hamiltonian density
is parametrized by the factors ¢y, cg, ¢15. The parameters of symmetry breaking are
expressed by the masses and decay constants of the mesons and they are fixed
(Eq. (7) in [5]). In the limit of the exact SU, % SU; sub-symmetry the factors c, cs,
¢15 should satisfy the constraint (47) but it is possible only if 7, = 0 namely the
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parameters of symmetry breaking are not expressed by real (measured in experi-
ment) masses of mesons. In [6] Ebrahim breaks the SU4 * SU4 symmetry in the
limit of the exact SU; % SU, sub-symmetry by the rotation of the SU, % SU, invari-
ant Hamiltonian density through an angle 2 ® about the seventh axis. The factors of
the rotated Hamiltonian density are identified with the parameters of symmetry
breaking (Eq. (7) in [5]). Solving a set of equations the author gets the factors ¢, cs,
¢15 dependent on the rotation angle and on the real mesons masses already. The
masses of mesons standing in the formula which describes the parameters of sym-
metry breaking are determined by the method of symmetry breaking and they have
a real value for the real realization of the symmetry breaking only. In this case the
rotation angle does not matter a parameter of the symmetry violation. It seems to us
that such an interpretation is not satisfactory. The expression of meson masses as a
function of the rotation angle (as a measure of symmetry violation) seems to be
more natural. In the present paper the other interpretation of the symmetry break-
ing and the method of calculating the rotation angle is proposed. We describe our
method as follows.

Before the SU4 * SU4 symmetry in the limit of the exact SU; % SU; sub-
symmetry is broken the masses of mesons have been expressed by the factors co, cg,
¢15 which satisfy the constraint (47). After symmetry breaking a new set of factors
o> cé, ¢js dependent on the old factors ¢y, cg, ¢15 and on the rotation angle is

introduced. The new factors are identified with the coefficients by the operators u’
of the rotated Hamiltonian density (49).

o = ¢o ¢ =cg (1 — % sin 2@) ¢is = —V3co — V2cq (53)

g

Meson masses are expressed by new factors and they are the function of the
rotation angle as a measure of symmetry violation.

1 3
it = (Vi Vi ) <o = D st <at>o (50

1 cl 3 1 .
m%<f12<:ﬁ( 306—%+0/15> <u®> Z—%%(l—ismzﬁ)) <u®>

2 2 1 V3! cg / 0 V3 1.9 0
meD:z\—f3 3co+ﬁ—c15 <Uu >0 = CO+2—\/§ cg 1—§sm O)|<u >

It seems to be more natural that the meson masses are functions of the parame-
ters of symmetry breaking (54) than inversely the parameters of symmetry break-
ing are functions of meson masses which are not consistent with the experimental
data and are dependent on the method of symmetry breaking. This interpretation is
consistent with the fact that the mass generation of the mesons is a consequence of
symmetry breaking. From Eq. (54) we obtain the formula for the angle ® as in
Eq. (50). Let us consider the other variant of symmetry breaking described in [6].
Ebrahim, using his method, broke the SU4 % SU4 symmetry in the limit of the exact
SUs % SU3 symmetry by the rotation of SU3 % SU3 invariant Hamiltonian density
about the fourteenth axis in the SU,4 space. The rotation angle ©’ is identified with
the Cabibbo angle. The formula describing the angle ®' should be given as follows

. 3mLf>
sin2@ — - ’ZWKsz . (55)
2(me x tmpf D)

10
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(in Egs. (4a) in [8] there is the factor 3/2). The rotation of the Hamiltonian
density about the fourteenth axis is considered in [14] too. The D meson is
interpreted as a Goldstone boson. Putting aside the agreement of the numerical
value of the angle ® with the experimental data it seems to us that the angle
connected with the rotation about the fourteenth axis cannot be interpreted as the
Cabibbo angle, because the rotation is performed inside the doublet (s, c). Then the
states with the different electric charges are mixed. The interpretation that the D
meson is a Goldstone boson is also unsatisfactory. If the SU4 * SU4 symmetry is
broken in such a way that the SU; * SU, sub-symmetry is still exact, so the K meson
becomes massive but the pion is still massless. Such a symmetry breaking cannot be
accepted, results contradict the experimental data. The next breaking of the exact
SU3 % SU3 symmetry is connected with the mixing of s and ¢ quarks. The rotation
angle cannot be interpreted as the Cabibbo angle for the reasons given above. It
seems that the hierarchy of symmetry breaking is extended and the breaking of the
SU4 * SU4 symmetry taken as a whole cannot be connected with the Cabibbo angle.
This is possible, however, for SU4 % SU4 symmetry breaking in the limit of exact
SU; % SU, sub-symmetry. Then results are in agreement with our expectation.

Our method described above is used- to calculate an angle ¢ which is connected
with the rotation about the tenth axis in SU4 space. Then the SU4 % SU4 symmetry is
broken by the rotation of the SU, * SU, invariant Hamiltonian density through an
angle 2¢ about the tenth axis.

