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~ Abstract
General structures of the.ﬁags matrices resulting from a
qu;rk-Higgs Yukawa interaction are discﬁssed. ﬁe assume that there
are two sets qf Higgs bosons in a six quark SU(Z)I‘XSU(Z)R><U(1) |
g#uge model and4require that the interaction be invariant under a
Ageneral discrete symmetry. We.find three physically acceptable "
mass matrices ingluding‘thosé of Friﬁzsch, and Hagiwara et al.
Special attention is paid to thé phase of the vacuum éxpectation
falue of the Higgs boson, which is related to CP violation. A |
. masé relation among si# quarks, m = m M&;E;7E;E; is obtained |
for the latter models. No new maés matrices aré found when there

~are three sets of Higgs bosohs.
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" I. INTRODUCTION

There is recent interest in éompuﬁing the Cabibbo anglé in terms of
quark mass ratios in six quark'm;)delsl’2 in the framework of a‘gauge_grOup
SU(Z)I.*SU(Z)R>(U(1). In order to reduce the parameters, specific discre;e
symmetries have been used. In a bfeviOus article,2 an extended Cabibbo |
current in a six quark gauge model is obtained in terms of Eulerian aﬁgies
which aré functions of the quark mas; ratios and phases in the qugrk-mass‘
matrices. The model predicted CP violation for IAS|»= 1 nonleptonic Hecays;
a long-lived heavy quafk and a dominant b<quark decay mode b — u. It is
interesting to gxamine whether other such cases may exist in the six Quark
modelé. We thereforé consider the:géqeral type of discfete symme try .
oy - Mo, 8, - x'8, (] = x| = 1) cogether with the symetry q; Qs
‘¢i‘9‘¢j (1f needed) and pursue the question of hoﬁ many physically intefesting
mass mgtrices”exist,‘where Qi and ¢i represent the quark and Higgs field,
respectively. .We assume 1eft-righé symmetry and requirelthat_the Cabibbo
(Eulerian) angle3 be expressible in termé of quark mass ratios and:phasgs.
The maximum number of Higgs bosons which interact witﬁ qﬁarks.should be
three due to the latter requirement, uniess there are some rélatidns émong
vacuum expectation values gf Higgs bosons. The one Higgs boson cése leadé'tb
trivial mass matrices. The two Higgs boson casé is most interesting, thch :
is discussed in detail. The ghree Higgs bqéon casé which is givéh in the.
Appendix leads to either mass matrices which afe included in the two Hiégs
boéon case or the one which is physically unacceptable.

Interesting results are obtained in the two Higgs boson case.' A mass
relation exists between the upéer~duark (u,c,t) and the lower quark (d,s,b).

There are three physically acceptable mass matrices, i.e., the F model,1



2 ‘ , o ,
v the Q model,” and a new model. It is shown that when mos m << m and

 mgy W << mb,'the GIM mechanism4 is well satisfied in the ucds sector.

The plan.bfAthe paper is as follows. In Sec.II we discuss the dis-
crete symmetry thgt leads to various Higgs quark couplings, in Sec.III the
resulting mass ﬁatrices, and in Séc.IV the extended Cabibbo current for the
Fritzsch model and a new model. Finally, remarks are made in'Sec;V and a

new quark mass relation is presented.

II. HIGGS QUARK COUPLING AND DISCRETE SYMMETRY
We propose that a quark mass matrix is generated by a quark-Higgs

Yukawa interaction for the case of two Higgs bosons,

no - L -

H‘f Z« SLJ' Qi x CP,Q QJ‘,_ + he

' Q3= 1,233 ‘ S ; v
n= 1,2 K - . _ (1)

where the Higgs scalars ¢n transform as ( %,%,0). Interactions of the form
- ~' ' -~ * 3 3 ! : ’ )
Q1R¢anL,»wﬁere ¢n = 72¢nqé’ are eliminated by requiring invariance under
the discrete transformation Q1 — QiL’ QiR-O -iQiR.’ ¢n - -i¢h. The QiL,R

represent the qﬁark doublets, Q1L R (uo’dé)L R? Q2L R = (co’sb)L R and
s R > ’ ’

- Qp,r = (6522001 R | |
The coupling constant ggj in (1) that are taken to be real are sup-

pressed and the discrete transformation




Qm, 'sz, QgR, @iL, @i, 95y 97‘@9,'71,5,&)7 93,“7 Q,L,'Zeom.'loﬂ

(2)
is considered, where abcde and f are arbltrary numbers and |T] I = 1, Then'
the quark part QiR QjLis transformed ‘to
- - - “a+d atl 4"f ,