Hsg(AC = 0) = cou® + (\560 + ?08) sin’¢ w’ + <Cs <2—\1/§ <%60 + \568> sin 24)) u+
+ <—\/§ co+ V2 cg + (\%co + \/§Cg> sin2¢> u® (56)

Using the factors from the Hamiltonian density (56) the masses of mesons are
given as follows

6
mifﬁ = (co —l—%) sin?g <u®> (57)
6 1 6
mafr = — (% -3 (co +§Cs> sin2¢> <u’>,

1 6
mifr = (1 -5 sin2¢> (cg —l—%cs;) <u®>
so

2mif

.2
sin“¢ = 5 5
2m12)fD + mfzrfﬂ'

(58)

In agreement with our expectation the angle ¢ is a function of the mass of the
pion (as a measure of the SU, * SU; violation) and is connected with the parameters
of the charmed meson (mixing in (u, c) doublet). For the mass mp = 1862 MeV and
fp/f,=0.974 [13] one gets

sin%¢ = 0.076 (59)

11
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The small value of the angle ¢ is the effect of the large mass of the charmed
quark. From (59) results that only mixing in the (u, c) system is excluded, the value
of the angle ¢ contradicts the experimental data. The simultaneous mixing in both
doublets are, however, still possible. Fritzsch [15] considers also the mixing in (u, c)
system. The mixing angle is calculated on the grounds of quark masses and does not
contradict the results obtained above. Although the value of the angle ¢ is relatively
small, it is significant: the sum of the angles ® + ¢ is larger than the value of the
angle measured experimentally, called Cabibbo angle. This fact cannot be explained
by the limits of experimental errors. Let us note that the angles (50) and (58) are
calculated for the case where quarks are mixed separately. The angles from formula
(32) cannot be identified with those from Egs. (50) and (58). In the case of simul-
taneous mixing in both doublets the relation between the angles is more compli-
cated. To find the relation, the SU, * SU, invariant Hamiltonian density is rotated
through an angle 2¢ about the tenth axis and afterwards by an angle 20 about the
seventh axis. The sequence of the rotations is insignificant, because

[F/,F*°] =0 (60)

The rotated Hamiltonian density is given by

(61)
+ <% (\/ico + ?08) sin%¢ + cg <1 — % sin 2@)) ub+
—l—(—\/g co — V2 cs _{_2_\/\/5 (\/ico +§C8) Sin2¢) u®

The meson masses are given as follows

mifﬁ:%(\/@(ﬁ co +\/7§ cg) sinzd)—% cs sin2®> <u’>, (62)

1 1
m%<f%<:ﬁ(% (\/i co—f—? cs) sinzqﬁ—% cs (1—§sin2®> <u’>,

1 1
szf%):m<2\/§ Co—\/ig <\/§Co+\/7568> sin2¢+\/i§ g <1—§sin2®)) <u®>q

Now the angles ® and ¢ cannot be described independently. The following
relation is obeyed.

2 mifi+2 (myfy+mhfp) sin’@ sin’p = (63)
= (2 mifi+mif;) sin’®+ (2 mpfp +mif;) sin’¢
or equivalently

sin?®  sin?¢

sin’@y  sin’¢,

1 1
1+(, —+— —1>sin2® sin?¢ =
sin“® sin“¢

(64)
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where

_ 2mif
2md f1, +mif>

T

2m2 2
Sil’l2®0 = 5 Znﬂfﬂ 2
2myf i +maf

The angles ® and ¢ from Eq. (64) concern a simultaneous mixing in doublets
(d, s) and (u, c) respectively and they can be identified with those from Eq. (32).
The condition (64) limits the values of the angles ® and ¢. The maximal values of
the angles ®g and ¢, are given by Eq. (65). The value of the function

sin %, (65)

f(0©,9) = sin (0 +¢) (66)

is also limited. A numerical calculation shows that there is an extremum (a
maximum) of function (66) on the condition (64) for

®, = 020452 ¢, =0.02575  sin(®, + ¢,,) = 0.2282 (67)

It is worth noticing that the extremum of function (66) on condition (64) can be
identified with the measured Cabibbo angle. It is not excluded that symmetry
breaking is realized in the maximal allowed case, so the effective angle of mixing
would correspond to the maximum of the function (66).

3. Bonds for the Kobayashi-Maskawa mixing parameters in a model
with hierarchical symmetry breaking

A simultaneous mixing in (d, s) and (u, c) sectors has also been taken into
account [15-16], but due to the large mass of the c quark, the influence of the
mixing in the (u, c) sector can be treated as a perturbation. At the six-quark level
the quark mixing is described by three Cabibbo-like flavor mixing angles and the
phase parameter responsible for CP-non-conservation [17]. The charged weak cur-
rent in the SU¢ * SUg chiral symmetry

d

Ju=@,c,t) v, 1—ys) U |5 (68)
b

is described by a unitary matrix U, which can be put in 21 different forms [18],
however only the standard Kobayashi-Maskawa matrix [19] will be used further.

C1 51C3 5153
U= | —sic2 cicac3 — 525360 c10253 + 5003€% (69)
5152 —C152C3 — €253€"0  —C15253 + €236

where s; = sin®;, ¢; = cos 0;.
The matrix (69) can be expressed as follows

1 0 O 1 0 O c1 s1 O 1 0 O
U=10 ¢ 5 0 1 O —s1 ¢4 O 0 ¢3 s3 (70)

0 —s5 0 0 0 €9 0O 0 1 0 —s3 3
U=U, Us U; Us (71)

13



Quantum Chromodynamic

and it can mix quarks either in the negative or in the positive electric charge
subspace.