(Riz , @i, Q1) - Q”‘
. be bt§ ’
c+ d . cie <t Qs

3)
We impose left-right symmetry, extract an arbitrary phase 'ﬂ d, put
M= ﬂ é.nd g = (I’nl = Igl 1), and obtain

I % |
S )
I A YA
- 2
3 ¥ % )

AThere.are six independent phases (1,n,g,n2,g2,ng) ‘in (4). When the Higgs




fieids ¢1 and ¢2 transform so as to cancel out the phases above, then one

obtains a Hamiltonian invariant under a discreté transformation. Whén.some
- of the phases are equal, then ghere ére some interesting couplings.. The

géneral conditions that any two of ﬁﬁem have the same value are given as
(@) =22 (b) NE=1, (&) 12 =1, and (d) T = €. It is noted that the
alternétive cases §-= ﬂz and §2 =1 to (a) and (c), respectiyely,‘léad to

the séme résult when the Q2 and Q3 duarks are exéhanged.

Lét us first consider the_case‘(a) M= gz in_whicﬁ case (4) beéomes

2

s %
LU S i
; z" " ?.
| (5)
We find from (5) that the nggs f1elds can couple to QiR and Q in the

lf0110W1ng ways in matrix form. 3

| b 4 4 N
'AA= b b, 4>z (§=')’ - o o
%, -(_le'q’, | o "(6):_

)

O
0
‘> & o
| e
~N
w(
Thal
S’



0 ;tg o\ | 0 0 $ )
F= ¢, 0 4’2 > B= o 0 4’2 (‘§=" )A'
O ¢2 4% ‘ 4% 43, 0 . | ' (8)

The notation'gn = 1 (following the Higgs céupling) means € = e#p[Zni/n].
Trivial cases in which the ucds sector decouples from the tb sector are |
neglected. The matrices which coincide with A, O, F, and B by exchange of
Q; and Qj quarks are also neglected because they are equivalent. |

~ The second case (b) NME=1 leads to the samé matrices as in (a) because

-1

if we set 1= € ~ in (4), multiplying by §2 and tfansforming (QI’QZ’QB) to

' 5Q3,Q1,Q2), we qbtain‘(S). There are two additional matrices in éase‘(c),

AR Sfee N
(; = (b : 4, ¢> ) [)" 0 o "3 (‘Q = )‘
. { 1 T o 4}4) ¢ | . ‘4
$, ¢, 0/ S RASE ®
The case (d) doesAnot lead to any new matrix.
- We now discuss the quark mass matrices for ﬁhe Higgs coupling given

above and show that the physiéally aéceptable'models are F, O and a new A

model D. We incorporate the consequences of left-right symmetry,
Bij = Bji-

in terms of quark mass ratios and phases,requires. that the number of parameters

The condition that the Eﬁlerian-angles in weak currents be expressible

. ih mass matrices should at most be three up to phases. Thefefore,-in'order‘tq
reduce the number of parémeters, we sometimes assume'ihvariahce of ‘the interaction
under the exchange df’some'quark'fiel&s Qie»Qj which imposes corresponding |
equalities among the couplipgs g?j' ﬁe can ﬁerforg'the exchange due to the.

fact that the strong interaction (mediated by gluons), electromagnetic and

weak interactions are invariant under the exchange.
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III. MASS MATRICES
Let us take up model A of (6) thét'includes six coupling constants. We
introduce a (discrete) symmetry (Q;,Q,,Q3) = (QZ’QI’Q3) which yields

1 1 2 2

811 = 899 and g, = 8,3- The resulting mass matrix, when.the,ngutral scalar

Higgs fields develop vacuum expectatidh values, can be written as

(B 4 Y
mi= [« 06 ¥ |
ANy Y b

(10)
.The,phase of'Y and the common phase of o, B and b are SUpbpessed. Upon éxchange‘ .