A simultaneous mixing in both spaces was also considered [10]. From the form
of the matrix (70) the following variants of the quark mixing are allowed:

A U=Uy(s—b) Us Us(d —s) Us(s —b) (72)
B : Uy(c —t) Us Uy(d —s) Us(s —b) (73)
C : Uy(c—t) Us Uy(u —c) Us(s —b) (74)
D U="U,(c—t) Us Ui(u —c¢) Us(c —1t) (75)

where U (x — y) denotes the mixing of x and y quarks by the matrix Uy. It is
known that the Cabibbo angle cannot be explained by the mixing in the (u-c) sector
only [15-16], so the variants C and D must be rejected. Let us examine the variant B.

The charged weak current (68) with the matrix (69) for the variant B can be
expressed as follows

J,=RJ,0) R (76)
where
d
J,(0) = (#,c,t) v, 1—ys) I |'s (77)
b
R — o203 Q% o201 Q7 o 10X 20, Q* (78)
4 1
X = 24—~ 135 79
V10 Q V15 Q (79)

where Q* is the 6 % 6 matrix representation of the k-th generator of SUs group.
To get the values of the angles ©; the Gell-Mann-Oakes-Renner model will be used
[9]. If the electromagnetic mass splitting of u-d quarks is neglected the Hamiltonian
density breaking the chiral SUs * SU¢ symmetry is given as follows

Ho = Couo + 08u8 + C151/£15 + 6'241424 + 6‘351435 (80)

where ¢, ..., ¢35 are the symmetry breaking parameters, u' (i=0,1, ..., 35) are
the scalar components Of the (6,6) + (6,6) representation of the chiral SUs * SUs
group. From the GMOR model, neglecting the vacuum expectation values of oper-
ators u* (k = 8, 15, 24, 35) and the spectral density p* as proportional to the squared

parameters of the symmetry breaking [12, 16], we get the approximate relation for
masses of the pseudo-scalar mesons

1 Co
m2 fr & = 7 (ﬁ +cg dagy +c15 darsy + 24 darap + 35 da35b> <u®>,

(81)

where f are the decay constants, d,;, - symmetric constants of the SUg group,
<u® > - the vacuum expectation value of the operator #°. From (81) we obtain
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K=m f> —%(\c—}—zc\—}+%+%+%) <u®>g (83)
D=m} f} :%(\c—} Ne f}i+\74_+\j3_5_> <u®>g (84)
2.2 _ 1 fco 3 L s 3c4 | €35 0

=i fi = (Gt et are o) <0 @
_ 202 _ 1 Lo, 68 . 15 C4 235 0

T—WlT fT —\/_(\/_ 2\/_+2\/-6+2\/1—6 \/ﬁ) <u >y (86)

By the symmetry breaking, the massless quark x can become massive if it is
mixed with the other massive y. The rotation angle is then described by the masses
of pseudo-scalar mesons. If the SU, * SU, symmetry with the exact SU, * SU}, sub-
symmetry is broken to the exact SUj_1 % SU},_; symmetry, the rotation angle is a
function of masses of a pseudo-scalar meson belonging to n-multiplet of the
SU, % SU, group and the meson which has become massive [19]. We demand the
quarks to become massive due to the hierarchical symmetry breaking, so the highest
exact symmetry of the Hamiltonian density, which Can be assumed, is SU4 * SU4
(at least one quark in the each sector must be massive). Oakes and the others [4, 20,
21] in order to get the Cabibbo angle value in the SU3 % SU3 or SU4 % SU4 symmetry,
have rotated the Hamiltonian density breaking the chiral symmetry in the same way
as the weak charged current. In a model with hierarchical symmetry breaking such a
procedure cannot be used. Let us notice that from the form (5) of the rotation
operator R it follows that the quarks are mixed in the following sequence: (c-t), a
phase rotation, (d-s), (s-b), so for the exact SU4 * SU4 symmetry the massless
quarks d and s would be mixed as the first (in the negative electric charge subspace)
and then the generation of their masses would not be possible. The quark s would
become massive in the next stage of the symmetry breaking after the mixing with
the massive quark b. So, in order to get the massive both d and s quarks, they should
be mixed in the inverse sequence. In the first stage of the symmetry breaking the
exact SU4 * SU4 symmetry is broken to the exact SU, = SU, symmetry, in the 2
stage even the SU, * SU; symmetry is no longer exact. The next mixing stages are
connected either with the mass generation of the ¢ quark (variant B) or with the
repeated mixing of massive s and b quarks (variant A). In our procedure the
Hamiltonian density breaking the chiral SUg * SU¢ symmetry will be rotated in the
inverse sequence in comparison with the rotation of the weak charged current.