(redefinition) of (Ql,QZ,QB) - (Q3,Q2;Q1), one obtains
: b ¥ Y
ma= |y p « |

Y & 0

ay

A constént unitary tfansformétion leads.to.
L L Y o I 0 0.
° - | ' = : \
UMU= gy st 0 |0 Uslo v & |-
o o pa/ o MYy
| a2) -

In view of the fact that a weak current is invariant under a constant unitary
trqnsformation, the Q3 quark is decouﬁied in the resulting weak cutrrent from
Q And Q,- In model C of (9), after introdgcigg (Ql,QZ,Q3)<r+ (Qz’Ql’Q3)

symmet:y and (QI’QZ’Q3) - (Q3,Q2,Q1) exchange, we obtain



which upon éomparison with_(il) indiéates that fhis model also belongs to
a.decoupled.case. The model B of (8) gives zero and two‘degenerate eigéﬁ-
values so it is not interesting.
We now héve the non-trivial quark mass matrices for modeis'o, F,
and D, given in (7), (8), and (9). After imposing the symmetry
- Qq5Q5Q)y, g —>(Q)5Q35Q;)y, g and (#;,6)) -+(¢",_,‘¢'1) for the 0 model, the

‘resulting mass matrices can be written as

| 0 a ‘~ |
m; = a O | be_ts )
(13) |
."S .
0O ce P&
39 | |
me= |€e . @ o |
B/ O  be o
(14)
g
o O Ye
m-;= 0 © Be’ )
oy e o
| (15)




where the subscripts of the parametefs in the matrix elements are suppressed.

o 1ps .
.. The quark mass terms take the form 2 V., e m, ¢, +h.c., and
i=1,2 iR i "iL e
. : ; o . s sl
'WlL R- (u Cy ot )L R and WZL R ‘(do,s ,b ) The matrix mF«of (13)

differs from Fritzsch's hermitian mass matrix due to the fact that here the
expectation values of the Higgs scalar are complex whereas there it is the

(o]
coupling constants that are complex. The mass matrix m of (14) is d1scussed

. . o
in Ref.2, so no further remarks are made. The mass matrix m is a new case

'tha; is discussed in Sec.IV.

IV. EXTENDED CABIBBO CURRENT
We now consider the quark mass matrix and the extended Cabibboecurrent‘
'fdr the Fritesch model (13) and the new model (15). The inass matrix m;'ise
.diagonalized by the transformation KUI Pong Po Uo = 'm where the subscripf: i

.is suppressed and1

- - 4 ; ;S‘
=lx 1 ' = -1§ K= - .

Vs WmBcslf caobcoof =L |) F 0O e 0 [>» © -l 0

- . o 0 | o o |

Bim O DImP (000 BnY Coof '

(16)

Put~Vf = KUTP U= P U then the mass eigenstates are expressible in
‘terms of the original states by a bi-unitary transformation as meFlU = m.i

-19
Let us define \yi L= PT Ufﬂfo and \yi R-© 1 P*VT WOR and ehooseP.

so that the 2 x2 sector of the extended left-handed Cabibbo curtrent JuL is

real. 6 The extended Cabibbo current JuL R can be written as -

JuL,r T L RYu “’2L R "’1L R L R b “’ZL R’
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i (5-7)

C”O( -Mec ‘%M@,C
=plyf = . |
B O oo 6, R )
Y (345)
LA Y. co0b,e [ |
(17) -
where s |
o L3y AL .
ofe = Woftoo & 4 b anfy |
P P e 8
. i Myce‘ .?;- L&O?l Mfz - e, M?I wal ,.
’ K b A L : =S .
(o0, & 3: (500 00,8  + Bim O 6By ,
. L s
2im B L = 608 Um0, - & Hm8 Coo Oy 8
7 ‘ ’ ~7
.v 5 = Sl‘gl ) 8: S‘ §? ’ .
' . L L
 tam 8, =(Musfim )’ Tan 0 = (Md /mg)’,

)
L
2

o .v A(m. g, = .-[(MCMu)/mt] /.Mm,ﬂ = -[( mS-md)/mb ]?i

Equation (17) is written in the limit sing ~ ¢_. The right-handed Cabibbo
current is then given below to the zeroth otrder :‘Ln 9 since the right-handed .

current interaction is Asuppressed by the mass ratio of the vector bosons

2

M /M) " & 1,
R N T
Tp © =PV VY By= (B 2

L
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205-%,) 2 (5414 3p)
2. eav(§+ 5+ %5p) o
6, ) oo 0. & P 0 oo
21(8"’ 2 Eso) .

The mass matrix mC is diagonalized similarly byi the transformation
™ .