Hsg =Ry Ho R{! (87)
where
Ry = o @ Q32e—iX 3,2 O Q7e—2i 0; Q* (88)
The exact SU,4 * SU4 symmetry implies the following relations

cg=c15=0 \/5 co+c35=0 (89)

So, the SU4 * SU4 invariant Hamiltonian density is given as
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0 35 24 3 35
Hg =co (u —V5 u )—1—624 u — Eu (90)

or equivalently
Hg =P 45 96—V 45 45 (91)

where

P=\lco+V V:\/% C24 (92)
The symmetry-breaking Hamiltonian density
Heg =Ry Hgp R{! (93)
retaining the flavor-conservation part only is given as follows
Hsp = qsq6Pcs — G545V +q4q,P53 — G345 Veis; — 4,4,V5153 (94)

Let us notice that the phase transformation does not produce terms g,4; since the
operator (79) commutes with the scalar components #*. The flavor-conservation on
each stage of the symmetry breaking has been assumed. The Hamiltonian density
(94) can be written as a function of the operators if, so the coefficients of uF's are
given as

o =¢o (95)
\%

Y )
g = v (2 ¢f 55—57 53) (97)

2V3

1
s = —m (3 P s% +V s%) (98)

1
6,24:7ﬁ (4 V-5V +Ps) (99)
1

Now, after the symmetry breaking, the pseudo-scalar masses (82-86) will be
described as functions of the coefficients ¢; (i = 0, 3, 8, 15, 24, 35) [7, 16].

=2V s% s% (101)
2 1 2
K=2ZVs(1-5 (102)
1
D=-Z (P 53 -3V 52 s§> (103)

B=2ZYV <1—s§ (1—% s§)> (104)
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1
T=-Z (P e -3V 52 s§> (105)
where
Z——i <u’> (106)
23 0

The Cabibbo angle ©; is expressed in the same form as at four-quark level in the
SU4 % SU4 symmetry [7, 16],

2 T
4 10
Ty Kt (107)
Because
s 9 T 2 K—f—%
= = = 108
1T IB 3T KIB (108)

In an agreement with our prediction the angle ®; connected with the mixing of s
and b quarks is expressed by the parameters of the strange and beautiful mesons.
The angle ®; however, connected with mixing d and s quarks and breaking of the
SU; * SU, symmetry is expressed by the masses of the pion and the kaon. The angle
0, connected with the mixing in the (c-t) sector is given as

D-z

2
_ 1
D+T—=xn (109)

53 =
Let us notice that if we do not demand the flavor-conservation on each stage of
the symmetry breaking, after the rotation around the 21" axis the terms d5q3> 4395 in
the broken Hamiltonian density arise. In the second stage (the rotation around the
7™ axis) there will be in Hsp the following terms: G5, 435> 4293 4392 4592> 4295
Because

[X’% 95} =16 q; 45 [Xaqs q3} =—1 6 {5 q; (110)

after the phase rotation there will arise in the Hgp the following terms: 7, ¢ ¢”,

gs 45 ¢, .... In the variant B the matrix U, has mixed ¢ and t quarks so that in the

flavor-conservation part of the broken Hamiltonian density the phase factor Vol
cannot appear. But if the matrix U, mixes s and b quarks again, due to the following
relations

—2i0,Q% 210, Q%

_ _ 1, _ .
e 9395¢ :43%6%_45935%+§(45q5 _%%) sin 20, (111)

—2i 0y,

n_ 10,08 — _ 1, _ .
e VG541 =G5q505 — 3455 +§<7545 —§395) sin20;, (112)

the following terms: g ¢s e, ds 9s e, qs 95 e, 95 95 e 0 appear in the
broken Hamiltonian density.

We assume that the symmetry is broken by the quarks mixing in the following
sequence: (s-b), (d-s), a phase rotation, (s-b) and the flavor will not be conserved in
the intermediate stages of the symmetry breaking, but it will be conserved in the
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broken symmetry taken as a whole. The assumptions given above are consistent
with the variant A. Let us take it into account.

We assume the exact SU4 * SU4 symmetry. The Hamiltonian density is given by
Eq. (91). After symmetry breaking, the flavor conserving part of the broken Ham-
iltonian density Hgp is given as

Har-0) =46q96P — 4595V (@ —A) = 4395V (F+ A) — 4,4, Vy (113)

where
a = cis3s3 + e3¢5 (114)
B = cicyss +55¢5 (115)
y = s%s% (116)
A= % cos ©; sin 20, sin 203 cos § (117)

Since

a+p+y=1 (118)

a can be eliminated from (113).

The coefficients by the operators u*

are as follows

o = ¢o (119)
s = g ¥ (120)

, \%4
¢ = 2\—@ (26+24 ) (121)
c1s = — 2f B+A+7) (122)

/ 14

024:%(4—5(ﬂ+14+}’)) (123)
C/35 = — 56‘0 — \/§C24 (124)

Let us notice that the functions  and A occur in Egs. (121-123) asa sum f + A
only. So, only two functions can be expressed independently. Because there is no
mixing in the positive electric charge subspace we shall not use relations describing
mesons D and T. The following relations are obeyed

r=2ZVy (125)
B y
_K_Zv(ﬂ+A+§) (126)
B y
B_ZV<1—ﬂ—A—§> (127)
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so we immediately obtain

T

s K+B

153 = (128)

as in the variant B, but at the moment the angles ®; and ®; cannot be calculated
separately. Putting the experimental value

cos®; = 0.9737  (sin®; = 0.2278) (129)

as an input [22], we get

sin®; = 0.136 (O3 =7.8") (130)
for
m,; = 0.139 GeV (131)
mi = 0.495 GeV  fr, =128 [21] (132)
mp = 5.2 GeV fz=086 [22] (133)