20) -

KUi Po mcl,)Po Uo= VT m;U = m,. where the subscript iis supﬁre$§ed and
| Coo8 mOteof Lim Doy e:.bso 0 - |' D o\
Us=[-6in0  Coo8 coof * oo Bim )Pof_‘ © e.'°sQ , K=l -0 ]
. | oo |/ o 0|
0 -amy Coop . ‘
'vwhere A _ .
2, 2 , 4
"(mlﬁ",tmc/mt, ‘ ﬁw?l:ms/m§)
2 (24.%'2 }-;-.'-. m | _ : . .‘ . . 'é' -4 .
{8, +4 (B+%)] = Mt Mg % ta (e ) = moemy
= -.m e o
w6, =/, dan 02 =6 /Py,
' . _ (21)

This is a model that gives my=m = 0 and ei is not expressible in terms of
quark mass ratios as one cannot determine A and Bi separately.

The left-hagded Cabibbo current J can bg written as JIJ-L = ‘VlL I"E Yy Vor,

KL
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Coo O, pin O, %,
F ﬁ, U U -oamb, el S"zcn&c-?,e_“ . (22)
-LP o O § By
IM ¢ LPIC“G 'fg E.
where ’ : :
‘ 8. =00, » 8=5,75,.

Equation (22) is written in the 1im.ii: sincpi ~ Q. The'right-handed_ current
is again given to the zeroth order in P

SRR 4+ 45 218 ke

I"Ee =V1V2e = e KI"L K
Q‘bs C-OQGC -‘Mec E O
=e T ‘
| s
o o e’
R | (23)
V. REMARKS |

~ We fi_.nally compare the three modeis discussed above.! One riotes froﬁr R
(17) and (19) that CP invariance is violated for IASI 1 nor‘ileptonic decays’
in the F modell as in the 0O model due to the phase difference (§ +N+8).

The CP violation is due solely to 5pontaneous symmetry breakdown. By com=

parison of (22) and (23), one notes that the new model satisfies CP

. invariance in IASI = 1 nonleptonic decays.
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: 1 ~ 1 1 f
One notes from (7) that the g, QrUre 812 Qr YL and 843 63RQ3L ter@s
couple to the same Higgs boson ¢1. Therefore, one finds from (7) and (14)

that

[3atyil=6 1850 = b,

(24)
where (¢1) ; eXpresses the vacuum expectation value of ¢1; The parameters:
. 1 '
= y 2 = L= % b, =
are found in Ref.2 to be € (mumc) , bl _mt’ 62. (mdms) ~and g = Ty
so that the equglity el/bl = eZ/b2 1e§ds to
| w + .
Mg omg /. : o
. (25)

. This relation holds approximately in the Fritzsch model.
The strength of the weak current in the ucds sector is ‘similar, and the _
GIM mechanism is satisfied for the F, D, and O models. There is, hdwexfer,‘ a
Hma'-.fked difference in the strength of the couplings betwéen the u cd's arid thb | .
.sectors. When the weak current is written for simplicity as
Jp. = gubub + gcbgb + Bed td + Bes ts + 8ch t‘b., o ('26.)."»
the orders of magnitude of gij in terms of quark mass ratios are .given for -
the various. models in Table I.

The ratio of the t=-quark to u-Aq‘uark product'io‘n‘ in neutrino reaction
R, = 0,W@~D)/o d=w) = g |y - @n
~ 1s severely suppressed, Rt ~ 10'-6 in the O model, while it is reasomnable Rt ~
10"2 ..-10’3 in theF and D models, provided the masses mu:md:ms:mc:mb= l':1:15£150:500

and Eq.(25) is used.l’2 The b-quark produced in high energy reactions has a- ‘
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rather long lifetime T7(b — upv) ~ 10"‘8 sec. in the 0 model, while it has‘a‘
" short lifetime in the F and D models. The dominant decgy mbde of £he b-qgark:
is'u for the d model and ¢ for the F and D models. | |
It is not possible to explain the trimuon evenfs in terms of the
cascade decay of the t-quark in O due to tﬁe smallness bf Rt’ but it is
~ possible in F and D. On the other hand, a rough estimate indigates that
the’ produqtion ratio o(v +N -Lb-u+u+ + L) /o(v+N -ou-p-+p.-' +.. .') is rat':he'.f
large for.the‘F and D models provided the t-quark cascade process is‘a.dominant.
process for trimuon events. Therefore, it seems difficult to understand the -

trimuon events by the t-quark cascade via the weak current that 1s a conse+ '

- quence of a discrete symmetry.

A new model dées not appear in the case of three Higgs bosons~a$ shdﬁn: :
in the Appendix."Therefore; the two-Higgs‘boson.case is éufficient fo ex; |
press the Eulerian angles in terms of'quafk méss ratios. 4It is remarkable
that the F, D, and O models are the only poséible'bnes that resultedlffqm'

the discrete symmetry considered.
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APPENDIX

We study here the three Higgs Boson casé. Since there are alféady three
: péraﬁeters (¢1>,‘(¢2>, and (¢3), no additional parameters can be introduced.
Thefefore, one boson, say ¢1, cannot couple tOVQua:k fields in the férm

gi.:i. aiRQiL ¢1 +‘gjk6jR Qk1;¢l (j # k) Vbecause the off-diagonal coupling gjl;
capnot be related to thevdiagongl coupling 84 by any symmetry'consideratioﬁ.
In the cése in whicﬁ(phases (1?ﬂ,§,ﬂ2,§2,§ﬂ) in (4) are all different, -

we have a qﬁark-Higgs interaction

6 | o 4)1. 4?2 o . ,’ o . | . -
b ¢|0 ~<P3 R T o
¢ & 0

in Addiﬁion to the interactions whiéh glve mass matrices essentially identical
'to those of the F and D model(the only difference is the phase). In the case

(a) 7 = 52, we have the new matrix -

.-. ¢3 Cj 41

O & ¢ (‘%4?.',)-‘ N - (AZ)A.

o\ 4 4’1 O

Inléhg case (c)*‘ﬂ2 = 1, we have
*t" 4’2 4>3'
¢. 4 ©
% 0 o

(-1,

(A3)

The case (d) M= g does not lead to a new matrix.

The mass matrix from (Al) is given as
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- 0 X [ | o
% 0 ¥ ) a4) -
B ¥ O
where the phases are suppressed. The matrix (A4) is diagonalized after

eliminating the phases in the elements. ‘The eigenvalue equation 13 -

e+ 1812+ v - 2)al 8] |y) = 0 1eads to tmy km tm =0 and

d:mu :i:mc :i:ﬁ1t= 0. Any combination of signs in these equations is not
satisfied by the usual quark masses.

After introducing the symmetry (Ql’QZ’Qé) -> (Qz’Ql’Q3) in (A2), the .

mass matrix is given as

C[-x O ¥
[),:’, 0O -« G .-'.
'Y (# O

(a5) -

This has Ehe same structure as the D-model in Eq.(lS),'except for the phaseé
in the matrix elements, because D' =‘b-—aI (I is a unit matrix). Therefore,

the unitary transformation and the weak current in the D' model is almost

- similar to those in the D model. ‘The u, d quark masses are non-vanishing in

the D' model. Equation (A3) leads to a mass matrix which includes four

parameters and phases. One cannot reduce the parameters to three.



17

References

H. Fritzsch, Phys. Lett. 73B, 317 (1978).
T. Hagiwara, T. Kitazoe, G. B. Mainland, and K. Tanaka, 'Phys. Lett., in press.
For previous work on the Cabibbo angle see, for example, R. Gatto,
Springer Tracts in Modern Physicé, 'Vol.53 (Springer-verlag, Befiin—

Heidelberg-New York, 1970). Recent papers on the udsc sector are

- H. Fritzsch, Phys. Lett. 1@,,418 (1977); F. W_ilczek and A. Zeé, 'Phys. Lett. |
708, 418 (1977); s. Weinberg, Festschrift in honor 6f I. I. Rabi (1977),
| to be published; A. De Rdjula, H. Georgi and S. L. Glashow, Ann. Phys. (N Y. ),
to be published S. Pakvasa and H. Sugawara, Phys. Lett. 73B, 61 (‘1978),

R. N. Mohapatra and G.' San3anov1c, Phys. Lett. 738, 176 (1978) o :
8. L. Glashow, J. Iliopoulos,a_ndL. Maiani,'Phy-S. Rev. D 2, 1285 (19-7-0)'

. For the O case, fOl‘ example, (¢1¢ ) are transformed as (§¢1 ’ § ¢2) with

3
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Table I

The order of magnitude of the weak current couplings. The letters

uctdsb label the quarks and F, O, and D label the models.

le, | ls, | ls | | £
Y 1 I ‘ '
4 2 4 3
e Mg Ty Mg n_lc m,s, ~1
2 2 2
My Ty T ™
o, 3 .
m m m m.m.m m m -
u € § S u ¢ S u ~1
A A 2
) " Ty
% o \% - m % /m & .
== sing \=2] - (EE R ~1
: t b A" :