The angle ®; was calculated by Fritzsch [15] also for the following quark masses
ratios:

m, : my : m, : m.=1 :178 : 357 :285 (134)
and the limit for the angle ©,

O, <./ =033 (135)

my
For the assumptions given above Fritzsch obtained the following boundary
sin®3 < 0.09 (03<57) (136)

However there is no agreement between descriptions of the quark masses ratios.
The other authors [23] give smaller difference between quark masses

m, : my : m; : m.=1 1.1 : 6.4 :23.6 (137)
Thus for the ratio (137) we get the following limit for the angle ©;
sin ®3 < 0.163 (138)

The value of the angle ®; (130) is consistent with the boundary (138). The value
(130) is close to the value given by Biatas [24] and consistent with results in [25, 26]
as well as the experimental boundary:

sin ©3 < 0.42 [24] (139)

+0.21

028 [19] (140)

| sin @3] = 0.28{

Let us consider the relation between the angle ®, and the phase parameter 6.
From (125)-(127) we obtain
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a-Kos (141)
b  K+B
or equivalently
K+2 ¢y 2
— == 1 1——= A 142
kK+B 2 2"\t g))" (142)
denoting
(K+9) -3
1P 1 \a 14
¢ K+ B (143)
T
14y 144
n=1+% B (144)
1 .
p= 5 cos®; sin203 (145)
we get
E—s3n
S=—> "= 1 146
€08 p sin20; (146)

It is worth noting that if we take the constraint on the Cabibbo angle ®; from the
four- quark level [7, 16], which is the same as given by Eq. (107), the parameter &
(143) will be exactly equal to zero, hence we get

cos & = _n tan ©, (147)
2p
Because |cos 8| <1, so from (147)

10| <

2
arctan 7‘0' (148)

and we get also a boundary on the angle ©,
sin®, <0265  (©,<15.4) (149)

The value (149) is in a good agreement with the results given by Fritzsch [15],
Biatas [24], Shrock, Treiman, Wang [22], Barger, Long, Pakvasa [25] and experi-
mental limits [27], respectively:

9°<0,<19° (150)
sin®; = 0.23 (151)
| sin ®,] < 0.25 (m; =15 GeV) (152)
sin®, < 0.5 (m; =30 GeV) (153)

The Eq. (146) can be written as follows

x* (i +4 p* cos?8) —2x(&n +2p° cos?s) +&7 =0 (154)
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where
x = sin’0, (155)

To get a real value of the angle ®, the determinant of the square Eq. (154) cannot
be negative, so

16p* cos?s (Zjn + p? cos? 6 — ij) >0 (156)
hence
1> cos?6> ¢ (fp; ) (157)

For (129, 130) we get
n=0.9647 p=0.1309 (158)

If the parameter £. which can be identified with a change of the Cabibbo angle
description by a transition to the higher symmetries, is slightly less than zero, the
phase parameter § will be bounded (|5| should be nearly zero, as the Cabibbo angle
description should not change strongly by a transition to higher symmetries, on the
other hand the Eq. (157) gives a boundary on the parameter

&> —0.0175 (159)
From (147)
sign(cosd) = —sign(tan®,) (160)

so, for the angle ®, lying in the first quadrant, it follows 5 < 6 < 7 and from (159)
there is a lower limit for the phase 6. For an input given by the Egs. (129, 130, 132) we get

£=0.002 (161)

so there is no boundary on 4, since sign ¢ = + 1. Let us notice, that a small change
of the f can change the sign of the parameter &. Following Fuchs [28], in a chiral
perturbation theory at the SU3 * SUj3 level

fx 3 (m12< - mfr) A
=1+ In +0 162
7 6472 f2 4,2 (¢) (162)

where y? is the average meson squared mass and A is a cut-off parameter, which
is estimated to be near 4m%, it implies

I
—= =1.15 (163)
[z

£=—0.00179 (164)
cos?8>0.1 (165)

Taking into account (160) we obtain

109° <6< 180° (166)
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Since f is treated as a variable and can depend on the energy scale via A
parameter and the symmetry breaking parameters ¢, the boundary of the phase due
to the Egs. (143, 157) can be expected. For sign (cos §) = —1 there is a lower limit of
the angle ©; also. A variant cos § > 0 is allowed but the angle ®, corresponding to
this variant is too severely limited and it is not consistent with the experimental
data [27].

We have shown that the weak mixing angles at the six-quark level can be
estimated in terms of the masses of pseudo-scalar mesons. The calculation of mixing
angles is possible by using the hierarchical symmetry breaking leading to a quark
masses generation. A number of independent mixing angles that can be calculated
on the ground of the given above model is equal to a number of degrees of freedom
connected with the symmetry breaking and the quarks mixing in the fixed electric
charge subspace (let us notice that in the variant B after the rotation around the 21%
axis and next around the 7% one, even the exact SU, * SU, symmetry did not
remain; however the angle ®, connected with the mixing in the positive electric
charge subspace could be calculated). An assumption that in the hierarchical sym-
metry breaking the flavor does not have to be conserved on each stage of the
symmetry breaking, while it is conserved in the broken symmetry taken as a whole,
has allowed the author to introduce to the broken Hamiltonian density a phase angle
responsible for CP-non-conservation. The experimental value of the Cabibbo angle
treated as an input has allowed the author to calculate the angle ®3 and to find the
relation connecting the angle ®, and the phase parameter §. Limits of trigonometric
functions values imply boundaries on the angle ®; and the phase §. The kaon decay
constant is a sensitive parameter, which can introduce CP-non-conservation to the
chiral perturbation theory. Boundaries for the angle ®, and the phase § vs. f}, can be
also found.

4. The standard six-quark model with a hierarchical symmetry breaking

The simultaneous mixing of quarks in both negative and positive electric charge
sub-spaces is considered. Quark mixing in each space is described by the Kobayashi-
Maskawa matrix. In order to get a right number of independent mixing parameters
only one angle ; common for both sub-spaces has been adjusted. Since the electro-
magnetic mass splitting of u and d quarks has been taken into account the real K-M
mixing angles can be calculated explicitly. As an input only meson masses and f
factors (treated as factors in matrix elements between one meson state and vacuum
according to PCAC) are needed. Physical quark mixing is realized for maximal
allowed symmetry breaking and it corresponds to vanishing of ¢;, which implies
that only quark mixings with mass generation are permitted. Bounds of the phase §
have been also found.

The Kobayashi-Maskawa mixing matrix (69) is usually considered to mix quarks
in the negative electric charge subspace. It can be written also as (70) and it can mix
quarks either in the negative or in the positive electric charge subspace. A simulta-
neous mixing in both spaces [13] was also taken onto account.

Let us assume that quarks are mixed in both sub-spaces simultaneously, then the
charged weak current is expressed as follows

d
Ju=@,ct) v, 1—ys) U U_ | s (167)
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where
1 0 O cs ss O 1 0 O 1 0 O
U =10 ¢ s —s5 ¢5 O 01 O 0 ¢ s6 (168)
0 —s 0O 0 1 0 0 ¢ 0 —s¢ cq
0O O 1 0 O c1 51 O 1 0 O
U_ = 0 cy7 57 0 1 0 —51 (1 0 Cc3 53 (169)
0 —s7 ¢ 0 0 €% 0O 0 1 0 —s3 c3

The matrices U, and U_ mix quarks in spaces with charges +2/3 and — 1/3
respectively. The Kobayashi-Maskawa mixing matrix is parametrized by four inde-
pendent parameters only, while in the product of the matrices (168) and (169) in
the current (167) there are eight mixing angles. In order to get the effective mixing
matrix in the K-M form with the right number of independent mixing parameters,
we must adjust the angles in such a way as to get the effective matrix with only four
independent angles. We shall demand the following elements Uj1, U1, U13, U,
U3 of the effective matrix to be real and the complex phase to exist in the elements
U, Uy, Uz, Uss only, as in the original K-M matrix. The only solution is

06 = —0; (170)

Hence in the matrix U, U_ there will be effectively only four parameters: 6,
Oc = 01 + 05, 63 and § = 5, + &,. The current (167) can be expressed as follows

Ju=Ra R J,(0) R{' R (171)
where
d
Ju(0) = (@,et) v, 1—ys) I | s (172)
b
R, — g 200" ,~200,Q7 -iXsy ,~2i6,Q (173)
R, = ¢ 20 Q* o Y0 205 QY o210 Q* (174)

where X = (79) and Y = @ Q. Q is the 6 * 6 matrix representation of the k-th

generator of SUg group. In variants A (72) and B (73), because of quark mixing in
(d, s, b) sector only, the electromagnetic mass splitting of # and d quarks was
neglected. For the simultaneous mixing in both (d, s, b) and (u, c, t) sectors the
calculation of the angles 6; explicitly is not possible (see below formulas (187) and
(188). The Hamiltonian density breaking the chiral SUg * SUg symmetry is given as
follows

6
Ho=> cpq o/ (175)
j=1

where ¢; are the symmetry breaking parameters, #'- the scalar components of the
(6,6) + (6,6) of the chiral SUg * SUs group. From the GMOR model we obtain the
following relations for masses of pseudo-scalar mesons for SUg * SUg symmetry:
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D’ =m?, fro=2 (C_O _ 8 _|_C_8 _ a5 . €24 —I—Ci)
N 32 23 V6 vie VB
3024 C35
B+ - Wl2+ 2+ = Z (C—O + C_3 + s + C15 L + )
5 [B V3 2 23 2v6  2V10 V15
2c
T+ — Wl2+ 2+ _7 (C_O . C_?, n Cg X C15 n Ca4 B 35>
r fr V3 2 2V3  2v6 210 V15

In a model with hierarchical symmetry breaking the highest exact symmetry,
which can be assumed, is the SU4 % SU4 one. At least one quark in each sector must
be massive. Following the procedure described in [29] the Hamiltonian density
breaking the chiral SUg * SUg symmetry will be rotated in the opposite direction by
comparison with the rotation of the weak charged current.

Hsg =Ry Ry Hg Ry Ry (177)
where
Ry = e 20 Q% o1 X81 p=2i01 Q7 o203 Q% (178)
Ry = o207 Q* o 1Y32 205 QY 202 Q*
The exact SU4 * SU4 symmetry implies that

(3 =Cg = C15 = \/56‘0 +c¢35=0 (179)

The SU,4 * SU,4 invariant Hamiltonian density is given as

Hg = Pq¢qs — V4595 (180)
where
P = \/ﬁCO—FV V2i624 (181)

V10

We shall assume that in the model with hierarchical symmetry breaking the flavor
will not be conserved in the intermediate stages of the symmetry breaking, but it will
be conserved in the broken symmetry taken as a whole. The symmetry breaking
Hamiltonian density retaining onlyA- the flavor-conserving part is given as follows

Har=0) = q¢q6P(A — M) — qsqsV(a — A) +4,9,P(p + M) — 439,V (f + A) — 4,9,V
+q19,P
(182)
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where

222 2 2

a = cys555 +c5¢5 (183)
222, .22

p = cis3¢7 + 355
22

Y = 5153

1
A= > sin 267 sin 263c¢1 cos 61

A =s3ciss +c5cs (184)
_ 222 22

p =$5565¢7 6387
_ 22

1
M = —5 sin 267 sin 26, c5 cos 6,

The broken Hamiltonian density (182) can be expressed as a function of

operators uk (k = 0, 3, 8, 15, 24, 35). The coefficients of the operators uF are as
follows

o = ¢o (185)
, 1
3=5 (Pt + Vy)
b= (Pr+ V(2 — 1)
2V3
1

oa = 5= (P(e-+0) = V(S + 57— 4)
/ 1 /
€35 :2—\/13(6P(r+p) —5P-V)
where
p=p+A p=p+M (186)

After symmetry breaking the pseudo-scalar masses (176) will be described as
functions of the coefficients ¢;’ [16].

Z
JZ'ZE(PT—V]/)

I<+=§(PT—Vﬂ’) I<°=—§V(ﬂ’+r)

. . (187)
D% =2 P(p' +71) D" =2 (Pp' = Vy)
B+:§(pT+V(ﬁ’+y—1)) T+:§(P<1—r—p’)—w)

From (183), (184), (186) and (187) we get
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g K°+K" -z  K'-K'+=x

T 2B" 13K° —K' —x "T2B"y3K' _K' —x a55)
188

, D°+D" —x D°—D" 4+

P

T 2T +3DY D' —x "TOTT 3D Dt — &

(contrary to the case of mixing in (d, s, b) sector only (variant A in [29] the
electromagnetic mass splitting of u and d quarks cannot be neglected; if we put
arbitrarily c3 = 0 in Eq. (175) as in variants A and B in [29], the parameters y, 'z, p/
could not be calculated separately. We would obtain only three nonlinear relations
connecting these parameters with meson masses). Since

a+tp+y=i+p+r=1 (189)

putting (183, 184, 186) to (188) and eliminating 6, and 65 from the obtained set
of four equations we get

f1(61,61) = tan6; = —f (65, 5,) (190)

where

Bi¥4/B — A1Cy

f1(61,61) = (191)

1t

Alzsi(l—ﬂ’)—y By =/ S%—yclcosél Clzy—s%(ﬂ’%—y) (192)

3511 / Bé — A5 CS
f5(05,62) = e (193)

Cs=1— s% (p'+1) (194)

As=s:(1-p)—z Bs = \/T\/s¢ — tcs5 cos &,

We considered in [16] the simultaneous mixing in (d, s) and (u, c) sectors in the
SU4 % SU4 symmetry. The mixing angles ® and ¢ could not be calculated separately,
however the nonlinear formula connecting both angles and pseudo-scalar masses
was found

27+ 2(K + D) sin?@ sin?¢p = (2K + x) sin’® + (2D + 7) sin’¢ (195)

A numerical calculation showed that there is an extremum (a maximum) of the
function (66) with condition (195) for the angles ©,, + ¢,, very close to the exper-
imentally measured Cabibbo angle. This fact suggests that the symmetry breaking is
realized in the maximal allowed case, so the effective angle of mixing would corre-
spond to the maximum of function (66). As in [16] we shall look for the extremum
of the function

f(91, 95) — sin (01 —+ 95) (196)
with condition (190). The following set of equations must be obeyed

af1(91’ 51)

= 1
061 0 (197)

fl(al» 51) +f5<95,52) =0
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of1(61,61) 9f5(05:82) _ df'5(05, 62)

001 00s 06,

From (197) we get
Ci=0 C;=0 (198)
respectively, which implies that the separation constant
tan ;=0 (199)

This means that the maximal allowed symmetry breaking occurs only for inde-
pendent mixing of quarks in both sectors.

Let us consider the action of the operators Ry; and R,; on quarks. The operator
Ry1 mixes quarks in the negative electric charge subspace in the following sequence:
(s-b)(63), (d-s)(01), a phase rotation (1), (s-b) (67), however the operator Ry
mixes quarks as follows: (c-t) (6,), (u-c)(6s). a phase rotation (8,), (c-t) (67). By the
exact SU4 * SU4 symmetry only b and t quarks are massive. After the symmetry
breaking a massless quark can become massive if it mixes with the other massive
one. By the mixing in the sector with the charge - 1/3 the quark s has become
massive in the first stage of the hierarchical symmetry breaking, after mixing with

the quark b (the rotation on the angle 03 generated by the operator Q!), the quark d
has become massive in the second stage after mixing with the already massive
quarks (the rotation on the angle 6;). The next rotation by the angle #;, and mixing
of s and b quarks are not connected with the symmetry breaking, because the
mixing quarks have been already massive. There is analogical situation in the sector
with the charge +2/3. The c and u quarks have become massive due to the hierar-
chical symmetry breaking (rotations on angles 6, and 65, respectively), however the
rotation by the angle ¢y and mixing of ¢ and t quarks are also not connected with the
symmetry breaking. Thus, from (199) it results that the physical quark mixing is
realized only in the symmetry breaking with the quark masses generation. Putting
(199) to (183) and (184) and comparing with (188) we get

K'—K'+nx D°—D"+nx

.2 2

sin’j=——— sin?@sg =———© 200

! 2KO 3 2D° (200)
2K° 2D°

Sil’l293 Sil’1292

T 2B 43K —K' — 1 T 2T +3D°— Dt — g

so O¢ = 01 + 05 depends on the parameters of mesons belonging only to the SU4
multiplet. Let us notice that in comparison to the variant A in [29], taking into
account the quark mixing in the (u, c, t) sector allowed the author to calculate the
Cabibbo angle from the model and the angles 0, and 0;. Let us compare the value of
the calculated angle 6c = 0; + 05 realized for the maximal symmetry breaking with
the experimentally measured Cabibbo angle value [22].

cos € = 0.9737 + 0.0025 (201)

The well known values of meson masses were taken from [30]. f _, f+, ... were
assumed as the factors in the matrix elements between one meson state and the
vacuum according to PCAC, so for meson multiplets with the isospin 1/2 the factors
for charged and neutral mesons are the same [31]. There exist many conjectures
concerning the values of f - They widely differ in magnitude, depending on the
particular approach to the estimation of the matrix element < Olv,|x > and so far

27



Quantum Chromodynamic

they have no reliable experimental support. Only in the case of f there is a fair
consensus that the value is around 1.28 [12, 13, 31, 32]. For a calculation we took as
fp for comparison’s sake values significantly different

fp=0974 [10] fp =065 [29] (202)
which gives
cos (61 + 65) = 0.9799 cos (01 + 65) = 0.9709 (203)

respectively, very close to the experimental value (201), as in the case of the
SU4 % SU4 broken symmetry [16]. It seems to us that such a well agreement in both
SU4 % SU4 and SUg * SUg symmetries is not accidental and the symmetry breaking is
indeed realized for the maximal allowed case.

Putting (198) to (197) we find the relation connecting both phase parameters

cos 6, = & cos &1 (204)
where
rp(L—y—=p)(p +7)
= 20
: \/rﬂ'u—r—pf)(ﬂ’m (205)

The effective phase parameter § = d; + 6, is bounded for £ # 1. Indeed, the
Eq. (204) has solution only for

|5|{ > arccos % if (£>1) (206)
> arccos (&) if (£<1)

It is worth noticing that even for £ — oo or £ — 0 the second and third quadrant
for 6 is still allowed.

Appendix

From the Gell-Mann Oakes Renner model for SU¢ * SUg symmetry we obtain the
following relation for masses of pseudo-scalar mesons

6

6
—a —b 2.1
Q,D|0> = E (E Cjz—ldiz—l,a,cdjl—l,b,c> <u >0
j=1

i=1

2
m2 25 + J”;iz o — i <0
(207)

where

p” = (20> 6*(p, —q) <0ID"|n> <nD’|0> (208)
n#a

A pe symmetric constants of the SUjg group, < u > 0 - vacuum expectation value
of the operator #’, Q' + Q' = [d3* V¥(x) + [d’xA%(x) - the generators of the
SUe * SUg group
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D =0'Vi(x) D" =dA%x) [12] (209)

Because the vacuum expectation values of operators ' i = 3, 8, 15, 24, 35 and the

spectral density p”” are proportion to the squared parameters Of symmetry break-
ing, they were neglected. Approximately we obtain

1 6
m2 f2 = 7 (Z cjzldjzlm> <uo>o (210)
j=1

Because the symmetric constants of SUs group: d113 = d23 = d333 = 0 the masses
of neutral and charged pions are not differentiated, however there is the electro-
magnetic mass splitting of the other meson multiplets (see Eq. (176)).

The experimental data [30] gives

Amg =mygo —myg+ = 4.003 MeV Amp =mpo —mpr = —5.3 MeV  (211)
o)
sign Amyg = —sign Amp (212)
Let us notice that from (17613) we get
sign (K® —K") = —sign (D° —D") (213)

so the direction of the electromagnetic mass splitting by the factor c3 responsible
for this effect is consistent with the experimental data. On the other hand

sign Amy, =myo —my = —4.603MeV (214)

so the electromagnetic mass splitting of pions is of the same order as kaons or D
mesons. It suggests that the neglected terms in approximate formula (207) are of
the order of the factor c3. This means that such an approximation does not generate
error greater than the electromagnetic ma s splitting of pion in meson masses
description.
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